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N U C L E A R CRITICALITY C O N T R O L IN 
THE E B R - I I F U E L C Y C L E F A C I L I T Y 

by 

J . C. H e s s o n and L. B u r r i s , J r . 

I. SUMMARY 

An i n v e s t i g a t i o n h a s b e e n m a d e of c r i t i c a l i t y p r o b l e m s wh ich 
m i g h t be e n c o u n t e r e d in the E B R - I I F u e l Cyc le F a c i l i t y . The p u r p o s e 
of the i n v e s t i g a t i o n w a s - t o d e t e r m i n e quan t i ty and con f igu ra t i on l i m i t s 
for E B R - I I fuel of the f i r s t c o r e c o m p o s i t i o n du r ing s t o r a g e , hand l ing 
and p r o c e s s i n g of t h i s fuel m a t e r i a l in the E B R - I I F u e l C y c l e F a c i l i t y . 
B r i e f c o n s i d e r a t i o n w a s a l s o g iven to c r i t i c a l i t y p r o b l e m s wh ich m i g h t 
be e n c o u n t e r e d in p r o c e s s i n g fu tu re E B R - I I c o r e s wh ich a r e e x p e c t e d 
to con ta in p l u t o n i u m a s a f i s s i o n a b l e m a t e r i a l . 

The p h i l o s o p h y adop ted w a s the e s t a b l i s h m e n t - o f m a x i m u m q u a n ­
t i t i e s of fuel m a t e r i a l s w h i c h cou ld be h a n d l e d , wi thou t r i s k of a n u c l e a r 
i n c i d e n t , in a l l fuel p r o c e s s i n g o p e r a t i o n s u n d e r a s s u m e d cond i t i ons of 
"full r e f l e c t i o n " and wi th a sa fe ty f a c t o r of g r e a t e r than two to t ake c a r e 
of i n a d v e r t e n t double b a t c h i n g . The a s s u m p t i o n of "full r e f l e c t i o n " (wa te r 
at l e a s t 3 in. t h i c k o r i t s n u c l e a r e q u i v a l e n t ) o b v i a t e s the n e e d for c o n ­
s i d e r a t i o n of t h e p r o x i m i t y of m a t e r i a l s o t h e r t h a n fuel o r f i s s i o n a b l e 
m a t e r i a l . S ince "full r e f l e c t i o n " i s no t e a s i l y a c h i e v e d , the a s s u m p t i o n 
t h a t "full r e f l e c t i o n " e x i s t s p r o v i d e s a c o n s i d e r a b l e sa fe ty f a c t o r . 

The t o t a l a l l o w a b l e q u a n t i t y of fuel m a t e r i a l s in a g iven a r e a i s 
a funct ion of the w e i g h t of fuel in "fuel u n i t s " and the spac ing of the fuel 
u n i t s . T h u s , t h e s r a a l l e r a fuel u n i t and the g r e a t e r the d i s t a n c e b e t w e e n 
fuel u n i t s , t h e g r e a t e r i s t h e t o t a l a l l o w a b l e quan t i ty of fuel m a t e r i a l . 
T h i s r e l a t i o n s h i p for C o r e - I fuel for a f ac to r of sa fe ty of m u c h g r e a t e r 
t h a n t h a t r e q u i r e d by the N u c l e a r Safe ty Guide i s show^n in Tab le 2, p . 15. 
F o r C o r e - I fuel a m i n i m u m c e n t e r - t o - c e n t e r d i s t a n c e b e t w e e n fuel u n i t s 
of 24 in. w i th a t l e a s t 8 in, of i n t e r v e n i n g c l e a r s p a c e h a s b e e n e s t a b l i s h e d . 
F o r t h e s e s p a c i n g s , t he m a x i m u m s i z e s of C o r e - I fuel u n i t s (w^hich p e r m i t 
i n a d v e r t e n t double b a t c h i n g ) wi l l be the fol lowing: 

M a x i m u m Weight 
F i s s i o n a b l e M a t e r i a l of Unit Quant i ty (kg)* 

C o r e I fuel (46 w / o U"^) 32 a s t o t a l fuel 

P l u t o n i u m i n i t i a l l y in b l a n k e t m a t e r i a l at 
c o n c e n t r a t i o n s of l e s s t han one p e r c e n t 2.6 a s Pu^^^ 

F u l l y e n r i c h e d u r a n i u m (93 w / o U^^^) 10 a s t o t a l U 

*This criticality review has been made for Core-I fuel, which is an enriched u235 fuel, and for ihe 
associated uranium blanket. If, later, plutonium cores are employed, criticality problems should 
be re-assessed. 
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The l imi ts on the total quantit ies of fuel m a t e r i a l s p resen t simul­
taneously in the EBR-II Fue l Cycle Faci l i ty a r e : 

Maximum Weight 
F iss ionable Mate r ia l of Unit Quantity (kg)* 

Core I fuel (46 w/o U^^ )̂ 500 kg (This cor responds to 16 
m a x i m u m - s i z e fuel uni ts , i .e . , 
32 kg of fuel pe r unit.) 

Plutonium from blanket m a t e r i a l * 13 kg (This cor responds to 5 
m a x i m u m - s i z e uni ts , each con­
taining not m o r e than 2.6 kg of 
plutonium.) 

Fully enr iched u ran ium (93 •w/oU^^^) 10 kg (Storage in the cell in 
quanti t ies g r e a t e r than this 
should not be neces sa ry . ) 

The enr iched u ran ium (employed as makeup fissionable ma te r i a l ) will be r e ­
ceived and, the re fore , may be s to red in 18-kg-capaci ty, geometr ica l ly safe 
shipping con ta iners . The 10-kg l imitat ion i s , the re fore , waived when this 
ma te r i a l is rece ived amd s tored in geometr ica l ly safe conta iners , but will be 
adhered to in subsequent handling. The total of all f issionable m a t e r i a l s in 
all of the liquid waste holdup tanks will be l imited to a maximum of 200 g. 

The r equ i remen t that the re be at l eas t 8 in. of open or c lear space 
between fuel units a s s u r e s separa t ion of uni ts and is in accordance with 
information p resen ted in the Nuclear Safety Guide which would allow a 
thick, close-fi t t ing ref lec tor about a cubic a r r a y (see F ig . 22, p . 26, of 
TID-7016, Rev. 1, see Ref. 1 of Bibliography). In TID-7016, p. 26, it is 
stated that this spacing c r i t e r ion is also met if the uni ts a re separa ted by 
a layer of w^ater or concre te at l eas t 8 in. in th ickness . 

The amount of potential m o d e r a t o r s , graphite (or carbon) and be ry l ­
lia, will be l imi ted to an accumulat ion in each cell of 600 kg of graphite and 
300 kg of bery l l ia . 

F o r s torage of fuel, TID-7016 p e r m i t s a re laxat ion of the cus tomary 
double-batching safety fac tors on the assumption that control of individual 
fuel units in s torage is m o r e s t r ingent than in p r o c e s s opera t ions . The 
minimum spacing for 32-kg fuel units in s torage is 12 in. between cen te r s 
with not l e s s than 8 in. of c lear space between uni t s . The spacing of s torage 
pits in the Argon and Air Cells of EBR-II is such that these min imum r e ­
quired dis tances a r e in all cases exceeded. Even though a 12-in. spacing of 
s tored 32-kg fuel units is adequate, a uniform set of ru les has been adopted 
for both s torage and handling of fuel in the ce l l s , namely, 2 ft between ad­
jacent fuel units with 8 in. of intervening space. 

*See previous page. 



Although the 32-kg l imitat ion also applies to the s torage of mel t r e ­
fining skulls or skull oxide in a s torage pit, additional precaut ions must be 
taken in the s torage of these m a t e r i a l s because of the remote possibil i ty 
that, through water inleakage, the pits may flood with water . It is requi red 
that the skull oxide be s to red in geomet r i e s which provide a safe condition 
even though the conta iners and pi ts fill w^ith water . Two pe rmiss ib l e geom­
e t r i e s a r e : (l) conta iners with safe d i a m e t e r s , i .e . , l ess than 5 in. in 
d i ame te r , and (2) conta iners 8 in. in d iamete r and 4 in. high with at l eas t 
10 in. of c lear space betw^een con ta iners . An unsafe condition would not 
resu l t even if the cans filled with water , but oxide must not be pernnitted to 
escape f rom the cans into the s torage pit of l a rge r d iamete r . Because the 
oxides will have a pa r t i c l e density of around 10 g/cm^,* movement of oxide 
even in an open can filled with water would be unlikely. Never the less , the 
cans mus t have tight-fit t ing l ids , and the integri ty of the cans mus t be 
a s su red . 

Fue l subassembl ies awaiting process ing or r e tu rn to the reac tor 
may be s tored in s torage pi ts in the Air Cell. Water flooding of the vent i ­
lated pi ts in the Air Cell is not cons idered credible ; however, not more than 
four fuel subassembl ie s a re allow^ed to be s tored in a s torage pit .** 

Mechanical aids and adminis t ra t ive control will be requi red to en­
sure that unit quant i t ies a re not exceeded and that geometr ica l ly safe con­
figurations a re maintained. The following mechanical aids a re needed for 
maintaining the spacings r equ i red for geometr ica l ly safe configurations 
and for preventing an accumulat ion of fuel in amounts in excess of the max i ­
mum recommended quant i t ies : 

1) Mechanical appara tus to l imit the maximum number of a s ­
sembl ies in any one Air Cell s torage pit to four (4) subassembl i e s .* 

2) Mechanical appara tus to l imit s torage of oxide or fuel in the 
argon cell s torage pi ts to geomet r ica l ly safe configurations descr ibed 
above. 

