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PART A. ADVANCED WATER REACTOR PROGRAM 

A large port ion of the Reactor Engineering Division effort on the 
Advanced Water Reactor P r o g r a m during this quar te r was d i rec ted toward 
the ea r ly completion of the Exper imenta l Boiling Water Reactor ( E B W R | 

facili ty. Most of the work involved completion of fabricat ion, instal lat ion, 
and checking out of equipment. Therefore , the usual detailed quar te r ly 
r epo r t i s omitted for this qua r t e r , and the p r e sen t brief s u m m a r y is sub­
st i tuted. Detai ls of significant events will appear in the regu la r Quar te r ly 
Report for October, November , and December , 1956. 

The production of fuel p la tes for EBWR has been completed by the 
Metallurgy Division; about 900 pla tes were made . To date about 75 fuel 
a s sembl i e s have been completed f rom these p l a t e s . Cor ros ion test ing has 
been accomplished to the extent of sufficient p la tes for the en t i re co re , as 
well as for 60 of the a s s e m b l i e s . 

The turbine shell and d iaphragms and main s t eam piping have been 
plated with nickel by the Kanigen P r o c e s s . The turbine has been r e a s s e m ­
bled, ins ta l led in the plant, and welded to the condenser . The s t eam piping 
and s t eam d r y e r - e m e r g e n c y cooler have also been ins ta l led in the plant; 
the hydrosta t ic tes t ing has been completed on this por t ion of the sys tem. 
Other components completely ins ta l led include the second r e a c t o r feed-
water pump, the deminera l ized water s torage tank, the s t a r t -up hea te r , 
the s t eam by-pass valve and i ts control system., the nuclear ins t rument 
tubes , and the 20-ton building c r a n e . The ion exchange ves se l s for the 
r eac to r purif icat ion sys tem have been rece ived and lead shielding has 
been applied. 

The r eac to r v e s s e l insulat ion has been ins ta l led and all shielding 
has been completed with the exception of pipe tunnels . The v e s s e l cover 
and ini t ial se t s of gaskets have been rece ived . In ternal components , such 
as the t h e r m a l shield and core support gr id p la te , have been " t r ia l fitted" 
in the vesse l and removed for rework . All piping connections to the r e a c ­
tor have been completed to points outside the shield. 

In the power-p lant a rea , the concre te ceiling of the main floor was 
poured, a i r -condi t ioning units were instal led, and the ex te r io r insulat ion 
of the s tee l shell was completed. All m a s o n r y and roofing of the se rv ice 
building have been finished. 
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Outdoor transformers and switchgear were placed in position. In­
stallation of the cooling tower was completed except for minor equipment. 

Supporting research and development activities have been carried 
forward on a reduced scale because of manpower demands for EBWR. The 
progress in this work will be included in the Quarterly Report for the period 
ending December, 1956. 
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PART B. FAST POWER BREEDER REACTOR PROGRAM 

SUMMARY - L. J . Koch 

The Arch i tec t -Engineer Contract Board reviewed the proposa ls sub­
mit ted by qualified f i rms des i r ing to c a r r y out the a rch i t ec t -eng inee r work 
for the EBR-II P lan t . They se lected the most qualified f i rm to conduct this 
work and made these recommendat ions to the Labora tory management . It 
is expected that a cont rac t will be negotiated e a r l y in the next qua r t e r and 
that the construct ion design work for EBR-II will be ini t iated. 

The construct ion of the la rge pipe tes t loops ( 12-inch. Schedule 10 
piping) was essent ia l ly completed m the Liquid Metals Mock-up Building 
(D-308). The equipment to be tes ted consis ts of prototype components for 
the EBR-II P lan t . The 5,000-gpm centrifugal pump and the 5,000-gpm, 
a - c e lec t romagnet ic l inear induction pump were received and insta l led 
in thei r respect ive tes t loops. These units have a ra ted capaci ty equiva­
lent to the r equ i rement s of the EBR-II secondary sodium sys t em. Each 
will be tes ted under conditions simulat ing the anticipated operat ing condi­
tions of the secondary sys t em. The a r r a n g e m e n t of the EBR-II secondary 
sys tem will p e r m i t the use of e i ther of these uni ts , and provis ions may be 
included to p e r m i t incorporat ing one of each type of pump in pa ra l l e l in 
the sys t em. The 10,000-gpm, d-c e lec t romagnet ic pump is being con­
s t ruc ted in place in the Liquid Metals Mock-up Building. It also includes 
a sodium tes t loop. This pump will be tes ted in conjunction with the 250,000-
a m p e r e homopolar genera to r . The pump and genera tor have been designed 
as a package unit. In addition to the pump data, the t e s t s will provide in­
formation on pumping sys tem connponents requ i red for EBR-II . 

Each of the t e s t loops includes a s ta in less s tee l , 12-inch, be l lows-
sealed, wye-type valve. The pump test ing p r o g r a m will afford an exce l ­
lent opportunity to es tabl i sh the re l iabi l i ty and per formance of this 
pa r t i cu la r design of valve. Each loop includes flow- and p r e s s u r e -
measur ing ins t rumenta t ion appropr ia te for use in the EBR-II sys t em. 
Included will be e lec t romagnet ic f lowmeters which have not been h e r e t o ­
fore employed in 12-inch pipe s y s t e m s . 

Three different heating sys teras a r e being employed on the pipe 
loops to maintain the sodium above i ts freezing point. The a - c induction 
pump loop employs 60-cycle induction heating; the centrifugal pump te s t 
loop is contained in a s tee l box which is heated by c i rculat ing hot a i r ; and 
the d-c e lec t romagnet ic pump loop employs d i rec t r e s i s t ance wire wrapped 
around the pipe . The pump tube and the magnet a r e a lso heated by r e s i s t ­
ance heating. Operation of the two 5,000-gpm pump loops should begin du r ­
ing the next q u a r t e r . P r e l i m i n a r y test ing of the homopolar genera tor and 
d-c pump is a lso scheduled to begin during the q u a r t e r . 
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The EBR-II Working Model continued to operate ve ry sa t is factor i ly . 
The d-c e lec t romagnet ic pump has operated approximate ly 4,000 h r with 
no difficulty. The sys tem was shut down for a shor t t ime to instal l flow-
and p r e s s u r e - m e a s u r i n g ins t rumentat ion in the shutdown cooler loop to 
de te rmine the operat ing cha rac t e r i s t i c s of this equipment. 

A p r o g r a m of analys is and exper iment has been ini t iated to develop 
the requ i red information to be included in the EBR-II Hazards Report . The 
ana lyses include var ious r eac to r t r ans i en t s , an es t imate of the damage r e ­
sulting from a maximum credible accident , and the containment of the en­
e rgy r e l ease in the event of such an accident . An analys is of the expansion 
c h a r a c t e r i s t i c s of the fuel e lement during a rapid t r ans ien t has been com­
pleted. This i s an impor tan t "shutdown mechan i sm" during a t r ans ien t . An 
exper imenta l appara tus has been const ructed to de te rmine the effects of 
sodium-oxygen react ions when sodium and a i r a r e mixed in different quan­
t i t ies and a t different r a t e s . These exper iments will de te rmine the max i ­
mum p r e s s u r e and t e m p e r a t u r e s obtained when sodium is expelled into a i r 
in a closed container . A react ion of this type is possible if sodium is ex­
pel led into the r eac to r building as a r esu l t of a se r ious incident. It is 
hoped to de termine the var iab les which affect the resul tan t p r e s s u r e s and 
t e m p e r a t u r e s . P r e p a r a t i o n of the EBR-II Hazards Report will be init iated 
during the next q u a r t e r . 
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I, EXPERIMENTAL BREEDER REACTOR-II (EBR-II) 

A. Coolant Flow Charac t e r i s t i c s of P r i m a r y Systemi - O. S, Seim, 
T. R, Spalding, R, A. J a r o s s 

The EBR-II Design Study No. 2 provides for the use of th ree d-c 
e lec t romagnet ic pumps in the p r i m a r y cooling sys t em. Two pumps , located 
in the two coolant inlet l ines to the r eac to r , operate in pa ra l l e l and supply 
the bulk of the no rma l r eac to r coolant flow, each is t e r m e d a "inain" p r i ­
m a r y pump and has an approximate capaci ty of 6,000 gpm of sodium a t a h e a d 
of 55 p s i . Both a r e supplied power f rom (separate) meta l l ic r e c t i f i e r s . The 
th i rd pump, located in the single outlet line f rom the r eac to r , opera tes in 
s e r i e s with the two "main" pumps and supplies only a ve ry sma l l port ion of 
the no rma l r eac to r coolant flow. The th i rd pump is r e f e r r e d to as the 
"auxi l iary" pump and has an approximate capaci ty of 500 gpm at a head of 
0.15 p s i . The chief function of the auxi l ia ry pump is to reduce t e m p e r a t u r e 
excurs ions of the coolant during ce r ta in types of emergency s c r a i n s . This 
pump is no rma l ly supplied power f rom a rec t i f ie r , but, in the event of plant 
power fa i lure , is dr iven by a ba t t e ry floating on the l ine . The p r i m a r y 
cooling sys tem is shown schemat ica l ly in F ig . 1. The en t i re sys tem ope r ­
a tes submerged in the bulk sodium of the p r i m a r y tank, 

A study has been made of the approxiinate s t eady-s t a t e flow 
c h a r a c t e r i s t i c s of the p r i m a r y sys tem for s e v e r a l poss ib le modes of pump 
operat ion which m a y b e einployed during: (1) no rma l r eac to r operat ion and 
shutdown; (2) abnormal r eac to r operat ion; (3) exper imenta l operat ion; or 
(4) as a r e su l t of pump fa i lures or other conditions beyond the o p e r a t o r ' s 
cont ro l . The information is e ssen t i a l both for evaluation of ce r t a in a spec t s 
of r eac to r control and for the formulat ion of specifications for the rec t i f i e r s 
used to supply power to the main p u m p s . 

