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CRITICAL STUDIES OF A 440-LITER FAST-REACTOR CORE 
FUELED WITH URANIUM ENRICHED TO 17 PERCENT 

(ZPR-3 ASSEMBLY 4l) 

bv 

A. L. Hess , J M. Gasidlo, J . K. Long, 
P . I. Amundson, and W. P . Keeney 

ABSTRACT 

ZPR-3 Assembly 41 was a cylindrical f a s t - r eac to r 
sys tem composed of a dilute u ran ium core surrounded by a 
thick, deple ted-uranium blanket The fuel, a five- to-one mix­
ture of ^̂ ^U and ^^^U, amounted to 35 vol % of the core , and 
this was diluted with 18 vol % aluminum, 14 vol % steel , and 
33 vol % void. A cr i t ica l m a s s of 494 kg of ^̂ ^U was m e a s ­
ured for this composit ion. Basic physics experiments in-
c ludedmeasu remen t s of spec t r a l indices , ma te r i a l react ivi ty 
coefficients, and flux profiles The worths of s teel and alu­
minum as ref lec tors , re la t ive to uranium, were investigated 
in radia l and axial blanket regions Studies were ca r r i ed 
out to determine the re la t ive m e r i t s of th ree breeder -b lanke t 
concepts* an EBR-II- type blanket (with 40 vol % uranium, 
40 vol % sodium, and 20 vol % s teel ) : a UC type blanket (with 
20 vol % uranium, 20 vol % carbon, 40 vol % sodium, and 
20 vol % s teel ) -and a two-zone blanket with an inner zone of 
EBR-JI- type blanket and an outer zone containing graphite 
instead of uranium. Worths of boron carbide near the core 
in two blanket types were m e a s u r e d to evaluate a ro ta ry -
con t ro l - rod concept for fast r e ac to r s This repor t contains 
exper imenta l details and the resu l t s ot all measu remen t s 

I. INTRODUCTION 

Assembly 41 in Argonne 's Ze ro Power Reactor 3 was a dilute, 
uranium-fueled f a s t - r eac to r sys tem The core was composed of 35 vol % 
uranium, with a ^sSuy'zsSu j-^tjo of about five, diluted with aiuminurn and 
s teel . This composition was studied to augment a s e r i e s of other ZPR-3 
a s sembl i e s in which a s imi la r volume fraction of uranium was used, but 
with 238u^ ?35jj j-3 |̂.£os ranging between one and 10 This assembly was also 
of in t e re s t for the comparison of exper imenta l resul t s 'with measu remen t s 
made in a fast exponential exper iment and in a fast thermal cr i t ica l a s sem­
bly, both of which used a s imi lar 5/1 composition. 



In addition to the determinat ion of c r i t i ca l m a s s , the exper iments 
with Asserably 41 included m e a s u r e m e n t s of bas ic r eac to r -phys i c s p rop ­
e r t i e s , spec t ra l indices , comparat ive worths of different ref lector m a t e ­
r i a l s , and the re la t ive m e r i t s of sorae EBR-II blanket concepts . This 
r epo r t p resen t s the essen t ia l details and resu l t s of the exper iments in 
formats intended to facili tate inputs to reac to r -ca lcu la t ion codes . Com­
par i sons a r e made , where valid, between the resu l t s in Asseinbly 41 with 
those of s imi la r exper iments in the 5/1 exponential and f a s t - the rma l s y s ­
t ems . Some cor re la t ions of exper imenta l resu l t s with values provided by 
diffusion-theory calculat ions a r e also included. 

The Assembly 41 p r o g r a m was c a r r i e d out between August 20, 1962, 
and October 15, 1962, by personnel of the ZPR-3 facility of Argonne 's Idaho 
Division. 



II . ASSEMBLY 41 CRITICAL E X P E R I M E N T 

A . The Z P R - 3 F a c i l i t y 

Z e r o P o w e r R e a c t o r 3 ( Z P R - 3 ) , shown in F i g . 1, is a s p l i t - h a l v e s 
c r i t i c a l - a s s e m b l y m a c h i n e for the s tudy of f a s t - r e a c t o r s y s t e m s . The m a ­
ch ine h a l v e s , one f ixed and one m o v a b l e , e a c h c o n s i s t of an a r r a y of m a t r i x 
t u b e s into which d r a w e r s a r e i n s e r t e d . A v a r i e t y of m a t e r i a l s in p la te or 
b lock f o r m a r e a v a i l a b l e for loading in to the d r a w e r s to a c h i e v e the d e s i r e d 
r e p r e s e n t a t i o n of a f a s t - r e a c t o r c o r e and b l anke t . 

Fig. 1. View of ZPR-3 Crincal Facility. ANL Neg. No 103-2215. 

F i g u r e 2 i l l u s t r a t e s t y p i c a l load ings of d r a w e r s . The c o n s t r u c t i o n , 
i n s t r u m e n t a t i o n , and o p e r a t i o n of the fac i l i ty have been d e s c r i b e d by C e r u t t i 
e t a l . and by Long.^ B e s i d e s s t u d i e s of s i m p l e , f a s t - r e a c t o r s y s t e m s , Z P R - 3 
h a s been u s e d for m o c k u p s of s e v e r a l f a s t - p o w e r - r e a c t o r d e s i g n s . 



Fig. 2. Typical Core and Axial Blanket Drawers. ANL Neg. No. 103-2231. 

B . Des ign of C o r e a n d B l a n k e t R e g i o n s of A s s e m b l y 41 

The p r i m e ob jec t ive in des ign ing the A s s e m b l y 41 c o r e was to o b ­
t a in a U v o l u m e f r ac t ion a s c l o s e as p r a c t i c a l to the f r a c t i o n in the e x p o ­
n e n t i a l e x p e r i m e n t s ; th i s w a s a c h i e v e d by u s ing a f o u r - d r a w e r s e q u e n c e 
con ta in ing five l / S - i n . - t h i c k c o l u m n s of e n r i c h e d u r a n i u m a s the b a s i c ce l l 
for the A s s e m b l y 41 c o r e . D e p l e t e d u r a n i u m , s t e e l , and l o w - d e n s i t y a l u ­
m i n u m p l a t e s w e r e added a s d i luen t s to c o m p l e t e the c o m p o s i t i o n . F i g u r e 3 
shows the a r r a n g e m e n t of the m a t e r i a l s a c r o s s the four d r a w e r s in the 
s e q u e n c e ; th i s s e q u e n c e w a s l oaded into the r e a c t o r m a t r i x in a r e p e t i t i v e 
fash ion h o r i z o n t a l l y a c r o s s the c o r e to e f fec t ive ly a c h i e v e v e r t i c a l p l a n e s 
of fuel c o l u m n s even ly s e p a r a t e d by about four - f i f ths of a d r a w e r wid th . 
P r e l i m i n a r y c a l c u l a t i o n s s u g g e s t e d a c o r e s i z e of 480 l i t e r s , and on th i s 
b a s i s the c o r e l eng th w a s s e t a t 32 in. to ob ta in a l e n g t h - t o - d i a m e t e r r a t i o 
of 0 .9 . T h u s the load ing of c o r e m a t e r i a l s in the d r a w e r s shown in F i g . 3 
ex t ended for 16 in . a x i a l l y , and th i s w a s fo l lowed by 5 in . of d e p l e t e d -
u r a n i u m a x i a l b l a n k e t in the 2 1 - i n . - l e n g t h f ron t d r a v / e r and a n o t h e r 7 in . of 
b l a n k e t in b a c k u p d r a w e r s . A r a d i a l b l a n k e t w a s a l s o c o n s t r u c t e d f r o m 
d e p l e t e d u r a n i u m (in the f o r m of 2 x 2 x 2 - o r 2 x 2 x 5 - in . b r i c k s ) . The 
Z P R - 3 c o n t r o l r o d s c o n s i s t e d of s p e c i a l m o v a b l e d r a w e r s in the c o r e ; 
t h e s e d r a w e r s con t a ined m a t e r i a l s as in the f o u r - d r a w e r s e q u e n c e , e x c e p t 
for a s l igh t ly d i f f e ren t a m o u n t of s t e e l . 
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Fig. 3. Tour-drawer Sequence Used for Assembly 41 Core 

Append ix A g ives m a t e r i a l - l o a d i n g spec i f i c a t i ons for a l l d r a w e r s 
invo lved in the b a s i c d e s i g n of A s s e m b l y 4 1 . A t o m d e n s i t i e s and t h i c k ­
n e s s e s for the m a t e r i a l c o l u m n s in the f o u r - d r a w e r ce l l s e q u e n c e u s e d m 
the c o r e a r e g iven in Append ix B to spec i fy the h e t e r o g e n e o u s a s p e c t of the 
c o r e . The a v e r a g e f o u r - d r a w e r ce l l c o m p o s i t i o n i s g iven m T a b l e I m 

TABLE I Regional Specifications for ZPR 3 Assembly 41 

Pegion 

Specificdtjon 

Average Composition 
1022 atoms/cn 3 

235u 
238u 
236u 

234u 

Aluminum 
Iron 
Chromium 
Nickel 
(Manganese 
Silicon 

Average Dimensions 

Length cm 
Radius cm 
Volume liters 

Unadjusted Criticality 
Specifications'' 

235u loading kg 

Excess reactivity It i 

Four-drawer-cell 
Composition 

0 2817 
14M8 
0 0)12 
0 0029 
10784 
0 8748 
0 2176 
0 0952 
0 0091 
0 0108 

8143 
4190C 
449 1': 

493 75 
47 ± 2 

As-buil t 
Reference Core 

0 2864 
13964 
0 0012 
0 0029 
10785 
0 8774 
0 2183 
0 0955 
0 0091 
0 0107 

8143 
4155 
441? 

493 75 
614 t 0 7 

Axial 
Blankets^ 

0(M83 
3 9892 

-
0 5703 
0 1419 
0 0621 
0 0)59 
0 0070 

12 70 17 78^ 
4155 
68 9 96 4^ 

Axial Spring 
Gaps^ 

-
-

1685 
0 419 
0 184 
0 018 
0 020 

066 
4155 
56 

Inner Radial Blanket 

f in drawers 1 

0 0083 
3 9897 

0 5639 
0 1403 
0 0614 
0 0059 
0 0069 

106 SS'' 
5194 
326 

Outer Radial Blanket 
(in matnxl 

0 0084 
3 9956 

-
0 4540 
0 1129 
0 0494 
0(»47 
0 0055 

142 24" 
75 02 
983 

^Spring gaps at ends ot the 21-in front drawers divide each of the axial blankets into two sections a 5 in (12 70-cinl length beyond 
the core in the front drawer and a 7-m a7 78-cm) length m the backup drawers See Fig 8 (later) for pictorial representation 

Hee Fig 8 (later) for geometric details 
•̂ Adjusted to give cell-composition 235u concentration for as-built 235y loading 
dAs-built No corrections applied for core-edge irregularity interface irregularity or core material heterogeneity 



a toms /cm^ and is equivalent to about 5.86 vol % "^U, 29.2 vol % "^U, 
14.1 vol % s tee l (Type 304 s ta in less ) , 17.9 vol % aluminum, and 32.9 vol % 
void. The radia l and axial b lankets , also specified in Table I, contained 
about 83 vol % uranium and 9 vol % s tee l . 

C. Approach to Cr i t ica l and Reference Configuration 

In the init ial loading, fueled core d rawer s were loaded radial ly out 
from the axis to about 40% of the expected 480 l i ter c r i t i ca l volume. The 
remaining d rawer s of the expected volume Avere loaded as "dummy" core 
d rawers in which columns of 63 vol % aluminum plates (perforated) were 

instal led in place of the enr iched-uran ium 
pla tes . A radia l blanket of depleted u ra ­
nium with an average thickness of about 
12 in. was placed around the expected core 
configuration. 

The approach to cr i t ica l was naade 
by stepwise inc reases of the radius of the 
active core , replacing the 63 vol % alu­
minum columns in the dummy drawers 
with enr iched uranium. Cri t ical i ty was 
achieved in the ninth loading with a total 
of 496 kg of "^U in 444 l i t e r s . The 
approach- to -c r i t i ca l h is tory is plotted in 
Fig. 4 as the rec ip roca l of the power (as 
obtained from BF3 proport ional counters 
located in the blanket in d rawers 1-1-12 
and 2-T-9) ve r sus the core U loading. 

200 250 300 350 400 450 
TOTAL FUEL, kg of ^^^U 

Fig. 4. Approach-to-critical Curves 
About 30 d u m m y c o r e d r a w e r s r e ­

m a i n e d a r o u n d the a c t i v e c o r e in t h e i n i t i a l c r i t i c a l l o a d i n g , and t h e s e w e r e 
r e p l a c e d wi th d e p l e t e d - u r a n i u m r a d i a l b l anke t d r a w e r s . O t h e r i r r e g u l a r i t i e s 
w e r e r e m o v e d , and a c l e a n - c o r e c r i t i c a l loading w a s e s t a b l i s h e d . T h i s 
" r e f e r e n c e " con f igu ra t i on i s shown in the Z P R - 3 i n t e r f a c e v i ews in F i g s . 5 
and 6. De t a i l s of the loading a r e i n c l u d e d in Append ix A. The to t a l fuel in 
the r e f e r e n c e loading w a s 493 .8 kg of •̂̂  U , and the a v a i l a b l e e x c e s s r e a c ­
t iv i ty w a s d e t e r m i n e d f r o m l a t e r r o d c a l i b r a t i o n s to be 61.4 ± 0.5 Ih. The 
a s - b u i l t c r i t i c a l s y s t e m w a s t h e r e f o r e a c y l i n d r i c a l c o r e wi th a h e t e r o g e n e ­
ous s t r u c t u r e a s i n d i c a t e d in F i g . 3 and a s t e p p e d b o u n d a r y as shown in 
F i g s . 5 and 6, and the e x p e r i m e n t a l m u l t i p l i c a t i o n c o n s t a n t (k) (with a l l 
r o d s i n s e r t e d ) w a s 1.0014 ± 0 . 0 0 0 1 . 

T h i s r e f e r e n c e con f igu ra t i on c o n t a i n e d uneven a m o u n t s of the four 
t y p e s of d r a w e r load ings c o m p r i s i n g the b a s i c c o r e c e l l shown in F i g . 3. 
The type p r e s e n t in g r e a t e s t a m o u n t w a s the T y p e - 2 d r a w e r s (with two 
e n r i c h e d - u r a n i u m c o l u m n s ) ; t h e r e f o r e the a v e r a g e c o m p o s i t i o n had a h i g h e r 
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Fig. 5. Interface View of Half 1 of Assembly 41, 
Reference Critical Configuration 
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density of 235-Q H^^^ ^^g four -drawer cell . Table I includes this average a s -
built composit ion. However, the effective ^̂ ^U concentration is determined 
by the average spacing between enr iched-uran ium columns, which in the 
as -bu i l t core is the same as in the four -d rawer cell . For calculat ions of 
the r eac to r c h a r a c t e r i s t i c s , it is therefore appropr ia te to use core models 
based on the four -drawer cell composit ion. Correc t ions to the as-bui l t 
core to provide the des i red models a r e developed in Section E below. 

D. Reactivi ty of Fuel at Edge of Core 

Determining the average worth of core m a t e r i a l replacing blanket 
m a t e r i a l at the boundary was complicated by the na ture of the basic core 
cell (containing five enr iched-uran ium columns in four d rawers ) . The 
worth of core medium (without enriched uranium) replacing depleted-
uranium blanket was derived from the e a r l i e r rep lacement of duinmy core 
d rawers by radial blanket in the construct ion of the clean c r i t i ca l configu­
ration (see Section II.C); an average value of -2.15 Ih per drawer of diluent 

was obtained in the rep lacement . Then, 
throughout the p rog ram of worth m e a s u r e ­
ments in the assembly , there were severa l 
exchanges of core dra-wers of al l four types 
with blanket d rawers at locations around 
the core per iphery . Assuming a constant 
worth for the diluent ma te r i a l s replacing 
blanket (-2.15 Ih /d rawer ) , average worths 
of the enr iched-uran ium columns contained 
were then deduced from the m e a s u r e d worths 
of the full core d r a w e r s . F igure 7 shows the 
resu l t s of these fuel-worth measure inen t s as 
a function of radius near the core-blanket 
boundary. 

39 40 41 42 43 

AVERAGE COLUMN RADIUS FROM CORE AXIS, cm 
Next to be c o n s i d e r e d w a s the v a r i a ­

t ion of e n r i c h e d - u r a n i u r a w o r t h n e a r the c o r e 
e d g e . The c o r e edge w a s t aken to be a t a 
r a d i u s of 41 .55 c m , the r a d i u s of a s m o o t h 
c y l i n d e r of the s a m e c r o s s - s e c t i o n a l a r e a 

as the c o r e ; a t th i s po in t of the c u r v e in F i g . 7, the w o r t h of an e n r i c h e d -
u r a n i u m c o l u m n could be def ined by the l i n e a r r e l a t i o n s h i p 

Fig. 7. Fuel-column Worth vs Radius 
near Radial Edge of Core 

w h e r e 

W o r t h (per co lumn) = ( 9 5 . 5 2 - 1.85r) Ih, 

r - r a d i u s in c e n t i m e t e r s . 

F o r a c e l l con ta in ing five c o l u m n s of e n r i c h e d u r a n i u m , the edge w o r t h of 
c o r e m a t e r i a l ( including the w o r t h of four d r a w e r s of d i luent ) w a s t h e n ex­
p r e s s e d by the r e l a t i o n s h i p 
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C o r e - m a t e r i a l worth =• (85,47 - 1.6886r) Ih/kg of contained "^U 

(for "-'U plus assoc ia ted diluent replacing uran ium radial blanket). At the 
a rea-equiva len t radius of 41.6 cm, the relat ionship gives the core-edge fuel 
worth of 15,33 ± 0.80 Ih per kg of ^^^U. Using a conversion factor of 440 Ih 
per % Ak/k, the fue l -mass equivalence to react ivi ty becomes 

A M / M = 5 . 8 Ak/k 

E Evaluation of the Cr i t ica l Size for a Heterogeneous Cylindrical Core 
with the F o u r - d r a w e r Cell Composition 

A number of adjustments a r e requ i red to the as-bui l t c r i t ica l con­
figuration of the core to derive an experimental ly based model for reac tor 
calculations with the average bas i c -ce l l composit ion. F i r s t , diluent mus t 
be added around the core per iphery to obtain a total volume fraction of 
diluent equal to that of the basic cell Next, core ma te r i a l mus t be removed 
to compensate for the excess react ivi ty of the loading and the worths of 
var ious n e c e s s a r y t rans i t ions from the as-bui l t situation to a smooth 
c i r cu la r -cy l inder model . The total react ivi ty cor rec t ion a r i s e s from four 
adjus tments . 

1 The available excess react ivi ty of the reference configuration, 
plus the worth of the added edge diluent 

2 The worth of the interface gap. 

3 The worth of the core-edge i r r egu la r i ty . 

4 The worth of the ext ra s teel in the control d r a w e r s . 

In detai l , these adjustments a r e evaluated as follows. 

1 Excess Reactivity 

For the reference loading of 493.8 kg of '̂ -̂ ^U, the excess r e a c ­
tivity was 61 4 ± 0.6 Ih and the volume was 441.7 l i t e r s . Based on the ^̂ ^U 
density m the four -drawer cel l , the core volume should have been 449.2 li 
t e r s The addition of 7.5 l i t e r s of diluent, replacing uranium blanket, 
around the core pe r iphery would have dec reased the react ivi ty by 12.9 Ih 
For a 493.8-kg, 449.1- l i ter core with the four -drawer cell composition, the 
available excess react ivi ty would thus have been 48.5 ± 0.8 Ih. 

2. Worth of Interface Gap 

The fronts of the loading d rawer s constitute a 0.152-cm gap of 
s teel and void which sepa ra t e s the core ma te r i a l s in the two halves of the 
r eac to r . In computing the average cell composition and establishing an 
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axial ly-uniform core model , we have homogenized the gap over the full 
length of the core , and the average fuel concentrat ion has been slightly di­
minished to fill the gap. There fore , the model has a react ivi ty advantage 
over the rea l si tuation. This react ivi ty advantage is equal to the amount by 
which the worth of the fuel in the gap exceeds the worth of the same fuel 
dis tr ibuted uniformly throughout the core . The average worth of ^35-̂  ^^ ^-^^ 
core midplane was estinaated as 76 ± 6 Ih/kg, and the average worth through­
out the core was es t imated as 47 ± 5 Ih/kg. With a net effect of fuel t r a n s ­
lation of 29 ± 7 Ih/kg and a gap content of 0.93 kg of ^^^U, the homogenization 
m the model is worth 27 ± 7 Ih. 