3) In the case that fuel e lements are cleaned (as has been oc­
casional ly proposed) in a halogenated carbon fluid (such as t r i ch loroe thy-
lene), the cleaning container w^ill have geometr ica l ly safe dimensions (less 
than 5 in. in d i amete r ) . The halogenated carbon fluid w^ould not be an 
effective mode ra to r , but the re is the possibi l i ty of inadvertent substitution 
of wa te r . 

* The bulk density of the oxide powder is about 3 g /cm . 

* * The storage of four subassemblies in an Air Cell pit was approved by the Argonne Criticality Hazards 

Control Committee on the basis that flooding of the present Air Cell pits with water is not considered 

credible. Therefore, the use of water or aqueous solutions in the Air Cell or any changes in the method 

of water cooling or ventilating the Air Cell pits should not be undertaken without a criticality review. 



These l imita t ions a r e r ega rded as p rac t i ca l for conditions encoun­
t e r ed in p rocess ing Core-I fuel. Maximum unit quant i t ies w^ould be about 
the same (perhaps 10 percen t l e s s ) for plutonium-containing fuel m a t e r i a l s 
of the type being contemplated for future EBR-II c o r e s , i .e . , u r an ium-
plutonium alloys containing 10 to 15 percen t plutonium with the balance of 
the fissionable ma te r i a l r equ i rement being supplied w^ith U^^ .̂ How^ever, 
cr i t ica l i ty p rob lems should again be examined for each future core ma te r i a l . 

II. OBJECTIVES OF CRITICALITY STUDY 

The purpose of this d iscuss ion of cr i t ica l i ty p rob lems associa ted 
with the EBR-II Fuel Cycle Faci l i ty is (l) to es tabl ish quantity and config­
ura t ion l imi ts for the fuel m a t e r i a l s during r ep rocess ing of the f i r s t -cyc le 
fuel loading, and (2) to es tab l i sh the l imi ta t ions on or exclusion of ce r ta in 
possible m o d e r a t o r s . The needs for adminis t ra t ive control and mechanical 
devices to maintain p rope r spacing of fuel m a t e r i a l s a r e pointed out, and 
the actual design of physical apparatus to l imit fuel quanti t ies amd maintain 
p roper fuel separa t ion will be d iscussed . However, the actual admin i s ­
t ra t ive p rocedures employed for cr i t ica l i ty control will be the responsibi l i ty 
of operating personne l to set up and maintain . 

The f i r s t - cyc le fuel loading will contain approximately 46 w / o U -̂'̂  
as the major f issionable m a t e r i a l . The actual composit ion of the fuel is 
shown in Table 1. 

Table 1 

FIRST-CYCLE F U E L LOADING FOR EBR-II 

(5 Weight P e r c e n t F i s s i um) 
(Specification f rom ANL-6290) 

Element or 
Isotope 

UrcLnium-235 
Uranium-2 3 8* 
Molybdenum 
Ruthenium 
Rhodium 
Pa l lad ium 
Zirconium 
Niobium 

Atomic 
Weight 

235.12 
238.12 

95.95 
101.10 
102.91 
106.40 

91.22 
92.91 

Atom 
P e r c e n t 

42.99 
45.83 

5.67 
4.25 
0.60 
0.39 
0.25 
0.02 

100.00 

Weight 
P e r c e n t 

45.68 
49.32 

2.46 
1.96 
0.28 
0.19 
0.10 
0.01 

100.00 

*Includes other u ran ium isotopes 



The cr i t ica l i ty p rob lems were de termined for a composition of 
50 w/o u ran ium-235 and 50 w/o u ran ium-238 . This , in itself, gives an 
additional smal l factor of safety since the fuel will have l ess react ivi ty, 
both because of the slightly low^er fissionable ma te r i a l content and be ­
cause of the p r e sence of fission product alloying e lements . 

Considerat ion w^as given to the effect of an inadvertent fully en­
r iched batch. The cr i t ica l i ty p rob lems w^ere considered for the case of 
a "full re f lec tor ," w^hich obviates the need for considerat ion of the p rox­
imity of m a t e r i a l s other than fuelor fissionable m a t e r i a l s . A "full r e ­
f lector" is water at l eas t 3 in. thick or i ts nuclear equivalent. This also 
affords an additional safety factor, since a full ref lector does not easily 
occur . In establishing allowable quant i t ies , a factor of safety of at leas t 
tw^o w^as used for all no rma l operat ional conditions. 

The publications TID-7016 (Rev. l ) , LAMS-2415, and LA-1958 
were the major r e fe rences used for information on cr i t ica l i ty . Reference 
was also made to K-1019, K-1380, ANL-5800, LA-1305, LA-1623, LA-
1671, and LA-1732. Additional information about these re fe rences is 
supplied by a bibliography at the end of this r epor t . 

III. F U E L HANDLING AND STORAGE CONFIGURATIONS 

F igure 1 shows a plan view^ of the fuel process ing facility, including 
Air and Argon Cel l s , with equipment locat ions. F igure 2 shows fuel sub­
assembly coffin movements between the reac to r building and the Air Cell. 

There a r e ten 10-ft-deep pits in the Air Cell in two rows of five 
pi ts each (see F ig . 1). The row^s a re 3 ft apart ( cen te r - to -cen te r distance) , 
and the pi ts in each row are 2 ft apar t between cen te r s . Each pit is con­
s t ruc ted of 12-in., schedule 20, black steel pipe, the upper par t of which 
is encased in the floor concre te , the lo'wer pa r t of which extends into the 
fill m a t e r i a l . 

In the Argon Cell t he re a re seventeen 10-ft-deep fuel s torage pits 
cons t ruc ted of 12-in., schedule 20, black steel pipe, and two equipment 
s torage pi ts cons t ruc ted of 24-in. black steel pipe (see Fig . 1). These 
pi ts a r e encased in concre te . The fuel s torage pi ts a re spaced at a 
min imum of 2 ft betw^een c e n t e r s . One equipment s torage pit is 2.|- ft 
( cen t e r - to -cen te r dis tance) f rom a fuel s torage pit, which p laces their 
inner w^alls 9 in. apar t . This is the only case where the re is l e ss than 
one foot between the inner w^alls of any two p i t s . A distance of at leas t 
one foot betw^een the inner surfaces of the fuel s torage pits provides more 
than the suggested min imum of at leas t 8 in. of c lear space (clear of fuel) 
between units . 



Figure 1. LOCATION OF FUEL PROCESSING EQUIPMENT IN THE EBR-II FUEL CYCLE FACILITY 
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COFFIN POSITIONS 
I - COFFIN IN PIT IN REACTOR BUILDING 

2 - COFFIN ON CAR IN AIR LOCK 

3- COFFIN ON CAR IN REACTOR PASSAGEWAY 
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A. Fuel Configurations 

The configurations in which the fuel will be handled or s tored are 
as follows: 

a. One subassembly (6.1 kg of fuel) in the coffin in t ransfer be ­
tween the Reactor and Fuel Cycle Faci l i ty . Steel and lead, which are 
ref lector m a t e r i a l s , surround the subassembly, and water moderation 
exis ts during sodium cleaning. 

b. Individual subassembl ies in the open air being t ranspor ted , 
s tored, d isassembled , or assembled in the Air Cell. 

c. Storage of subassembl ies in ventilated water -cooled pits in 
the Air Cell. 

d. Unassembled fuel e lements in the open in the Air and Argon 
Cells being moved, s tored, or decanned. Various numbers of fuel e le ­
ments may be p resen t in random a r r a y s or in regular a r r a y s (as in fuel 
element magazines) . 

e. Decanned fuel pins in random a r r a y s in the Argon Cell being 
moved or s tored in steel charging pans or being melt refined in a z i r -
conia crucible within a graphite susceptor or secondary. 

f . Melt refined ingots in the Argon Cell being s tored or moved, 
or being mel ted in the injection casting furnace in a graphite crucible. 

g. Injection casting hee l s , sha rds , pin re jec ts , and scrap in the 
Argon Cell being moved or stored, or being remel ted in a graphite, zirconia, 
or bery l l ia crucible . 



h. Injection cas t pins in the Argon Cell being s tored, p rocessed , 
moved, or recanned. 

i. Fue l e lements in magaz ines in the Argon and Air Cells being 
p roces sed , s tored , inspected, or r e a s s e m b l e d into subassembl i e s . 

j . Fue l e lements in the Air Cell which may be cleaned i n t r i -
chloroethylene or te t rach loroe thylene . 

k. Melt refining skulls in the Argon Cell in z i rconia c ruc ib les 
being moved or oxidized. 