The modes of pump operat ion invest igated were : 

1. Pumps No, 1 and No, 2 opera t ing, 
2. Pumps No. 1, No, 2, and (A) operat ing on rec t i f ie r 

(normal r eac to r operation), 
3. Pump No, 1 or No. 2 operat ing. 
4. Pump No, 1 or No, 2, and (A) operat ing on rect i f ier , 
5. Pximp (A) operat ing on rec t i f ie r ; no na tu ra l convection 

(normal r e a c t o r shutdown), 
6. Pump (A) operat ing on ba t te ry , 1.7 vol ts ; no na tu ra l 

convection a s s u m e d . 
7. Pumps No. 1, No. 2, and (A) operating on ba t te ry , 

1,7 vol t s ; no na tu ra l convection a s sumed . 
8. Pump No. 1 o r No. 2, and (A) operat ing on ba t t e ry , 

1.7 vol ts ; no na tu ra l convection a s s u m e d . 



MAIN 
PUMP 
(NO. 1) 

/ I 

i, 

REACTOR 

J L 
AUXILIARY 

PUMP 
1 ^A) r 

MAIN 

PUMP 

(NO. 2] 

HEAT 

EXCHANGER 

BULK SODIUM 

FIG. I 
SCHEMATIC OF EBR~]I PRIMARY SYSTEM 

RE-8-19564-A 



/ 

The flow rela t ionship between the operat ing "roiain" pump (or 
pumps) and that of the r e a c t o r i s developed in F i g . 2. The resul t ing s y s ­
tem p r e s s u r e drops a r e p r e sen t ed re la t ive to flow through the r eac to r in 
F ig . 3. The resul tan t r equ i remen t s for pump head and flow ra te for each 
raain pump a r e shown in F ig . 4 . Based on th i s , the approximate voltages 
and a inpe rages for each of the main pump rec t i f i e r s v e r s u s flow r a t e through 
the r eac to r were calct i la ted; these a r e shown i n F i g s . 5 and 6, respec t ive ly . The 
approximate range of rec t i f ie r cu r r en t for a main pump assoc ia t ed with any 
rec t i f ie r voltage for the en t i re range of pump operat ion modes is shown in 
F ig . 7. 

During r eac to r operat ion, it is des i r ed that the average t e m ­
p e r a t u r e of the r eac to r coolant (or, qtialitatively, the coolant outlet t e m p e r ­
a ture) change by as sma l l an amount as poss ib le with any inc rementa l change 
in the rec t i f ie r voltage of the m a m pump. To enable calculat ion of the m a x ­
imum magnitude of i nc remen t of rec t i f ie r voltage p e r m i s s i b l e throughout 
the voltage range , the re la t ion between the change of outlet coolant t e m p e r ­
a tu re (at constant r e a c t o r power) v e r s u s flow ra te through the r e a c t o r for 
var ious magnitudes of voltage i nc remen t was deter in ined. These r e su l t s 
a r e given in F ig . 8. 

Specifications for the main pump rec t i f i e r s have been completed 
on the bas i s of the above. Invitations to bid on the construct ion of one r e c ­
t if ier have been le t . 

B. Reac tor T e m p e r a t u r e s and F u e l Alloy Expansions Result ing 
F r o m Exponential Power Excurs ions in EBR-II - T. R. Bump, 

and R. W. Seidenst icker 

When excess reac t iv i ty is suddenly added to a r eac to r , the r e ­
ac to r power r i s e s exponentially with consequent i n c r e a s e in in t e rna l r e a c ­
tor t e m p e r a t u r e s . One effect of an i n c r e a s e in r e a c t o r t e inpe ra tu re in the 
case of EBR-I I is longitudinal expansion of the fuel. Such fuel expansion 
causes a dec rea se in react iv i ty ; i ,e , , it r educes the effect of the or ig inal 
reac t iv i ty addition. Consequently, de terminat ion of the amoimt of expan­
sion to be expected under var ious conditions is of g rea t impor tance in eva l ­
uation of the o v e r - a l l r e a c t o r shutdown c h a r a c t e r i s t i c operat ive in any 
postula ted excurs ion , 

A study has been made of the t e m p e r a t u r e of fuel al loy (and 
coolant sodium) and the longitudinal expansion of the fuel for the following 
impor tan t c a s e s : 

1. No coolant flow; Initial fuel and coolant t e m p e r a t u r e s the 
same a s those ant icipated during loading and unloading 
opera t ions (about 600F); ini t ial r eac to r power , 1 watt; 
excurs ion pe r iods f rom 10-5 to 10"^ second (see F ig . 9). 
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2, Full coolant flow: Initial average fuel and coolant t e m p e r ­
a tu res the same as those anticipated for normal , full-power 
operation (about 940 and 825F5 respect ively) ; initial r eac to r 
power, 62.5 megawatts ; excursion per iods from 10"^to 10"^ 
second (see Fig , 10). 

Details of the study a r e being p r epa red for publication as a 
topical repor t , 

C. 10,000-gpm, d-c Elec t romagnet ic Pump, Homopolar Genera tor , 
and Test Loop - A. H, Ba rnes , R. A. J a r o s s 

The p resen t design of EBR-II provides for use of two l a rge , 
d i r ec t - cu r r en t , e lect romagnet ic pumps in the p r i m a r y heat t r ans fe r s y s ­
tem. These pumps, each of about 6,000-gpm capacity at 55 psi head, oper­
ate in pa ra l l e l and supply the bulk of the sodium coolant to the r eac to r . 

A pump of the same type but of l a r g e r capacity (10,000 gpin at 
50 psi head), and a homopolar genera tor especial ly designed as the power 
supply for the pump, have been constructed. The capacity of the p resen t 
pump is considerably g rea t e r than that requi red in EBR-II application; it 
resul ted from an e a r l i e r design of a p r i m a r y sys tem in which only one 
pump was employed. 

Although expected to be capable of operation at considerably 
higher t empe ra tu r e s , the pump has a nominal t empera tu re rating of 750F 
(the approximate sodium inlet t empera tu re of the EBR-II) . Because of 
the anticipated manner of employment in the EBR-II , it has been designed 
to operate completely submerged in sodium and to be readi ly reinovable 
froin the sodium tank through a plug in the tank cover . 

The homopolar genera tor (Fig, 11) is designed for an output 
of 250,000 ampere s at 3 vol ts , a voltage somewhat in excess of that ac tu­
ally required for the pump. The genera tor , driven by a d i rect ly connected, 
ver t ica l ly mounted, 1250-hp, 1775-rpm, induction motor , is mounted d i r ­
ectly on top of the s e r i e s - exc i t ed e lec t romagnet of the pump so that the 
bus lengths a r e minimized. Each bus consis ts of a box flanged to the gen­
e r a to r and filled with sodium which se rves as a light-weight e lec t r ica l 
conductor. The boxes a r e assembled to the pump t e rmina l s . 

The pump and homopolar genera tor (with drive motor) a r e to 
be tes ted as a xmit in a loop now under construct ion. The drive motor , 
genera tor , and pump will be aligned ver t ica l ly in that o rde r , from top to 
bottom. The pump is located in a pit 20 ft deep, with the pump suction and 
discharge tubes extending ver t ica l ly nea r ly to the pit floor. The tes t loop 
connects to these tubes and runs horizontal ly along the pit floor. The 
par t i a l ly completed installat ion is shown in F ig . 12, 



FIG. I I 
HOMOPOLAR GENERATOR 

D, 5,000-gpm, a-c Linear Induction Pump and Test Loop -
R. A. J a r o s s 

An al ternat ing cur ren t , l inear induction sodium pump, purchased 
from the General E lec t r ic Company, is to be tes ted for possible use in the 
secondary heat t ransfe r sys tem of EBR-II . The pump has a ra ted sodium 
tempera tu re of 700F and is thought to be capable of pumping continuously 
at a somewhat higher t e m p e r a t u r e . The Class II insulated windings oper­
ate at a t empera tu re lower than that of the sodium by virtue of a thin the r ­
mal b a r r i e r . The s ta tor i ron s t ruc ture is cooled by water c i rculated m a 
continuous heavy-walled tube. The pump is ra ted at 5,000 gpm at 40psi 
head; the e lec t r ica l input to the pump is 480 volts, 755 a m p e r e s , with a 
37% power factor . By using shiajat capaci tors for the power factor c o r r e c ­
tion, the cu r ren t may be reduced to 376 a m p e r e s . The operating point 
pump efficiency is about 41%. 
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This pump has inany des i rab le f ea tu res . There a r e no moving 

p a r t s . The en t i re sodiiim enc losure is welded and is const ructed of e i ther 
Type 304 or 347 s ta in less s t ee l . No sea l s a r e used in the p r i m a r y sodium 
enc losu re . The e lec t r i ca l windings and magnetic s t ruc tu re of the pump a r e 
located in a secondary enclosure which is filled with ine r t gas during oper ­
at ion. This secondary enc losure i s sea led by a conventional meta l "O" r ing. 
In the event of a sodium leak f rom the p r i m a r y enclosure^ the secondary 
enclosure contains the metal and preven ts leakage to the a tmosphe re . A 
sodium react ion with the cooling water would be ve ry unlikely in this event, 
s ince a s imultaneous leak in the heavy-walled water tube would be n e c e s ­
s a r y . Pumping ra te can be continuously and accura te ly controlled through 
control of e l ec t r i ca l power input, thus el iminating the need for a thrott l ing 
valve. 