3 Worth of Edge I r regu la r i ty 

A smooth cyl indrical model , with radius de te rmined on the basis 
of c ros s - sec t iona l a r ea for the as -bu i l t s tepped-outl ine cylinder, has a r e ­
activity advantage due to the net t ransfer of fuel from outside the radial 
boundary to inside. This t ransfe r worth is computed by an approximate 
formulation 

W . = . M . . . ( ^ ) ^ ^ , 

where 

AM = m a s s of fuel protruding beyond equivalent a r ea c i r c l e , 

d - the average displacement of fuel in the t ransfer f rom 
outside to inside the c i r c l e , 

and 

V d r / r p 
the derivat ive of the fuel worth as a function of radius at 
the equiva lent -area radius rg . 

In ter ins of the c ro s s - s ec t i ona l a r e a , A, of the co re , and the protruding 
a r e a , AA, 

AM = M A A / A , 

where 

M = 494 kg ^^^U. 

By geometr ic analys is of the core outline? A A / A = 0.025, the average radia l 
pro t rus ion of drawer corners beyond rg is 2.07 cm, and the average int ru­
sion of co rne r s inside of rg is 2.10 cm. Considering the protruding and 
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intruding drawer segments as t r i ang les , the average displacement of fuel 
from outside to inside the equivalent a r ea c i rc le would be 

d = 1(2.07 + 2.10) = 1.39 cm. 

Using dW/dr = 1.69 ± 0.35 Ih /kg-cm gives a worth of +29.0 ± 6.0 Ih for 
smoothing the radial core boundary. 

4. Worth of Ext ra Steel in Control Drawers 

An excess s teel content of 1.39 kg in the control drawers must 
be removed to obtain the s teel composition of the four-drawer cell . Using 
a s teel worth of +1.5 ± 1 Ih/kg in the average rod positions (est imated on 
the basis of steel worths m e a s u r e d at the core center and core edge) gives 
a correct ion of -2.1 ± 1.4 Ih. 

After the four above adjustments a re made , the excess reactivity 
for the heterogeneous model with the d i lu t ion-correc ted volume of 449 l i te rs 
totals 102.4 ± 9.4 Ih. The removal of an equivalent worth of fuel would take 
place in the radial region between 41.9 and 41.6 cm, where the average worth 
of core m a t e r i a l is 14.0 ± 0.9 Ih/kg of ^^^U; this gives a jus t - c r i t i ca l ^̂ ^U 
m a s s of 486.5 ± 0.9 kg for a smooth heterogeneous cylinder with the com­
position of the basic four -drawer cell . The ju s t - c r i t i ca l volume, 442.53 l i ­
t e r s , would mean a radius of 41.59 cm with the core length of 81.43 cni. As 
a k = 1 model , the es t imated uncertainty is ±0.0004 Ak/k, based on probable 
exper imenta l e r r o r s . F igure 8 shows the geometry for this model . 
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F . Evaluation of the Cri t ical Size for a Hornogeneous Cylinder with the 
Average Composition of the F o u r - d r a w e r Cell 

The resu l t s of heterogenei ty s tudies , repor ted m Section III, indi­
cated that the p resence of the enr iched uranium in the form of l /S -m, - th ick 
plates provided a react ivi ty advantage of 323 ± 30 Ih over having a uniform 
d i spersa l ot the fuel. The conversion to a homogeneous model therefore 
requ i res an inc rease in the core volume to compensate for the reactivity 
lost in "homogenization' ' of the fuel. An adjustment for the decreased r e ­
activity of homogeneous fuel to the previously cited edge-fuel-\vorth r e l a ­
tionship gives the equation 

homogeneous-fuel worth = (84 2 8 - 1 66r) Ih/kg of ^^^U. 

Over the range m radius of the compensating inc rease in volume, the ave r ­
age core m a t e r i a l worth becomes 14.34 ± 1 . 5 Ih/kg of "̂̂ 'U and the compen­
sation amounts to 22.5 kg of ^^U. Therefore , a homogeneous cylindrical 
core with a composition equal to the average four -drawer cell composition 
would have a c r i t i ca l m a s s of 509.0 •! 2 kg of ^̂ *U and a volume of 463 l i t e r s ; 
this r equ i r e s a c r i t ica l radius of 42 54 cm for a length of 81,43 cm. Reac­
tivity uncertainty for this model (k = unity) is es t imated a» ±0.001 ' \k/k. 

G. Evaluation of the Cr i t ica l Size for a Homogeneous Sphere with the 
Average Composition of the F o u r - d r a w e r Cell 

On the basis of investigations repor ted by Davey," the "'sLape factor'" 
for conversion of the cyl indrical c r i t i ca l volume for the Asoeixibly 41 core 
to an equivalent spher ica l volume is 0.92. When this factor is applied to 
the volume obtained above, a value of 426 l i te rs is obtained for the spher ica l 
cr i t ical volume of a homogeneoub core with the average composition of the 
four -drawer cell . The corresponding cr i t ica l m a s s is 468 kg of "^"U The 
value of 462 kg given by Davey" was based on the as-bui l t core composition 
and on different es t i inates of the various cor rec t ions 

The equivalent sphere has a radius of 46 68 cm, and the uncertainty 
in the applied shape factor is probably ±0.015 The uncertainty m reactivi ty 
IS therefore es t imated as ±0.003 _ k /k for this k = 1, one-dimensional model 

H. Cont ro l - rod Calibrat ions 

A ZPR-3 control drawer loaded as a no rma l core drawer , m m a t r i x 
location l -N-14 (Fig, 5), was used as the pr incipal react ivi ty-balancing de­
vice for worth m e a s u r e m e n t s m Assembly 41 It was ca l ibra ted by making 
period m e a s u r e m e n t s to obtain the react ivi ty content of success ive rod d is ­
p lacements . A graph of this cal ibrat ion (Fig. 44) is included in Appendix C. 

Appendix G also p resen t s the delayed-neutron cha rac te r i s t i c s for 
this a ssembly as obtained from diffu&ion-theory calculat ions. The p r inc i ­
pal values obtained were an effective delayed-neutron fraction of 0,0073, 
and a conversion factor of 440 Ih per % A\k/k. 
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III. FUEL-HETEROGENEITY EXPERIMENTS 

Fuel "bunching" and "unbunching" exper iments were undertaken in 
the core to evaluate the react iv i ty advantage of fuel in the form of l / 8 - i n . -
thick plates over the react ivi ty of a homogeneous core with the same a v e r ­
age composit ion. 

A. Fuel Bunching 

For the bunching exper iment , the normal a r rangement of the 
en r i ched-u ran ium columns, spaced every four-fifths of a d rawer in the 
cell sequence , was a l t e red to produce l / 4 - i n . colunans spaced every 
i f d r a w e r s . The t rans i t ion involved is i l lus t ra ted in Fig. 9. Only pa r t of 
the total core fuel was bunched, that which was contained in the two radial 
s ec to r s of half No. 1 shown in F ig . 10. A total of 38 regular columns were 
bunched into nineteen l / 4 - i n . - t h i c k columns (double l /S - in . columns). With 
44.25 kg of enr iched uran ium t r ansposed , the bunching effect was a r e a c ­
tivity gain of 52.25 ± 1.0 Ih. 

B. Fuel Unbunching 

The re fe rence loading for the unbunching exper iment contained the 
no rma l fuel-column a r r a n g e m e n t throughout the core , however with a num­
ber of the l / S - i n . columns consis t ing of two columns of l / l 6-in.- thick plates, 
In the unbunching, the double ] / l 6 - i n . enr iched-uran ium columns spaced 
four-fifths of a drawer apa r t ^^^ere separa ted into l / l 6 - i n . columns spaced 
two-fifths of a d rawer apa r t . F igure 11 shows the radia l sec tor of the core 
involved in this exper iment . The unbunching of 23 double columns into 
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Fig. 9. Four-drawer-cell Plate Arrangements for Heterogeneity Experiments 
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46 s e p a r a t e l / l 6 - i n . c o l u m n s w a s w o r t h - 8 . 4 ± 0.8 Ih; the fuel m a s s so 
m o v e d w a s 26.82 kg of e n r i c h e d u r a n i u m . 

C. E x t r a p o l a t i o n to H o m o g e n e o u s C o r e 

T h e z o n e s invo lved in the h e t e r o g e n e i t y e x p e r i m e n t s a p p r o x i i n a t e d 
r a d i a l s e c t o r s of the c o r e and thus had a v e r a g e m a t e r i a l - w o r t h c h a r a c t e r ­
i s t i c s abou t the s a m e as in the e n t i r e c o r e . On th i s b a s i s , a l i n e a r e x t r a p o ­
l a t ion of the r e s u l t s of the h e t e r o g e n e i t y e x p e r i m e n t s to the full con ten t of 
e n r i c h e d u r a n i u m in the c o r e shou ld t h e r e f o r e be r e a s o n a b l e . F o r the 
" c l e a n " j u s t - c r i t i c a l con f igu ra t ion ( s ee Sec t ion I I . E ) , t h e r e would be 516.2 kg 
of e n r i c h e d u r a n i u m a s l / 8 - i n . - t h i c k c o l u m n s . The e x t r a p o l a t e d bunching 
effect , w i th a l l the fuel in l / 4 - i n . - t h i c k c o l u m n s , would then be +610 ± 12 Ih, 
o r +1.40 ± 0.02% A k / k . In unbunching a l l of the c o r e fuel in to l / l 6 - i n . p l a t e s , 
t h e r e would be a r e a c t i v i t y l o s s of 161.7 ± 15 Ih. T h e s e r e s u l t s a r e p lo t t ed 
in F i g . 12 a s r e l a t i v e w o r t h v e r s u s f u e l - c o l u m n t h i c k n e s s . The h e t e r o g e ­
ne i ty a d v a n t a g e f ac to r sought i s the r e a c t i v i t y d i f f e r ence be tween the l / 8 - i n . 
n o r m a l A s s e m b l y 41 fuel c o n f i g u r a t i o n and t h e z e r o - t h i c k n e s s or h o m o g e n e ­
ous s i t u a t i o n . An e x t r a p o l a t i o n on t h e g r a p h g ives a va lue of 323 ± 30 Ih for 
th i s f a c t o r , o r 0.734 ± 0.035% A k / k . 
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IV. ROSSI ALPHA 

Ross i alpha, the ra t io of the effective delayed-neutron fraction to 
the prompt-neut ron l i fe t ime, was m e a s u r e d in Assembly 41 using the tech­
nique descr ibed by Brunson. Decay constants for prompt-neutron die-
away were m e a s u r e d at s eve ra l subcr i t ica l s t a t e s , and an extrapolation was 
made to obtain a value of a = -5.55 x 10 sec" at delayed cr i t i ca l . For 
these expe r imen t s , subcr i t ica l s ta tes approaching -400 Ih were achieved 
by withdrawal of control rods and rernoval of fuel from the core . The low 
mult ipl icat ions then requ i red operat ion with the s tar tup sources in the r e ­
ac tor to give adequate counting r a t e s . 

The calculated effective delayed-neutron fraction (/3gff) was 0.0073, 
and the m e a s u r e d alpha value thus indicates a prompt-neutron lifetime of 
13.2 x 10"® sec . 



V. REACTIVITY-COEFFICIENT MEASUREMENTS 

The worths of m a t e r i a l s at the core center and at the radia l edge of 
the core near the inidplane were m e a s u r e d by a se r i e s of rep lacement ex­
pe r imen t s . The m a t e r i a l s included fuels and s t ruc tu ra l e lements of r e l e ­
vance to fast r e a c t o r s and also numerous other m a t e r i a l s with h ighneutron-
capture or - sca t t e r ing p rope r t i e s . The influence of sample size on the 
m e a s u r e d react ivi ty coefficients was also investigated. 

In all these exper imen t s , reference runs of the reac tor were made 
with voided sample spaces in the locations studied. The reactivi ty changes 
due to sample inser t ion into the void were then obtained from the differences 
in the c r i t i ca l positions determined on the cal ibrated control rods . The 
procedure thus involved a shutdown after the reference (to load the sample) 
and a new s ta r tup ; the major source of e r r o r in mos t m e a s u r e m e n t s was 
the uncertainty due to r ec losu re of the ha lves , an es t imated ±0.25 Ih. Other 
factors contributing e r r o r were uncer ta int ies in cor rec t ions applied for 
t empera tu re drift and sample canning, and an overal l rod-cal ibra t ion un­
certainty of ±1%. 

A. Central "Worth Measurements with Small Fuel Samples 

16-in OF CORE MATERIAL 
PLACED AXIALLY TO GIVE 
DESIRED SAMPLE-SPACE 
WIDTH-- , 

Spaces for sample substitutions at the center of the core were made 
by recess ing the core m a t e r i a l s away from the front of d rawers l - P - 1 6 and 

2 -P -16 . For fuel m a t e r i a l s , the di­
mensions of the sample space were 
1/4 X Z X Z in. in each drawer . P la t e s 
of f a s t - r eac to r fuel ma te r i a l s 1/4 in. 
thick, or 1/8 in. thick sandwiched in 
aluminum s p a c e r s , were inser ted in 
place of 45 vol % aluminum m the 
spaces to obtain fuel worths relat ive 
to void. F igure 13 shows the con­
figuration of a sample space. 

VERTICAL ORIENTATION OF 
CORE-MATERIAL PLATES IN 
SAMPLE DRAWER AND ALL 
ADJACENT DRAWERS 

SAMPLE-SPACE WIDTH 

SAMPLE PLATES STACKED 
OR DISPERSED IN SPACE 

T a b l e II g ives the s p e c i f i c a ­
t i ons for e a c h m a t e r i a l and the r e ­
s u l t s of the w o r t h m e a s u r e m e n t s . 
The w o r t h s h a v e been c o r r e c t e d for 
any c ladd ing o r s p a c e r c o n t r i b u t i o n s . 
R e a c t i v i t y coef f i c ien t s a r e g iven as 
i n h o u r s p e r k i l o g r a m of the m a t e r i a l s 
in the p l a t e s i z e s u s e d ; no a d j u s t ­

m e n t s have b e e n m a d e to c o r r e c t the r e s u l t s for s e l f - m u l t i p l i c a t i o n of o t h e r 
s a m p l e - s i z e ef fec ts in the p l a t e s . The t ab l e a l s o i n c l u d e s b r e a k d o w n s of 
the coef f ic ien t s a c c o r d i n g to i s o t o p i c c o n s t i t u e n t s , a s s u m i n g l i n e a r c o m ­
b ina t i ons of w o r t h s . 

Fig. 13. Sample-space Configuration for Reactivity-
coefficient Measurements 



TABLE n . Reactivity Coefficients Measured In Central l / z x 2 x 2-in. Sample Space 

Sample Material 

Enriched uranium" 
Depleted uranium*^ 
^"U mixture^ 
Plutonium® 
Thorium 

Samp] e Mass ,* g 

288 
595 
240 
186 
373 

Sample Worth,^ Ih 

32.8 ± 0.3 
-3.2 ± 0.3 
49.9 ± 0.5 
37.5 ± 0.4 
-4.5 ± 0.3 

Material Reactivity 
Coefficients, Ih/kg 

114 ± 1 
-5.3 ± 0.5 
220 + 2 
202 ± 2 

-12.0 + 1.0 

Derive d Isotopic 
Coefficients 

Is otope 

235u 

238u 

"»u 
25'Pu 
" ^ T h 

Ih/kg 

123 ± 1 
-5.6 ± 0.5 
225 + 2 
210 ± 5^ 
-12 ± 1 

^Excluding mass and worth of spacers or claddings. 
b93.2 wt% " ' U , 6.8 wt% ^^^U. 
CO.206 wt% " ' U . 
d2.4 wt% 2^«U, 97.6 wt% ^'^U. 
^94.5 at. %-^' 'Pu,5.1at. % ^*°Va, 0.4 at. % " i p u . 
^Assuming ^*"Pu worth/kg = 20% of ^^'Pu worth/kg, and **^Pu worth/kg = ^^'Pu worth/kg. 

B. Central Worth Measurements with 2- in . -cube Diluent Samples 

For the less react ive m a t e r i a l s , a 1 x 2 x Z-in. sample space was 
made at the front of each drawer l - P - 1 6 and 2 -P -16 . Table III gives the 
resu l t s of substi tutions of ma te r i a l s into the combined 2 x 2 x 2-in. cent ra l 
space . For each m e a s u r e m e n t , unless otherwise noted, the cubical space 
was ent i re ly filled by the samples (solid or canned). Other measu remen t s 
with samples of varying size in a 2 x 2 x 2-in. space a re descr ibed in 
Section C below. The worths and coefficients in Table III a re for the m a ­
t e r i a l s re la t ive to void. 

C. Effects of Sample Size on Reactivity Coefficients 

Simple per turbat ion theory is often used to calculate the worths of 
infinitely dilute m a t e r i a l s in homogeneous reactor media for comparison 
with m e a s u r e d wor ths . The exper imenta l - theore t ica l corre la t ions a r e 
subject to some uncer ta in t ies because of (l) the heterogeneous environment 
in the m e a s u r e m e n t s and (Z) the size and orientation of the samples . Rela­
tively thick samples were used for the Assembly 41 exper iments , and these 
were most ly oriented perpendicular to the columns of s tandard core m a ­
t e r i a l s in one drawer of the four -drawer sequence. As an aid to evaluating 
the uncer ta int ies due to the exper imental techniques, the effects of sample 
size were investigated with some highly react ive m a t e r i a l s : enriched B4C, 
enr iched boron, tan ta lum, and polyethylene. Limited size-effect studies 
were also per formed with depleted uranium and thorium. 

1. Enriched-B4C Exper iments 

Block samples of varying thickness were constructed from 
1/4 X 2 X 2-in. plates of enriched boron carbide . The worths of these 
samples re la t ive to void were m e a s u r e d in two se r i e s of exper iments : In 
one, the blocks of var ious s izes were placed at the bottom of a constant 
2 x 2 X 2-in. sample space at the center ; in the other , the sample space was 



30 

r e c o n s t r u c t e d t o j u s t a c c o m m o d a t e e a c h b l o c k s i z e . U p t o f o u r p l a t e s w e r e 
u s e d p e r b l o c k . T h e r e s u l t s of b o t h s u b s t i t u t i o n s e r i e s a r e g i v e n i n T a b l e I V , 
a n d t h e s p e c i f i c w o r t h s f o r t h e d i f f e r e n t s a m p l e t h i c k n e s s e s a r e p l o t t e d in 
F i g . 1 4 . 

T A B L E III. R e a c t i v i t y Coef f ic ien ts M e a s u r e d in 2 - i n . - c u b e C e n t r a l S a m p l e Space 

S a m p l e M a t e r i a l S a m p l e M a s s , * g S a m p l e W o r t h , ^ Ih 
M a t e r i a l R e a c t i v i t y 
Coef f i c i en t s , I h /kg 

Agb 
Al 
AI2O3 
As 
Ba 
Be 
Bi 
C 
CH2 
C r 
F e 
Hf 
Hg 
Mo 
Na 
Nb 
Ni 
O 
P h y s i c u m I^ 
P h y s i c u m 11*-
Ru 
S 
Sd 

Sn 
S t ee l (304) 
Ta 
Th 
Dep le t ed U 
238 U 
V 
W 
Y 
Z r 

683 
351 
355 
382 
322 
241 

1276 
196 
119 
439 

1028 
1653 
1383 
1280 

91 
490 

1150 
(471) 
232 
210 
228 
200 

63 
948 

1017 
1004 
1511 
2435 
(998) 
527 

1867 
582 
846 

-27 .05 
-1 .53 
-1 .46 
-9 .83 
-0 .30 
4-4.89 
-1 .73 
+0.25 

+ 99.7 
-1 .75 
-4 .51 

-30 .70 
-7 .52 

-12 .84 
+ 0.03 
-7 .50 
-7 .38 

(-1.80) 
-3 .50 
-3 .50 
-4 .44 
-2 .60 
-1 .21 
-6 .38 
-4 .85 

- 2 3 . 7 
-18 .0 
-12 .44 
(-5.36) 
-0.95 

-18 .66 
-2 .32 
-3 .37 

-39.6 ± 0.4 
-4.4 ± 0 
-4.1 ± 0 

-25.7 ± 0 
-0.9 ± 0 

+20.3 ± 1 
-1.35 ± 0 
+ 1.28 ± 1 
+840 ± 0 
-3.98 ± 0 

7 
7 
7 
8 
0 
20 
28 
84 
57 

-4.39 ± 0.24 
-18.6 ± 0 
-5.44 ± 0 
-10.0 ± 0 

0.3 ± 2 
-15.3 ± 0 
-6.4 ± 0 
-3.8 ± 0 

-15.1 ± 1 
-16.7 ± 1 
-19.5 ± 1 
-13.0 ± 1 
-19.2 ± 4 

2 
18 
20 
7 
5 
2 
5 
1 
2 
1 
2 
0 

-6.73 ± 0.26 
-4.77 ± 0 
-23.6 ± 0 
-11.9 ± 0 
-5.11 ± 0 
-5.37 ± 0 
-1.80 ± 0 
10.0 ± 0 
-4.0 ± 0 
-4.0 ± 0 

25 
25 
16 
.10 
.25 
.47 
.1 
.4 
.3 

^Exc lud ing m a s s and w o r t h of c ladding or can . A c c u r a c y ±0.25 Ih, bu t no b e t t e r 
than 1% of v a l u e . 