1. Melt refining skulls in the Argon Cell in z i rconia c ruc ib les 
being s tored in wa te r -coo led pits (•with possible water modera t ion r e ­
sulting from w^ater leakage and flooding of pi ts) . 

m. Skull oxide in the Argon Cell in metal conta iners being moved 
or s tored in •water-cooled pi ts (w^ith poss ib le water modera t ion resul t ing 
from water leakage and flooding of p i t s ) . 

n. Inadvertent mixing of fuel w^ith graphite or bery l l i a crucible 
p i eces . 

o. Waste liquid tanks and evapora to r s . 

p . Uranium-235 in s torage or in t r ans i t for enr ichment of fuel. 

q. New^ un i r r ad ia t ed fuel e lements or subas sembl i e s . 

r . Skull oxide or reduced u r an ium in the Argon Cell in halide 
flux, zinc, and /o r magnes ium. These m a t e r i a l s may be p r e sen t in tungsten, 
beryl l ia , c e r a m i c , or graphi te c ruc ib les within graphi te secondar ies or in 
s m a l l - d i a m e t e r t r ans fe r tubes . 

s. Recla imed u r an ium in cakes containing zinc amd magnes ium 
being moved, s tored, or r e to r t ed in tungsten, bery l l ia , c e r a m i c , or 
graphi te c ruc ib les . 

t. Uran ium los t in -waste hal ide flux, zinc, and /o r magnes ium 
was t e s . 

u. Plutonium in blanket m a t e r i a l to extent of about 1 pe rcen t . 

v. Plutonium concent ra tes in magnes ium after p roces s ing . 



B. Weights of Fuel in Various Configurations 

The w^eights of fuel in the individual fuel i tems or configurations a re 
as follow^s: 

I tem 

One subassembly 
One fuel element 
One fuel pin 
Melt refining charge 
Melt refining ingot 
Melt refining skull 
Injection casting charge 
Injection casting heel 
Fuel pin cast ings 
Scrap 

Fuel 
Weight, g 

6070 
67 
67 

about 10,000 
about 9,000 
about 1,000 
about 14,000 
about 4,000 
about 100 

var iable 

IV. CRITICAL MASS OF INDIVIDUAL MASSES OF UNMODERATED F U E L 

The minimum cr i t i ca l m a s s e s for unmoderated but reflected spheres 
of u ran ium-235 meta l at 93.5 and 50 w^/o enr ichments (density = 18.8 g / c m ) 
for var ious conditions of reflection a re as follows (LAMS-2415, TID-7016): 

Reflector 

Unreflected 
Uranium, 2 in. thick 
Uranium, infinitely thick 
Water , 2 in. thick 
Water , infinitely thick 
Graphi te , 2 in. thick 
Graphi te , infinitely thick 
Beryl l ia , 2 in. thick 
Beryl l ia , infinitely thick 
TID-7016, Rev. 1, "Ful l 

Ref lector"* 

Minimum Cr i t ica l Mass of U^^ ,̂ kg, 
(density = 18.8 g/cm^) for an 
Enr ichment Percen tage of: 

93.5 

48 
23 
16 
25 
23 
31 
17 
21 

9 

22.8 

50 

75 
37 
27 
40 
37 
50 
27 
34 
14 

36 

Only heavy water and bery l l ium (or its compounds) a re be t ter ref lec tors 
than u ran ium for thick sec t ions . The allowance factor for U^̂ ^ at 50 percent 
enr ichment is 1.6 t imes that for U^^^ at 93.5 percen t enr ichment (TID-7016, 
Rev. 1, p . 24). 

*A "full re f lec tor" i s wa te r at l eas t 3 in. thick or i ts nuclear equivalent. 



The cr i t ica l m a s s of u ran ium-235 contained in u ran ium spheres 
va r ies approximately as (LA-1958): 

(Concentration of U"^)"°-' '; 

(Core Density)~^'° (no ref lec tor) ; 

(Core Density)"^'^ (Reflector Density)""'® (for thick uran ium ref lec tor) 

Since heavy water and be ry l l i a (except poss ibly for c ruc ib les with wall 
thickness of about 1 in.) will not be p r e sen t in the ce l l s , calculat ions of a l ­
lowable quant i t ies of fuel m a t e r i a l s were based on the assumption of "full 
reflection." "Full reflect ion" is provided by water at l eas t 3 in. thick or 
its nuclear equivalent (TID-7016, Rev. 1, p . 13). F o r fully enriched u ran ium, 
the min imum cr i t i ca l m a s s for a "full ref lec tor" is 22.8 kg U^^ ,̂ and the 
recommended l imi t is 10 kg (TID-7016, Rev. 1, pp. 10 and 14 for a "full 
re f lec tor" ) . 

Application of an allowance factor of 1.6 for u ran ium metal of 50 
pe rcen t enr ichment (TID-7016, p . 24) r e su l t s in a lirhit of 32 kg of Core-I 
fuel of 50 percen t enr ichment (10 x 1.6 x 2). This would give a safety factor 
of 2.3 for fully ref lected fuel and would, there fore , p e r m i t inadvertent 
double batching. 

The above calculat ion applies only to individual uni ts of fuel. It is 
of value in indicating the s ize of a maximum unit of fuel •which, because of 
a factor of safety of 2.3, can be handled without fear of producing cr i t ica l i ty 
consequences on double batching. The p rob lem of handling fuel units in 
a r r a y s is d i scussed belo^w. 

V. ALLOWABLE NUMBER AND SIZE OF UNMODERATED 
BUT FULLY REFLECTED MASSES 

In a given a r e a , the total allowable quantity of fuel ma te r i a l i s a 
function of the weight of fuel in fuel units and the spacing of the fuel un i t s . 
Table 2 sho^ws the total allowable quantity of fuel (•with an included safety 
factor of considerably m o r e than th ree) for var ious s izes of fuel units 
(50 percen t enr iched uranium) and var ious spacings of these uni t s . It is 
c lear that the s m a l l e r the unit s ize and the g r e a t e r the spacing of un i t s , 
the g r e a t e r i s the total allowable quantity of fuel. 

The maximum size of fuel i s cons idered to be that quantity •which 
could be doubled in s ize (by inadver tent double batching) without production 
of a c r i t i ca l m a s s . This max imum unit s ize was de te rmined in the prev ious 
section to be 32 kg of Core - I fuel with a 50 pe rcen t u ran ium-235 enr ichment . 
This r e su l t s in a total allowable quantity of fuel of 830 kg (see Table 2), 
which is equivalent to 26 m a x i m u m - s i z e d fuel un i t s . However, the total 



\a 

15 kg 

Fue l 
Wt (kg) 

310 
510 
770 

>1000 
>1000 

No. of 
Units 

20 
34 
51 

> 6 6 
> 6 6 

20 

Fue l 
Wt (kg) 

250 
410 
620 
860 

>1000 

kg 

No. of 
Units 

12 
20 
31 
43 

>50 

25 kg 

Fuel 
Wt (kg) 

210 
350 
525 
740 

1000 

No. of 
Units 

8 
14 
21 

29 
40 

32 

Fuel 
Wt (kg) 

175 
290 
4 3 5 
610 
830 

kg 

No. of 
Units 

5 
9 

13 
19 
26 

quantity of fuel in the Fuel Cycle Faci l i ty will be r e s t r i c t ed to 500 kg or 
sixteen 32-kg uni ts . The requ i red spacing of these fuel units is a cen te r -
to -cen te r distance of 2 ft with a minimum of 8 in. of c lear space between. 

Table 2 

ALLOWABLE QUANTITIES OF CORE-I F U E L (50 PERCENT U^^ )̂ 
AS FUNCTIONS OF SIZE AND SPACING OF F U E L UNITS^ 

Total Fue l Weight and Number of Fue l Units for Fuel Units S i z e s " of 

C ente r - t o - c e n t e r 
Spacing of Fue l 

Units (in. 

12 
15 
18 
21 
24 

^It is a lso n e c e s s a r y that t he re be 8 in. of c lea r space bet'ween fuel uni ts . 
"Data adapted f rom TID-7016, F i g u r e 22, •with a factor of safety g r e a t e r than t h r e e . 

According to TID-7016, p. 25, the "maximum unit" (or any unit 
size which is selected to be the maximum size) may consist of a group of 
smal le r units in a single sealed container or distr ibuted among several 
sealed conta iners . Fo r fuel in the Fuel Cycle Faci l i ty , the sealed con­
tainer res t r i c t ion •was removed since the possibili ty of water flooding may 
be ruled out. 

The specification of 8 in. of open or c lear space between units 
a s s u r e s separat ion of units and is in accordance with information p r e ­
sented in the Nuclear Safety Guide which would allow a thick, c lose-
fitting reflector around a cubic a r r a y of s tored units (Figure 22, p. 26 of 
TID-7016, Rev. l ) . This spacing c r i t e r ion is met if the units are separated 
by a layer of water or concrete at l eas t 8 in. in thickness . 

In TID-7016, it is pointed out that relaxation of the customary 
double-batching safety factors is possible for s torage of fuel under the 
explicit assumption that control of the individual units is more str ingent 
in s torage than in normal process ing operat ions. Under storage con­
dit ions, the requi red cen t e r - t o - cen t e r spacing of 32-kg fuel units is 12 in. 
•with an included safety factor of two. However, for uniformity of ru les , 
the 24-in. c en t e r - t o - cen t e r spacing of fuel units will be requi red for fuel 
in both storage and p roces s operat ions . This resu l t s in a factor of safety 
considerably l a rge r than two. 

These l imi ts apply to fuel in p roces s or s torage in the Argon and 
Air Cells of the Fuel Cycle Faci l i ty . The fuel configurations l is ted on 



pp. 11 and 12 which a re covered by these l imitat ions a re b , c, d, e, f, g, h, 
i, k, and q. The n e c e s s a r y fuel spacing and control of the s izes of fuel 
quanti t ies will be achieved by the s torage apparatus d i scussed in Sec­
tion VIII, p . 22, and by adminis t ra t ive control of uni ts in var ious stages of 
p rocess ing in p redes igna ted a r e a s in the passage^way and ce l l s . F o r ins tance , 
the passageway from the reac to r to the Air Cell will be one a r ea where not 
more than 1 unit (32 kg of fuel, 5 subassembl ies ) will be permi t ted exclu­
sive of s torage p i t s . The Air Cell will be divided in to-several a r e a s , as will 
be the Argon Cell . The smal l t r ans fe r locks can also be one a rea , the la rge 
t r ans fe r lock another a r ea . 