F igu re 13 shows the pump ins ta l led in the t e s t loop. The loop 
cons is t s en t i re ly of 12-inch (NPS), Schedule 10, Type 304 s ta in less s t ee l 
pipe and fi t t ings. A 12-inch Y-type, be l lows-sea led valve will be used 
to accompl ish the throt t l ing requ i red for t e s t p u r p o s e s . Since a la rge 
por t ion of the e l ec t r i ca l power input to the pump mus t be removed froin 
the sodium as heat , a finned a i r cooler i s located over a 12-ft length of 
the loop. A bui l t - in orifice will be used to de te rmine the flow r a t e . The 
pump head will be indicated with pneumat ic p r e s s u r e t r a n s m i t t e r s . 

P r i o r to charging the sys t em with sodium, the t empera tu re 
of the loop and pump mus t be i nc r ea sed f rom room t empera tu re to approx-
imiately 250F. The pump is provided with r e s i s t ance h e a t e r s for this p u r ­
pose . The loop will be heated with 60-cycle induction heating. Since Type 304 
s ta in less s tee l is non-magnet ic , it is n e c e s s a r y to provide a magnetic ina-
t e r i a l adjacent to the s t a in less s tee l so that the heat produced in the magne­
tic m a t e r i a l can be conducted to the s ta in less s tee l p ipe . This i s done by 
cladding the en t i re loop with a loosely fitting, tack-welded, carbon s tee l 
skin, 3/16 in. thick. Conventional t he rma l insulation is then applied over 
this cladding (Fig. 14). After the t he rma l insulation is in p lace , a continu­
ous coil of insulated copper wire will be wound over the en t i re loop. The 
wire will be spaced to allow approximate ly 30 a m p e r e - t u r n s p e r inch ex­
citat ion for this s ize p ipe . 

The pump data to be obtained includes head-capac i ty c h a r a c t e r ­
i s t i c s , power input, efficiency, e tc . The test ing p r o g r a m includes continuous 
operat ion for an extended duration and a study of the c ha r a c t e r i s t i c s of pump 
voltage vs flow. The re su l t s will aid in the select ion of the ac tual pump to 
be used in the EBR-II secondary s y s t e m . 

E . 5000-gpm Mechanical Sodium Pump and Tes t Loop - O. S. Seim 

A ver t i ca l ly mounted, s ing le - s tage , centrifugal pump is being 
considered for use in the secondary heat t r ans fe r sys t em of the EBR-U. 
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The pump (Fig. 15} was cons t ruc ted by the A l i i s -Cha lmer s Manufacturing 
Company. It i s designed to c i rcu la te 5,000 gpm of sodium at a head of 
40 ps i and at a t empe ra tu r e of 70GF. 

The pump is dr iven by a s tandard, total ly enclosed, two-speed, 
b lower-cooled, 150-horsepower , 440-volt , a-c motor . As shown in the s e c ­
tional view (Fig. 16), the pump shaft i s located at the upper end by a solid 
coupling to the motor shaft, and at the lower end by a hydraul ic (fluid 
pis ton-type) liquid meta l bear ing . F igure 17a shows the impel le r and the 
la rge cyl indr ical bear ing surface above it . The bear ing shel l (Fig. 17b) 
has four equally sized pockets , each of which i s fed sodium from the d i s ­
charge of the pump through equalizing or i f ices in the center of each pocket . 
Stellite has been applied to all bear ing sur faces . To provide shaft seal ing, 
the liquid meta l i s mainta ined at a p r ede t e rmined point (i" 3 in.) above the 
pump discharge cen te r l ine . Baffle a r r angemen t s in th is a r e a st i l l the 
sodium liquid sur face . The shaft sea l is of the labyrinth type employing 
a constant ine r t gas flow into the pump. The pump casing is a Type 304 
s ta in less s tee l cas t ing. The casing was inspected radiographic ally and 
with a dye-penetrant i leakage t e s t s were conducted with a hel ium m a s s 
s p e c t r o m e t e r . 

A p r e l i m i n a r y tes t was pe r fo rmed by the manufac turer , e m ­
ploying water as the c i rculat ing fluid. A pump efficiency of 79% was ob­
tained at the design flow ra te (Fig. 18). The bear ing and other pump 
sur faces showed no significant wear (see F ig . 17). 

A facility designed for tes t ing of the pump is under cons t ruc ­
tion. It cons i s t s of a 12-inch piping loop containing a 12-inch, Y-type, 
be l lows-sea led , valve for flow control , augmented by equipmient to con­
t ro l the liquid level of sodium in the pump. The piping and fittings a r e of 
Schedule 10, Type 304 s ta in less s tee l . 

F igure 19 shows the p r e s e n t s ta tus of the facility The blower 
at the ex t reme lower left of F ig . 19 will provide heating and cooling of the 
sys t em. In o rde r to enable filling of the pump loop at approximate ly 250F, 
the blower will d ischarge a i r through s t eam coils into the enc losure in 
which the pump is mounted. The heated a i r then will flow through an annu­
l a r a r e a along the two horizontal p ipes to an exhaust box at the 180-degree 
r e tu rn bend end. Cooling during operat ion will be provided in a s imi la r 
manner but with the a i r by-pass ing the s t eam coi l s . Typical high-
t empe ra tu r e ins t rumenta t ion will be employed for m e a s u r e m e n t of liquid 
leve ls , e tc . P r e s s u r e s will be indicated with pneumatic p r e s s u r e t r a n s ­
m i t t e r s . Both an orif ice me te r and an e lec t romagnet ic flow m e t e r will be 
used for flow m e a s u r e m e n t . Complete head-capac i ty data will be obtained. 
In addition, a long-durat ion run is planned so that bear ing wear and sealing 
efficiency can be evaluated. 
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F . Rotating Plug Seal Tes t - A. R. J amrog 

Rotating plugs a r e to be employed in the pr ianary tank cover 
and in the ceiling of the d i sassembly cel l . These plugs r e q m r e special ly 
designed, mel table meta l sea ls to prevent loss of radioactive p r i m a r y tank 
blanket g a s . These sea l s must be effective at a l l tiimes, with the plugs in 
motion or at r e s t , and with the sealing meta l in the molten or the solid 
condition. 

A tes t facili ty (Fig. 20) has been const ructed to de te rmine the 
pe r fo rmance of a low-melt ing alloy, gast ight sea l of the p r e s e n t EBR-II 
design. The facili ty consis ts of an Sf ft d iameter plug, ba l l -bear ing mounted 
on an upper support s t r uc tu r e , and a s ta t ionary sodium tank posi t ioned b e ­
neath i t . The sealing a s sembly is located a t the spl i t line between the bot­
tom of the plug and the top of the sodium tank. The sodium tank is equipped 
with i m m e r s i o n and s t r ip hea t e r s to r a i s e the sodium t empe ra tu r e up to 
900F. P r i o r to tes t ing, the free surface of the sodium will be blanketed 
with ine r t g a s . The plug can be rotated at approximate ly 2.7 rpm by a 
mo to r -d r iven gear r educe r . 

A ve r t i ca l baffle r ing (skirt) of carbon s tee l i s miounted on the 
imderside of the rotating plug. With the plug in place above the sodixim 
tank, this ring will be located in the center of a U-shaped, s t a in less s tee l 
t rough mounted on the top of the tank. The trough is filled with a low-
melting alloy to effect the sea l . 

Normal ly , the plug is a t r e s t . F o r this condition, the sealing 
alloy is pe rmi t t ed to solidify. When plug motion is des i red , the alloy is 
mel ted to p e r m i t rotat ion of the baffle and plug. 

The melting of the seal ing alloy is accompl ished by 60-cycle 
induction heat ing. The major por t ion of the heating takes place in the c a r ­
bon s tee l baffle, ve ry l i t t le occur r ing in the s ta in less t rough wal l s . The 
trough in which the al loy is mel ted has a 3-inch layer of conventional t h e r ­
mal insulation applied external to i ts outer wall . An induction coil is wound 
d i rec t ly over this insulat ion, as shown schemat ica l ly in F ig . 20. The coil 
cons is ts of 48 turns (four l aye r s of 12 tu rns each) of 2/0 gauge copper wire 
and has a d i ame te r of approximate ly 9 ft. When exci ted at 468 vol ts , 60-cycle , 
the coil draws 158 a m p e r e s ; power input is 35 kw, with a power factor of 
0.47. This power is sufficient to r a i s e the t empera tu re of the al loy-fi l led 
trough from 70F to 400F in 4 h r . The maximum attainable t empe ra tu r e is 
above 600F. 