'-'Sample s i z e : 1 x 2 x 2 in, 
' ' P h y s i c u m I and II a r e m i x t u r e s of f i s s i o n - p r o d u c t e l e m e n t s and t h e i r o x i d e s . 

C o m p o s i t i o n s a r e g iven by Long et a l . in Ref. 2 . 
"Sulfur s a m p l e s (canned) ob t a ined f r o m d i f fe ren t s o u r c e s , s u s p e c t e d i m p u r i t i e s 

in one or the o t h e r have no t been r e s o l v e d . 



31 

TABLE IV. Sample - s i ze Effects in Measu remen t s of Enriched-B4C Reactivi ty Coefficients 

Sample Space 
Dimens ions . 

i n . 

2 x 2 

2 x 2 

2 x 2 

2 x 2 

2 x 2 

1/4 X 2 

1/2 X 2 

3 /4 X 2 

1 X 2 

X 

X 

X 

X 

X 

X 

X 

X 

X 

2 

2 

2 

2 

2 

2 

2 

2 

2 

Sample 
Dimens ions , 

i n . 

1/4 X 2 X 2 

1/2 X 2 X 2 

3 / 4 x 2 x 2 

1 x 2 x 2 

Four d i spe r sed , 
each 1/4 X 2 X 2 

1/4 X 2 X 2 

1/2 X 2 X 2 

3 / 4 x 2 x 2 

1 x 2 x 2 

Mass of 
Enr i ched 
B4C,a g 

32.82 

63.97 

96.21 

128.16 

128.16 

31.49 

64.72 

96.72 

128.60 

Sample 
Worth, 

ma 

-39.9 ± 0.3 

-60.5 ± 0.6 

-85.8 ± 0.8 

-110.0 ± 1.1 

-117.5 ± 1.2 

-33.2 ± 0.3 

-62.3 ± 0.6 

-87.5 ± 0.9 

-111.1 ± 1.1 

Enriched-B4Ca 
React ivi ty , 

Ih/kg 

-1003 ± 9 

-946 ± 9 

-892 ± 9 

-858 ± 9 

-916 ± 9 

-1056 ± 10 

-963 ± 10 

-905 ± 9 

-864 ± 9 

' " B Reactivi ty 
Coefficients,'^ 

Ih/kg 

-1609 ± 15 

-1518 ± 15 

-1431 ± 14 

-1378 ± 14 

-1471 + 15 

-1695 ± 16 

-1545 ± 16 

-1452 ± 15 

-1388 ± 14 

aB4C = 69.34 wt % B, B is 90.7 at . % " B . 
^Calcula ted using B4C = 62.32 wt % ""B -1- 37.68 wt % " B , carbon, and impur i t i e s , assuming " B 

and impur i t i e s of same worth as carbon (+1.3 Ih/kg) . 

-850 -
SAMPLE IN 2 X 2 x 2-in. 

SAMPLE SPACE 

1000 -

/ 
/ / 

y -1050 

-1100 

-1150 

/ /• 
— /J f X 2 X 2 
^ / ^ 

/ 

SAMPLE SIZE 
AND 

SAMPLE SPACE 
IDENTICAL 

[ 

^ X 2 X 2 | x 2 X 

— SAMPLE SIZE.m • 

The resu l t s indicate a strong 
dependence of reactivity coefficient for 
a highly absorbent ma te r i a l like B4C, 
according to the sample thickness used 
and also according to the medium in 
which the measu remen t is made . For 
comparison with perturbat ion theory, 
an extrapolated value at ze ro block 
thickness (infinite dilution) would be the 
mos t appropr ia te ; a l inear extension of 
the lower curve in Fig. 14 gives the 
value of -1146 Ih/kg of B4C. The d i s ­
crepancy for the smal les t sample m e a s ­
ured , a 1/4-in.-thick plate, thus amounts 
to -8%. Using a simple self-shielding 
formulation, the resul t indicates an 
average c ross section for °B of 0.84 barn, 
which compares well with a value of 
0.82 derived using the cent ra l spec t rum 
from a diffusion-theory k calculation. 

This suggests that, to within the exper imental accuracy , correc t ions for 
self-shielding in samples containing '•°B (or other highly absorbing ma te r i a l s 
with smoothly varying c ro s s sections) can be either calculated or derived by 
extrapolat ion of resu l t s obtained using different sample s i zes . However, 
the different coefficients obtained using the same samples in different 
s ample - space configurations introduces considerable uncertainty about 
corre la t ing the m e a s u r e m e n t s against calculations using simple models for 
the sample and reac to r environment. 

20 40 60 80 100 

MASS ENRICHED B4C, g 

120 

Fig. 14. Variation of B4C Reactivity Coefficient 
with Sample Size and Orientation 



2. Enr iched-boron Exper iments 

Three different measu remen t s of worth were made for highly 
enriched boron in the form of 1/8 x 2 x 2-in. s tee l -c lad p la tes . Table V 
presen ts the details and resu l t s of these exper iments . Although no appro­
priate extrapolation is feasible , appreciable self-shielding effects a r e 
again evident. Comparison between the derived worths of ^°B in Tables IV 
and V indicate that the p resence of carbon in the B4C samples has negl i ­
gible influence on the m e a s u r e m e n t s . 

TABLE V Sample-s ize Effects m Measurements of Enriched-boron 
Reactivity Coefficients at Core Center 

Sample-space 
Dimensions, 

m 

2 x 2 x 2 
2 x 2 x 2 

1/2 X 2 X 2 

Number of 
l / s - m -thick 
Boron Plates 

m Sample^ 

10 
4 
4 

Sample Content, 
g Boron Mixture*' 

39 5 
15 1 
15 1 

Worth of 
Boron mixture , ' ' 

Ih 

-53 8 ± 0 5 
-23 0 ± 0 3 
-22 0 + 0 3 

' " B Reactivity 
Coefficients ,'^ 

Ih/kg 

-1575 ± 16 
-1677 ± 22 
-1686 ± 23 

3-Boron mixture m steel cladding, outside dimensions l /8 x 2 x 2 m , plates dispersed m 
sample space with steel cans 

bMass and worth of s teel m cans and spacers accounted for 
^Mixture composition = 86 5 wt % '^B + 13 5 wt % " B plus impuri t ies , coefficients 

derived assuming ' ' B and impuri t ies of negligible worth 

3. Tantalum Exper iments 

The tantalum was m the form of 1/8 x 2 x 2-in. p la tes . Worth 
measu remen t s were made Avith the four p l a t e / space combinations descr ibed 
in Table VI, with resu l t s as l is ted in the table. The self-shielding effects 
for this resonance-absorp t ion m a t e r i a l a r e less pronounced m the range of 
sample s izes involved than the effects with boron samples . However, even 
for the sma l l e s t tantalum sample , it is highly probable that the self-
shieldmg of nar row resonances is extensive and the worth per k i logram 
for an infinitely dilute sample may be appreciably g rea te r than the resu l t s 
given. 

TABLE VI Sample-size Effects m Measurements of Tantalum 
Reactivity Coefficients at Core Center 

Sample-space 
Dimensions, m 

1/2 x 2 X 2 
2 x 2 x 2 
2 x 2 x 2 
2 x 2 x 2 

Number of 
l / S - m -thick 

Tantalum Plates 
in Sample 

4 
4 dispersed 

2-in -cube can^ 
16 

Mass of 
Tantalum, g 

524 
524 

1004 
2102 

Sample Worth, 
Ih 

IZ 0 t 0 2 
-12 8 + 0 3 
-23 7 ± 0 3 
-44 4 + 0 4 

Tantalum Reactivity 
Coefficients, 

Ih/kg 

-22 9 ± 0 4 
-24 3 ± 0 6 
-23 6 ± 0 3 
-21 1 ± 0 2 

^Powdered sample m steel can, effectively 50 vol % tantalum dispersed 



• Polyethylene Exper iments 

P la t e s of CH2. 1/4 in. thick by 2 in. squa re , were d i spersed in 
varying numbers with a luminum space r s within a 2 x 2 x 2-in. sample space 
at the core center . A m e a s u r e m e n t a lso was made with a CH2-filled 1/2 x 
2 X 2-in. space . Table VII gives the details and resu l t s of these worth ex­
pe r imen t s . As can be seen, the coefficients vary with no perceivable pat­
t e rn . With this moderat ing m a t e r i a l , proximity to fuel plates could be 
expected to have a s t rong influence on the worth, and the plate si tuations in 
the sample space a r e probably the cause of the e r r a t i c r e s u l t s . This indi­
cates that one mus t ass ign a la rge uncertainty to measu remen t s of CH2 
worths in some past Z P R - 3 a s s e m b l i e s , and that there is a need for ref ine­
ment in the exper imenta l technique involving this m a t e r i a l . 

TABLE VII. Sample-size Effects in Measurements of Polyethylene Reactivity 
Coefficients at Core Center 

S a m p l e - s p a c e 
Dimens ions , in. 

1/2 X 2 X 2 
2 x 2 x 2 
2 x 2 x 2 
2 x 2 x 2 
2 x 2 x 2 

Number of 
1 /4- in . - th ick 

CH2 P la t e s 
in Sample 

2 
2 d i s p e r s e d 
4 d i spe r sed 
6 d i s p e r s e d 

8 

5. Deple ted-uranium 

Ma ss of CH 
g 

29.1 
30.3 
60.3 
89.5 

118.7 

and Thor ium 

2' CH2 Worth, 
Ih 

23.9 ± 0.3 
22.2 ± 0.3 
51.0 ± 0.5 
78.7 ± 0.8 
99.7 + 1.0 

Exper iments 

CHj React ivi ty 
Coefficients, 

Ih/kg 

820 ± 10 
731 ± 10 
845 ± 8 
880 ± 8 
840 ± 8 

A compar ison of the coefficients for thorium and depleted 
uran ium in Tables II and III revea ls s imi la r agreement of worths between 
largely different sample s i ze s . However, there st i l l may be appreciable 
differences from worths for infinitely dilute samples . 

D. Measureinents of Mater ia l Worths at Edge of Core 

Sample spaces at the core midplane near the core radial boundary 
were c rea ted by moving core m a t e r i a l backfrom the front of d rawers l - J - 1 2 
and 2-V-20. These d rawer s had two sides adjacent to the core and two sides 
adjacent to the blanket. Reactivi ty coefficients were measu red by succes ­
sive m a t e r i a l substitutions into the sample spaces , which were 1/4 x 2 x 
2 in. for the high-react iv i ty f iss i le and capture samples and 1 x 2 x 2 in. for 
the l e s s e r - w o r t h m a t e r i a l s . Tables VIII and IX presen t the resul ts of the 
measure inen t s in t e r m s of the worths of the ma te r i a l s relat ive to void. No 
s amp le - s i ze exper iments were done in these locat ions. 



TABLE VIII. React iv i ty-coeff ic ient M e a s u r e m e n t s for Fue l and 
Poison Ma te r i a l s a t Radia l Edge of Core 

Sample 
M a t e r i a l 

Sample 
D imens ions , 

in. 

Tota l 
M a t e r i a l 
M a s s , g 

M a t e r i a l 
Wor th , 

Ih (±0.25) 

M a t e r i a l 
React iv i ty 

Coefficients , 
Ih/kg 

Derived Isotopic 
React ivi ty 

Coefficients 

Isotope Ih/kg 

E n r i c he d u ran ium* 
Depleted u r a n i u m " 
Plutonium*' '^ 
Enr i ched B4C*'e 

l / S x 2 x 2 
1 x 2 x 2 

1/4 x 2 x 2 
1/4 X 2 x 2 

287.8 
243.9 
186.0 
64.7 

7.80 
2.02 
8.10 

•12.8 

27.1 ± 0.9 
0.83 

43.6 ± 1.3 
-198 + 4 

235u 

« ' P u 
B 10 

29.0 + 0.9 
0.77 ± 0.10 
45.4 + 1.3«i 
-323 ± 4^ 

^ P l a c e d in each of two l / 4 x 2 x 2- in . s p a c e s ; where needed, a luminum or s tee l s p a c e r s w e r e used 
to fill vo lume. 

"P laced in each of two 1 x 2 x 2- in . s p a c e s . 
cComposi t ion specif ied in Table II 
^Assuming ^*'Pu equivalent to ^^'Pu, and ^^'Pu w o r t h / g = 0.2 x " ' P u w o r t h / g . 
eAs specif ied in Table IV. 
fCalculated using 69.34 wt % boron , 30.66 wt % carbon + i m p u r i t i e s , boron = 90.7 at . % " B , 
a s suming carbon , " B , and i m p u r i t i e s a r e wor th 14.2 Ih /kg . 

TABLE IX. React iv i ty-coeff ic ient M e a s u r e m e n t s in Two 
1 x 2 X 2- in . Sample Spaces at Radial Edge of Core 

Sample 

A l 
AI2O3 
A s 
Be 
B i 
C 
CHj 

M a t e r i a l 

Depleted U* 
F e 
H b 

M o 
Na 
N b 
Ni 
0<: 
P b 
S(ZPR-3)a 
S(ZPR-6)<i 
Steel 
T h 
W 

(304) 

Tota l Sample 
M a s s , g 

351 
355 
382 
241 

1276 
196.4 

59.5 
2439 
1028 
(143.8) 
1280 

91.2 
4 9 0 

1504 
(471) 
1475 

199.8 
63.1 

1017 
1 5 U 
1867 

Sample Worth, 
Ih (±0.25) 

2.59 
3.00 
0.27 
3.63 
3.00 
2.78 
7.95 
2.02 
2.69 

(121.4) 
2.09 
0.85 
1.14 
3.52 

(4.53) 
3.45 
0.99 
0.32 
3.01 

-0.18 
0.27 

Ma te r i a l React ivi ty 
Coefficients , Ih/kg 

7.4 ± 0.7 
8.4 ± 0.7 
0.7 ± 0.7 

15.1 ± 1.0 
2.35 ± 0.20 
14.2 ± 1.3 
134 + 5 

0.83 + 0.10 
2.62 ± 0.24 
844 ± 2 

1.64 ± 0.20 
9.3 ± 2.7 

2.33 ± 0.51 
3.06 ± 0.17 

9.6 ± 0.5 
2.34 + 0.17 
4.96 ± 1.25 

5.1 ± 4.0 
2.96 ± 0.25 

-0.12 
0.14 

ao.206 wt % "=U. 
'-'Inferred f rom carbon and CH^ m e a s u r e m e n t s . 
^ Infer red f rom Al and AI2O3 m e a s u r e m e n t s . 
^As defined in Table III. 



35 

— SEALED GfiS FILLER TUBE 

VI. M E A S U R E M E N T S O F FISSION RATIOS AT C E N T E R O F CORE 

A. Scope of M e a s u r e m e n t s 

R a t i o s of the f i s s i o n r a t e s of v a r i o u s i s o t o p e s a t the c e n t e r of the 
c o r e c o n s t i t u t e s p e c t r a l i n d i c e s w h i c h a r e c h a r a c t e r i s t i c of the c o r e c o m ­
p o s i t i o n . F i s s i o n r a t e s w e r e m e a s u r e d wi th a b s o l u t e f i s s ion c h a m b e r s a t 
the f ron t of d r a w e r s l - P - 1 6 a n d 2 - P - 1 6 to ob ta in the i n d i c e s for the A s ­
s e m b l y 41 c o r e ; t he r a t i o s o b t a i n e d s h o u l d be s i m i l a r to f i s s i o n r a t i o s 
m e a s u r e d in the o t h e r s y s t e m s wi th the s a m e 5 /1 c o m p o s i t i o n . K i r n 
c o u n t e r s , t he o r i g i n a l p a r a l l e l - p l a t e c h a m b e r s deve loped for Z P R - 3 and 
u s e d in a l l t h e p a s t Z P R - 3 a s s e m b l i e s , w e r e u s e d to ob ta in r a t i o s of f i s ­
s i o n s in " ^ U , " * U , " ^ U , 238xj, a n d ^^^Pu to f i s s i o n s in " ^ U . In add i t i on , 
m e a s u r e m e n t s of the ^ " u / ^ ^ U , " ^ u / " ^ U , and 238^/235^ f i s s i o n r a t i o s w e r e 
ob t a ined w i th n e w e r c h a m b e r s of a l i gh twe igh t c o n s t r u c t i o n , wh ich p e r t u r b s 

the inc iden t flux l e s s than the K i r n 
d e s i g n . 

B. D e s c r i p t i o n of F i s s i o n C h a m b e r s 

F i g u r e 15 shows the c o n s t r u c ­
t ion of the a b s o l u t e f i s s i o n c o u n t e r s 
deve loped by Kirn .^ The t echn ique 
u s e d for the o r i g i n a l p la t ing of a 
known a m o u n t of f i s s i l e m a t e r i a l on 
the i n s ide b a s e of t h e s e c o u n t e r s h a s 
b e e n d i s c u s s e d by Davey and 
A m u n d s o n , who r e p o r t on a r e e v a l u a -
t ion of the p la t ing m a s s e s by a c o m ­
b ina t ion of i n t e r c a l i b r a t i o n s in the 

t h e r m a l c o l u m n a n d in the f a s t - f l u x b e a m hole of the A r g o n n e F a s t S o u r c e 
R e a c t o r . C o r r e c t i o n f a c t o r s for the effect of i n e l a s t i c s c a t t e r i n g in the 
c h a m b e r w a l l s a r e a l s o g iven in Ref. 6. T a b l e X g ives the p la t ing s p e c i f i ­
ca t i ons for the K i r n c o u n t e r s invo lved in the A s s e m b l y 41 e x p e r i m e n t s . 

F i g u r e 16 shows the c o n s t r u c t i o n of the l igh tweigh t f i s s i on c h a m b e r s 
wh ich u s e the s a m e b a s i c p a r a l l e l - p l a t e s c h e m e as the K i r n d e s i g n but have 
t h i n n e r w a l l s and u s e a con t inuous flow of g a s . The f i s s i l e p l a t i ngs for 
t h e s e t h i n - w a l l c h a m b e r s ( d e s i g n a t e d TW) a r e on t h i n - s t e e l fo i l s , wh ich a r e 
m o u n t e d into the b a s e s of the c h a m b e r s and a r e i n t e r c h a n g e a b l e . P l a t i n g 
m a s s e s and c o m p o s i t i o n s for the foi ls u s e d in A s s e m b l y 41 a r e i nc luded in 
T a b l e X. 

Fig. 15. Design of Kim Fission Chambers. 
ANL Neg. No. 103-A2154. 

In the m e a s u r e m e n t s , the p u l s e s f r o m e a c h c h a m b e r p r e a m p l i f i e r 
w e r e a m p l i f i e d and input to d i s c r i m i n a t o r c i r c u i t s . P u l s e - h e i g h t s e t t i n g s 
w e r e s e l e c t e d to d i s c r i m i n a t e out p u l s e s of peak vo l t age l e s s than tha t in 
the t r o u g h of the p u l s e - h e i g h t d i s t r i b u t i o n c u r v e , thus e l i m i n a t i n g g a m m a 



events and an es t imated 1-2% of the fission pu l ses . The reduction of the 
data involved the solution of s imultaneous equations for seve ra l counter-
pair count ra t ios to c o r r e c t for minor isotope fissions and give isotopic 
fission r a t i o s . Where n e c e s s a r y , the contributions of some minor constitu­
ents were es t imated on the basis of calculations or other m e a s u r e m e n t s . 