In the case of u ran ium-23 5 s torage (configuration p on p. 12), the 
u ran ium-235 -will be rece ived and s to red in geomet r ica l ly safe conta iners , 
which may hold up to 18 kg of fully enr iched uran ium. In subsequent 
handling, the m a s s l imit will be 10 kg of fully enr iched u ran ium as a unit, 
with a l imi t of 16 units on 2-ft cen te r s in a cubic a r r a y and with a min imum 
of 8 in. of open space between uni ts . The quantity of u ran ium-235 s tored 
in the ce l ls will be l imi ted to one unit. 

VI. MODERATED CRITICAL MASSES 

The min imum cr i t ica l m a s s of u ran ium-235 is reduced dras t ica l ly 
by optimum modera t ion . Hydrogen is one of the bes t m o d e r a t o r s . B e r y l ­
l ium and carbon are also good m o d e r a t o r s . 

When raost e lements a re mixed •with u ran ium-23 5, the minimum 
cr i t ica l m a s s is inc reased , la rge ly because of dec reased u ran ium density. 
This i s shown by TID-7016, Rev. 1, p . 23 , F igu re 19, in which allowance 
factors for m a s s l imi t s of u ran ium-235 mixed homogeneously with other 
e lements and compounds of other e l ements , a r e i l lus t ra ted . The minimum 
cr i t i ca l m a s s is i n c r e a s e d by mixing u ran ium-235 •with e lements of a tomic 
number s (Z) from 11 to 83 (sodium to bismuth) . The min imum cr i t ica l 
m a s s is also inc reased by mixing u ran ium-235 with carbon, ni t rogen, oxygen 
fluorine, and e lements of atomic number s 11 to 83 when there is at l eas t 
one fissionable atom pe r 7 other a toms (e.g., UC, UO2, U3O8, UO3, UO2F2, 
UF4, UFfe). Of the e lements up to Z of 10, hel ium, ni t rogen, oxygen, 
f luorine, and neon a r e normal ly gaseous and, therefore , would usually be 
p r e s e n t to an extent of l e s s than seven atoms per atom of u ran ium unless 
p r e s e n t with u r an ium in a compound. Boron is a neutron abso rbe r . This 
leaves hydrogen (and deuter ium), bery l l ium, carbon, and possibly l i thium 
as the only m o d e r a t o r s which could reduce the min imum cr i t ica l m a s s . 
Of these la t te r five, hydrogen from poss ib le •water leakage into the s torage 
p i t s , graphi te from c ruc ib l e s , su scep to r s , e tc . , and bery l l ium as bery l l i a 
f romcruc ib l e s might be p r e s e n t in the ce l l s . 

LAMS-2415 and TID-7016, R e v . l , have var ious graphs which can be 
used for •water solutions and s l u r r i e s of u r an ium-235 . These graphs sho-w 



that the addition of water f i r s t i n c r e a s e s the min imum cr i t i ca l m a s s 
slightly and then d e c r e a s e s it as more water modera tor is added. The 
min imum cr i t ica l m a s s occurs at hydrogen-to-U^^ ra t ios of around 400 
to 1. 

As in the case of hydrogen (water) , the addition of graphite or 
bery l l i a as a modera tor f i r s t i n c r e a s e s the cr i t ica l mass of U '̂̂  and then 
dec r ea se s it. LAMS-2415, p . 31, F igu re 18, shows this effect for bare 
sphe res of homogeneous mix tu res of fully enriched u ran ium •with ei ther 
graphite or bery l l ia (BeO). To dec rea se the cr i t ica l m a s s of U '̂̂ ,̂ which 
is 48 kg for fully enr iched U^^ ,̂ back to 48 kg (after the initial inc rease ) 
by addition of graphite •would requ i re about 2300 kg of graphi te . To de­
c r e a s e it further to 16 kg •would requ i re about 3000 kg graphite or 470 kg 
bery l l i a (BeO). However, a maximum unit of Core - I fuel (32 kg of 50 p e r ­
cent enr iched uranium) fully ref lected •with beryl l ia •would be cr i t ica l with 
about 340 kg of beryl l ia . With graphi te , a 32-kg fuel unit could not be 
made c r i t i ca l by reflection. P r o c e s s - s i z e graphite or beryl l ia crucibles 
should •weigh less than 100 kg each. 

VII. ALLOWABLE MASSES - MODERATED AND REFLECTED 

A. Carbon and Beryl l ia Modera to r s 

In the previous section it was pointed out that hydrogen (water), 
carbon (graphite), and be ry l l i a •were the only effective mode ra to r s -which 
might be introduced into the ce l l s . In the case of graphite and beryl l ia , 
quanti t ies of at l eas t 3000 and 470 kg, respect ive ly , thoroughly mixed with 
32 kg of 50 percen t enr iched uran ium, would be requi red for effective 
moderat ion. By limiting the total quanti t ies of graphite and bery l l ia in 
the ce l l s , the p rob lem of poss ib le modera t ion can be controlled. A 
modera to r could conceivably consis t of a mixture of bery l l ia and graphi te , 
•which would complement each other in moderat ion effect. Limitat ions 
on the total amounts of these will be effected in ei ther of two -ways: 

a) The total quantity of graphi te and bery l l ia in ei ther cell will 
be l imi ted to 600 and 300 kg, respec t ive ly (20 percent of that requ i red for 
graphi te alone plus 70 pe rcen t of that for bery l l ia alone). This will 
e l iminate the need for adminis t ra t ive control of the graphite and beryl l ia 
in a r e a s -within the respec t ive ce l ls and is preferable to (b) below. 

b) The total quantity of graphite and bery l l ia in any admin is ­
t ra t ive ly control led a r ea in e i ther cell -will be l imited to 600 and 300 kg, 
respec t ive ly . This will be r equ i red in the event the total quantity per 
cell cannot be l imi ted as in (a). 



Broken or s c r ap graphi te or bery l l ia will not be allowed to accumulate in 
the cells and will be removed at the ea r l i e s t poss ible moment consis tent 
with efficient operat ion. 

With the above l imitat ion on the quanti t ies of graphi te and bery l l ia 
in the cell , the previously d i scussed l imit of 32 kg of fuel •will also apply 
to the follo^wing modera ted or possibly inadvertent ly modera ted fuel con­
figurations (listed as n, r , s, and t on page 12): 

1) Inadvertent mix tures of fuel •with graphi te or bery l l ia crucible 
pieces (n). 

2) Skull oxide or u ran ium in the argon cell in halide flux, zinc 
and/or magnes ium in tungsten, bery l l ia , or graphite c ruc ib les in graphite 
secondar ies or being t r a n s f e r r e d in smal l d iameter t r ans fe r tubes (r) . 

3) Recla imed u ran ium in cakes containing zinc and magnes ium, 
being moved, s tored , or r e to r t ed in tungsten, beryl l ia , c e r a m i c , or 
graphite c ruc ib les (s). 

4) Uranium lost in •waste halide flux, zinc, and /o r magnes ium 
wastes (t). 

B. Water Modera tor 

Remaining configurations •which have not been d iscussed , p a r t i c ­
ular ly f rom the standpoint of the applicability of the 32-kg l imit of fuel, 
are a, j , 1, m, and o, l i s ted on pages 11 and 12, which involve possible 
water moderat ion, and u and v which involve plutonium from blanket 
p rocess ing . 

1. Subassembl ies in Water- f i l led Coffin or Storage P i t s 
(Configurations a and c) 

Subassembly in Coffins. It is poss ible to put only one core 
subassembly into a coffin. The fuel in a core subassembly weighs 6.07 kg 
and cons is t s of ninety-one 0 .144- in . -d iameter by 14.22-in.-long fuel pins 
surrounded by 0.006 in. of bonding sodium and 0.009 in. of cladding. The 
e lements a r e spaced on a t r i angula r la t t ice of 0.223 in. bet^ween c e n t e r s . 
If water were to completely fill the coffin, the ra t io of hydrogen to 
uraLnium-235 a toms of the a r r a y in the subassembly would be 3.75 for 
50 pe rcen t enr ichment and 2.0 for 93.5 pe rcen t enr ichment . If it is 
a s sumed that the sodium and s ta in less s tee l a r e equivalent to thei r 
volumes in water (which they a r e not), the ra t ios would be 5.2 and 2.8, 
respect ive ly . F o r homogeneous, w a t e r - m o d e r a t e d , 93.5 percent en­
r iched u r a n i u m - w a t e r mix tu res with water ref lec tor , the minimum 
cr i t i ca l m a s s of u ran ium-235 for hydrogen- to -u ran ium-235 (H/U^'^^) 

ra t ios of 5.2, 2.8, and 0 a r e 18, 22, and 23 kg, respect ive ly (LAMS-2415, 
p. 8). F o r a r r a y s r a the r than homogeneous dis t r ibut ions , the c r i t i ca l 



m a s s is l a r g e r . As an example , an a r r a y of-g--in. rods with 0.6-in. 
su r face - to - su r face spacings, for which H /U^^^ is 52, has a cr i t ica l m a s s 
of 6 kg as compared with 3 kg for homogeneous solutions. The cr i t ica l 
m a s s for la t t ices of low enr iched u ran ium (below 3 to 5 percent) may 
be l e s s , ho-wever, than for homogeneous solutions. 