Initial p repa ra t ion for tes t ing is under way. 
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II. SUPPORTING AND ALTERNATE DESIGN RESEARCH AND 
DEVELOPMENT 

A. 84 Calculations to Investigate Inhomogeneities in ZPR-III 
Assembl ies 

W. B. Loewenstein, D. Okrent 

Recent exper iments on c r i t i ca l a s sembl ie s of the EBR-II type 
at the ZPR-III facility indicate that appreciable react iv i ty effects may be 
observed if inhomogeneit ies a re simply introduced into the sys t em without 
varying i ts reference composit ion. These inhomogeneit ies a re obtained by 
s imple r ea r r angemen t , in some consis tent manner , of the different p la tes 
which constitute a full d rawer of the assembly.-^ 

The more widely used analyt ical p rocedure s for routine ana l ­
yses do not d i rect ly p e r m i t the calculat ions of such effects in a simple 
fashion. However, a recent ly p r o g r a m m e d solution of the Sĵ  approxima­
tion to the t r an spo r t equation does afford a method of analysis which can 
apply toward the predic t ion of react iv i ty effects caused by introducing in­
homogeneit ies into the sys t em. 

The calculat ions a re at an ea r ly s tage, but up to the p r e sen t 
t ime two bas ic a r e a s of investigation have been cons idered . F i r s t , it was 
of in te res t to invest igate how well one can calculate exist ing expe r imen t s . 
Here agreement between theory and exper iment has been gratifying. The 
other topic is pr incipal ly concerned with obtaining a r ea l i s t i c bas i s for the 
assembly of a c r i t i ca l sys t em represen t ing a PBR-type r e a c t o r . 

The core volume of a PBR-type r eac to r is at leas t about five 
t imes as g rea t as that of the EBR-II- type sys t em which has been e x p e r i ­
mental ly invest igated. If the philosophy governing the a s sembly of EBR-I I -
type sys tems is to be followed, in t e r m s of d rawer const i tuents , it is 
apparent that an ex t remely l a rge number of smal l p ieces of constituent 
naaterials must be on hand. It would be pre fe rab le to a s semble such a s y s ­
t e m with l a r g e r p ieces of m a t e r i a l in the core sect ion than a re p resen t ly 
used. However, this may only be done if it can be demons t ra ted that such 
an assembly re ta ins the nuclear p r o p e r t i e s of the sys t em which is to be 
invest igated. 

The dilute PBR core will contain fuel alloy which is 25% or l e s s 
enriched, whereas for EBR-II the corresponding enr ichment is about 50%. 
Suppose one is sat isf ied that , by using the enr iched and depleted uran ium 
p ieces , the nuclear c h a r a c t e r i s t i c s of EBR-II a re t ru ly obtained. Then the 

B. C. Cerut t i , et al , "The Fas t Cr i t ica l Assembly , " ANL-551 3, 
(January, 1956). 
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question a r i s e s whether one can use the same f iss i le m a t e r i a l s to obtain 
the c h a r a c t e r i s t i c s of a core containing l e s s enr iched m a t e r i a l . If not, the 
a l ternat ive is to obtain low^enrichment u ran ium to r ep re sen t the f issi le 
m a t e r i a l . If one is then sat isf ied that the m a t e r i a l of lower enr ichment 
more adequately gives the nuclear p a r a m e t e r s of in te res t , some choice 
must be made concerning the size of constituent m a t e r i a l s in such a sys t em. . 

This calulation p r o g r a m was inst i tuted to obtain information 
concerning the topics d i scussed above. 

1. Method of Calculation 

The method of solving the t r anspo r t equation by Sĵ  approx­
imations is descr ibed in LA-1891. An S^^ calculation, while st i l l an ap­
proximat ion to a r igorous solution of the t r anspo r t equation, should be t t e r 
descr ibe the physical p a r a m e t e r s of a cha in- reac t ing sys tem than a solu­
tion based on diffusion theory . This is pa r t i cu la r ly t rue in calculat ions 
where dis tances between boundar ies joining different media a r e sma l l e r 
than typical mean free pa ths . 

Recently a p r o g r a m was p r e p a r e d by Car l son at Los Alamos 
to p e r f o r m S4 calculat ions in slab geometry . This pa r t i cu la r p r o g r a m is 
sufficiently ve r sa t i l e to p e r m i t cell calculat ions in slab geomet ry . A cell 
calculat ion, as applied to a ZPR-II I assem.bly, would be pr incipal ly con­
ce rned with the investigation of the neutron flux dis tr ibut ion within a given 
drawer of the assembly . 

Suppose, then, that the space and energy-dependent flux 
dis t r ibut ion has been obtained. It should also be possible to obtain infor­
mation concerning the changes in react iv i ty observed upon rea r rang ing the 
p ieces of the different m a t e r i a l s which make up the composit ion of that 
d r awer . In pa r t i cu l a r , one could hope to pred ic t the react iv i ty effects a s ­
sociated with existing expe r imen t s . If one may reasonably calculate such 
observed effects, it is poss ible to gain confidence concerning p rope r t i e s of 
proposed asse inb l ies based on such ca lcula t ions . 

It i s t rue that a single d rawer is a smal l p a r t of the whole 
sys tem. Therefore in o rde r to calculate react iv i ty effects accura te ly , it i s 
n e c e s s a r y to make p rope r assumpt ions concerning the neutrons leaking out 

'Bengt G. Car lson, "Solution of the T ranspor t Equation by Sjĵ  Approxi­
ma t ions , " LA-1 891 (February , 1955). 
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of the d rawer . (For simplicity, it is assumed that the cent ra l drawer is 
the one being calculated.) For calculations involving diffusion theory, the 
neutrons leaving a given volume are proport ional to 

/ , 

DB^0dV 

where 

D = diffusion coefficient 
B^ = geometr ic buckling 
1̂  = neutron flux 
V = volume under considerat ion 

This same sort of leakage condition is imposed in these par t i cu la r S4 ca l ­
culat ions. If one is satisfied that such a t e r m rep resen t s the neutrons 
leaving the drawer , it then becomes neces sa ry to specify in what direct ion 
these neutrons are leaving the "cel l ." Again, s implici ty has governedthis 
decision. The calculation may be for the sys tem i l lus t ra ted , where a and 
b denote the boundar ies . 

^z 

Arbi t ra r i ly , let the direct ion perpendicular to the slab 
faces be the z direct ion and the axes orthogonal to the z direct ion be the 
X, y axes . The calculation p r o g r a m is such that it is possible to specify 
boundary conditions at a and b for the z-dependence of the flux. However, 
it is not possible to explicitly specify any conditions in the x, y d i rec t ions . 
As far as the actual calculation is concerned, the pile is assumed to be in­
finite in both the la t ter d i rec t ions . 

Pe rhaps one way to attack this problem is to requi re that 
the components of the neutron flux at a a re the same as those at b , a p e r i ­
odic boundary condition. This would be quite rea l is t ic insofar as the ca l ­
culation simulates an actual c r i t i ca l assembly where adjacent d rawers 



a r e , in fact, pe r iod ic . However, th is did not appear to be feasible for these 
init ial ca lcula t ions . The condition applied in the calculation is the "nairror 
condition," which r equ i r e s that the fluxes, or r a the r the components thereof, 
obey the equations N ( a + l | = N(a- i } and N(b+I ) = N(b-i }. This impl ies that 
the geomet r i ca l a r r angemen t to the "left" of a and to the "r ight" of b can 
be obtained simply by reflecting the sys t em in the planes of a and b , r e ­
spect ively. 

It i s t r ue that if one ca lcula tes a typical d rawer of a given 
assembly , in genera l , the boundary conditions applied a r e not those implied 
by the exper iments as usual ly pe r fo rmed . However, the experim.ental s y s ­
t e m is l a rge and the calculat ion therefor by essent ia l ly isolat ing a single, 
cen t ra l d rawer should not be too sensi t ive to the pa r t i cu la r nature of the 
conditions applied at the boundar ies thereof. F u r t h e r , it may be noted 
that a typical core a r r angemen t i s usual ly per iodic and may a lmost obey 
the m i r r o r condition. It may deviate f rom the la t te r only by the p re sence 
of a single pla te , whereas the per iodic condition would requ i re a different 
one. Also, it is conceivable that a d rawer may, to a g rea t extent, have i ts 
components symmet r i ca l ly a r r anged . Thus, to economize on computing 
t ime , only a segment of it need be calculated. Then the p rob lem may well 
be a r r anged so that the " m i r r o r condition" is p re fe rab le to the per iodic 
condition. 

The " m i r r o r condition," as well as the per iodic one, s i m ­
plifies the neutron leakage cons idera t ions . It says , in effect, that the re i s 
no net neutron leakage f rom the drawer in the z d i rect ion. Any leakage 
f rom the sy s t em must be a sc r ibed to neutrons leaving perpendicular ly to 
the z d i rec t ion . This leakage i s then introduced in t e r m s of a fictitious 
absorpt ion c r o s s sect ion and changes the calculat ion to one assoc ia ted 
with a sys t em which is finite in d i rec t ions perpendicular to the z ax is . 

The ficti t ious absorpt ion c r o s s sect ion represen t ing neu­
t rons leaving the sy s t em mus t then be introduced into the calculat ion. The 
t rue absorpt ion c r o s s sect ion does not appear d i rect ly in the Sj^ equations. 
There fore , the manner of introducing the leakage is not an obvious one. 
One approach i s to a s sume that one i s r ea l ly in t e re s t ed in increas ing the 
t rue absorpt ion c r o s s sect ion without changing the total c r o s s sect ion. This 
can be accompl ished by subtract ing the fictit ious absorpt ion f rom the e l a s ­
tic t r an spo r t c r o s s sect ion, thereby implici t ly increas ing the t ime a b s o r p ­
tion t e r m . It may also be a rgued that one should leave the e las t ic t r an spo r t 
c r o s s sect ion unchanged and introduce the leakage t e r m by adding to the 
total t r an spo r t c r o s s sect ion. Both of these methods were applied to s ev ­
e r a l calculat ions and the r e su l t s compared with each o ther . The bulk 
of the analyses contained the leakage by a l ter ing the e las t ic t r anspo r t 
c r o s s sect ion. 