T A B L E X. S p e c i f i c a t i o n s of P l a t i n g s in F i s s i o n C h a m b e r s 

K i r n C o u n t e r No . 
o r T h i n - w a l l -

chanaber F o i l No . 
P r i n c i p a l 

I so tope 

C a l i b r a t e d 
P l a t i n g 

M a s s , jig 

P l a t i n g C o m p o s i t i o n , w t % 

" U "*u «u "u 238u ^Pu 

K i r n N o . 
K i r n No . 
K i r n No . 
K i r n N o . 
K i r n No. 
K i r n N o . 
F o i l N o . 
F o i l No . 
F o i l No . 
F o i l N o . 
F o i l N o . 
F o i l No . 
F o i l No . 
F o i l No . 
F o i l N o . 
F o i l No . 

y^^Z tr/. 

2 
5 
11 
18 
21 
24 
2 
3 
.13B 
14A 
14B 
21 
22 
23 
27 
28 

"*u 
235u 

234u 

233u 

» ' P u 
236^ 

2 " u 
235u 

J35u 

"»u 
238u 

233u 

233^ 

233u 

236u 

23$u 

, / 

499 ± 5 
804 

496 ± 10 
494 ± 10 
490 ± 6 
777 ± 9 
495 ± 6 
416 + 4 
435 ± 4 
493 + 5 
493 ± 5 
943 ± 12 
946 ± 12 
947 ± 12 
397 ± 4 
399 ± 4 

A ^-

-
-
-

98.33 
-
-
-
-
-
-
-

98.33 
98.33 
98.33 

. 
-

-
1.07 

94.02 
0.13 

-
0.06 

-
1.04 
1.04 
0.006 
0.006 
0.127 
0.127 
0.127 
0.06 
0.06 

V -.^^^^Aie/f 

0.04 
93.41 

4.29 
0.01 
-

2.85 
0.71 

93.22 
93.17 

0.72 
0.72 
0.01 
0.01 
0.01 
2.85 
2.85 

-
-
-
-
-

96 .48 

-
0.28 
0.29 
-
-
-
-
-

96.48 
96 .48 

99.96 
5.52 
1.69 
1.53 

-
0.62 

99.29 
5.46 
5.50 

99.27 
99.27 

1.53 
1.53 
1.53 
0.62 
0.62 

99.97 

ALL DIMENSIONS 
IN INCHES 

Fig. 16. Design of Thin-wall-steel, Gas-flow Fission Chambers. ANL Neg. No. 103-9200A. 

C. D e t a i l s of E x p e r i m e n t a l E n v i r o n m e n t 

S p a c e w a s p r o v i d e d for the f i s s i on c h a m b e r s a t the c o r e c e n t e r by 
r e c e s s i n g the c o r e m a t e r i a l s 1^ in . in d r a w e r s l - P - 1 6 and 2 - P - 1 6 ; s m a l l 
a x i a l c h a n n e l s w e r e c o n s t r u c t e d for the connec t ing l e a d s . F i g u r e 17 shows 
the m a t e r i a l l oad ings in the v i c in i t y of the c e n t r a l cav i ty du r ing the m e a s ­
u r e m e n t s . Dur ing a r u n , the two c h a m b e r s for ob ta in ing a p a r t i c u l a r f i s s i o n 
r a t i o w e r e s i t u a t e d wi th t h e i r f i s s i l e p l a t i ngs back to b a c k to expose the 
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p la t ings to an i d e n t i c a l n e u t r o n flux. 
One f e a t u r e of the e n v i r o n m e n t tha t 
shou ld be m e n t i o n e d is tha t the 
load ing of c o r e m a t e r i a l s beh ind 
the c h a m b e r s in l - P - 1 6 and 2 - P - 1 6 , 
and in the d r a w e r s above and be low, 
r e p r e s e n t e d one of the four t y p e s of 
l oad ings in the f o u r - d r a w e r s e ­
q u e n c e , having one full c o l u m n of 
fuel p e r d r a w e r . H o w e v e r , the 
p r o x i m i t y of the fuel in the s ide 
d r a w e r s ( P - 1 5 and P - 1 7 ) shou ld 
h a v e e n h a n c e d the h i g h - e n e r g y flux 
so t h a t the o v e r a l l s p e c t r u m inc iden t 
on the foi ls w a s m o r e n e a r l y c h a r ­
a c t e r i s t i c of the 1 . 2 5 - c o l u m n s - p e r -
d r a w e r fuel c o m p o s i t i o n . 

D. F i s s i o n R a t i o s M e a s u r e d wi th 
K i r n C o u n t e r s 

Fig. 17. Arrangement of Core Materials around 
Cavity for Fission-ratio Measurements 

T a b l e XI l i s t s the p a i r s of 
K i r n c o u n t e r s p l a c e d a t the c e n t e r 
of the c o r e , the m e a s u r e d r a t i o of 

count ing r a t e s , and the d e r i v e d f i s s i o n r a t i o s for the c o u n t e r p r i n c i p a l i s o ­
t o p e s . The f inal c o l u m n of da ta g i v e s the f i s s i on r a t i o s c o r r e c t e d for w a l l -
s c a t t e r i n g effects u s ing the f a c t o r s g iven by Davey . The p r o b a b l e e r r o r s 
g iven on the f inal v a l u e s inc lude the s t a t i s t i c s of the m e a s u r e d c h a m b e r 
count r a t i o s and the u n c e r t a i n t i e s in the c a l i b r a t e d m a s s e s . 

TABLE XI. F i ss ion- ra t io Measureinents at Center of Assembly 41 Using Kirn Counters 

Counter 
Central 

A 

Kirn No. 18 
Kirn No. 11 
Kirn No. 24 
Kirn No. 2 
Kirn No. 21 

Pa i r in 
Cavity 

B 

Kirn No. 
Kirn No. 
Kirn No. 
Kirn No. 
Kirn No. 

5 
5 
5 
5 
5 

Ratio of 
Count Rates 

0.9538 ± 0.0040 
0.2084 ± 0.0017 
0.1135 +0.0015 
0.02415 ± 0.00019 
0.7426 ± 0.0104 

Pr incipal 
Isotopes, 

A/B 

233u/235u 
"4u/235u 

" ' u / " » u 
23«U/235u 
239p„/235u 

Derived Measured Fission 
Fission Ratio with Wall-
Ratios effect Correction 

1.469 ±0.030 
0.290 ± 0.006 
0.0847 ± 0.0015 
0.0366 ± 0.0005 
1.164 ±0 .022 

1.469 ± 0.030 
0.302 ± 0.007 
0.0898 ± 0.0017 
0.0395 ± 0.0006 
1.164 ±0 .022 

Fiss ion Ratios Measured with Thin-wall Counters 

Table XII gives the resu l t s of exper iments with various ^^^U, ^^^U, 
^ -5 / "J -3 Q 

U, and U foils placed in pa i r s of thin-wall counters at the core center . 
This extensive s e r i e s of m e a s u r e m e n t s was in pa r t a c ross -ca l ib ra t ion of 
foils of the same type of f issi le m a t e r i a l . Included in the table a r e some 
compar isons of Kirn and thin-wall counters containing platings of ^̂ ^U as 
the pr incipal isotope. 
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TABLE XII. 

Chamber Pa i r at Core 
Center , Foil Number 

A 

TW, No. 21 

TW, No. 22 

TW, No. 23 

TW, No. 27 

TW, No. 28 

TW, No. 2 

TW, No. 14A 

TW, No. 14B 

TW, No. 13B 

Kirn, No. 5 

B 

TW, No. 3 

TW, No. 3 

TW, No. 3 

TW. No. 3 

TW, No. 3 

TW, No. 3 

TW, No. 3 

TW, No. 3 

TW, No. 3 

TW, No. 3 

'. Discussion of Res 

Fiss ion- ra t io Measurements at Center of Ass 
Using Thin-wall Gas-

Ratio of Count 
Rates, A / B 

3.603 + 0.041 

3.684 ± 0.029 

3.694 ± 0.015 

0.1196 ± 0.0004 

0.1213 + 0.0006 

0.05867 ± 0.00029 

0.05817 ± 0.00035 

0.05806 ± 0.0035 

1.0443 ± 0.0094 

1.924 ± 0.023 

ults and Selection 

flow Chambers 

Pr inc ipa l Isotopes, 
A/B 

2»u /^^5u 

233u/235u 

233u/235u 

236u/235u 

236u/235u 

238u/235u 

238u/235u 

238u/235u 

^ " U F B B / " = U F 3 

" = U K 5 / " ' U F 3 

of Best Values 

iembly 41 

Derived Fiss ion Ratio 
for Pr inc ipa l Isotopes 

1.501 ±0 .029 

1.531 ±0 .027 

1.533 ±0 .025 

0.0922 ± 0.0013 

0.0932 ± 0.0014 

0.0399 ± 0.0006 

0.0396 ± 0.0006 

0.0395 ± 0.0006 

0.999 ± 0.014 

0.994 ±0.016 

The numerous exper iments cited in Table XII indicate the prec is ion 
that can be ass igned to ra t ios m e a s u r e d using chambers of this type and 
these methods of plating ca l ibra t ions . Deviations of 2.5% a r e seen in r e ­
sults obtained with different ^33^ foils. On the average , the d ispers ion of 
values for a par t i cu la r type of plating is about ±1.5%. The last two m e a s ­
urements in Table XII show relat ively good agreement of the in t e rca l ib ra -
tion of ^̂ ^U foils for the thin-wall and Kirn chambers . 

Comparisons of data in Tables XI and XII reveal some l a rge r d i s ­
agreements for par t i cu la r fission r a t i o s . The Kirn and thin-wall fission 
rat ios of 238y^235u g^gj-gg well , after cor rec t ing for wall sca t ter ing in the 
Kirn chamber . However, the Ki rn-counte r value for the 236yy'235y j-^tio is 
about 3% lower than the ra t ios obtained with two different ^^^u foils in thin-
wall c h a m b e r s . Also , the Kirn rat io for ^^^u/^^^U is about 4% lower than 
the values der ived with the l igh te r -chamber foils. The ^36^ ^j^^ 233y Kirn 
chambers used have since been involved in other in terca l ibra t ions of fission 
counters and have again shown l a rge r than average deviations, and this is 
reflected in the uncer ta int ies ass igned to the cal ibrated m a s s e s for these 
counters in Table X. However, with the l a rge r probable e r r o r s given, the 
Kirn ^^^u/^^^U and ^̂  U/^^^U fission ra t ios a r e as valid as the m e a s u r e m e n t s 
with the thin-wall chamber s . 

The bes t values for fission ra t ios have therefore been obtained as a 
weighted average of al l the m e a s u r e m e n t s given in Tables XI and XII; the 
weightings ass igned were the inverse squares of the probable e r r o r s of the 
m e a s u r e m e n t s . Table XIII gives these average values for the fission rat ios 
compared with values calculated using ANL c ros s - s ec t i on set 635 as r e ­
ported by Davey. 



TABLE XIII, Average F iss ion Ratios Measured at Center of 
Assembly 41 Compared with Calculations 

Isotope Pa i r 

233u/^35u 

234u/235u 

236TJ/E35TJ 

238TJ/235TJ 

239p^/235u 

Average Exper imenta l 
F i ss ion Ratio 

1.512 ± 0.028 

0,302 ± 0.007 

0.0920 ± 0.0015 

0.0396 ± 0.0006 

1.164 ± 0.022 

Calculated Ratio^ 

1.576 

0.359 

0.105 

0.0437 

1.228 

C/E 

1.04 

1.19 

1.14 

1.10 

1.05 

^As repor t ed by Davey, using ANL c r o s s - s e c t i o n set 635. 



VII. REACTION-RATE TRAVERSES THROUGH BASIC ASSEMBLY 

The spat ial and spec t ra l var ia t ions of the neutron flux in ZPR-3 a s ­
sembl ies can be evaluated from m e a s u r e m e n t s of r eac t i on - r a t e profiles 
for react ions of var ious energy sens i t iv i t ies , using the U fission ra te to 
cha rac te r i ze the genera l flux shapes , threshold-f i ss ion r a t e s to de te rmine 
high-energy flux shapes , and the ^°B(n,a) react ion to obtain the low-energy 
flux dis t r ibut ions . In Assembly 41 these r eac t ion - r a t e profiles were m e a s ­
ured principally by t r ave r s ing of smal l counters as descr ibed in Appendix D. 
Activations of uran ium foils were a lso used. 

This section descr ibes the r eac t ion - ra t e dis tr ibut ions m e a s u r e d in 
the normal Assembly 41 configuration, with depleted uran ium blanketing 
the core radial ly and axially. T r a v e r s e s through the assembly with other 
types of blanket a r e repor ted in Section IX. 

A. Axial T r a v e r s e s through Core Center 

Drawers l - P - 1 6 and 2 -P -16 were each modified as shown in Fig. 18A 
to accommodate a l / 2 - i n . -d i a t r ave r se -gu ide tube along the reac tor ax i s . 

2 in 

^ ^ ^ Enriched U 

VZZZHZm Type 304 Stainless Steel 

A. P-16 Drawer Loading (front viewi for Axial Traverses 

4 i n . 

45 vol % Al 

2 i n . 

DEPLETED U 
45 vol % Al 

V777777777777777777777. ^ 

TRAVERSE 
CHANNEL 

63 vol % Al 
DEPIETID U 

_DEPLEMiL 
VTTTTTTTTTTTTTTl 45 vol % Al 

63 vol %• A T 
"DEPLETED U " 

1 1 

45 vol % Al 
DEPLETED i 
ENRICHED"T 
45 vol % Al " 

45 vol % Al 

45 vol % Al 

"DEPLETED U 

DEPLETED U 

"45 vol'or 

Normal 
Type 4 
Core 
Drawer 
Pattern 

1 

from 
3 i n . 
to 
16 i n . 

B. Loading of Column-16 Core Drawers for Radial Traverses 

Fig. 18. Arrangements of Core Materials around Traverse Channels 
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Enr i ched -u ran ium and deple ted-uranium fission counters and a ^°BF3 coun­
te r were t r a v e r s e d through the tube. Counting ra t e s were obtained with 
each detector at severa l axial posit ions relat ive to the count ra te of a fixed, 
s tandard detector . The resu l t s a r e presented in Table XIV as the fission or 
capture ra te for the pr incipal isotopes of the counters as percentages of the 
co re - cen t e r r a t e s . These resu l t s a r e shown graphically in F igs . 19-21. 

TABLE XIV. Axial Reaction-rate Traverses through Center of Assembly 41 
with Depleted-uranium Axial Blankets 

Axial Position, cm from 
core-center 

0.00 
2.54 
5.08 

10.16 
20.32 
30.48 
35.56 
38.10 
40.64 
43.18 
45.72 
50.80 
60.96 
68.58 

Reaction Rate in Traverse along 
Drawers 1-P-

*"U Fission 
(±1.5%) 

100.0 
100.9 
98.9 
97.1 
84.8 
69.7 
59.9 
53.8 
47.5 
40.5 
33.3 
22.4 

8.79 
3.54 

Hand 2 
Core Axis in 

-P-16, % of core 

"*U Fission^ 

100.0 
100.6 
99.4 
97.6 
86.7 
67.3 
54.8 
45.7 
34.2 
20.5 
12.7 

5.1 
1.04 
0.36 

-center rate 

"B(n,a) 
(±1.2%) 

100.0 
100.8 
99.4 
97.2 
85.3 
69.3 
61.5 
57.8 
48.6 
41.8 
35.1 
23.9 
10.6 
4.86 

^Accuracy estimated at ±5 in last significant figure or ±1.5%, whichever is larger. 

10 20 30 40 50 60 
AXIAL POSITION, cm from midplane 

10 20 30 40 50 60 
AXIAL POSITION, cm from midplane 

Fig. 11). A.\'ial Fission-rate Profiles for 23% in 

Assembly 41 with Depleted-uranium 

Blankets 

Fig. 20. A.xial Fission-rate Profiles for 238|_-|ij 
Assembly 41 with Depleted-uranium 
Blankets 
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DEPLETED-URANIUM 
AXIAL BLANKET— 

10 20 30 40 50 60 
AXIAL POSITION, cm from midplane 

70 

Fig. 21. Axial Reaction-rate Profile for I'̂ B in 
Assembly 41 with Depleted-uranium 
Blankets 

B. Axial T r a v e r s e s at Radial Edge of 
Core 

Drawers 1-1-16 and 2-1-16 were 
reloaded according to the pat tern in 
Fig. 18A to allow t r a v e r s e s near the 
core radia l boundary, para l le l to the 
reac tor ax i s . Only the uran ium fission 
counters were used in these exper i ­
m e n t s , and the resu l t s a r e given in 
Table XV. The "^U and "^U axial f i s ­
sion profiles at the radia l boundary a r e 
plotted with the axial profiles through 
the core center in F igs . 19 and 20. In 
each graph, the fission ra tes in the 1-16 
channel a r e given as percentages of the 
ra te at the core center . 

C. Radial T r a v e r s e s 

The d rawers and m a t r i x tubes of 
column 16 in Half 2, from row C through row S, were recons t ruc ted at the 
front to accommodate a guide tube for radia l t r a v e r s e s at the core midplane. 
F igure 18B shows the r e a r r a n g e m e n t of the core d r a w e r s . The fronts of 
the blanket d rawer s (and the front of the blanket in the mat r ix ) were s imi ­
lar ly r ea r r anged by using l /S - in . - th i ck plates of depleted uranium. Count 
ra tes at s eve ra l radi i were obtained with the two uranium fission counters . 

TABLE XV. Axial Reac t ion- ra te T r a v e r s e s at Core Radial Edge in 
Assembly 41 with Depleted-uranium Blankets 

Axial Posi t ion, cm from 
core midplane 

Reaction Rate m T r a v e r s e P a r a l l e l to 
Core Axis in Drawers 1-1-16 and 2-1-16 

(r = 38.8 cm), % of Rate at core midplane 

" ' U F iss ion (±1.5%) "*U Fiss ion* 

0.00 
2.54 
5.08 

10.16 
20.32 
30.48 
35.56 
38.10 
40.64 
43.18 
45.72 
50.80 
60.96 
68.58 

100.0 
98.8 
98.1 
94.9 
84.7 
67.2 
56.8 
52.4 
46.4 
38.0 
31.5 
20.5 

8.45 
3.34 

100.0 
99.3 
99.0 
97.7 
83.0 
65.0 
51.6 
44.7 
32.1 
19.1 
11.9 
4.60 
1.14 
0.31 

^Accuracy es t imated at ±5 in las t significant figure or ±1.5%, whichever is 
l a rge r . 
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The r e su l t s , reduced to re la t ive f is­
sion ra tes ve r sus radius for the coun­
t e r constituents ^̂ Û and ^̂ ®U, a r e 
presented in Table XVI. Figure 22 
shows the radial fission profiles for 
both isotopes at the reac tor midplane 
compared with calculated profiles 
(see Section IX.D) . 

D. Fine-flux Axial T r a v e r s e by Foil 
I r radiat ion 

The data obtained in the axial 
counter t r a v e r s e descr ibed in Sec­
tion A above show some spurious 
var ia t ions in count rate near the core 
center . It appea r s , as it often has in 
pas t ZPR as sembl i e s , that a signifi­
cant flux depress ion might exist at 
the core center , presumably because 
of the discontinuity in the fuel columns 
presented by the machine in ter faces . 
To investigate this further, a fine-flux 
t r a v e r s e was obtained by i r radia t ing 

thin foils of enriched uranium placed along the top of drawer l - P - 1 6 . The 
r e s u l t s , p resented in Fig . 23 as re la t ive activation as a function of axial 
posit ion, indicate no cent ra l flux depress ion within the 1% accuracy of the 
m e a s u r e m e n t s . The foils in the exper iment , however, spanned 2 in. ac ros s 

30 40 
RADIUS, cm 

Fig. 22. Radial Fission-rate Profiles for 235u and 
238u in Assembly 41 with Depleted-
uranium Blankets 

TABLE XVI. Radial Reac t ion- ra te T r a v e r s e s at Midplane of 
Assembly 41 with Deple ted-uranium Radial Blanket 

Radius , cm 
from core center 

Relative Reaction Rate , 
% of co re -cen te r rate 

" ' U F iss ion (±1.5%) "*U Fission^-

0.00 
2.54 
5.08 

10.16 
17.78 
28.83 
36.45 
38.99 
41.53 
44.07 
46.61 
56.90 
67.06 
70.87 

100.0 
99.4 
96.7 
93.8 
85.0 
68.2 
53.2 
48.5 
43.0 
35.4 
29.5 
11.4 
4.0 
2.7 

100.0 
99.6 
98.3 
95.4 
88.4 
67.5 
46.9 
40.7 
28.9 
17.6 
10.68 

1.70 
0.34 
0.16 

^Accuracy es t imated at ±5 in last significant figure or tl .S^o, which is 
l a r g e r . 