The c r i t i ca l m a s s for wa t e r -mode ra t ed subassembl ies is 
g r e a t e r than 18 kg of u ran ium-235 (or g r ea t e r than 36 kg of total fuel). 
Eighteen k i lograms of u ran ium-235 cor responds to 6 subassembl ies . T h e r e ­
fore, the re •would be a factor of safety of much g rea t e r than 2 for a subas ­
sembly of even fully enr iched u r an ium in a water-f i l led coffin (configuration 
a on p. 11). 

Subassembl ies in Air Cell Storage P i t s . The Air Cell s torage 
pi ts a re cooled by -water c i rcula ted under negative p r e s s u r e and are also 
equipped with bottom a i r -ven t d ra ins . To flood a pit with •water would r e ­
qui re an incredible combination of unusual c i r cums tances , which a r e : a 
water leak, a failure of negative •water p r e s s u r e conditions, and blockage 
of the ventilation sys tem. Therefore , water flooding of the Air Cell pi ts 
is not cons idered c red ib le . 

Since it -would be poss ib le , theoret ica l ly at leas t , to place 19 
subassembl ies (2.29 in. a c r o s s hex flats) m an Air Cell s torage pit (12 in. 
in d iameter ) , the number of subassembl ies which can be put into a s torage 
pit will be l imited to four* by divider r acks (see Section VIIl) which will 
make it imposs ib le to put m o r e than four subassembl ies into a s torage 
pit. This l imitat ion of four subassenablies (24.3 kg of fuel) is one of two 
exceptions to the 32-kg l imit allowed for core fuel in near ly all other 
configurations. (The other exception is the amount of fuel pe rmis s ib l e 
in aqueous liquid was tes or evapora to rs . ) A 32-kg l imit or five sub­
assembl ie s in the Air Cell s torage pi ts •would undoubtedly be safe, but 
such a l imi t •would not have as g rea t a factor of safety as has been built 
into the 32-kg l imitat ion for the core fuel in other configurations. 

Blanket subassembl ies including subassembly pa r t s may be 
s tored in some of the p i t s . In this event it might be des i rable to s tore as 
many par t ia l subassembl ies in a pit as poss ib le . Since completed core 
subassembl ies containing fuel in these pi ts might be accidentally subs t i ­
tuted for blanket subassembl ie s the possibi l i ty of such an occurrence is 
cons idered below. 

The core subassembl ies a r e hexagonal (2.29 in. ac ross flats) 
in c ro s s section, and the contained fuel e lements a re 14.22 in. long. The 
volume of the fuel space is 70 cu in. (1145 cc). Since the fuel weighs 
6.07 kg, the average density is 5.3 g/cm-^ (neglecting s ta inless steel) which 

*See footnote on p . 7. 



is 28.2 pe rcen t of the density of ful l-density fuel (18.8 g / cc ) . The allowance 
factor for this reduced density is 4.3 for a full ref lector (TID-7016, Rev. 1, 
F igure 18, p . 22). Since the he igh t - to -d iamete r ra t io for subassembl ies in 
a 12- in . -d iamete r pit •would be 14,22/ l2 or 1.18, the shape allowance factor 
for a full ref lec tor would be negligible (TID-7016, Rev. 1, F ig . 17). The 
minimum cr i t i ca l m a s s for a full ref lec tor and no water in the s torage pit 
and using the allowance factors of 4.3 for reduced density and 1.6 for 
50 percen t enr ichment would be 314 kg (22.8 x 4.3 x 1.6 x 2).* There would 
be an additional allowance factor for the s ta in less s teel , which gives an 
added safety factor . Therefore , even though 19 subassembl ies or 115 kg 
of fuel could possibly be inadvertent ly put into a 12-in. pit , a c r i t i ca l m a s s 
would not thereby resu l t . 

2. Fue l E lemen t s in Cleaning Solvent - (Configuration j) 

It has been suggested that fuel e lements be cleaned in the Air 
Cell with a halogenated carbon fluid. Neither of the proposed solvents , 
t r ichloroethylene or te t rachloroe thylene , is equal to water as a modera to r 
although carbon atoms a r e p resen t . Since the use of water r e p r e s e n t s the 
wors t condition, water will be cons idered as the modera to r . This con­
dition could occur by an inadvertent substitution of water for 
t r ich loroe thylene . 

As mentioned above, the min imum cr i t i ca l m a s s of -^--in., 
O 

93 percen t enr iched u ran ium rods with a su r face - to - su r face spacing of 
0.6 in. is 6 kg u ran ium-235 ( L A M S - 2 4 1 5 , p . 20). F o r 0 .144- in . -d iameter 
pins in fuel e l ements , the min imum c r i t i ca l m a s s would be l a r g e r . If 
the number of e lements being cleaned at one t ime is l imi ted to 91 (3.03 kg 
uranium-235) , the min imum factor of safety would be about 2. Even 91 
fully enr iched u ran ium rods would be l e s s than a c r i t i ca l m a s s . However, 
to avoid any poss ible accident at this point, a geometr ica l ly safe container 
for the cleaning fluid having a d iameter l e s s than 5 in. •would be used and 
the number of e lements p e r batch would be l imited to 91 (LAMS-2415, 
p . 10, 11). 

3. Skulls or Skull Oxide in Water-f looded Storage P i t s 
(Configurations 1 and m). 

The 32-kg l imitat ion will a lso be applied to the s torage of mel t 
refining skulls or skull oxide in each s torage pit . Ho^wever, in the s torage 
of skulls or skull oxide in the Argon Cell wa te r -coo led p i t s , the possibi l i ty 
of pa r t i c l e s d i spe r sed in the water mus t be considered. When skull oxide 
is s tored , it will be in the form of smal l p a r t i c l e s . (Screen analyses of 
fission skull oxide indicate var iab le d is t r ibut ions of the par t i c le s izes r ang­
ing from l a r g e r than lOmesh to sma l l e r than 325mesh . When unoxidized 
skulls a r e s tored , ni t r idat ion may resu l t in the formation of smal l pa r t i c l e s 

*The actual dry critical mass for Core-I fuel in the EBR-II reactor was 228 kg of uranium-235 or about 
496 kg of the 46 percent enriched uranium fuel. 



It can be postulated that agitation of the water nece s sa ry for 
d i spe r sa l could, for example , be caused by boiling at the bottom due to 
self-heat ing. The cr i t ica l i ty of finely d i spe r sed pa r t i c l e s in water can 
approach that of solutions. Since the s torage pits a re 12 in. in d iameter 
and 10 ft long, and as much as 32 kg of skull oxide may be s tored in each 
pit, they will not be geometr ica l ly safe for the wors t assumed conditions of 
finely divided and d i spe r sed oxide. Therefore , the oxide will be s tored in 
approximately 1- to 3-kg lots in geometr ica l ly safe, closed containers which 
a re 5 in. in d iamete r and 5 in. high. A descr ipt ion of these conta iners and 
racks in which the conta iners a re to be s tored is given in the next section 
(Section VUl). 

If the mel t refining skulls a r e kept in the mel t refining c r u c i ­
b les , these will be s tored in c losed containers (see Section VIIl) just l a rge 
enough to hold the c ruc ib les (which are 6-| in. in d iameter by 9 j in. high). 
This is safe geomet ry which encompasses water flooding, since the c r u c i ­
ble inside d iameter is only 5-^ in., which is less than the minimum cr i t ica l 
d iameter for solutions (5.4 in. - LAMS-2415, p. 10) and since i t s volume is 
2.9 l i t e r s , which is less than the min imum cr i t ica l volume for 32 kg of 
50% enr iched U^̂ ^ fuel. The skull ma te r i a l will not be allowed to escape 
from a container . 

In considering the s torage of skull oxide in the s torage pits 
without wa te r flooding, it is noteworthy that self-heating ra the r than 
cr i t ica l i ty may l imit the quantity which can be s tored in a pit . The top 
bulk density of f i ss ium skull oxide is about 3.1 g/cm'^. The pits a re about 
30.5 cm in d iamete r by 305 cm long and have a g ros s volume of about 
223,000 cm^. They would hold about 690 kg of oxide each. If allowance 
factors of 3 for density (oxygen p resen t ) and of 3 for shape (cylindrical 
with he igh t - to -d iame te r ra t io of 10) a r e used, the calculated min imum 
cr i t ica l m a s s •would be 650 kg of oxide for a full ref lector . The self-
heating from one k i logram of skull oxide (from melt refining 10 kg of 
fuel) would be 2 kW (for fuel of 2 pe rcen t burnup and 15-day cooling). 

4. Evapora tor (Configuration o) 

The high-act ivi ty liquid waste from the analytical caves will be 
absorbed in vermicu l i t e without evaporat ion. This will minimize the haza rd 
of f issionable m a t e r i a l concentrat ion. 