2. Analysis of a Calculation 

The complete solution of a given sys tem cons is t s of a 
specification of the neutron flux dis tr ibut ion throughout the assem.bly as 
well as of i t s energy dependence. The angular dis t r ibut ions of the neutron 
fluxes, which a re the bas i s of the in tegra ted flux calcula t ions , a r e also 
given. 

Any determinat ion of the react iv i ty of the sy s t em must in 
some manner be de te rmined by th ree bas ic s y s t e m p a r a m e t e r s . These 
a r e the o v e r - a l l r a t e s of neutron production, absorpt ion and leakage i m ­
pl ic i t in the calculat ion. 

The infinite mult ipl icat ion constant may be defined as the 
rat io of the ra te of neutron production by f ission to the ra te of t rue neutron 
absorpt ion, or 

vZ^ 
k = 

where vZf , ^Q, and ^ a r e the sys t em p a r a m e t e r s to be evaluated. This 
would be the mult ipl icat ion constant of the sy s t em if t he re were no neutron 
leakage . In making this calculat ion it must be as summed that the neutron 
spectrumi does not change upon considera t ion of an infinite sys t em, whereas 
the bas ic flux calculat ions may be for a finite systeitn with leakage. 

The effective mult ipl icat ion factor may be defined as the 
ra t io of the ra te of neutron product ion to the r a t e of t rue neutron absorpt ion 
plus the ficti t ious absorpt ion caused by neutron leakage . This may be for ­
mulated a s : 

v 2 -
kgff = _ 

\ +^f + L 

where L r e p r e s e n t s the neut rons leaving the sy s t em. 

Under s t eady-s t a t e condit ions, the r a t e at which some par­
t icu lar event is taking place is sinaply the probabi l i ty for such an event to 
occur mult ipl ied by the neutron flux. Fo r example , the ra te at which neu­
t rons a r e absorbed within the s y s t e m is given by: 

S^ (r ,E) 0 (r ,E) dEdV , 
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where the energy is denoted by E and the volume by V. Thus the average 
p a r a m e t e r s which enter into the express ions for react ivi ty a re as follows; 

, 2 (r,E) 0 ( r ,E) dEdV 
2 „ V V - / E ^ " 

a 
/ / 0( r ,E) dEdV 

i y ^ E -

3. Exper iments to be Analyzed 

Assembl ies 2 and 2C a re typical EBR-II type c r i t i ca l s 
whose ove r - a l l core and blanket composi t ions a r e repor ted in ANL-5513.-^ 
The core is essent ia l ly cyl indr ica l with a height of about 41 cna and an 
L/D of about unity. The typical d rawer loading of Assembl ies 2 and 2C 
(see Fig . 3 of ANL-5513) is shown in Fig . 21 . Assembly 2 r e p r e s e n t s as 
homogeneous a sys t em as can be accomplished with constituent plates of 
1/8 in. th ickness . Assembly 2C is one where all of the enr iched and de ­
pleted m a t e r i a l is "bunched" in the center of the d rawer . It was expe r i ­
mental ly de te rmined that upon such a r e a r r a n g e m e n t , with the ove r - a l l 
d rawer composit ion unchanged, that the c r i t i ca l m a s s of Assembly 2Cwas 
9-2 kg l e s s than that assoc ia ted with Assembly 2. 

Assembl ies 2A and 2E a re s imi l a r to 2 and 2C except that 
al l the depleted u ran ium was removed f rom the core and rep laced by s ta in­
l e s s s tee l p l a t e s . F ig . 21 also gives typical d rawer loadings for these a s ­
sembl i e s . Again it can be seen that Assembly 2A is a more homogeneous 
type of loading than that a ssoc ia ted with Assembly 2E. The c r i t i ca l m a s s 
of Assembly 2E was found to be 9.9 kg l e s s than that of Assembly 2A. 

4. Completed Calculat ions 

A s e r i e s of calculat ions per ta ining to ZPR-III a s s e mb l i e s , 
both completed and proposed, have been analyzed for ce r t a in p r o p e r t i e s . 
It is to be noted, a l so , that the edges of the d r awer s a re not n e c e s s a r i l y 
cons idered as cel l boundar ies for the ca lcula t ions . P r o b l e m s 3 and 8 as 
well as 9 and 10 differed only in the manner in which the leakage t e r m was 
introduced into the calculat ion. P r o b l e m 12 was completed with no leakage 
t e r m i hence it r e p r e s e n t s the calculat ion of an infinite sys t em. 

Initially, one would like to compare the calculated flux 
dis t r ibut ion with one exper imenta l ly m e a s u r e d . However, such information 
has only been obtained through the in tegra ted f ission ra te measurements . -^ 

P r iva t e communicat ion, F . Kirn, NRTS, Idaho Fa l l s , Idaho. 
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SCHEMATICS OF DRAWER LOADINGS 
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Fig . 22 shows the var ia t ions in the r a t e s of U^̂ ^ and U^^^ f issions a c r o s s a 
d rawer in Assembly 2C. P r o b l e m s 9 and 10 a re the bas i s for the ca lcu la­
tion. The exper imenta l r a t e s were normal ized to those calculated at one 
point. S imilar ly , F ig . 23 shows a compar i son between f ission r a t e s based 
on p rob lems 3 and 8 and the f ragmenta ry information obtained on Assembly 2. 

It should be noted that the exper imenta l r a t e s a r e obtained 
by essent ia l ly per turb ing the sy s t em by the introduction of the foils to be 
act ivated. This could have an effect on the flux dis t r ibut ion, especia l ly in 
p la tes not o therwise containing fissionable m a t e r i a l . Hence, exact a g r e e ­
ment between calculat ion and experi inent is not expected. However, F i g s . 
22 and 23 indicate , at l eas t , qualitative agreement between theory and 
expe r imen t s . 

One would like to compare the react iv i ty effects observed 
in changing Assembly 2 and 2C and 2A to 2E. To facil i tate this i n t e r p r e t a ­
tion Table I has been compiled. The one-group p a r a m e t e r s assoc ia ted 
with each p rob l em a re l i s ted as well as the two types of calculated mul t ip l i ­
cation constants d i scussed prev ious ly . (The one-group p a r a m e t e r s were , in 
effect, calculated by hand and, in o rde r to reduce chance for e r r o r , were 
checked in inany ca se s by different numer i ca l in tegrat ion schemes . ) 

5, Analysis of P r o b l e m s Related to Assembl ies 2 and 2C 

Exper imenta l ly , the c r i t i c a l m a s s e s of Assembl ies 2 and 
2C a re 136.0 and 126.8 kg of U^^ ,̂ respec t ive ly , indicating a difference of 
9.2 kg between the two loadings . It naust be cons idered that the loading was 
changed by changing the core r ad ius , i .e . , removing fuel f rom the edge of 
the c o r e . Exper imenta l ly , the worth of core m a t e r i a l at the edge appears 

6k 
to be 84 inhours p e r k i logram, indicating that•TTi^O.0021, and indicating 

E , C - ^ 0 M 

fur ther that-T-''^0.28 -rrj-. (This l a t t e r re la t ionship is ve ry much like the 
K M̂  

frequently used re la t ionship 

6k . __ 6 M 
-'yO.25 

k M 

when fuel i s added nea r the core edge; it is based on theore t i ca l cons ide r ­
ations.) A difference of 9-2 kg in the c r i t i ca l m a s s would indicate that a 
react iv i ty change of 1.93% was observed . Calculated effects depend o n p a r -
t icu lar solutions as well as methods of calculat ion. Using the p a r a m e t e r 
kg£f as a b a s i s , the calcula ted effects were such that 

ave rage 6kgff = 1.82% 
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Table I 

SUMMARY O F CALCULATED P A R A M E T E R S FOR S4 ANALYSIS 

P r o b l e m 

3 
3 

8 
8 

9 
9 

10 
10 

C a l c . 
A s s e m b l y Method j j 0dEdV 2c ^f v^, ^eff 

2C 

2C 

1 
2 

1 
2 

1 
2 

1 
2 

34.78 
34.78 

35.15 
35.16 

367.67 
367.66 

33.83 
33.89 

0.00296 
0.00296 

0.00286 
0.00286 

0.00295 
0.00295 

0.00287 
0.00289 

0.01171 
0.01171 

0.01156 
0.01158 

0.01205 
0.01204 

0.01202 
0.01201 

0.03004 
0.03004 

0.02968 
0.02972 

0.03099 
0.03096 

0.03093 
0.03088 

0.01525 
0.01525 

0.01535 
0.01535 

0.01532 
0.01529 

0.01534 
0.01537 

2.04751 
2.04759 

2.05757 
2.05747 

2.06497 
2.06507 

2.07694 
2.07351 

1.00374 
1.00387 

0.99638 
0.99752 

1.02192 
1.02270 

1.02317 
1.02061 

12 

13 
13 

14 
14 

15 
15 

16 
16 

17 
17 

18 
18 

2 

2A 

2E 

P B R 

P B R 

P B R 

P B R 

35.27 0.00263 0.01147 0.02958 2.09756 0.98883 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