Fig. 23 

Fine-flux Axial Traverse in Drawer l-P-16 
by Irradiation of Enriched-uranium Foils 

0 2,5 5 0 7 5 10.0 12.5 15.0 " 17.5 2 0 0 
AXIAL POSITION, cm from midplane 

t he top of the d r a w e r , a n d the a c t i v a t i o n s o b t a i n e d w e r e a v e r a g e s o v e r t ha t 
s p a n . D e c r e a s e d c e n t r a l r a t e s wi th the t r a v e r s e c o u n t e r s m i g h t s t i l l r e ­
su l t f r o m u s i n g the load ing of F i g . 18A in w h i c h a c o l u m n of fuel r a n ad ja ­
cen t to the t r a v e r s e t u b e . 

e 

• • • ' - - K . . 
!095[- " I " " -

I0.B5H - X ^ ^ ^ 

J L..__._ __.! I 1 i 1 i I 



VIII. ALUMINUM AND STEEL REFLECTOR EXPERIMENTS 

Aluininum and s tee l were substi tuted for depleted uranium in 
port ions of the axial and radia l blankets to evaluate the re la t ive reflective 
p roper t i es of these m a t e r i a l s . Table XVII gives the average compositions 
of the regional loadings produced and designates labels for each type for 
re ference in la ter tables and in the discuss ions below. 

TABLE XVII. Compositions Involved in Experiments with Aluminum and Steel Reflectors 

Uranium 
Loading: Axial 

Blankita 

Designation: UAB 

Axial 
Spring 
Gapb 

Gap 

Half Al-
Half U 
Blanket 

Al/U 

Aluminum 
Axial 

Reflector 

AI-AB 

Half Steel-
Half U 
Blanket 

ss/u 

steel 
Axial 

Reflector 

SS-AB 

Uranium 
Radial 

Blankef 

URB 

Aluminum 
Radial 

Reflector 

AI-RR 

Steel 
Radial 

Reflector 

SS-RR 

Com^sltion, 
1#2 atoms/cm3 

235u 
238u 
Aluminum 
Iron 
Chromium 
Nicicel 
Atenganese 
Silicon 

0.(M4 
3.9962 

-
0.5593 
0.1391 
o.oa9 
0.M58 
0.M68 

-
-
-

LfflS 
0.419 
0.184 
0.018 
0.020 

0.0042 
1.9981 
2.5078 
0.5593 
0.1391 
0.009 
0.0058 
0.0068 

-
-

5.0156 
0.5593 
0.1391 
O.OW 
0.0058 
0.M68 

0.(M41 
1.9749 

-
3.1873 
0.7929 
0.3470 
0.0331 
0.0388 

_ 
-
-

5.7549 
1.4316 
0.6265 
0.0598 
0.0702 

BRegular axial-blanket drawer composition, excluding control drawers. 
^M-cm gap in all axial blankets, situated from 53.42 to 54.08 cm from midplane of reactor. 
CAverage of inner- and outer-type radial blankets in three-row annulus. 

A. Aluminum in Axial Blanket 

The 12-in.-long axial blanket in each assembly half was constructed 
from br icks of depleted uranium and extended 5 in. behind the core in the 
front d r awer s and 7 in. in the backup d rawer s (with a 0.3-in. spring gap 
between the two d r a w e r s ) . In the initial a luminum-ref lector exper iment , 
u ran ium was replaced with aluminum in a l ternate m a t r i x positions in a 
radia l wedge of the Half 1 axial blanket. The locations involved are indicated 
by the checkerboard pat tern of Sector A in Fig . 24. The exchange (48.3 kg 
of aluminum for 340.2 kg of uranium) changed the Sector A average compo­
sition from that labeled UAB to the A l / u type in Table XVII and resul ted in 
a 6.6-Ih loss in react iv i ty . 

The a luminum-for -u ran ium substitution was then ca r r i ed out in 
a l ternate locations of the r emainder of the Half 1 axial blanket, in Sector B 
of F ig . 24 (excluding control d r awer s ) . A loss of 9.0 Ih was produced in 
exchanging 132 kg of aluminum for 931 kg of uranium, for changing Sector B 
from UAB to the Al/U composit ion. 

With the ent i re Half 1 axial blanket a checkerboard mixture of u r a ­
nium and aluminum (exclusive of control d rawers ) , the uranium in the a l ­
te rna te locations of Sector A in F ig . 24 was then replaced with aluminum. 
The change, from type A l / u to type Al-AB in Sector A (while Sector B 
contained type A l / u ) , was worth -9-0 Ih. 

0.0084 
3.9928 

0.5049 
0.1256 
0.0550 
0.0052 
0.0062 

5.0284 
0.5049 
0.1256 
0.0550 
0.0)52 
0.0162 

5.6919 
1.4160 
0.6196 
0.0591 
0.0615 



46 

A 
B 

C 
D 

E 

F 

G 
H 

1 

J 
K 

L 

M 

H 

0 

Q 

R 

s 
T 

U 
V 

w 
X 
Y 

Z 

AA 
BB 

CC 

DO 
EE 

1 2 

1 
3 4 5 

' 

8 ? 
1 
! 

« 

1 j 

' 
' CORE SEcro 
1 

, 
1 i 1 

1 

' ; 
1 

_ _ 4 _ - . 

\ 

\ 

1 ' 
1 

T 

, ^ ^ 

UI^' 

?B 

V 
s ̂ 

r 

i 

_ T i l ^ 

1 
....L.. 

9 10 

' 
II 12 13 

1 ! 
r_rTT^ 
1 J . . J ' 

in^T 1 1 , 

L 

1 T ^ 

14 

! 1 1 ! 
\ 
\ 

_ ^ l_ 
^ ^ 

T T F 2l 
2T\2, ,2 
T 2 X i 
'? 

2\ 

2 

-. 
2 'Z 

> ^\ 
r 2 

2] ,2 
, 2 

2| ,2 

X 
1 
3 

X 

3 
3 
1 

~7TX1T3 
i^TuIni u. ._-ZIKnZZXLTIli 

1 

1 

I 1 

, ^ ' : n , . , . ^ ^ 
( tORE SEtTC 

' 

; i i 
i / t _ i 

/ i . . . 

«zrTi„ ' 1 : 
1 

. r— _ ' 

15 If 

2 

2 

21 
i 

2 

1 • 
3 1 

1 
3|> 
1| 
3|1 
1|3 

' 
! i 

r 1 ^ ^ 

1 

_ J _ 

!? II 19 20 21 22 23 24 

' JJU_L! 1 
M M 

j _ 4 _ i 

! ! 
1 

I2 

1 

^ M 

M M 
1 
j 

: i2! 
12 

12 

I2 

11 
3 

ll 

2 
2 

Lz 
?K 

^ 
£ 

! 

2| 
|2 

2 i 

2 

? 

<2' 
I 
3 

d s ' i 
^ 1 3 

X 
2 
3 
1 

3413 
| 1 ' 3 

i 

2 

2 

25 26 21 28 23 50 31 

- + M 4 ^ +- + • 

. 1 1 . < 

T , ^ M 
1 J 

1 1 
M_ _._...1_^ " 

1 

; 
2 

'2 
2 

2 

'2 
1 
3 
1 

: 
1 ^ 

MM_^ 
1 " 

! i 1 

2 

J 2 

'2-
2 

2 

- M L 
i , 

^_1TL„. 

i 

! 

- ~ r — - ^ -

. _ _ _ _ _ ^ 

' 
M 

1 

.L 

r+-
"-

r-
-

1 

' 1 

:̂m[iz:z^ i . , 

i 

. ' 1 
1 

, , 1 1 

1 1 

. , __ 

2 
_ 

MM M TI 
1 

z r j ^ 
i 

1 1 
1 ' 

1 

- i- •' 

— 

1 ALUMINUM 
FOR DEPL.-U 

SUBSTITUTIONS 

STEP 1 

STEP 2 

STEP 3 

Fig. 24. Locations for Aluminum-axial-reflector Experiments 

P a r t A of T a b l e XVIII g i v e s the p e r t i n e n t d e t a i l s of the above 
e x p e r i m e n t s , and p a r t B g i v e s e x t r a p o l a t i o n s of the r e s u l t s to the c o m p l e t e 
a x i a l - b l a n k e t v o l u m e , inc lud ing the c o n t r o l d r a w e r s no t coun ted in the w e d g e 
s e c t o r s . It i s s e e n tha t the w o r t h s in the e x p e r i m e n t a l s t e p s a r e no t c o n ­
s i s t e n t w i th the n e t m a s s s u b s t i t u t i o n s , i nd i ca t ing p o s s i b l e g e o m e t r i c p e r ­
t u r b a t i o n s and s t r e a m i n g e f f e c t s . T h e r e f o r e , the e x t r a p o l a t i o n for the 
w o r t h of the f u l l - d e n s i t y , f u l l - v o l u m e a l u m i n u m r e f l e c t o r s in T a b l e XVIII 
i s h igh ly u n c e r t a i n . 

B . S tee l in Axia l B l a n k e t 

A x i a l b l a n k e t s c o m p o s e d of s t a i n l e s s s t e e l w e r e i n t r o d u c e d d i r e c t l y 
a f t e r the e x p e r i m e n t s wi th a l u m i n u m . F i r s t , f u l l - d e n s i t y s t e e l w a s s u b ­
s t i t u t e d for f u l l - d e n s i t y a l u m i n u m in a 4 9 - d r a w e r w e d g e s e c t o r of the Half 1 
b l a n k e t . F i g u r e 25 shows the ou t l ine of the r e p l a c e m e n t r e g i o n , S e c t o r C, 
a long w i th S e c t o r D, wh ich c o n t a i n e d a c h e c k e r b o a r d a l u m i n u m and u r a n i u m 
load ing a s c o n s t r u c t e d in p r e v i o u s e x p e r i m e n t s . The change of c o m p o s i t i o n 
f r o m type A l - A B to type SS-AB in S e c t o r C, wi th type A l / u in S e c t o r D, w a s 
w o r t h +56.2 ± 0.3 Ih . 

In the n e x t s t e p , a l t e r n a t e l o c a t i o n s of the S e c t o r C s t e e l b l a n k e t 
w e r e r e t u r n e d to a d e p l e t e d - u r a n i u m l o a d i n g , and the a l u m i n u m in S e c t o r D 
w a s r e p l a c e d wi th s t e e l . T h i s p r o d u c e d the c h e c k e r b o a r d s t e e l - a n d - u r a n i u m 
b l a n k e t p a t t e r n shown in F i g . 26 wi th the c o m p o s i t i o n S S / u in T a b l e XVII, 
and the change f r o m the F i g . 25 con f igu ra t i on w a s w o r t h +26.8 Ih. 
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TABLE XVIII. Worth of Aluminum Replacing Uranium in Axial Blanket 

A. Exper imenta l Resul ts in Radial Sectors of Half No. 1 Axial Blanket 

1. 
2 . 

3 . 

4 . 

Exper imenta l 
Configuration 

Reference 
Half aluminum 

Sector A 
in 

Half aluminum in 
Sectors A and B 

Full aluminum 
Sector A 

In 

Composition of 
Sector A^ in 

F ig . 24, Table XVII 
Designation" 

UAB 

Al/u 

Al/u 

Al-AB 

Composition of 
Sector B'^ in 

F ig . 24, Table XVII 
Designation" 

UAB 

UAB 

Al/U 

Al/U 

Relative Worth 
of Configuration, 

Ih 

0 

-6.6 + 0.2 

-15.6 ± 0.3 

-24.6 + 0.3 

B . Extrapolated Worths for Full Axial Blankets in Both Assembly Halves 

Blanket Type*^ 

Composition Specification Relative 
(table number Worth, 

and designation) Ih 

Configuration (above) 
on Which Extrapolat ion 

Was Based 

Normal depleted 
uranium. 

Alternate a lumi­
num and uranium XVII: A l / u 

Ful l -dens i ty 
a l umi ium XVII: Al-AB 

I: Average Axial Blanket 0 

-32 ± 1 

-80 ± 10 

1 

3 

1 through 4 

cm, and in back 
Spring gap between 

3-Sector A excludes control d rawer in l - T - 1 6 . 
t>Specified composit ion loaded in front d r awer s from 40.72 to 53.42 

d rawers from 54.08 to 71.86 cm (axial d is tances from midplane). 
d r a w e r s . 

cSector B excludes control d r a w e r s . 
Fo r full length of b lankets , including spring gaps , behind 177 core d rawers in each 
a s sembly half. 

J 3 4 5 S T f 9 10 II I! i j !4 iS 16 IT 18 19 ZS ! 2! P. » ?5 K r, ?! 2S 33 3! 

Fig. 25. Configuration of Half 1 Axial Blanket for 
Full-density Steel Reflector Experiment 
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I 2 3 4 5 6 ? 8 9 10 II 12 13 14 15 16 17 18 19 a 21 22 23 24 25 26 21 28 21 30 31 

A 
B 
C 
0 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
0 
P 
Q 
R 
S 
T 
U 
V 

w 
X 
Y 
Z 

AA 
BB 

CC 

DD 
EE 

STEEL REFLECTOR 
LOADING BEHIND 

l-CORE DRAWERS, 
DEPLETED U 
BEHIND D-CORE 
DRAWERS 

Fig. 26. Configuration of Half 1 Axial Blanket for Half-uranmm, 
Half-steel Reflector Experiment 

P a r t A of T a b l e XIX g i v e s the d e t a i l s of the two d i f f e ren t l oad ings 
of s t e e l in the ax i a l b l a n k e t s . The w o r t h s of t h e s e s t e e l b l a n k e t s a r e g iven 
as d i r e c t r e p l a c e m e n t s of d e p l e t e d - u r a n i u m b l a n k e t and -were d e r i v e d f r o m 
the c o m b i n e d r e s u l t s of the s t e e l and a l u m i n u m s u b s t i t u t i o n e x p e r i m e n t s . 
P a r t B of the t ab le g i v e s e s t i m a t e d -worths for s u b s t i t u t i o n s of h a l f - s t e e l , 
h a l f - u r a n i u m and f u l l - s t e e l - c o m p o s i t i o n b l a n k e t s for the n o r m a l d e p l e t e d -
u r a n i u m b l a n k e t s on bo th ends of the c o r e . The e x t r a p o l a t i o n s aga in a r e 
a s s i g n e d l a r g e u n c e r t a i n t i e s , due to the e x p e r i m e n t a l t e c h n i q u e . 

C. A l u m i n u m R a d i a l R e f l e c t o r s 

The w o r t h s of a l u m i n u m r a d i a l r e f l e c t o r s h e l l s r e l a t i v e to u r a n i u m 
b l a n k e t w e r e m e a s u r e d at the r a d i a l b o u n d a r y of one q u a d r a n t of the c o r e 
in Half 1. She l l t h i c k n e s s e s of hal f - , o n e - , t w o - , and t h r e e - d r a w e r u n i t s 
w e r e c o n s t r u c t e d a s i n d i c a t e d in F i g . 27. A l u m i n u m w a s s u b s t i t u t e d for 
the d e p l e t e d u r a n i u m in the r a d i a l b l a n k e t d r a w e r s to a dep th of 16 in . ( c o r e 
h a l f - l e n g t h ) . The s u c c e s s i v e a l u m i n u m - r e f l e c t o r s h e l l Avorths, m e a s u r e d 
r e l a t i v e to u r a n i u m b l a n k e t , w e r e +1.9 Ih for the f i r s t h a l f - d r a w e r t h i c k n e s s . 
+0.2 Ih for the f i r s t full r o w of d r a w e r s , -6 .7 Ih for the s e c o n d r o w , and 
-9 .0 Ih for the t h i r d r o w . T h e s e e x p e r i r a e n t s a r e d e s c r i b e d in p a r t A of 
T a b l e XX in t e r m s of to ta l she l l t h i c k n e s s e s and w o r t h s . In a l l c a s e s , the 
b l a n k e t beyond the r e f l e c t o r s h e l l w a s the r e g u l a r d e p l e t e d - u r a n i u m type to 
i t s n o r m a l o u t e r b o u n d a r y . 



TABLE XIX. Worth of Steel Replacing Uranium in Axial Blanket 

A. Experimental Results of Substitutions in Half No. 1 Blanket 

Experimental Blanket Loading Description, Composition 
Configuration Designations as Defined in Table XVn 

Relative Worth 
of Configuration, 

Ih 

1. Reference Normal depleted-uranium composition, UAB, 
in 172-drawer axial blanket (excluding 
control drawers) 

5. Fig. 25 Steel ref lector , SS-AB, in 49-drawer Sector C 

lZ3-drawer Sector D (excluding control drawers) 
containing 60 aluminum and 63 uranium drawers 
in al ternat ion--approximately the Al/U 
composition 

+ 31.6 + 0.4 

6. Fig 26 172-drawer axial blanket containing 87 steel plus 
85 uranium loadings, composition SS/U in 
Table XVH +58.4 + 0.6 

B. Extrapolated Worths for Full Axial Blankets in Both Assembly Halves 

Blanket Type^ 

Composition Specification 
(table number 

and designation) 
Relative Worth, 

Ih 

Configuration on 
Which Extrapolation 

Was Based 

Normal depleted 
uranium 

Alternate steel 
and uranium 

Full-density steel 

I: Average Axial Blanket 

XVII: SS/u 
XVII: SS-AB 

120 + 2 
250 ± 20 6, 5, 4 

^FuU 177-drawer blanket, with spring gaps, in each assembly half. 
^Table XVIII. 

3 I 4 5 6 I 7 8 9 10 11 12 B M 15 16 17 

DEPLETED-
URANIUM 
RADIAL 
BLANKET 

0. 

P_ 

Q 

R 

A 
T 

y 
_v 
w 

1 
I 
z_ 

AA 

BB LOWER LEFT 
— QUADRANT OF 
CC HALF NO. 1 

+ 
CORE 

--\ 
L _ , 

REFLECTOR-LOADING 
REGIONS 

1/2-ROW THICKNESS 

Fig. 27. Outline of Regions for Radial-reflector Experiments 
with Aluminum and Steel 



TABLE XX. Worths of Aluminum Radial-ref lector Annuli 

A. Experimental Results in Quadrant of Half No. 1 

Blanket 
Row 

1st half 
1st full 
2nd full 
3rd full 

Annular Sector 

Inner 
Radius, 

cm 

41.60 
41.60 
48.51 
55.32 

Specification^ 

Outer 
Radius, 

cm 

45.09 
48.51 
55.32 
61.92 

Volume, 
l i ters 

9.74 
19.96 
22.46 
24.95 

"Worth of Aluminum Radial 
Reflector Repls 
Radial Blanket, 

URB in Ta 

Specified Row 

+1.9 i 0.3 
+0.2 + 0.3 
-6.7 + 0.3 
-9.0 + 0.5 

icing Uranium 
Ih (Al-RRfor 

ble XVII) 
Accumulated 

+ 1.9 + 0.3 
+0.2 + 0.3 
-6.5 + 0.4 

-15.5 + 0.6 

B. Extrapolated Worths of Ful l -c i rcumferent ia l Annular Reflectors of Aluminum 

Number of Matrix Equivalent Reflector Worth of Aliuninum Reflector Replacing 
Rows in Annulus Thickness,^ cm Uranium Blanket in Annulus," Ih 

1/2 
1 
2 
3 

3.49 
6.91 

13.72 
20.32 

+15.2 + 2.4 
+ 1.8 ± 2.0 
-52 + 3.0 

-124 + 5.0 

^As i l lustrated in Fig. 27; radii determined from quadrants of c i rc les of equivalent 
a rea . 

"Normal uranium blanket extending beyond reflector outer boundary to radius of 
75 cm. 