The lo^w-activity liquid was tes from the suspect tanks may be 
concentra ted in the waste evapora tor . Although there is little probabil i ty 
of the p re sence of enough fissionable m a t e r i a l to be hazardous , from a 
cr i t ica l i ty viewpoint, the liquid was t e s , before evaporation, will be checked 
for f issionable m a t e r i a l concentrat ion. The total amount of fissionable 
m a t e r i a l in all of the liquid •wastes will be kept l e ss than 200 g since the 
min imum cr i t i ca l quantity of plutonium in aqueous solution is only 510 g. 
This const i tutes a ve ry impor tant exception to the 32-kg l imit for core 
fuel in other configurations. 



The waste solution tanks a r e used to s tore liquid wastes from 
the analytical l abora tory caves , the wash •water used in removing sodium 
from subassembl ies , and perhaps solutions used in decontamination of 
equipment. There a r e no connections between the •waste solution tanks 
and any fuel p rocess ing equipment or p r o c e s s opera t ions . 

5. Plutonium in Blanket P r o c e s s (Configurations u and v) 

The min imum cr i t i ca l m a s s of plutonium with ref lector is 
0.51 kg in solution and 5.6 kg in the alpha phase (7.6 kg in delta phase) . 
The recommended quant i t ies (TID-7016, Rev. 1, p . 10) a r e 0.22 kg in 
solution, 2.6 kg in the alpha, and 3.5 kg in the delta p h a s e s . Since the 
plutonium may be in any concentrat ion during process ing in the liquid 
meta l sys tem, the max imum quantity for a unit will be 2.6 kg. These 
units and the fuel units will not be placed c loser than 2 ft bet^ween cen te rs 
•with at l ea s t 8 in. of c l ea r space bet^ween. The max imum quantity of plu­
tonium in the cel ls will be l imi ted to 13 kg. The plutonium will not be 
s tored in any of the pi ts •without a special revie^w of the p rob lem. 

VIIL MECHANICAL DEVICES TO MAINTAIN SPACINGS 
OF F U E L IN STORAGE 

Mechanical devices have been provided to maintain p rope r spacing 
of fuel m a t e r i a l s in s torage and to l imi t the quanti t ies of fuel m a t e r i a l s 
s tored in the s torage pi ts and in the argon cell . There a re th ree ca tegor ies 
of fuel s torage: 

1) Storage of fuel subassembl ie s in Air Cell p i t s . 

2) Storage of ingots, skull oxide, and melt refining crucibles 
containing unoxidized skulls in s torage pi ts in the argon cel l . 

3) Storage of ingots, skull oxide, and mel t refining crucib les with 
contained skulls on r acks in the argon cel l . 

P rov i s ions , appara tus , and l imita t ions which have been es tabl ished for fuel 
s tored in each of these ca tegor ies a re d i scussed below. 

A. Storage of Fue l Subassembl ies in Air Cell P i t s * 

Cer ta in designated Air Cell pi ts will be used for s torage of fuel 
subassembl i e s . A max imum of four subassembl ies will be s tored in each 
pit . In those pi ts •which a r e used for subassembly s to rage , r acks a re 
insta l led to l imi t the number of subassembl ies to 4 p e r pit and to provide 
for a i r cooling of the subassembl i e s . 

*See footnote on page 7. 



Basical ly , a s torage r ack consis ts of four 3Y-in.-OD by 3.068-in.-
ID steel pipes (nominal 3-in. schedule 40 pipe) mounted ver t ica l ly and 
equally spaced on a 6-|--in. c i r c l e . Only one subassembly can be inse r t ed 
into each pipe. The 4 pipes a re about 8-|- ft long, and are provided with a 
bottom manifold •which supports and admits cooling air to the pipes . A 
pipe to supply cooling air extends from the bottom manifold upwards out 
of the pit. The pipes a re provided with a top spacer and can be removed 
from the pit as a r igid unit. At the ends of the pipes special sections a re 
provided for center ing the subassembl i e s . At the tops the pipes a re en­
la rged to facili tate inser t ion of the subassembl ies by manipula tors . 

B. Storage of Ingots, Skull Oxide, and Melt Refining Crucibles Containing 
Unoxidized Skulls in Storage P i t s in the Argon Cell 

Fue l ingots, skull oxide, and mel t refining crucibles with skulls will 
be s tored in the Argon Cell p i t s . F o r t ranspor ta t ion and s torage these i tems 
will be p laced in individual conta iners which will hold only l imited amounts 
of these m a t e r i a l s . F o r s torage the containers will be placed in individual 
c a r r i e r s , which, in turn , will be placed on shelves of the pit r a cks . P e r 
rack or pit , t he re a r e 9 shelves spaced ver t ica l ly 13 in. apar t . The s torage 
rack, she lves , c a r r i e r s , and conta iners a re a r ranged such that only one 
container can be placed on each shelf. 

Ingot Container . The ingot conta iners a re constructed of 4-in. 
schedule 40 pipe and hold only one mel t refining ingot each. The con­
ta iner is 5 ^ in. deep and has an inside d iameter of 4.026 in. It has a 
volume of 1.21 l i t e r s , and is provided -with a lid and lifting handles for 
movement by man ipu la to r s . The mel t refining ingots a re rectangular in 
hor izontal c r o s s sect ion, have rounded co rne r s and edges, and taper from 
bottom to top. The bottom dimensions a re 2.446 by 2.805 in., and the top 
dimensions for the max imum length of 5 in. a re 2.734 by 3.093 in. The 
maximum -weight per ingot is 10 kg. The container is geometr ica l ly safe 
for 50 pe rcen t enr ichment for water flooding. 

Skull Oxide Container . The skull oxide container is round in h o r i ­
zontal c r o s s section and t ape r s from bottom to top. The bottom and top 
inside d i a m e t e r s a re 4y|- and 5 in., respect ive ly , and the inside height of 
the can is 5-g- in. The can has a volume of 1.7 l i t e r s , is constructed of 
zinc, and has a tight p r e s s - i n lid. It will hold, if completely filled, about 
5|- kg of skull oxide; ho^wever, the no rma l charge would be the oxides 
from one skull or l e s s than 2 kg, an amount which would fill the container 
to a depth of l e s s than 2 in. This can has a volume smal le r than the allow­
able volume for me ta l -wa te r in ix tures of any U^̂ ^ density up to 10 kg / l i t e r , 
which is g r e a t e r than the possible density of 50 percen t enriched uranium. 
It also has a safe d iamete r and volume for solutions. 

Crucible Container . The container for a mel t refining crucible is 
const ructed of s ta in less s teel and has a d iameter of 6-|- in. and a height 
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of about 10 in. It holds one crucible which is 5-g- in. in inside d iameter 
and 8^ in. deep, and which has a volume of 2.86 l i t e r s . When used for 
the s torage of a crucible with skull, it will be provided with a tight-fitting 
lid. The skull normal ly w^eighs l e s s than 2 kg and is l e ss than 2 in. high. 
The maximum poss ible skull would be an unpoured mel t of 10 kg which 
w^ould be l e s s than 2 in. high in the cruc ib le . The crucible has a safe 
volume for w a t e r - m e t a l mix tu res of up to 18 kg of 50 pe rcen t enr iched 
U^^ ,̂ and has a safe d iameter and volume for solutions. 

Storage Rack. A s torage r ack consis ts essent ia l ly of nine 10-in.-
dianleter by -^--in.-thick shelf p la tes supported by th ree one-inch ver t i ca l 
rods welded to the pe r iphery of the p la tes . The plates a re spaced 13 in. 
apar t (center d is tances) , and the t h r ee rods a re spaced about 90 degrees 
apar t , which leaves one space of 180 degrees for loading of ma te r i a l onto 
the shelves . The rods a re about 120 in. long and are supported from a 
14- in . -d iameter top plate which also se rves as the cover for the 12-in.-
diaraeter pit . The c a r r i e r s for the ingot, oxide, and crucible cans con­
s i s t of 8 | - - in . -d iamete r by 4 - in . -deep pans w^hich have hajidles for a 
manipulator tool. Since the shelves a r e 13 in. apar t ver t ica l ly and since 
fuel ingots, skull oxide in the con ta iners , and skulls or unpoured mel ts 
in c ruc ib les a re l imi ted to 5, 2, and 2 in. of height, respec t ive ly , in con­
t a ine r s , the re w^ill be a spare c lear of fuel of 8 in. or m o r e between the 
fuel i t ems . 

C. Storage of Ingots, Skull Oxide, and Melt Refining Crucib les with 
Contained Skulls on Racks in the Argon Cell 

Fue l ingots, skull oxide, and mel t refining cruc ib les w^ith skulls 
w^ill be s to red in smal l quant i t ies in the Argon Cell on the shelves of r acks 
attached to the wall of the cen t ra l control a rea . The ingots skull oxide and 
crucib les w^ith skulls will be s to red in the conta iners descr ibed in Section B 
above. Only one r ack is at tached pe r wall face between windows, and thus 
the racks a re not adjacent to each other but a re about 7 ft apar t . 

The racks a re about 31 in. wide, 92 in. tal l , and extend out from 
the wall about 18 in. The racks a re provided w^ith extensible supports for 
movable shelves . The suppor ts can be extended a total of 16 in. The 27-in. 
by 15-in. shelves can be moved completely out of the rack on the extensible 
supports for loading or unloading. The shelves themse lves can be removed 
from the suppor ts . 

The shelves on w^hich fuel is s tored are 24 in. apar t ver t ica l ly axid 
a re provided with space r s to l imi t the number of fuel conta iners per shelf. 
The amount of fuel per shelf will be limiited to 32 kg. 