35.40 
35.40 

34.53 
34.53 

255.5 
255.5 

11.67 
11.67 

50.25 
50.25 

50.18 
50.18 

0.00174 
0.00174 

0.00172 
0.00172 

0.00400 
0.00400 

0.00395 
0.00395 

0.00372 
0.00371 

0.00373 
0.00373 

0.01051 
0.01051 

0.01082 
0.01082 

0.00639 
0.00639 

0.00641 
0.00641 

0.00624 
0.00624 

0.00623 
0.00623 

0.02694 0.01475 
0.02695 0.01475 

0.02782 0.01483 
0.02782 0.01483 

0.01624 0.00581 
0.01625 0.00581 

0.01632 0.00583 
0.01632 0.00583 

0.01590 0.00596 
0.01590 0.00596 

0.01586 0.00595 
0.01586 0.00595 

2.19963 
2.19972 

2.21816 
2.21830 

1.56327 
1.56342 

1.57426 
1.57434 

1,59605 
1,59629 

1.59227 
1.59280 

0.99805 
0.99820 

1.01636 

1.01659 

1.00262 
1.00277 

1.00730 
1.00739 

0.99867 
0.99883 

0.99679 
0.99697 



This calculat ion was based on p rob lems 3 and 9. The same effect may be 
calculated on the bas i s of P r o b l e m s 8 and 10; this gave: 

average 6kgff = 2.25% 

If it is a s sumed that the exper imenta l ca l ibra t ion is re l iab le , then a detailed 
analys is of Table I will show that the leakage conditions imposed in P r o b -
lenas 3 and 9 a re preferab le to those of P r o b l e m s 8 and 10. 

6. Analysis of P r o b l e m s Related to Assembl ies 2A and 2E 

Exper imenta l ly , the c r i t i ca l m a s s e s of Assembl ies 2A and 
2E a re 147.7 and 137.8 kg of U^^ ,̂ respec t ive ly , indicating a difference of 
9.9 kg. To obtain the la t te r e s t imate of c r i t i ca l m a s s , the worth of fuel 
near the core edge was a s sumed f rom the ca l ibra t ion in connection with 
Assembly 2. There fore , using the re la t ionship es tabl ished in the previous 
sect ion: 

—'v /0 .0021 
6M ' 

the observed reac t iv i ty change assoc ia ted in going f rom Assembly 2A to 
2E was es t imated to be 2.08%. The calculated effect on the bas i s of the 
p a r a m e t e r kgff was : 

average 6kgff = 1.83% 

F i g s . 24 and 25 give s p e c t r a l information on these a s s e m b l i e s . 

7. Analysis of P r o b l e m s Related to The PBR Cr i t i ca l 

An a s sembly with a core l a r g e r than that of an EBR-II 
type of sy s t em will have a cons iderably lower enr ichment in the fuel alloy. 
Whereas the U^^Vu^^^ enr ichment ra t io for an EBR-II sys t em is about one, 
a sys t em s imi l a r to the PBR Cr i t ica l will have a u^^^U^^^ ra t io of about 
1:4. The p rob l ems shown in F ig . 26 a re all in the l a t t e r ca tegory . The 
homogenized composi t ion of each of these p rob lems is the s a m e . The p u r ­
poses he re were to study the effects of different a r r a n g e m e n t s using fuel 
and diluent p la tes p re sen t ly avai lable , as well as to consider the poss ibi l i ty 
of using fuel p la tes of cons iderably lower enr ichment than those now on 
hand at the ZPR-III facil i ty. 

P r o b l e m 15 is a typical d rawer a r r angemen t if one were 
to build a low-enr ichment a s sembly with the philosophy governing the con­
s t ruct ion of the m.ore enr iched EBR-II- type assem.bl ies . 
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y , J 

P r o b l e m 16 is an a r rangement which might also be a s s e m ­
bled with existing consti tuents but would provide for e a s i e r a ssembly b e ­
cause of fewer p i ece s . 

P r o b l e m 18 representSj pe rhaps , the most homogeneous 
a r rangement to be obtained using the par t ia l ly enr iched uranium, provided 
no pla tes of l e s s than 1/8-in. th ickness a re to be used. 

P r o b l e m 17 r e p r e s e n t s a sys tem using the par t ia l ly en» 
r iched u ran ium but which, for sinnplicityi, is const ructed with th icker p la tes . 

Initially, P r o b l e m s 15 and 16 were compared . This is to 
investigate the "bunching" of f iss i le m a t e r i a l when the sys tem is assembled 
with both fully enr iched and depleted p l a t e s . The calculated react ivi ty 
change was: 

Skgff (15-*16) = + 0.47% . 

Similar ly, one can compare P r o b l e m 17 with 1 8 to d e t e r ­
mine the "bunching" effect when the sys t em is based on the assembly of 
par t i a l ly enr iched u ran ium p l a t e s . This react iv i ty effect was calculated 
a s : 

6kef£ (18*17) = + 0.19% . 

Comparison of P r o b l e m 15 with 18 is useful. This indicates 
what kind of react iv i ty change would be observed if the most homogeneous 
a r rangement is cons t ruc ted with fully enr iched and depleted pla tes and then 
l a te r a s sembled with pa r t i a l ly enr iched p l a t e s . This was calculated to be : 

6kgff (18*15) = + 0.58% . 

It appeared that the most react ive configuration is that a s ­
sociated with P r o b l e m 16, the "bunched" assembly using fully enr iched and 
fully depleted p l a t e s . The leas t react ive was that assoc ia ted with P r o b l e m 
18, the la t te r being the most homogeneous a r r a y for this s e r i e s of ca lcula­
t ions . It was also the one most c losely approximating the actual r eac to r 
under considera t ion . 

F igs . 27 to 30 give spec t r a l information on these p r o b l e m s . 
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The r a the r good agreement between theory and exper iment 
on calculat ions represen t ing Assembl ies Z, ZK, 2C and 2E suggests that one 
may confidently use this type of analysis to make qualitative predic t ions 
concerning inhomogeneit ies in proposed a s s e m b l i e s . Indications a re that 
quantitative predic t ions may also be made . 
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B. Effect of High Tempera tu re on I r r ad ia t ed F i s s i u m Alloy 
R. J . Schiltz, E . S. Sowa 

A s e r i e s of t e s t s were conducted in which cas t 4% f i ss ium alloy 
pins were taken f rom an i r r ad i a t ed fuel e lement (CP-5~7)^ and heated to 
high t e m p e r a t u r e s . 

The fuel had been i r r ad i a t ed to an es t ima ted burnup of 1% of 
total a to ins . This t es t was conducted to de te rmine what effects could be ex­
pected in EBR-II fuel e l ements , after burnup^ in the event of overheat ing for 
a shor t per iod . 

Two samples (Nos. 1 and 4) were i n se r t ed in shor t lengths of 
s tandard EBR-II fuel e lement tubing (Type 304 s ta in less s tee l , 0.156 in, ID. 
by 0.008 in. wall th ickness) . They were heated to a t empe ra tu r e below the 
melt ing point (approximately 1335F) of the U»Fe eutect ic to avoid melt ing 
of the tes t spec imen. Samples No. 2j 3, and 5 were heated in c e r a m i c tubes 
to 1825F. 

The heating was conducted in a ve r t i ca l , cyl indr ica l furnace 
with r e s i s t ance hea t e r s p laced around the ex te rna l c i r cumfe rence . The 
samples were placed in a pedes ta l within the furnace and a purging flow of 
argon was admit ted into the top. The gas flowed down over the sample and 

Reactor Engineering Division Quar te r ly Report - Section II, ANL-5601 
(July, 1956). 



out through a hole in the bottom of the furnace. The furnace t empera ture 
was measured by a thermocouple in a s ta in less s teel tube inser ted through 
the furnace top and situated just above the sample . 

The resu l t s a re l is ted in Table II. 

Sample 

1 

2 

3 

4 

5 

HEATING 

Temper­
a t u r e , 

F 

1300 

1825 

1825 

1275 - 1290 

127 5 - 1290 

TESTS 

Time a t 
I 'emper-

a t u r e , 
min. 

10 

10 

10 

10 

10 

T a b l e 

ON C P - 5 - 7 

C o n t a i n e r 

S t a i n l e s s 
S t e e l 

Ceramic 

Ceramic 

S t a i n l e s s 
S t e e l 

Ceramic 

11 

F I S S I U M ALLOY 

D i a m e t e r , i n . 
Be fo re A f t e r 

H e a t i n g H e a t i n g 

<0 .156 0 .156 

0 .142 

0 .142 

0 . 1 4 8 

-

0 ,192 

0 .189 

0 .156 

-

P I N S 

C o n d i t i o n 

Specimen s t u c k 
s l i g h t l y in t u b e . 

C e n t e r ho l lowed out 
a f t e r h e a t i n g . 

P i e c e s o l i d b u t 
expanded. 

Removed from 
t u b i n g wi th d i f ­
f i c u l t y . 

S tuck i n f u r n a c e . 

In each case the pins expanded in diameter until confined by their container. 
Sample No. 5 could not be removed from the furnace | consequently, m e a s ­
urements could not be inade on its d iameter after heating. 