P a r t B of Table XX gives extrapolated vi^orths of ful l -c i rcumferent ia l 
aluminum ref lec tors for the th icknesses used in the m e a s u r e m e n t s . These 
extrapolation resu l t s a re graphed in Fig . 28. A smal l , positive worth for 
rep lacement of uran ium by aluminum is observed for smal l ref lector thick­
n e s s e s , but the -worth turns negative as the number of aluminum rows is 
increased . This ag rees with the positive worths of aluminum and uranium 
m e a s u r e d at the core edge and the negative worth of aluminum replacing 
uran ium in the axial blanket. 

S 10 12 14 le 18 

RADIAL THICKNESS OF REFLECTOR, cm 

Fig. 28. Reactivity Worths of Steel and Aluminum Reflectors 
vs Thickness. ANL Neg. No. 103-2289. 



D. Steel Radial Reflectors 

Steel ref lector shel ls with th icknesses of one, two, and three d rawers 
were const ructed around one quadrant of the core in Half 1 in the same 
manner as in the aluminum ref lector exper iments (see Fig . 27). The r e ­
activity worths of the success ive rows of steel loading, re la t ive to uranium 
blanket, were +48.7, +26.2, and +7.2 Ih. Table XXI presents these resu l t s 
as worths for the to ta l - th ickness configurations at the conclusion of each 
s tep . 

TABLE XXI. Worths of Steel Radial- ref lector Annuli 

A. Exper imental Results in Quadrant of Half No. 1 

Blanket 
Row 

1st 
2nd 
3 rd 

Annular Sector 

Inner 
Radius, 

c m 

41.60 
48.51 
55.32 

Specification^ 

Outer 
Radius, 

c m 

48.51 
55.32 
61.92 

Volume, 
l i t e r s 

19.96 
22.46 
24.95 

Worth of Steel Radial Reflector 
Replacing Uraniunn Radial Blanket 

(SS-RR for URB in Table XVII) 

Specified Row 

48.7 ± 0.6 
26.2 ± 0.4 

7.2 ± 0.3 

Accumulated 

48.7 ± 0.6 
74.9 ± 0.7 
82.1 ± 0.8 

B. Extrapolated Worths of Ful l -c i rcumferent ia l Annular Reflectors of Steel 

Number of Matr ix Equivalent Reflector Worth of Steel Reflector Replacing 
Rows in Annulus Thickness ,^ cm Uranium Blanket in Annulus, Ih 

1 6.91 390 ± 5 
2 13.72 599 + 6 
3 20.32 657 + 7 

^As i l lus t ra ted in F ig . 27; radi i determined from quadrants of c i rc les of equivalent a rea . 
"Normal uranium blanket extending beyond reflector outer boundary to radius of 75 cm. 

Table XXI also gives the extrapolated worths of one- , two- , and 
three-ro 'w s t ee l - she l l re f lec tors around the complete radia l core boundary 
in both assembly halves , always with an outer radia l blanket of uranium. 
F igure 28 includes a plot of the extrapolated s tee l - re f lec tor wor ths . 



IX. EXPERIMENTS WITH PROTOTYPAL EBR-II RADIAL BLANKETS 

Blanket composit ions suitable for use in b reede r r eac to r s were 
substi tuted for the depleted uran ium in a wedge sector of the Assembly 41 
radia l blanket. The exper iments were concerned with methods of increas ing 
the overa l l conversion ra te of ^̂ ^U to plutonium or , converse ly , decreas ing 
the uran ium inventory in b reede r b lankets . The approach taken was to 
introduce a mode ra to r , such as carbon, in place of some of the ^^^U, thereby 
decreas ing the ^̂ ®U density but also increas ing the capture ra te per atom. 

A. Blanket Types 

The average composition of the radia l and axial blankets in EBR-Il ' ' 
is about 45 vol % uranium, 20 vol % s tee l , and 35 vol % sodium. In the 
Assembly 41 exper iments , th ree types of blanket configurations based on 
the EBR-II composit ion were studied in a 36° wedge sec tor of the radia l 
blanket in both reac to r ha lves . The blanket a r r angement s we re : 

1. A mockup of the EBR-II blanket with about 40 vol % uran ium, 
24 vol % s tee l , 25 vol % sodium, and 11 vol % void. 

2. A s imulated uran ium carbide blanket with half the uran ium in 
the type-1 composit ion rep laced with graphi te , giving approximately 20 vol % 
uranium, 20 vol % carbon, 24 vol % s tee l , 25 vol % sodium, and 11 vol % void. 

3. A two-zone rad ia l blanket in which the inner zone was the EBR-II 
type, as in a r r angemen t 1 above, and the outer zone contained 40 vol % 
graphi te instead of u ran ium. 

F igure 29 p resen t s front views of the drawer loadings used in these 
exper iments , and F ig . 30 is an interface view of Half 1 showing the blanket 
wedge sec tor involved. In the two rows of blanket d rawer s near the co re , 
the axial lengths of the blanket loadings were 16 in., identical to that of the 
co re . Fu r the r out, the lengths of the blanket loadings were shor te r by 1 in. 
in both assembly ha lves , a r e s t r i c t i on imposed by the use of 15-in. d r a w e r s . 
The composit ions and geometr ic specifications of these blanket loadings a re 
p resen ted in Table XXII. 

B. Blanket Replacements and Worths 

The wedge-sec to r of the radia l blanket as outlined in Fig . 30 con­
tained 40 d rawer s out of the total of 400 for the blanket in each reac to r half. 
Thus, the wedge extended an average angle of 36°. Assuming a d i rec t ex­
trapolat ion is valid, the re la t ive wor ths of the different blanket types in the 
ent i re rad ia l -b lanket volume would be 10 t imes the corresponding worths 
in the wedge. 
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TABLE XXII. Specifications for Breeder-blanket Experiments 

Loading of 36° Wedge of Radial Blanket 

I 

Average Inner 
Radius, cm: 

Average Outer 
Radius, cm: 

Average Composition, 
1 0 " a t o m s / c m ' 

Z3Su 

238u 

Iron 
Chromium 
Nickel 
Manganese 
Silicon 
Sodium 
Carbon 

ZPR-3 
Jepleted U 
Blanket 

41.55 

75.02 

0.0084 
3.9920 
0.4642 
0.1155 
0.0505 
0.0048 
0.0057 

. 
-

EBR-II-type 
Blanket 

(40 vol % U) 

41.55 

75.02 

0.0040 
1.9366 
1.4603 
0.3633 
0.1590 
0.0152 
0.0178 
0.6343 

-

UC-type 
Blanket 

(20 vol %U-
20 vol n C) 

41.55 

75.02 

0.0020 
0.9654 
1.4603 
0.3633 
0.1590 
0.0152 
0.0178 
0.6343 
1.6588 

Two-zone 

Inner 
(40 vol % U) 

41.55 

58.18 

0.0040 
1.9288 
1.4553 
0.3620 
0.1584 
0.0151 
0.0177 
0.6326 

-

Blanket 

Outer 
(40 vol % C) 

58.18 

75.02 

-
-

1.4646 
0.3642 
0.1594 
0.0152 
0.0178 
0.6354 
3.3235 

Replacement of the regu la r deple ted-uranium radia l blanket in the 
wedge by the s imulated EBR-II blanket gave a react ivi ty loss of Z5.8 + 1 Ih. 
Changing from the EBR-II type to the UC-type blanket, by substituting 
graphite for half of the uran ium, was worth -3.3 ± 0.8 Ih. Final ly , the r e ­
placement of the UC-type blanket by the two-zone configuration in the wedge 
produced a loss of 2.9 ± 0.8 Ih. These resu l t s a re presen ted in Table XXIII 
as the worths of fu l l -c i rcumferent ia l blankets of the three b reeder - type 
composit ions re la t ive to the no rma l Assembly 41 blanket composit ion. On 
the bas is of these r e s u l t s , the three different b reeder -b lanke t configurations 
would not entail significantly different c r i t i ca l core s izes in a fast b reeder 
power r eac to r . 

TABLE XXIII. Comparison of Worths of Prototypal Breede r - r eac to r 
Radial Blankets and ZPR-3 Blanket 

U 

Composition 
Designation 

defined in Table XXII) 

Relative Worth of Full Radial Blanket 
around Core of Assembly 41 , Ih 

Extrapolation from 
Experiments in 36° 

Wedge Sector^ 

Calculated by One-dimensional 
Diffusion Theory with C r o s s -

section Set 635'^ 

ZPR-3 Radial Blanket, 
8 3 vol % Depleted U 
(reference loading) 

EBR-II-type Breeder 
Blanket, 40 vol % U 

UC-type Breeder 
Blanket, 20 vol % U + 
20 vol % C 

Two-zone Breeder Blanket: 
Inner 40 vol % U, 
Outer 40 vol % C 

-258 + 10 

-291 + 10 

-320 ± 10 

0 

-201 

-219 

-309 

^Results of wedge-sector substitution have been multiplied by 10. 
^Converted to inhours using 440 Ih/% k. 



C. Re ac t ion- ra te Prof i les in Breede r Blankets 

The ^̂ ®U capture r a t e s were not actually m e a s u r e d in the different 
b r eede r blankets because of the extended i r radia t ion that would have been 
requ i red to obtain accura te radiochemical r e su l t s . Instead, fission counters 
and a BFj counter were t r a v e r s e d through the blankets to obtain flux den­
si t ies and spec t ra l indices as functions of rad ius . The m e a s u r e d reac t ion-
ra te profiles could then be used to verify the flux profiles obtained from 
reac to r calculat ions . The compar ison of measu red and calculated profiles 
would then approximately indicate the uncer ta int ies in the ^̂ ^U capture r a t e s 
and in the net breeding rat io der ived from the calculat ions. 

A t r a v e r s e channel -was const ructed radial ly through the core and 
the blanket wedge sector in the same manner as descr ibed in Section VIII.C. 
The channel went through column 16; core dra"wers in the column were 
loaded as shown in F ig . 18B, and the drawer loadings shown in Fig. 31 were 
used to accommodate the t r a v e r s e tube in the blanket regions . With each 
of the three blanket types instal led in the sec tor , t r a v e r s e s were run with 
an enr iched-uran ium fission counter , a depleted-uranium fission counter , 
a ^̂ ^U fission counter , and a ^°BF3 proport ional counter. Details of the 
counters a re given in Appendix D. The t r a v e r s e r e s u l t s , reduced to re la t ive 
r a t e s ve r sus radius for fission in ^35^^ 238-̂ ^ ^-j^^ ^^^V, and capture in ^°B, 
a re l is ted in Tables XXIV-XXVI. 

D. Comparison of Calculated and Exper imenta l Reac t ion- ra te Prof i les 

Radial dis t r ibut ions for the r a t e s of ^̂ ^U fission, ^̂ ®U fission, 
^̂ '̂ U fission, and ^°B capture were calculated using spatial flux dis tr ibut ions 
der ived from k-effective calculations for the basic assembly and for con­
figurations with the core surrounded by the three types of b reeder b lankets . 
A one-dimensional , diffusion-theory code was used with a l6-group c r o s s -
section set, ANL Set 635.® In the p rob lems , zero-flux outer boundaries 'were 
stipulated on the bas i s of extrapolat ions of the m e a s u r e m e n t s . The expe r i ­
menta l and calculated r eac t i on - r a t e profiles are compared in F igs . 32-35. 

F igure 32 contains the 235y figgion-rate profi les . The poor c o r r e ­
lations between calculation and m e a s u r e m e n t for the UC and t-wo-zone 
blankets suggest that the c r o s s sections used for carbon provided insufficient 
modera t ion . 

The good cor re la t ion for the exper imental and calculated ŜS-Q figgion 
r a t e s ve r sus r ad ius , shown in Fig . 33, indicates that the high-energy flux 
is given adequately by the diffusion-theory calculat ions. Thus, the c ro s s 
sect ions in the upper groups a re sufficiently accurate for the blanket 
m a t e r i a l s : ^^^U, carbon, sodium, and s tee l . 
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DEPLETED U 
DEPLETED U 
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SIEEL 
DEPLETED U 
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SODIUM 
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DEPLETED U 
DEPLETED U 

SODIUM 

Figure shows drawer loading for traverses through EBR-II-type blanket (40 vol % U). 

For traverses through UC-type blanket (20 vol % U-20 vol % C), depleted U shown in columns D, G, J, and 
M was replaced by graphite. 

For traverses through two-zone blanket, inner-zone drawers were as in the f igure, and outer-zone drawers 
had all depleted U replaced by graphite. 

Fig. 31. Loadings of Matrix-column-16 Blanket Drawers for Ra­
dial Traverses through Prototypal Breeder Blankets 

Regular Loading 
Pattern of 
Breeder Blanket 
from 3 i n . to 
16 or 15 in . 

TABLE XXIV. Radial Reac t ion- ra te T r a v e r s e s through 
EBR-II- type Radial Blanket (40 vol % U) 

Radius, 
c m 

0 
2.54 
5.08 

10.16 
17.78 
28.83 
36.45 
39.00 
41.53«i 
44.07 
46.61 
54.36 
56.64 
61.98 
65.79 
67.06 
69.60 
72.14 
74.68 

235u F iss ion^ 

100.0 
99.2 
98.3 
96.4 
86.5 
68.6 
54.0 
48.3 
43.3 
37.8 
31.2 
-

17.6 
11.8 
8.62 
-
6.18 
5.26 
5.07 

238u F iss ion^ 

100.0 
99.4 
96.4 
95.3 
86.5 
65.8 
47.6 
39.7 
29.3 

19.1 t O . 3 
13.4 ± 0 . 3 
4.51 ± 0.14 

-
1.52 + 0.08 

-
0.76 + 0.06 

-
0.42 + 0.04 

-

"^U Fiss ion^ 

100.0 
99.6 
97.5 
93.4 
86.3 
64.6 
47.5 
41.4 
32.5 
24.2 
18.5 

7.2 +0. 
-

3.2 ± 0 
-

1.85 ± 0 
-

1.04 + 0 
-

1 

1 

11 

10 

"B(n,a)c 

100.0 
99.4 
98.0 
93.4 
83.5 
65.7 
48.9 
43.7 
38.2 
32.8 
28.5 
18.0 
-

11.0 
-
8.3 
-
9.3 
-

Accuracy is +0.9 or 1.5% of value, whichever is s raa l le r . 
"Unless specified, accuracy is ±1.2% of value. 
•^Accurary is ±1% of value. 
'-'-Radial boundary of c o r e . 



TABLE XXV. Radial Reac t ion- ra te T r a v e r s e s through 
UC-type Radial Blanket (20 vol % U + 20 vol % C) 

Radius , 
c m 

0 
2.54 
5.08 

10.16 
17.78 
28.83 
36.45 
39.00 
41.53^ 
44.07 
46.61 
54.36 
61.98 
67.06 
72.14 

"^U F iss ion^ 

100.0 
99.7 
98.3 
95.9 
91.0 
71.9 
58.6 
54.2 
50.0 
48.3 
46.0 
35.3 
24.7 
17.3 
11.3 

"8u Fission'^ 

25 
18 

6 
2 
1 
0 

100.0 
99.9 
99.9 
96.4 
90.1 
71.3 
54.1 
45.7 
37.4 

9 ± 0.4 
0 ± 0.4 
8 ± 0.2 
4 ± 0.1 
30 + 0.09 
85 ± 0.07 

^^V F iss ion^ 

21 

100.0 
99.5 
96.3 
94.1 
87.7 
70.2 
50.7 
44.7 
37.1 
27.9 

0 ± 0.4 
9.0 ± 0 . 3 
3 
1 
0 

4 ± 0.2 
77 ± 0.15 
86 ± 0.25 

'»B(n,a)d 

100.0 
99.4 
98.5 
93.0 
81.5 
63.7 
53.7 
52.0 
50.8 
52.8 
51.8 
43.1 
31.8 
24.8 
22.2 

^Accuracy is ±1.2'̂ ii of value. 
"Unless specified, accuracy is ±1.2% of value. 
•^Unless specified, accuracy is ±1.4% of value. 
"Accuracy is ±1% of value. 
^Radial boundary of co re . 

TABLE XXVI. Radial Reac t ion- ra te T r a v e r s e s through 
Two-zone Radial Blanket (Inner 40% u / O u t e r 40% C) 

Radius , 
c m 

0 
2.54 
5.08 

10.16 
17.78 
28.83 
36.45 
39.00 
41.53^ 
44.07 
46.61 
50.54 
54.36 
58.176 
61.98 
67.06 
72.14 

^^^u F i s s 

100.0 
99.6 
99.2 
96.7 
88.8 
68.8 
54.8 
49.2 
44.8 
39.2 
35.4 
29.8 
28.3 
29.9 
32.9 
29.8 
20.9 

238U Fiss ion^ 234u Fission'^ "B(n ,a ) ' 

100.0 
97.4 
96.3 
94.8 
84.5 
66.8 
47.5 
39.8 
28.0 
18.6 

2.7 + 0.2 

4.6 ± 0 . 1 

1.69 ± 0.08 
0.93 ± 0.06 
0.63 ± 0.05 

100.0 
99.8 
98.5 
93.2 
84.6 
66.0 
49.1 
40.9 
32.8 
24.9 
18.3 

8.0 ± 0.3 

2.2 ± 0.3 
0.8 + 0.3 
0.5 + 0.3 

100.0 
99.4 
97.2 
91.5 
83.4 
64.8 
50.0 
45.1 
41.2 
37.2 
34.8 
33.4 
34.6 
44.7 
52.4 
54.5 
47.4 

^Accuracy is ±1.2% of value. 
^Unless specified, accuracy is ±1.2% of value. 
'^Unless specified, accuracy is ±1.3% of value. 

Core boundary. 
^Boundary between inner - and outer -b lanket zones. 
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Fig. 32. Comparison of Measured and Calculated Radial Fission-rate Profiles for 
in Prototypal Breeder Blankets. ANL Neg. No. 103-2296. 

235T 



59 

Fig. 33 

Comparison of Measured and Calculated Radial 
Fission-rate Profiles for ^^^U in Prototypal 
Breeder Blankets 

30 40 
RADIUS, cm 

Fig. 34. Comparison of Measured and Calculated Radial Fission-rate 
Profiles for "̂̂ ^U in Prototypal Breeder Blankets 
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30 40 
RADIUS, cm 

Fig. 35. Comparison of Measured and Calculaitd 
Radial Reaction-rate Profiles for l̂ B in 
Prototypal Breeder Blankets 

F i g u r e 34 shows tha t the c a l ­
c u l a t e d p r o f i l e s for ^^^U f i s s i o n a r e 
l o w e r than the m e a s u r e m e n t s in a l l 
t h r e e b l a n k e t c o n f i g u r a t i o n s , bu t 
g e n e r a l l y m o r e so in the r e g i o n s c o n ­
ta in ing the 40 vol % u r a n i u m - t y p e 
b l a n k e t . F o r t h i s t h r e s h o l d r e a c t i o n , 
i t is no t r e a d i l y d i s c e r n i b l e w h i c h 
c r o s s s e c t i o n s a r e to b l a m e for the 
d i s c r e p a n c i e s ; the g r o u p c r o s s s e c t i o n s 
for ^^^U f i s s i o n m a y be too h igh , o r 
p e r h a p s the 238^ a b s o r p t i o n i s too low 
b e t w e e n the ^^*U and ^^^U f i s s i o n 
t h r e s h o l d e n e r g i e s . 

F i g u r e 35 c o m p a r e s the e x ­
p e r i m e n t a l and c a l c u l a t e d '̂̂ B c a p t u r e 
r a t e s v e r s u s r a d i u s . The poor c o r r e ­
l a t ion for t h i s l / v s p e c t r a l i ndex 
s u g g e s t s s e v e r a l p o s s i b l e c o n c l u s i o n s : 
(a) The c a p t u r e and s c a t t e r i n g c r o s s 
s e c t i o n s of ^̂ T̂J in Se t 635 p r o v i d e 
e x c e s s i v e n e u t r o n flux in the l o w -

-OTAL ' '®^CAPTURE M BLANKET I 

PER ^ ' * U FISSION n CORE > 

energy region; (b) the carbon sca t te r ing c r o s s sections a re too low, giving 
insufficient moderat ion; (c) the var ia t ion with energy of the ^°B(n,a) c ro s s 
sections in Set 635 is d is tor ted; and (d) the reac tor model and boundary 
stipulations used a re not appropr ia te for the _ 
low-energy flux. Of these , only conclusion b 
is substant iated by other r eac t i on - r a t e t r a ­
v e r s e s , the ^̂ ^U f i s s ion- ra te t r a v e r s e s com­
pared with calculat ions in F ig . 3Z. It is also 
possible that the BF3 counters r eg i s t e r ed ex­
cess ive counting r a t e s at the core center due 
to gamma sensi t ivi ty. 