IX. POSSIBILITIES AND EFFECTS OF OVERBATCHING 

In handling fuel through the var ious p rocess steps the possibil i ty 
and effects of over - or double-batching must be considered. Poss ib i l i t ies 
of overbatching fuel in the var ious fuel configurations l is ted on pp. 11 and 
12 and m e a s u r e s taken to prevent overbatching are as follows: 

a. One subassembly in the coffin 

The coffin will hold only one subassembly. 

b . Subassembl ies in the open 

Adminis t ra t ive control only is needed. 

c. Storage of subassembl ies in pits 

Mechanical appara tus will be provided to l imit the capacity of 
each pit used for fuel subassembly s torage to four assembl ies (see p r e ­
vious Section VIIl). 

d & i. Fuel e lements in the cel ls 

The fuel e lements a r e normal ly handled in magazines of which 
the capaci t ies a re : 

Fue l e lement magazine for d i sassembled 
fuel e lements 25 e lements 

Ref abr ica ted fuel element-handling 
magaz ines : 

"A" magazine 20 e lements 
"B" magazine 50 e lements 

Subassembly loading magazine 91 elements 

Double-batching would not r e su l t in exceeding the recommended l imit of 
32 kg of fuel. 

e. Decajined fuel pins 

The deccinned fuel pins a re normal ly placed in the chopped-pin 
cha rge r f rom which they a r e charged into the mel t refining crucible . The 
crucible is 5-^ in. in inside d iamete r and 8-|- in. deep, and has a volume of 
about 180 cu in. In the t e s t work it was found difficult to charge more than 
about 10 kg of pins into the c ruc ib le . Double-batching, therefore , is not 
poss ib le , and, even if it w e r e , would resu l t in a quantity of fuel less than 
the 32-kg l imitat ion. 



The pin charger has a bottom a r ea of about 280 sq in. and a 
volume of about 500 cu in. The no rma l charge for the charge r is about 
one subassembly or 6.07 kg of fuel p ins . Thus, double-batching would 
resu l t in only 12 kg, which is considerably l e s s than the 32-kg l imitat ion. 
The charger would probably not hold m o r e than 28 kg of randomly 
oriented chopped p ins . 

f. Melt refined or r eme l t ingots 

The ingots from mel t refining or remel t ing operat ions w^ill be 
charged to the injection casting c ruc ib les . The injection casting crucible 
is 6 in. in inside d iamete r and 3— in. deep, and the r eme l t crucible would 
be about the same size or possibly the size of the mel t refining cruc ib le . 
The injection cast ing crucible would hold only about 28 kg of fuel even if 
solidly filled with no voids . Remel t ingots might be charged into a mel t 
refining cruc ib le . Even by using ingots and chopped pins it would be dif­
ficult to get m o r e than 15 kg of fuel in the mel t refining cruc ib le . 

g. Hee ls , s h a r d s , and pin re jec t s 

This m a t e r i a l would be charged to injection cast ing, remel t ing , 
or mel t refining c ruc ib le s . The pin charger or s imi l a r container will be 
used to move and s tore the smal l p i eces . The volume of this container or 
other conta iners used to move or s to re these p ieces will be smal l enough 
to provide adequate safety in the event of double batching. 

h. Injection cas t pins 

The pins will be contained in pa l le ts or pans in maximum 
quantit ies of 160 or l ess pins ( less than 16 kg pe r batch). Accidental 
double-batching of even 160 pins would not exceed the l imi t of 32 kg. 

i. Fue l e lements in magazines 

This has a l ready been cons idered under i tem d. 

j . Fue l e lements which may be cleaned in t r ichloroethylene 

At some t ime in the future it may be des i rab le to clean fuel 
e lements (one subassembly or 91 pins) in t r ich loroe thylene . If ' this is done, 
good nuc lear modera t ion would be poss ible by accidental substitution of 
water for the t r ich loroe thylene c leaner . In the event that cleaning of fuel 
e lements is done, the container in which the e lements a re i m m e r s e d will* 
be geomet r ica l ly safe, i .e . , l e s s than 5 in. in d iamete r , for double-batching 
of the no rma l charge of 91 fuel pins or 6.07 kg of fuel. 



k. Melt refining skulls in c ruc ib les 

The crucib les with skulls will be placed in containers large 
enough for only one crucible and in oxidation furnaces la rge enough for 
only one cruc ib le . The skulls are expected to contain only about one kg 
of fuel. Even an unpoured charge of fuel would contain only 10 kg. 
Double-batching would not be harmful . 

1. Melt refining skulls in c ruc ib les in water -cooled pi ts in the 
Argon Cell 

The crucib les with skulls •will be placed in conta iners , each 
la rge enough to contain only one cruc ib le . The pits will be provided w^ith 
racks to produce p rope r crucible spacing (see Section VIIl). 

m. Skull oxide in Argon Cell in conta iners and /o r in wate r -coo led 
pits 

Ordinar i ly , the oxide from only one skull (about 1 kg of fuel) 
will be placed in one container . The pi ts will be provided with racks to 
effect p roper container spacing (see Section VIIl). The recommended 
quanti t ies and spacings given in Section VIII allow a safety factor for 
accidental double-batching. 

n. Inadvertent mixing of fuel and graphite and /or beryl l ia 

This is ve ry unlikely in appreciable quant i t ies . A very la rge 
quantity of graphite or bery l l i a int imately mixed with the fuel is requi red 
for at tainment of c r i t ica l i ty . Cr i t ica l i ty would not be closely approached 
within the l imi t s es tab l i shed for these m a t e r i a l s . 

o. Waste liquid tanks and evapora tors 

The recommended l imit of allowable fissionable ma te r i a l in 
all w^aste liquid is l e s s than one -quar t e r of the minimum cr i t ica l m a s s 
for U^̂ ^ and l e s s than two-fifths of the minimum cr i t ica l mass for 
Plutonium. Therefore , a mis take in computing quamtities by a factor 
of two would not r e su l t in a possible c r i t i ca l m a s s . 

p . Uraji ium-235 s torage and handling 

The recommended l imi t s allow^ a safety factor for 
double -batching. 

q. New un i r r ad ia t ed fuel e lements or a s sembl i e s 

The recommended l imi t s allow a safety factor for 
double -batching. 



r . Skull oxide being p r o c e s s e d 

The skull oxide will be charged into crucib les in skull r e c l a ­
mation p r o c e s s furnaces . Batch quanti t ies of 5 kg a r e anticipated. Even 
if batch quantit ies of 10 kg were used, double-batching w^ould not exceed 
the recommended l imit of 32 kg. The maximum bulk density of the skull 
oxide averages l e s s than 3 g/cm' ' . If the allowance factor of 2.5 for oxide 
in combination with the min imum cr i t i ca l m a s s for enr iched u ran ium w^ith 
full ref lector (22.8 kg TID-7016, Rev. 1, p . 10, 23, 24) is used, it may be 
shown that the min imum cr i t i ca l m a s s for the skull oxide w^ould be g r e a t e r 
than 114 kg (22.8 x 2.5 x 2), which is over 20 t imes that of a normal batch 
s ize . 

s. Recla imed u r an ium fuel in cakes 

Cakes of not more than 8 kg of u ran ium fuel a re amticipated 
(two runs each with 5 kg of oxide). Double-batching would not exceed the 
recommended l imit of 32 kg of fuel. 

t. Uranium lost in waste s t r e a m s of skull rec lamat ion p r o c e s s 

The total loss is expected to be not more than five percen t of 
the fuel in the skull oxide charged. The allow^ance factor for d i spe r sa l of 
fuel in noneffective m o d e r a t o r s is at l eas t t h r e e , and would resu l t in a 
la rge allowable quantity of fuel in these was t e s . It is difficult, the re fore , 
to envision a c r i t i ca l i ty p rob lem for these w^astes. 

u. Plutonium in blanket m a t e r i a l to the extent of about 1 pe rcen t 

There is no poss ibi l i ty of an unmodera ted c r i t i ca l m a s s ; how^-
ever , the recommended l imi t is 2.6 kg of plutonium as a unit . 

V. Plutonium concent ra tes 

It is ant icipated that the batch quantity of plutonium in p r o c e s s i n 
will be 1 kg or l e s s . Double-batching would not exceed the r ecommended 
l imit of 2.6 kg. 

X. POSSIBILITY AND E F F E C T S OF ACCIDENTAL F U E L ENRICHMENT 

Uranium-235 will not be s to red or stockpiled in the Air or Argon 
Cel ls . Since the amount to be added to compensate for 2 percen t burnup 
and/or for mel t refining skulls would be only about 200 to 600 g per mel t 
refining or remel t ing charge of 10 kg, the poss ibi l i ty of introducing a full 
charge of fully enr iched u r an ium should be r emote . 
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The minimum cr i t ica l m a s s of urcLnium-235 in fully enriched 
u ran ium (93 percent ) with full ref lector but without modera tor is 22.8 kg. 
All no rma l charges or batches a r e considerably l e s s in weight than the 
min imum cr i t i ca l m a s s of fully enr iched uran ium, as shown by the follow­
ing l is t : 

Melt refining batch 10 kg 
Injection casting batch 14-^ kg 
Remelting batch 10 kg 
Skull oxidation <10 kg 
Pin p rocess ing '̂ • '̂̂ 2' ^8 
Subassembly 6.07 kg 
Skull rec lamat ion 

p r o c e s s batch ~ 5 kg 

In the case of the s torage p i t s , one fully enriched subassembly with 
th ree no rma l subassemiblies or the skull oxide from one fully enr iched 
mel t refining charge along with the no rma l fuel oxide s tored as recommended 
would be l e s s than a c r i t i ca l m a s s . 