The expansion of the pin is believed to be due to the expansion 
of f ission gases in the meta l and the reduced strength of the meta l at the 
higher t e m p e r a t u r e s . Sample No. 2 appeared to have formed a "gas 
pocket" which forced the metal from the center of the sample . 

These resu l t s indicate that expansion of the burned-up fuel will 
occur if exposed to t empera tu re s of 1300F or above for relat ively short 
per iods of t ime . 
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^* Evaluation of Gears and Bear ings for Service in High -
T e m p e r a t u r e Sodium 

A. R. J a m r o g , R. A. Stella 

The EBR-II design r equ i r e s operat ion of ce r ta in fuel-handling 
mechan i sms submerged in h igh - t empera tu re sodium. Fig , 31 shows sche ­
mat ica l ly the appara tus used to evaluate the pe r fo rmance of gea r s and b e a r ­
ings in sodium at t e m p e r a t u r e s , loads , and speeds c h a r a c t e r i s t i c of the 
fuel-handling equipment operat ion.^ 

The tes t r e su l t s (Tables III to V) indicate that ce r ta in g e a r s , 
shaft and bear ing combinations a r e avai lable which opera te successfully 
in the s imulated EBR-II environment . 

D, Bellows Seal and Sodium Condensation Test - E. Hutter , 
O. S. Seim 

The welded s ta in less s teel be l lows" failed after completing 
approximate ly 40,000 full cycles at room t e m p e r a t u r e , and with an in terna l 
a rgon p r e s s u r e of 15-30 in. H2O. The fai lure was in the form of a c rack 
which developed adjacent to a weld joining the pe r i phe r i e s of two disks 
(see Fig , 32). 

A bellows of s imi la r design will be used on the EBR-II control 
m e c h a n i s m s . On the bas i s of this single t es t , it appear s that such a b e l ­
lows probably is well suited for this application! however, further t e s t s 
will be conducted. 

Visual inspection of the shaft tes t sect ions after a 37-day ope r ­
ating per iod revea led no i nc r ea se in the r a t e of build-up of sodium due to 
condensation over that previous ly repor ted in ANL-5601: 0.09 i n , / y r at a 
point one foot above the sodium level . 

E. Sodium-Air Reaction Exper iments - J . R. Humphreys 

One factor which en te r s into the design of a containment vesse l 
for EBR-II is the magnitude of the p r e s s u r e build-up within the ves se l due 
to a reac t ion between sodium and a i r in the r emote event that a nuclear in ­
cident resu l ted in ejection of p r i m a r y tank sodium into the r e a c t o r building 
(containment v e s s e l ) . Initial exper iments d i rec ted toward de terminat ion of 
such p r e s s u r e t r ans i en t s have been conducted in which varying quanti t ies of 
sodium at 750F were expelled f rom a r e s e r v o i r into a react ion vesse l by 
detonation of a hydrogen-oxygen gas m i x t u r e . 

^Reactor Engineering Division Quar te r ly Report , ANL-5371s January 15, 
1955, p . 223. 

Reactor Engineering Division Quar te r ly Report - Section II, ANL-5601 
(July, 1956). 
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FIG. 31 
TEST APPARATUS USED TO EVALUATE 
ROTARY SEALS. GEARS AND BEARINGS 
FOR LIQUID METAL-COOLED SYSTEMS 



Gear D e s c r i p 
Type 

American S t a n d a r d 
20-deg S tub Too th ; 
12 i n . d i a m e t r a l p i t c h 
36 t e e t h ; 
1 i n , f a c e 

American S t a n d a r d 
1 4 . 5 - d e g f u l l d e p t h ; 
10 i n . d i a m e t r a l p i t c h 
30 t e e t h ; 1 i n . f ace 

American S t a n d a r d 
20-deg Stub Too th ; 
12 i n . d i a m e t r a l p i t c h 
36 t e e t h ; 1 i n . f ace 

SUMMARY 

t i o n 
M a t e r i a l 

SAE 4640 , (CP)2 

SSI 440C,(CP) 

Tan tung G 

High Speed 
Tool S t e e l 

(CP) 

T a b l e 

OF GE'AR TEST 

G e a r 

Hard­
n e s s , 
Rock­

S p e e d : 

T e s t 
Temper­
a t u r e , 

we l l C F 

52 

4 8 j 

5 6 ^ 

57 . 

55"" 

5 4 ^ 

1 300 
y 400 

300 

900 
[ 900 

y 300 

I I I 

IN LIQUID 

8 . 6 rpm 

(A) i 
O i l Lube 

Load 
R a t i n g , 

l b 

1110 
1110 
1110 

1000 
1000 

l i l O 

SODIUM^ 

(B) 
A p p l i e d 

T e s t 
Load, 

l b 

28 
85 
56 

28 
4 2 . 5 

4 2 . 5 

B/A 
(xlOO) 

2 . 5 
7 .6 
5.0 

2 . 8 
3.8 

3 .8 

T e s t 
Time, 

h r 

445 
2 

1852 

208 
426 

956 

T o t a l 
Revo lu ­

t i o n s 

2 1 1 , 4 6 1 
950 

8 5 1 , 0 0 0 

75 ,500 
195,278 

438 ,230 

T o t a l 
S t a r t s 

105,7 30 
480 

425 ,500 

47 ,750 
9 7 , 6 3 9 

169 ,115 

^Using Lewis Formula : W = F s y c / P ^ . ( s = s t r e s s ; assumed 300,000 p s i f o r h e a t t r e a t e d 

g e a r s t e e l ) . 

^(CP) = chrome plated. 

'Over-all Evaluation: No visible wear. 



o 

Bear ing 
D e s c r i p t i o n 

Angular Con-
tac t ;New De­
p a r t u r e 

SUMMARY OF BALL BEARING 

M a t e r i a l 
Races & 
B a l l s Rc R e t a i n e r 

S t e l l i t e 3 56 Bery lco 255 

Rc 

44 

T a b l e IV 

TESTS IN LIQUID SODIUM 

Tes t 
Temper 
a t u r e , 

F 

300 

Thrus t 
Load, 

lb 

90 

Rad ia l ^ 
Load, 

l b 

14 

AND 

Tes t 
Time, 

h r 

445 

SODIUM VAPOR 

Race D i s p l a c e ­
ment, ' i n . 

Before Af ter 

0.002 0.008 

Appearance 

G9pper smear 
on b a l l s and 
r a c e s . 

#20208-#5A| 5g , , 
1.5748 i n . 
b o r e ; 3.1496 
i n . CD; 11 
b a l l s , 15/32 
i n . d i a . 

300 90 14 445 0.002 0.009 

Angular Con- S t e l l i t e 3 
tac t ;New De­
p a r t u r e 
#20208-#5A; 
1.5748 i n . 
b o r e ; 3,1496 
i n . OD; 15 
b a l l s , 15/32 
i n . d i a . 

Angular Con­
t a c t ; * New 
Depa r tu re 
#20208-#5A; 
1.57 48 i n . 
b o r e ; 3.1496 
i n . OD; 15 
b a l l s , 15/32 
i n . d i a . 

57 None 

57 None 

54 None 

57 None 

S t e l l i t e 3 57 None 

400 

300 

400 

300 

900 

900 

900 

240 

240 

240 

240 

240 

240 

Misa­
l i g n e d 
dur ing 
t e s t . 
No load 

42 .5 

28 

42 .5 

28 

21 

21 

> 2 0 0 

2 

1852 

2 

1852 

956 

9 56 

956 

2 .5 0.0025 0.0025 No evidence of 
b e a r i n g wear. 

0.0025 0.0035 S l i g h t t a r n i s h . 

2 .5 0.0025 0.0025 No evidence of 
b e a r i n g wear. 

0.0025 0.0035 S l i g h t t a r n i s h . 

0.0015 0.0063 Dark t a r n i s h . 

0.0015 0.0053 Dark t a r n i s h . 

0.0035 -0 .0032 Coated with 
Na and NaO 
No apparent 
damage. 

C a l c u l a t e d load based on f r i c t i o n c o e f f i c i e n t of 0 .8 a t j o u r n a l b e a r i n g s . 

Tes ted in sodium vapor . 'Measure of o v e r - a l l wear for angular con t ac t b e a r i n g . 
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T a b l e V 

S U M M A R Y O F T E S T S ON VABIOUS JOUBNAL BEARING - SHAFT COMBINATIONS IN L I Q U I D SODIUM 

M a t e r i a l Combina t ion 
and T e s t C o n d i t i o n s 

B e a r i n g : B e r y l c o 25S 
S h a f t : SST 416, (CP) 
T e s t T e s p : 300F 
H a d i a l U n i t B e a r i n g P r e s s . : 6 3 . 5 p s i 
T o t a l R e v o l u t i o n s : 2 1 1 , 4 6 1 
No. of S t a r t s : 105 ,730 
T e a t Time: 445 h r 

B e a r i n g 
No. 

J - 1 

J - 2 

J - 3 

J - 6 

C l e a r a n c e , i n . 