E. Calculated ^̂ ^U Capture Rates in Blankets 

F igure 36 shows the calculated p r o ­
files for ^̂ ^U capture in the three b r e e d e r -
blanket configurations. Simple integrat ion 
of the r a t e t imes concentrat ion over the ^^^U-
bear ing regions gives the re la t ive total cap­
ture r a t e s of 1.00, 0.80, and 0.75 for the 
EBR-II - type , the UC-type, and two-zone blan­
kets , respec t ive ly . As noted above, however, 
the c r o s s - s e c t i o n set and possibly the calculational technique used provide 
spat ial and spec t ra l fltix dis tr ibut ions that a r e not very accura te in the 
blankets . The c loses t approximation to the ^̂ ^U capture profile would be 

5U 4 0 50 

IJADIUS cm 

lig. 36. Calculated Radial Capture-rate 
Profiles for ""̂ ^U in Prototypal 
Breeder Blankets. ANL Neg. 
No 103-2297 Rev. 1. 
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the 235u f i s s ion- ra te profi le; and the compar isons of calculated and m e a s u r e d 
235y fission r a t e s suggest that the calculated ^̂ ®U capture ra tes are under ­
es t imated in the so f t e r - spec t rum, graphi te -bear ing blankets . 

The conclusions possible from this s e r i e s of exper iments and ca l ­
culations a re only genera l . F i r s t , the technique used is not very re l iable ; 
accura te m e a s u r e m e n t s of ^̂ ÎJ capture ra tes using foil i r rad ia t ions or other 
methods a re requ i red for determining breeding-blanket per formance . 
Second, the c ross sections for carbon and ^̂ ®U, possibly also sodium and 
s tee l , in Set 635 a r e improper for descr ibing these blankets . Regarding 
the re la t ive m e r i t s of the different types of b reede r blankets , the exper i ­
ments show that the introduction of moderat ion does inc rease the capture 
r a t e per unit m a s s in ^̂ ^U with no sacr i f ice in react ivi ty and possibly little 
sacr i f ice in overal l breeding ra t io . 



X. S I M U L A T E D R O T A R Y - C O N T R O L - R O D E X P E R I M E N T S 

DEPLETED URANIUM OR 

• URAHIUM CARBIDE 

BLANKET MATERIAL 

A r o t a r y - c o n t r o l - r o d c o n c e p t for f a s t r e a c t o r s w a s i n v e s t i g a t e d 
du r ing the A s s e m b l y 41 p r o g r a m . The s c h e m e p r e s c r i b e d a 6 - i n . - d i a 
c y l i n d r i c a l r o d , w h i c h would be l o c a t e d in the r a d i a l b l a n k e t j u s t o u t s i d e 

the c o r e . The r o d wou ld be c o m p o s e d of b l a n k e t 
m a t e r i a l , excep t for an e c c e n t r i c a l l y l o a d e d 
s e c t i o n of e n r i c h e d b o r o n c a r b i d e . R e a c t i v i t y 
c o n t r o l could thus be p r o v i d e d by r o t a t i n g the 
p o i s o n s e c t i o n t o w a r d o r away f r o m the c o r e . 
A s u i t a b l e d e s i g n for t h i s c o n c e p t would be 
tha t shown in F i g . 37, w h e r e the e c c e n t r i c 
p o i s o n s e c t i o n i s a 90° w e d g e s e c t o r of an 
o u t e r , l / Z - i n . - t h i c k c o n c e n t r i c s h e l l . The 
m a g n i t u d e of c o n t r o l o f fe red by s u c h a d e s i g n 
w a s i n v e s t i g a t e d in the A s s e m b l y 41 e x p e r i ­
m e n t s in the r e g u l a r d e p l e t e d - u r a n i u m b l a n k e t 
and in the U C - t y p e b l a n k e t d e s c r i b e d in 
Sec t i on IX. STEEL CLADDING 

Fig. 37. Conceptual D«ign of a Ro­
tary Control Rod for Use in 
the Radial Reflector of a 
Fast Reactor 

An a c t u a l r o t a t a b l e c y l i n d e r w a s no t 
u s e d for t h e s e m e a s u r e m e n t s . I n s t e a d , the 
w o r t h s of b o r o n c a r b i d e c o l u m n s and b l a n k e t -
i n a t e r i a l c o l u m n s w e r e de t e rnn ined a t b l a n k e t 

l o c a t i o n s r e p r e s e n t i n g the e x t r e m e - w o r t h p o s i t i o n s for the a s s u m e d r o d 
d e s i g n . A to t a l t h i c k n e s s of 1/2 in . "was u s e d for the po i son c o l u m n s to 
ob ta in a p p r o x i m a t e l y the s a m e s e l f - s h i e l d i n g a s in the r e f e r e n c e d e s i g n . 

A. W o r t h of B4C Rod in D e p l e t e d - u r a n i u m B l a n k e t 

The w o r t h of a c o r e - l e n g t h " r o d " of e n r i c h e d b o r o n c a r b i d e w a s 
m e a s u r e d a t a v e r a g e d i s t a n c e s of abou t 1/2 and 6 in . f r o m the c o r e in the 
n o r m a l A s s e m b l y 41 b l a n k e t . F o r the 1 / 2 - i n . - s e p a r a t i o n c a s e , the r o d 
c o n s i s t e d of two 1/4 x 2 x l 6 - i n . co lu inns of b o r o n c a r b i d e p o s i t i o n e d in the 
c o l u m n s d e s i g n a t e d KIMN in d r a w e r 1 - P - 8 , a s shown in F i g . 38. The s a m e 
r o d w a s p o s i t i o n e d in l o c a t i o n s C D E F of d r a w e r l - P - 6 for the 6 - i n . -
s e p a r a t i o n c a s e . 

At e a c h r o d p o s i t i o n , the e x p e r i m e n t p r o c e e d e d in two s t e p s . F i r s t , 
the four n o r m a l 2 - i n . - h i g h c o l u m n s of d e p l e t e d u r a n i u m in the r o d p o s i t i o n 
w e r e r e p l a c e d w i t h 1 - in . -h igh c o l u m n s of u r a n i u m wi th void above . T h e n 
the i nockup B4C w a s s u b s t i t u t e d for the u r a n i u m and void , and the r e ­
ac t i v i t y effect w a s d e t e r m i n e d f r o m the change in c r i t i c a l p o s i t i o n s of the 
Z P R - 3 c o n t r o l r o d s . T a b l e XXVII g i v e s the d e t a i l s of t h e s e e x p e r i m e n t s , 
wi th the r e s u l t s e x p r e s s e d a s m a t e r i a l -worths r e l a t i v e to void . To p r o v i d e 
the d e s i r e d i n f o r m a t i o n on r o d r e a c t i v i t y , the r e s u l t s m u s t then be e x p r e s s e d 
as w o r t h s of B4C d i s p l a c i n g u ran iunn . The l a t t e r w o r t h s , a r e , r e s p e c t i v e l y , 
-74 .8 ± 1 and -4 .5 ± 1 I h / k g for a c o l u m n o f B4C a t the 1/2- and 6 - in . s e p ­
a r a t i o n s f r o m the c o r e . 
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1-0-6 

DepleSed-U 
Outer Radial 

Blanket 

1-0-7 

Depleted-U 
Inner Radial 

Blanket 

1-0-8 

Depleted-U 
Inner Radial 

Blanket 

1-0-9 

Type-1 
Core 

l-P-7 

Depleted-U 
Inner Radial 

Blanket 

l-Q-7 

Depleted-U 
Inner Radial 

Blanket 

l-Q-9 

Type-1 
Core 

Poison Section Location for 
6-in. Distance from Core 

Poison Section Location for/ 
I/2-in. Distance from Core 

Fig. 38. Locations of B4C Loadings for Mockup Rotary-control-rod Experiments 
in Depleted-oranium Radial Blanket 

TABLE XXVII. Enriched-B4C Substitution Experiments for Studies of Rotary-control - rod 
Worths in Depleted-uranium Blanket 

Drawer 

l - P - 8 

l - P - 8 

l -P -6 

l - P - 6 

Substitution Specifi 

Column 
Locations 

KLMN 

KLMN 

CDEF 

CDEF 

Average 
Distance 

from 
Core, in. 

0.59 

0.59 

5.94 

5.94 

sation^ 

Width and 
Height of 

Replacement,* in. 

1/2 X 1 

1/2 X 2 

1/2 X 1 

1/2 X 2 

Net 
Material^ 

Replacement 

-2.353 kg U 

-2.387 kg U 
+0.518 kg B4C 

-2.353 kg U 

-2.387 kg U 
+0.518 kg B4C 

Substitution 
Worth, Ih 

-0.95 + 0.2 

-37.8 + 0.4 

-0.15 ± 0.2 

-2.2 + 0.4 

Specific Material 
Worth over 16-in. 

Axial Length 
(relative to void) 

+0.404 ± 0,08 Ih/kg U 

-71.1 +0.8 Ih/kg B4C<̂  

+0.064 + 0.08 Ih/kg U 

-4.0 +0.8 Ih/kg B4C 

^Substitution for 16-in. axial length (half core height) in column positions as defined in Fig. 38. 
^Uranium composition 0.206 wt % ̂ '^U; enriched B4C composition 69.34 wt % boron, with 

boron 90.7 at. % '"B. 
^Derived after accounting for worth of displaced uranium. 

The s u b s t i t u t i o n r e s u l t s i n d i c a t e a n e t r e a c t i v i t y change of 
70 ± 2 I h / k g of e n r i c h e d b o r o n c a r b i d e , in c o r e - l e n g t h s e c t i o n s , f r o m o s c i l ­
l a t ion b e t w e e n 1/2 and 6 in . f r o m the c o r e b o u n d a r y . F o r the c o n c e p t u a l 
r o t a r y - r o d d e s i g n in F i g . 37, w i th a B4C loading of about 2.2 kg, the p o s s i b l e 
r e a c t i v i t y c o n t r o l would thus be 157 Ih in a r e a c t o r l ike the one s tud ied ( i . e . , 
hav ing a 4 4 0 - l i t e r c o r e s u r r o u n d e d by d e p l e t e d - u r a n i u m b l a n k e t ) . 
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B. Worth of B4C Rod in UC-type Blanket 

The r o t a r y - c o n t r o l - r o d studies were also c a r r i e d out in the wedge 
sector of UC blanket as constructed for the b reede r -b lanke t exper iments 
(see Section DC). In this blanket, the d rawers involved were 2-F-16 and 
2-H-16. F igure 39 shows the locations of the B4C subst i tut ions. The r e ­
placement of the blanket m a t e r i a l in the rod positions by the B4C columns 
proceeded s imi la r ly to the exper iments descr ibed in Subsection A above. 
Table XXVIII p resen t s the substitution detai ls and the m e a s u r e d worths of 
blanket m a t e r i a l and enriched B4C re la t ive to void. F o r B4C replacing 
uranium, the wor ths a r e , respec t ive ly , -85.9 + 1.0 and -12.4 ± 1 Ih/kg for 
a column of B4C at the l / 2 - and 6-in. separa t ions from the core . 

2-F-17 

20 vol % U-20 vol % C 
Blanket 

(15 in. iengthi 

2-G-17 

20 vol % U-20 vol % C 
Blanket 

2-H-17 

20 vol % U-20 vol % C 
Blanket 

2-1-17 

Type-3 Core 

SODIUM 

SODIUM 

JS DU 

IE 
STE.EL_ 

GRAPHITE 
JEPLETED U 

SODIUM 

2-G-16 

20 vol % U-20 vol % C 
Blanket 

SODIUM 

DEPLETED U 
GRAPHITE 

STEEL 
DEPLETED U 
GRAPHITE " 

SODIUM 

ggjilfif 

Poison Section Location for 
6-in. Distance from Core 

2-F-15 

20 vol % U-20 vol % C 
Blanket 

(15 in. length) 

2-G-15 

20 vol % U-20 vol % C 
Blanket 

2-H-15 

20 vol % U-20 vol % C 
Blanket 

Poison Section Location for 
1/2-in. Distance from Core 

SODIUM 

2-1-16 

Type-4 Core 

2-1-15 

Type-1 Core 

Fig. 39. Locations of B̂ C Loadings for Mockup Rotary-control-rod 
Experiments in UC-type Breeder Blanket 



TABLE XXVlll. EnrichecI-B4C Substitution Experimgnts for Studies of Rotary-control-rod Worths 
in Prototypal Uranium Carbide Breeder Blanl<et 

Drawer 

2-H-16 

2-H-16 

2-H-16 

2-F-16 

2-F-16 

Substitution Specification^ 

Column Locations 
(from bottom of 

drawer), in. 

1/4 to 3/4 

1/4 to 3/4 

1/4 to 3/4 

1-1/4 to 1-3/4 

1-1/4 to 1-3/4 

Average 
Distance 

from Core, 
in. 

0.59 

0.59 

0.59 

5.94 

5.94 

Height and 
Width of 

Replacement, 
in. 

1/2 X 1 

1/2 X 1 

1/2 X 2 

1/2 X 1 

1/2 X 2 

Net 
Material^ 

Replacement 

-1.49 kg blanket 

+0.2«) kg B4C^ 

-2.98 kg blanket 
+0.519 kg B4C<̂  

-1.49 kg blanket 

-1.49 kg blanket 
+0.519 kg B4C«' 

Substitution 
Worth, Ih 

-1.55 ± 0.2 

-23.2 ± 0.4 

-44.6 ± 0.4 

-0.40 ± 0.2 

-6.45 ± 0.4 

Specific Material 
Worth over 16-in. 

Axial Length 
(relative to void) 

+1.04 ± 0.13 
Ih/kg blanket 

-89 ± 2 Ih/kg B4C 

-96 ± 1 Ih/kg Bf^ 

+0.27 ± 0.15 
Ih/kg blanket 

-11 ± 1 Ih/kg B̂ C*̂  

ai6-in. axial extension (half core height) in column positions as shown in Fig. 39. 
^Blanket material replaced consisted of 79.87 wt % depleted uranium, 3.47 wt % carbon, 16.66 wt % steel. 
^Derived after accounting for worth of displaced blanket. 
dEnriched B4C composition 69.34 wt % boron, with boron 90.7 at. % IOB. 

The net worth of t rans fe r r ing the poison section between l/Z and 
6 in. from the core anaounts to 73.5 ± 1 . 5 Ih/kg of B4C. Thus, with a ro ta ry 
rod of the F ig . 37 design in a UC-type blanket around a 440-l i ter co re , 
approximately 162 Ih of react iv i ty control could be expected. 

The net react ivi ty control offered by the r o t a r y - r o d design was thus 
found to be a lmost identical in the regular depleted-uranium and the UC-type 
blankets . As would be expected from the modera ted spec t rum, the B4C 
worth at specific locations was higher with the UC-type blanket than with 
the regu la r deple ted-uranium blanket. However, the difference in worth 
of the poison between "in" and "out" positions was the same in both blankets . 
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XI. ASSEMBLY 41 RESULTS COMPARED WITH RELEVANT 
MEASUREMENTS IN A FAST EXPONENTIAL 
EXPERIMENT WITH 238u/235u RATIO OF s / l 

A. Details of the Exponential Exper iment 

A 5/1 uranium composition s imi l a r to that of the Assembly 41 core 
had been investigated as a fast exponential exper iment in 1955.' F igu re 40 

is a d iagram of this exper iment . 
FAST ASSEMBLY 

5 76 vol % 235u 
28 83vo l%238u 
10 36 vol % Fe 
14 76 vol % Al 

THERMAL 
SOURCE 

REACTOR y • 
(ZPR-41 / 

/ 

r 
-'-ff-

REFLECTOR 

.8-4. 
ALL DIMENSIONS IN INCHES 

Fig, 40. 5/1 Fast Exponential Experiment. 
ANL Neg. No. 103-2287. 

The n e u t r o n s o u r c e for the f a s t 
p i le w a s A r g o n n e ' s Z P R - 4 , a 
w a t e r - m o d e r a t e d , t h e r m a l c r i t i c a l 
f ac i l i t y . B e t w e e n the s o u r c e 
r e a c t o r and the f a s t s y s t e m w a s 
an 8 - i n . - t h i c k b lock of n a t u r a l 
u r a n i u m , c a l l e d the p e d e s t a l , 
s e r v i n g as a t h e r m a l - n e u t r o n 
f i l t e r . The fa s t p i le r e s t e d on a 
1 2 - i n . - t h i c k r e f l e c t o r c o n s t r u c t e d 
v a r i o u s l y f r o m b l o c k s of one of 
the fo l lowing: n a t u r a l u r a n i u m , 
i r o n , a luminumi , o r l e a d . G e o ­
m e t r i c b u c k l i n g s w e r e o b t a i n e d 
f ro in flux t r a v e r s e s t h r o u g h the 
p i l e c e n t e r in the t h r e e a x i a l 
d i r e c t i o n s ; t h e s e v a l u e s then p r o ­
v ided the m a t e r i a l buck l ing of 
the 5 /1 c o m p o s i t i o n . With e a c h 

d i f f e r en t r e f l e c t o r in p l a c e , the r e f l e c t o r s a v i n g s w a s d e t e r m i n e d a s the 
d i s p l a c e m e n t of the Z - a x i s flux p e a k f r o m the p i le c e n t e r . 

S m a l l f i s s i o n c h a m b e r s w e r e u s e d to ob ta in the flux p r o f i l e s ; the 
f i s s i o n r a t i o s i n d i c a t e d an a c c e p t a b l e zone of s p e c t r a l e q u i l i b r i t i m . H o w ­
e v e r , s u b s e q u e n t s tudies^° i n d i c a t e d tha t a t r u e s p e c t r a l e q u i l i b r i u m , r e p ­
r e s e n t a t i v e of the a s y m p t o t i c s p e c t r u m for the p i le c o m p o s i t i o n , miay no t 
have b e e n a t t a i n e d in the e x p e r i m e n t s t h r o u g h o u t the r e g i o n s of the buck l ing 
m e a s u r e m e n t s . In add i t i on , the s t u d i e s s u g g e s t e d tha t e x c e s s i v e n e u t r o n 
l e a k a g e into the r e f l e c t o r s d i r e c t l y f r o m the s o u r c e r e a c t o r could g ive 
e r r o n e o u s r e f l e c t o r s a v i n g s . 

T a b l e XXIX c o m p a r e s the s / l p i le c o m p o s i t i o n w i th tha t of the c o r e 
of A s s e m b l y 4 1 . The p i le had s l i gh t ly l e s s ^^^U d e n s i t y and about 4 vol % 
l e s s i r o n and a l u m i n u m . On the b a s i s of o t h e r e x p o n e n t i a l e x p e r i m e n t s 
c i t e d in Ref. 9 wi th d i f f e r en t a l u m i n u m and 235y d e n s i t i e s , the c o r e c h a r ­
a c t e r i s t i c s of A s s e m b l y 41 should differ by l e s s t han 10% f r o m those in 
the r e l a t e d e x p o n e n t i a l p i l e . 



TABLE XXIX. Comparison of Compositions and Resul ts of 
F a s t Exponential Exper iment and Assembly 41 

P a r a m e t e r s / l F a s t Exponential Assembly 41 

Pi le or Core 
Composition, 
vol % 

23Su 

238u 

Iron or s teel 
Aluminum 
Void 

Measured Root 
Buckling, c m " ' 

Reflector 
Savings, cm 

5.76 
28.83 
10.36 i ron 
14.76 
39.77 

0.0404 ± 0.0002 0 

5.96 
29.00 
14.00 s teel 
18.00 
33.00 

0503 ± 0 0020 

Uranium 100 vol % natura l U: 27.7 1 2 . 0 83 vol % depleted U, 9 vol % s tee l : 20.6 ± 1 
Iron 100 vol % F e : 30.0 ± 3.0 93 vol % s teel : 22.8 + 1 
Aluminum 100 vol % Al: 30.5 ± 3.0 83 vol % Al, 9 vol % s tee l : 19.9 + 1 

F iss ion Ratio, 
E35u/Z38u 26.0 1 0 . 5 25.1 ±0 .5 

B. Comparison of Charac te r i s t i c s of Assembly 41 and 5 / l F a s t Exponential 
Exper iment 

The exponential exper iment involved relat ively few m e a s u r e m e n t s : 
ma te r i a l buckling, ref lector savings, and fission r a t i o s . These a re in­
cluded in Table XXIX, along with values derived from resu l t s in As senibly 41, 
A buckling for Assembly 41 was obtained from cosine and Bess el-function 
curve fitting to the axial and radia l flux profi les . A reflector savings for 
the Z P R - 3 deple ted-uranium axial blanket was derived from the m e a s u r e d 
axial buckling and core height. Savings for s teel and aluminuin were then 
obtained by using the wor ths found in axia l - ref lec tor exper iments . The 
zss-g-y'zss-g figsion ra t io in the equi l ibr ium spec t rum of the exponential is 
comipared in Table XXIX with the rat io measu red at the center of 
Assemibly 4 1 . 