XI. REQUIREMENTS FOR CONTROL OF NUCLEAR CRITICALITY 
IN EBR-II F U E L CYCLE FACILITY 

F o r purposes of recapi tulat ion, the following s u m m a r i z e s the 
allowable l imi ts of fuel, graphi te , and bery l l ia in the EBR-II Fuel Cycle 
Fac i l i ty . The allowable l imi ts a r e st ipulated as max imum-s i zed unit 
amounts of fuel, enr iched u ran ium, and plutonium, and r e s t r i c t ions have been 
placed on the geomet r i ca l a r r angemen t s of the unit amounts. 

A. Fue l , Graphi te , and Beryl l ia in Cells but Outside of P i t s 

The following l imita t ions have been es tabl ished w^ith respec t to 
handling of fuel, g raphi te , and be ry l l i a in the Air and Argon Cel ls : 

a) The maximum quantity of fuel to be handled as a unit is 
32 kg. 

b) The individual units of fuel w^ill not be handled or placed at 
d i s tances c lose r than 2 ft betw^een cen t e r s and with l e s s than 8 in. of 
c lea r space between uni t s . 

c) The total quantity of allowable fuel in the cel ls will be l imi ted 
to 500 kg (including that in the pi ts ) . Thus, the maximum number of units 
in the cel ls will be l e s s than sixteen. 
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d) The amount of graphi te (or carbon) and bery l l i a in e i ther cell 
(including locks) will be l imi ted to 600 and 300 kg, respect ive ly . Broken 
or s c rap bery l l i a and graphite will not be allowed to accumulate in the 
ce l l s . 

e) Adminis t ra t ive p rocedures will be set up to insure adherence 
to the above l imi ta t ions . 

B. Fue l , Graphi te , and Beryl l ia in Storage P i t s 

The following r e s t r i c t ions have been made with r e spec t to s torage 
of fuel and modera to r m a t e r i a l s in the s torage p i t s : 

a) No graphite or bery l l i a will be allowed in the s torage p i t s , 
except for the t r a c e amounts which might be p r e sen t with fuel, mel t r e ­
fining skul ls , or skull oxide. 

b) The number of subassembl ies in any s torage pit in the air 
cell or passageway will be l imited to four by mechanical and adminis t ra t ive 
control .* 

c) The quantity of skull oxide in any one s torage pit will be l imi ted 
to a max imum of 32 kg. The skull oxide will be s tored in cans which will 
not p e r m i t escape of fuel but which may not be water tight. A safe geo­
me t r i ca l a r r angemen t is insured , even in the event of water flooding, by 
use of cans with d i a m e t e r s of l e s s than 5 in. and volumes of l ess than 
3 l i t e r s . 

d) The quantity of unoxidized skull p r e sen t in c ruc ib les s tored in 
any one s torage pit will be l imi ted to a maximum of 32 kg of fuel. The 
c ruc ib les will be individually s tored in cans smal l enough to hold the 
c ruc ib les in the i r original s ize . The cans may be pe rmi t t ed to flood •with 
water but will not pe rmi t the escape of fuel. 

e) Any meta l l ic fuel s to red in pi ts in the Argon Cell will be 
t r ea t ed as if it w e r e skull oxide un less it i s s to red as ingots in special 
containers (see Section VIIl). 

C. Fuel Outside Cells 

Any fuel outside the cel ls would consis t mainly of new fuel e lements 
and subassembl i e s . Such fuel will be handled in maximum units of 32 kg of 
fuel w^ith the spacing l imi t s the same as that st ipulated for handling of fuel 
inside the ce l l s . A specia l s torage a r e a has been provided for fuel s tored 
outside the ce l l s . 

*See footnote on page 7. 



D. Enr iched Uranium-235 

a) The max imum unit quantity for fully enr iched U^̂ ^ (93 percent 
U^̂  ) is 10 kg. An exception to this is fully enriched u ran ium that has been 
rece ived in geometr ica l ly safe shipping conta iners . 

b) As in the case of r eac to r fuel ma te r i a l , the individual units of 
fully enr iched u ran ium will not be handled or placed at dis tances c loser 
than 2 ft between cen te r s or with l e s s than 8 in. of c lear space between 
uni t s . 

c) The fully enr iched u ran ium-235 will not be s tored in the ce l l s . 
This e l iminates the possibi l i ty of inadvertently prepar ing a batch of fuel 
pins f rom fully enr iched U '̂̂ .̂ Although sufficient allowance has been 
made so that inadver tent p repa ra t ion of a single fully enriched batch would 
not r e su l t in a cr i t ica l i ty incident, r e a c t o r operation with fully enr iched 
fuel could be ser ious ly affected. 

d) Ful ly enr iched U^^^ will be s tored in s tandard geometr ica l ly 
safe conta iners in a special s torage a r ea . 

E. Plutonium Contained in Blanket Mater ia l and Concentrated in Blanket 
P roces s ing Operat ions 

The maximum plutonium for any unit quantity during or after p r o c ­
essing w^ill be l imi ted to 2.6 kg. Units of this size will not be placed c loser 
to each other or to fuel units than 2 ft between cen te rs or w^ith l e s s than 
8 in. of c lea r space betw^een un i t s . The maximum quantity of plutonium in 
the cell will be l imi ted to five units (13 kg). 

F . Waste Liquids 

Aqueous was te l iquids will be analyzed before concentrat ion by 
evaporat ion. The total accumulat ion of fissionable ma te r i a l in all waste 
l iquids will be l imi ted to l e s s than 200 g. Undoubtedly, these liquids 
would be p r o c e s s e d to r ecove r the fissionable ma te r i a l content long b e ­
fore the 200-g l imi t would be reached. Probably such liquids would be 
p r o c e s s e d for r ecovery of the f issionable ma te r i a l content when this 
content reached about 10 g. 

XII. FUTURE CORE LOADINGS 

It is anticipated that subsequent co re s will be fabricated of plu­
tonium with depleted or na tura l u r an ium as a diluent. The percentage of 
plutonium in such fuel will be l e s s than the percentage of u ran ium-235 
in the C o r e - I alloy (~50 percent ) because of the g r e a t e r react ivi ty of 
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plutonium. If the plutonium fuel core size is the same as the C o r e - I s ize , 
the allowable m a s s for a unit of unmodera ted but ref lected fuel would be 
about the same as for the Core - I fuel, since the d e c r e a s e d concentrat ion 
of the plutonium would compensate for i ts g r ea t e r react iv i ty (LAMS-2415, 
p . 32). However, in the ca se s of poss ib le effective modera t ion of the fuel, 
such as by wate r , the min imum cr i t i ca l m a s s would be considerably l e s s . 
This w^ould also be t rue in the event of accidental fuel enr ichment . 

Fu tu re co re s may also consis t of mix tures of plutonium and 
u ran ium-235 in na tura l or depleted u ran ium. The foUow^ing from LAMS-
2415, pp. 23 and 32, show^s the c r i t i ca l m a s s e s of u ran ium-235 and plu­
tonium for var ious volume fract ions in u ran ium-238 with a thick (7-|.-in.) 
u ran ium ref lec tor . The volume fraction of u ran ium-235 is based on a 
density of 18.8 g/crc? and that of plutonium on 14.2 g/cm^, respec t ive ly : 

Volume 
P e r c e n t 

100 
90 
80 
70 
60 
50 
40 
30 
20 

U235 

15 
16.5 
18 
19.5 
22 
25 
30 
36 
50 

Plutonium 

6.5 
7.1 
7.8 
8.7 
9.9 

11.4 
13.7 
17.2 
24 

Since one g r a m of plutonium-239 is equivalent to about 3 g of 
u ran ium-235 , a fuel with 20 v /o (16 w/o) plutonium and 20 v / o (21 w/o) 
U^^^ and 60 v / o U^̂ ^ would have a total c r i t i ca l m a s s of 45.6 kg of fuel 
(7.2 kg Pu and 9.9 kg U^^^). F o r a full ref lector corresponding to about 
2 in. of u r an ium (or infinitely thick wate r ) , the c r i t i ca l m a s s would be 
about 65 kg of fuel, which is slightly l e s s than that of 72 kg for the 
50 pe rcen t U^̂ ^ fuel. On the same b a s i s , a fuel of 35 v / o (29 w/o) plu­
tonium in .natura l u ran ium would have a min imum cr i t i ca l m a s s of about 
76 kg of fuel for a full re f lec tor , while a fuel of 25 v / o (20 w/o) plutonium 
would have a min imum cr i t i ca l m a s s of about 115 kg of fuel. Thus, ex­
cept for those ins tances in which wate r moderat ion is poss ib le , batch 
s izes and spacing r e s t r i c t i o n s would be about the same as those es tabl i shed 
in this r epor t for Core - I fuel. 

If a l a r g e r r eac to r core were used w^ith, say, only 25 pe rcen t 
u ran ium-235 enr ichment in the fuel, l a r g e r unit m a s s e s could be used . 
TID-7016, Rev. 1, p . 24 shows an allowance factor of 2.5 for 25 percen t 
enr ichment . The "fully ref lected" min imum cr i t ica l m a s s would be 
228 kg of fuel (22.8 x 2.5 x 4) and the recommended unit weight would be 
100 kg of fuel ( 1 0 x 2 . 5 x 4 ) . 
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