"Tla—W^IT I n i 

0 . 0 0 1 2 

0 . 0 0 1 2 

0 . 0 0 1 2 

0 . 0 0 1 2 

0 . 0 0 1 

0 . 0 0 1 1 

0 . 0 0 1 
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B e a r i n g : B e r y l c o 10 
S h a f t : SST 416 (CP) 
Test Temp.: 400F 
Radial Unit Bearing Press.: 190.6psi 
Total Revolutions: 950 
No. of Starts: 480 
Test Time: 2.5 hr 
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Bearing: High-Speed Tool Steel, 
(CnP) 

S h a f t : High-Speed Tool S t e e l , 
1 8 - 4 - 1 . (CP) 

T e s t Temp.: 900F 
R a d i a l U n i t B e a r i n g P r e s s . : 6 3 . 5 p s i 
T o t a l R e v o l u t i o n s : 7 5 , 5 0 0 
No. of S t a r t s : 47 ,750 
T e s t Time: 208 h r 
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63 B e a r i n g g a l l e d and s e i z e d 

B e a r i n g : B e r y l c o 25 S 
S h a f t : SST 416 , (CP) 
T e s t Temp.: 300F 
R a d i a l U n i t E e a r i n g P r e s s . : 127 p s i 
T o t a l R e v o l u t i o n s : 851 ,000 
No. of S t a r t s : 425 ,500 
T e s t Time: 1852 h r 
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Bearing: High-Speed Tool Steel, 
(CP) 

S h a f t : H igh -Speed Tool S t e e l , ( C P ) 
T e s t Temp. : 900F 
H a d i a l U n i t B e a r i n g P r e s s . : 9 5 . 3 p s i 
T o t a l R e v o l u t i o n s : 195 ,278 
No. o f S t a r t s : 9 7 , 6 3 9 
T e s t Time: 426 h r 

Bearing: HSTS, (CP); Radial 
Copper P i n s 

S h a f t : H igh-Speed Tool S t e e l , ( C P ) 
T e s t Temp.: 900F 
R a d i a l U n i t B e a r i n g P r e s s . : 115 p s i 
T o t a l R e v o l u t i o n s : 195 ,278 
No. of S t a r t s : 9 7 , 6 3 9 
T e s t Time: 426 h r 
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Bearing: HSTS, (CP); Longitudinal 
Copper Pins 

Shaft: High-Speed Tool Steel, (CP) 
Test Temp: 900F 

Radial Unit Bearing Press.: 190. 6 psi 
Total Revolutions: 438,230 
No. of Starts: 169,115 
Test Time: 95b hr 

Bearing: Stellite 3 
S h a f t : H igh -Speed Tool S t e e l , (CP) 
T e s t Temp.: 900F 
R a d i a l Un i t B e a r i n g P r e s s . : 9 5 . 3 p s i 
T o t a l R e v o l u t i o n s : 438 ,230 
No. o f S t a r t s : 169 ,115 
Test Time: 956 hr 
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Note: (CP) (CuP) = Copper Plated 
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FIG. 32 
BELLOWS FAILURE WHICH OCCURRED AFTER 40,000 
CYCLES AT ROOM TEWiPERATURE, WITH INTERNAL 

ARGON GAS PRESSURE OF 15-30 in H2O 
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The react ion vesse l was a 5-foot length of 8-inch Schedule 40 
s tee l pipe (see F ig . 33). The "m.ortar" subassembly contained the r e s e r ­
voir of heated sodium as the top section d i rec t ly above the hydrogen-oxygen 
ignition chamber (see F ig . 34). The sodium r e s e r v o i r was sealed f rom the 
react ion v e s s e l by a thin, a luminum rupture disk and was separa ted f rom 
the hydrogen-oxygen ignition chamber by a thin s ta in less s tee l rupture disk. 
When the hydrogen-oxygen mixture was detonated by a spark , the contents 
of the sodium r e s e r v o i r were explosively ejected into the reac t ion v e s s e l . 
P r e s s u r e m e a s u r e m e n t s were made using a P r e s s u r e g r a p h var iable capac ­
itance p r e s s u r e t r an sduce r and amplif ier . The p r e s s u r e signal was t r a n s ­
mit ted to an osci l loscope and photographedo 

In the tes t s e r i e s , varying amiounts of sodium were introduced 
to the reac t ion v e s s e l . In all c a ses oxygen was p r e sen t in e x c e s s . Quanti­
t i es of sodium added a r e repor ted in Table VI as a percentage of the n e c ­
e s s a r y amount of sodium requi red for s toicMoinetr ic reac t ion with the 
a tmospher ic oxygen contained in the reac t ion v e s s e l to form sodium mon­
oxide. Tes t r e su l t s a re shown in Table VI. The quantity of sodium added 
is the only va r i ab le . In all c a s e s , the m e a s u r e d values of peak p r e s s u r e s 
were considerably lower than the theore t i ca l max imum p r e s s u r e r i s e . The 
theore t i ca l max imum p r e s s u r e r i s e was calculated on the bas i s of complete 
react ion of sodium with oxygen to fo rm sodium monoxide; the heat of r e a c ­
tion was a s sumed to be t r a n s f e r r e d completely to the res idua l a tmospher ic 
g a s e s . It will be noted that the differences between the m e a s u r e d and the 
theore t i ca l differential p r e s s u r e s i n c r e a s e with inc reas ing quanti t ies of 
sodium. 

A por t ion of the m e a s u r e d peak p r e s s u r e r i s e was due to the 
hydrogen-oxygen reac t ion plus the heat of reac t ion of the resul t ing water 
vapor with sodium. To m e a s u r e this effect, the exper iments in which the 
loadings of sodium were 27% and 54% were repea ted with an a tmosphere 
of argon in the reac t ion v e s s e l . P r e s s u r e r i s e s of 7 and 10 ps i were 
m e a s u r e d for the 27% sodiiim loading, and 5 and 7 ps i were m e a s u r e d for 
the 54% loading. Thus , in the 25% loading about 13 - 18% of the m e a s u r e d 
p r e s s u r e r i s e is a t t r ibutable to the sodium-inject ion reac t ions , with 5 to 
10% inc rea se for the 54% loading. The added effect in the case of the 13% 
loading would be comparable to the 27% loading va lues , and the 40% and 
67% loadings comparable to the 54% va lues . 

P rev ious work has shown an apparent influence of humidity 
upon the kindling t e m p e r a t u r e of sodium. To tes t this effect on the peak 
p r e s s u r e s , the 54% loading was repea ted with dry a i r in the reac t ion ve s se l . 
Peak p r e s s u r e s of 50 and 64 ps i were r eco rded for these dry a i r runs , 
compar ing with 67, 70 and 78 ps i for the runs using a i r containing about 
60% re la t ive humidity at 80F. On the bas i s of these data, the re appeared to 
be a smal l influence of humidity on the peak p r e s s u r e . 
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FIG. 33 
SODIUM-AIR REACTION TEST FACILITY 
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MORTAR SUBASSEMBLY 
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Table VI 

PEAK PRESSURE VARIATION WITH SODIUM QUANTITY 

_ ^_ . P r e s s u r e RisCj psi 
Quantity of *-

Sodium, 
% 

13 

27 

40 

Theoretical 
(Max.) 

70 

120 

180 

240 

300 

Measured 
(Peak) 

33 
36 

44 
55 
55 

55 
66 
83 
92 

67 
70 
78 

70 
75 

54 

67 

The par t ic le s ize of the ejected sodium for a given sodium loading 
will de te rmine the surface a r e a of sodium available for react ion with oxygen. 
As the r a t e of react ion is propor t ional to the sodium surface exposed, this 
will influence the degree of sodium react ion during the t ime-of-fl ight per iod. 
The par t ic le size of the sodium will be de termined by the intensity of the 
hydrogen-oxygen ejection explosion and by the degree of a tmospher ic vio­
lence encountered in the react ion vesse l as a r e su l t of the addition of l a rge 
quantit ies of heat to the gas region immediate ly over the m o r t a r a s sembly . 
Three 54% rxms were made using 1.5 t imes a s much hydrogen and oxygen for 
the propulsion react ion to achieve bet ter init ial mechanica l d ispers ion of the 
sodium.. Peak p r e s s u r e s of 88, 94 and 100 psi were obtained indicating that 
bet ter mechanical d ispers ion does i nc r ea se the maximum p r e s s u r e values 
to a g r ea t e r extent than could be explained by the 300 ca lor ies added by the 
additional hydrogen-oxygen-sodiunn reac t ions . 

In al l r uns , the p r e s s u r e profi les were s imi la r in shape. F igure 35 
shows two typical p r e s s u r e t r a n s i e n t s . It will be observed that the peak 
p r e s s u r e s occur within the 6 to 15-mil l isecond sodium t ime-in-f l ight per iod. 
This i s what would be expected in the case of very high t empera tu re gas con­
tained in a cold vesse l . A rapid p r e s s u r e drop occurs a s heat is lost to the 
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tank wal ls , the dec rease becoming slower as the t e m p e r a t u r e of the tank 
walls i n c r e a s e s and the ra te of heat loss from the gas is reduced. This 
sequence of heat t r ans fe r occurs very rapidly in the smal l sys tem, but 
would be slowed down considerably in a l a rge sys t em, such a s the EBR-II 
containment building, due to the much sma l l e r v e s s e l - t o - a i r heat capacity 
ra t io and the much l a r g e r mean-d i s t ance - to -wa l l f igure . A peak p r e s s u r e 
enduring for a m a t t e r of mi l l i seconds in this smal l exper imenta l ves se l 
would be expected to l as t much longer in a ful l -scale containment model . 

In o rde r to observe the l a r g e - s y s t e m effects, a second s e r i e s of 
exper iments a r e to be conducted using a containment tank 3 feet in d iam­
eter and 10 feet in height. Sodium injections up to 100% s toichiometr ic 
quantities a r e planned. 