The difference between the bucklings found in the two sys tems is 
difficult to unders tand. Fundamenta l -mode calculations with severa l 
c r o s s - s e c t i o n se ts give bucklings m o r e on the o rder of the Asseinbly 41 
determinat ion than that given by the exponential exper iment . For the 
ref lector savings, a quantitative comparison of values between the sys tems 
is not valid, considering the differences in ref lector compositions and d i ­
rect ional bucklings. However, a qualitative comparison does show a d i s ­
agreement about the effectiveness of aluminum, re la t ive to uranium and 
s tee l , as a ref lec tor . These anomalies tend to confirm some conclusions 
of Reardon and Hummel^° that d i rec t leakage of source neutrons through 
the ref lec tors on the exponential piles dis tor ted the fluxes and gave im­
proper direct ional bucklings. 
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XII. ASSEMBLY 41 RESULTS COMPARED WITH RELEVANT 
MEASUREMENTS IN A FAST-THERMAL 

CRITICAL EXPERIMENT (ZPR-5) 

A. Details of F a s t - T h e r m a l Reactor 

NEUTRON SOURCE 

\35 « l % NAT 
14»ol%AI 

The 5/1 uranium composit ion for the exponential exper iment cited 
in Section XI was also the subject of an investigation as an "internal expo­

nent ia l ," that i s , as the cent ra l 
zone of a coupled f a s t - the rma l 
system.^^ This study was con­
ducted in ZPR-5 at Argonne, 
I l l inois, as a follow-on to the expo­
nential exper iment ; the purpose 
was to m e a s u r e m a t e r i a l r e ­
activity coefficients, foil ac t i ­
vat ions, and spec t rum for the 5 / l 
composit ion. F igure 41 is a d i ­
a g r a m of the coupled reac tor show­
ing the fast cen t ra l zone surrounded 
by a na tu ra l -u ran ium blanket and 
a thermal ^ss^j d r ive r zone. The 
investigations with this reac to r 
systein included studies of cou­
pling between the fuel zones and 
the effectiveness of various 
spec t rum-f i l te r ing zones between 

the fuel zones. The m e a s u r e m e n t s comparable to re la ted Assembly 41 
exper iments included react ivi ty coefficients and fission ra t ios at the core 
center . 

B. Comparison of Measuremen t s in ZPR-3 Assembly 41 with Those in 
ZPR-5 

The 235u/"8u cen t ra l fission ratio found in Z P R - 5 was 24.8 ± 1 . 1 , 
in good agreement with the exponential exper iment and Assembly-41 va lues . 
Mater ia l react ivi ty worths at the core centers in Assembly 41 and ZPR-5 
a re compared in Table XXX; the exper imenta l values in each case have 
been normal ized to a per turbat ion c ro s s section for 235-g ^ h i ^ h was calcu­
lated with ANL c r o s s - s e c t i o n set 635 and centra l fluxes from a t r an spo r t -
theory calculation. The table also gives calculated per turbat ion c ro s s 
sections for a number of other m a t e r i a l s . 

Fig 41, ZPR-5 Fast-Thermal Expenment. ANL Neg. 
No. 103-2285, 

10, E x c e p t for the f i s s i l e m a t e r i a l s and B, the e x p e r i m e n t a l e r r o r s 
a s s o c i a t e d wi th the A s s e m b l y 41 r e s u l t s in Tab le XXX a r e about ±5 m i l l i b a r n s . 
In g e n e r a L the coe f f i c i en t s f r o m the S / l , f a s t - t h e r n n a l s y s t e m differ f r o m 
the A s s e m b l y 41 da t a by 5 o r m o r e m i l l i b a r n s . The d i f f e r e n c e s in m a t e r i a l 
w o r t h s ( a c t u a l l y in w o r t h s r e l a t i v e to ^^^U wor th ) b e t w e e n the two s y s t e m s 
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is probably not due to the minor differences in core composition. Rather , 
the d i sagreements ref lect differences in the techniques used for the m e a s ­
u r e m e n t s ; the mos t probable factor is differences in sample size with 
correspondingly different shielding and mul t ip le -sca t te r ing effects. How­
ever , the r e su l t s may also indicate that the fast zone in the coupled sys tem 
•was not sufficiently l a rge or buffered enough from the thermal region, giving 
cen t ra l rea l and adjoint spec t r a unrepresenta t ive of the spec t ra in an ex­
tensive fast zone. 

TABLE XXX. Comparison of Mater ia l Worths Measured 
in the 5/1 Uranium F a s t Cores and Calculated 

by Per tu rba t ion Theory 

Mater ia l 

235u 
238u 

Silver 
Aluminum 
1 0 B 

Bismuth 
Carbon 
Iron 
Sodium 
Nickel 
Sulfur 
Tin 
Tantalumi 
Tungsten 
Zirconium 

Measured 
Z P R - 3 

Reac 

in 

Assembly 41 

1865 
-86 

-276 
-8 

-1100 
-18 
+ 1 

-16 
+ 1 

-24 
-40 
-52 

-276 
-119 

-23 

.tivity Coefficient, mil l ib 

Me asured in 
ZPR-5 F a s t -

Therm al Assembly 

1865 
-

-300 
-4 

-971 
-18 
< 4 
-27 
-
-45 
-48 
-63 
-

-141 
-39 

arns 

Calculated by 
Per turba t ion 

Theory 

1865 
-80 
-
-7 

-794 
-

0 
-20 

-1 
-
-
-

-240 
-
-29 



APPENDIX A 

Assembly 41 Drawer Loadings 

F igures 5 and 6 show the loading pa t te rns for the various types of 
core and blanket d r awer s used in the Assembly 41 c r i t i ca l configuration; 
F ig . 3 shows the loadings of m a t e r i a l columns in the four types of core 
d rawer s in the bas ic core cel l . 

The m a s s e s of m a t e r i a l s loaded into these core and blanket d r awer s 
a re specified in Table XXXI. The regu la r core d rawers were 21 in. long, 
and the specifications given for the 16-in. core section at the front include 
the drawer front and the m a t r i x and drawer s tee l . Axial blanket was in ­
cluded in the back of the front drawer and in the front 7 in. of an 11-in. 
backup d rawer . Fo r the con t ro l - rod d r a w e r s , with the types and positions 
as indicated in F i g s . 5 and 6, the co re - sec t ion loadings given in Table XXXI 
include the heavier rod s t ruc ture and a part i t ion at 15 in.; there were three 
type 2 control rods (with t-wo columns of fuel) and a total of seven of types 1, 
3, and 4 (with one colimrin of fuel). The inner radia l blanket region shown in 
F igs . 5 and 6 contained uran ium br icks in 21-in. front d rawers backed up by 
7 in. of b r icks in the m a t r i x . In the outer radia l blanket, all 28 in. of 
uranium blanket was loaded direct ly into the m a t r i x . 

TABLE XXXI. Specifications of Drawer Loadings Used in Assembly 41 Reference Configuration 

Drawer Type, 
Section 

Section 
Length,* 

Section Loading of Mater ia ls , kg 

Enriched Uranium Depleted Uranium*^ Stainless Steel Aluminum 

Type 1 core 
Type 2 core 
Type 3 core 
Type 4 core 
Type 1,3, and 4 core 

control drawer 
Type 2 core 

control drawer 
Axial blanket in 

front drawers 
Spring gap^ 
Axial blanket in 

back drawers 
Control drawer 

axial blanket 
Inner radial 

blanket 
Outer radial 

blanket 

40.72 
40.72 
40.72 
40.72 

40.95'^ 

40.95® 

12.70 
0.66 

17.78 

30.48 

53.42 

71.12 

1 
2 
1 
1 

1 

2 

1670 
3239 
1670 
1654 

1670 

3341 

-
-

-

-

-

-

7.1480 
5.9418 
7.1480 
7.1480 

7.1423 

5.9519 

6.1621 
-

8.6225 

14.785 

25.866 

34.490 

1.3789 
1.3792 
1.3789 
1.3789 

1.554 

1.554 

0.2750 
0.043 

0.3850 

1.1167 

1.166 

15.575 

0.6030 
0.6022 
0.6030 
0.6030 

0.6063 

0.6063 

_ 
-

-

-

-

_ 

^Matrix unit 5.5461 cm wide by 5.5258 cm high. 
^93.26 wt % 235u, 5.39 wt % ""U, 0.95 wt % " % , 0.40 wt % ^"U. 
=0.206 wt % ^'^U. 
^73.4 wt % Fe , 17.0 wt % Cr , 8.4 wt % Ni, 0.75 wt % Mn, 0.45 wt ft, Si. 
s0.16-cm partition in control drawer in tersec ts core section at 38.1 cm. 
fComposed of spring in end of 21-in. drawer , drawer back, and front of back drawer . 
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APPENDIX B 

Specifications of Core Heterogeneity for Assembly 41 

The loadings of the core d r awer s in each half of ZPR-3 are composed 
of m a t e r i a l plates of var ious th icknesses aligned into columns Asdth axial 
lengths of half the core length. The pat tern of different columns ac ross the 
r eac to r is a repeti t ion of the bas i c -ce l l loading that defines the core com­
position. Thus, the overal l heterogenei ty of the core is defined by the plate 
a r r angemen t in the bas ic cel l . Fo r Assembly 4 1 , the bas ic cell was the 
four -drawer loading sho-wn in F ig . 3, containing five columns of enriched 
uranium d ispersed evenly among various diluent p la tes . 

The stack of columns in each of the four sections of the cell had a 
c ro s s section of 2 x 2 in., the nominal inside dimensions of the s ta inless 
s tee l d r awer s containing the stack. The d rawers a r e further separa ted by 
the ivalls of the r eac to r m a t r i x tubes . F igure 42 gives the actual geometr ies 
and densi t ies of these s t ruc tu ra l components . For simplicity, however, the 
2 x 2-in. s tacks of columns in the d rawer s can be considered bounded by 
ver t i ca l and horizontal -walls of s t r uc tu r e , as shown in Fig. 43, •with the av­
erage composit ions given in Table XXXII. 

* U MTEWL IS T»re 3M STSINLtSS STEEL 

t U OINEDSIMS m en 

,/-

T 
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o o o 
o o o o 

w 

MATRIK TUBES 

mamt MIL 

REGULM DRAWERS 
|PERFe««EO STEEL) 

SIDES MD BOTrm 

' I 3.167 i/csS 

F«MT MEBME 

WMSirr o ^.%n j/caS 

CONTROL-AND 
SAFETy-ROO 

DRWERS 

SIDES km mum 

Mlthm. DMSITY = 7. i» i g/c»3 

FSdiT «VIB*Oe DE«SITY = 7.300 j / a n ' 

Fig, 42. ZPR-3 Matrix and Drawer Geometries. ANL Neg. 
No. 103-2959. 



ONE MATRIX UNIT 
-5.5«1 cm-

1. 
XX cm 

l i 

0.2229 cm 

UPPER AND LMER 
STRUCTURAL 
COMPmEHTS 

Fig. 43 

Homogenized Representation of 
ZPR-3 Structural Components 

2 X 2 -m. PLATE-LOADING AREA 

TABLE XXXII. 

Type: 

Thickness, cm 

Column-
average 
Density, 
1 0̂ ^ a t o m s / c m ' 

23Su 

238u + 2 3 % 
234u 

Aluminum 
Iron 
Chromium 
Nickel 
Manganese 
Silicon 

Horizontal 
Structure 

Wall^ 

0.2229 

_ 
-
-
-

3.5159 
0.8746 
0.3828 
0.0365 
0.0429 

VERTICAL STRUCTURAL 
COMPONENT IOI€ PER MATRIX 
UNIT ON EACH SIDE OF 
PLATE-LOADING SPACE) 

Specifications of Cell-

Vertical 
Structure 

Wall^ 

0.2331 

_ 
-
-
-

3.6464 
0.9071 
0.3970 
0.0379 
0.0444 

Structure 

l / l 6 - i n . 
Enriched 
Uranium 

0.1588 

4.2434 
0.2603 
0.0434 

-
-
-
-
-
-

constituent Columns fo 

Component 

l /8 - in . 
Enriched 
Uranium 

0.3175 

4.2384 
0.2600 
0.0434 

-
-
-
-
-
-

r Assembly 

or Material Column 

1/8-in. 
Depleted 
Uranium 

0.3175 

0.0096 
4.5600 

-
-
-
-
-
-
-

l / l 6 - i n . 
Depleted 
Uranium 

0.1588 

0.0096 
4.5600 

-
-
-
-
-
-
-

41 Core 

45 vol % 
Aluminum 

0.3175 

„ 

-
-

2.5613 
-
-
-
-
-

Stainless 
Steel 

0.3175 

_ 
-
-
-

5.9224 
1.4733 
0.6447 
0.0615 
0.0722 

^•Includes bottom and top of mat r ix and bottom of drawer , represented by W in Fig. 43. 
^Includes sides of matr ix and drawer, represented by M in Fig. 43. 

Table XXXII includes the specifications of the various 1/8-in.-thick 
coluinns of fuel and diluents used in the loadings of the bas ic core d r a w e r s , 
and also of the 1/16-in.- thick uran ium columns involved in unbunching 
exper iments (see Section III). The specifications a re idealized to the extent 
of assuming nominal plate heights and widths and including the void content 
from s lack into the s t ruc tu re components . 



73 

APPENDIX C 

Delayed-neutron P a r a m e t e r s and Absolute Reactivity Calibration 

Reactivity m e a s u r e m e n t s m Assembly 41 were obtained-with control 
rods "which were ca l ibra ted in inhours by a se r i e s of period m e a s u r e m e n t s . 
The per iod values were converted into react ivi ty increments for the a s s o ­
ciated rod segments by means of a per iod- to-mhour curve appropria te to 
the assembly composit ion. With the use of rea l and adjoint fluxes from a 
diffusion-theory calculation for Assembly 41 , a code for averaging the 
delayed-neutron productions provided an effective delayed-neutron fraction 
of 0.00733 and an equivalence of 440 Ih per % Ak/k. These values indicate 
that the delayed neutrons have effective portions as follows. 29% from 
fissions in ^̂ ^U and 71% from fissions m ^^^U. 

F o r an asymptot ic period T, in the range of the m e a s u r e m e n t s , the 
react iv i ty is given by 

* a?5 ^ a?8 
'cV—^^+2«cy—^ ^ = o 125, 

k ^eff\ Z^i + Tx^B l^l+IXfj 
i = i 1 i = i 

where ^^C and ®̂C a re the effective port ions of the delayed neutrons from 
^̂ •̂ U and ^̂ ®U, respect ive ly , â  is the fraction of delayed neutrons in group i, 
and Xĵ  is the decay constant for group i. The conversion to inhours is ob­
tained by multiplying by 4.4 x 10^ (the rec iproca l of Ak/k for T = 3600 sec) . 
Fo r the periods involved, the reac t iv i t ies in inhours do not depend on ^gff 
and a r e re la t ively insensi t ive to var iance m ®̂C versus ^^C. Therefore the 
exper imenta l worths obtained in inhours should be as accura te as the ca l i ­
b ra t ions . Conversion of the exper imenta l worths to Z\k for cor re la t ion with 
calcula t ions , however, has the uncertainty associa ted with the e r r o r in ca l ­
culated ^ -Tf- Table XXXIII l i s t s the delayed-neutron pa.rameters used m 
the calculat ions . 

TABLE XXXIII. Delayed-neutron Specifications for Assembly 41 

|3g££ = 0.00733 2Sc = 0 71, ^^C = 0.29 

Delayed-neutron P a r a m e t e r s 

Delayed Group i 

1 
2 
3 
4 
5 
6 0.026 3.870 0.075 4.020 

^1 

0 038 
0.213 
0,188 
0.407 
0.128 

235u 

A,£, sec"-' 

0 0127 
0.0317 
0.115 
0.311 
1.400 

î 

0 013 
0 137 
0.162 
0.388 
0.225 

238u 

Xi, sec"-' 

0.0132 
0 0321 

0.139 
0.358 
1 410 
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T a b l e XXXIV l i s t s the p e r i o d m e a s u r e m e n t s c a r r i e d out for the 
r e a c t i v i t y of v a r i o u s s e g m e n t s o£ a c o n t r o l r o d . O v e r a l l , the c a l i b r a t i o n s 
in i n h o u r s have an a c c u r a c y of abou t ±1%, w h i c h -would p e r t a i n a l s o to a l l 
w o r t h m e a s u r e m e n t s . F i g u r e 44 i s a p lo t of the r o d c a l i b r a t i o n o b t a i n e d . 

T A B L E XXXIV. P e r i o d M e a s u r e m e n t s for Rod C a l i b r a t i o n s 

M e a s u r e m e n t 
No . 

Rod I n c r e m e n t , 
in . 

P e r i o d , T , 
s e c 

W o r t h , 
Ih 

1 
2 
3 
4 
5 

2.614 to 0.00 
2 .933 to 0.00 
3.415 to 0.00 
5.951 to 2 .933 
7.912 to 5.951 

125.85 ± 2 
107.2 ± 1.5 

87 .3 ± 1.0 
96.0 ± 1.0 

173.8 ± 3.0 

23.14 ± 0.4 
26.31 ± 0.4 
31.02 ± 0.4 
28.70 ± 0.4 
17.66 ± 0.4 

Fig. 44 

Calibration of ZPR-3 Control Rod No. 10 

I 2 3 4 5 6 
ROD POSITION, II 
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APPENDIX D 

Descript ion of Neutron Detec tors for Reac t ion- ra te T r a v e r s e s 

F i s s i o n - r a t e profiles in the Z P R - 3 assembl ies have been obtained 
p r imar i l y by t r ave r s ing smal l , cyl indrical fission counters designed by 
W. C. Redman of the ANL Applied Phys ics Division. Fo r the ^"B react ion, 
t r a v e r s e s have been run with sma l l -d i ame te r BF3 counters . In these meas ­
u r e m e n t s , the r eac to r per turbat ion has been minimized by using a l /Z - in . -
dia t r a v e r s e channel. 

A Redman counter bas ical ly consis ts of a l^- in . - long plating of f issi le 
m a t e r i a l on the inside of a 7 / l 6 - i n . - d i a b r a s s annulus, a cent ra l collector 
anode, and a sea led- in mix ture of argon and methane . For the BF3 counter , 
the gas chamber is about 2 in. long and 3/8 in. in d iameter . Loading specif i­
cations for the t r a v e r s e counters used in Assembly 41 are given in 
Table XXXV. Diagrams for the bas ic counter designs a re given in F ig . II.B.8 
of the Reactor Development P r o g r a m P r o g r e s s Report for May 1968, 
ANL-7457, p . 23. 

TABLE XXXV. Specifications of Fission and BF3 Traverse Counters 

Counter Type 
Composition of 

Reactive Material 
Loading of 

Reactive Material 

Redman J, Enriched 
U Fiss ion 

Redman K, '̂*U 
Mixture Fission 

Redman IC-24-1 , 
2̂ *U Fission 

Nancy -Wood G-15758 
•°B(n,a) 

93.2 wt % ^^^U, 6 wt % 2^«U, 0.8 wt % ^̂ ^U 

89.34 wt % 2^*U. 7.72 wt % "^U, 2.89 wt % ̂ '̂ U 

80 ppm '̂̂ U 

About 90at. % ' " B in boron of BF3 

5.1 mg (0.60 mg/cm^)^ 

2.8 mg (0.33 mg/cm^)^ 

-4.8 mg (0.56 mg/cm*)^ 

BF3 filling to p ressure 
of about 20 cm Hg. 

^Annular plating, 0.84-cm diameter x 3.21 cm long. 
Cylindrical chamber inside dimensions, about 0.95-cm diameter x 5.0 cm long. 
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