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FOREWORD 

The Reactor Development P r o g r a m P r o g r e s s Report , issued 
monthly, is intended to be a means of report ing those i tems 
of significant technical p r o g r e s s which have occur red in 
both the specific r eac to r pro jec ts and the genera l engineer­
ing r e s e a r c h and development p r o g r a m s . The repor t is o r ­
ganized in a way which, it is hoped, gives the c l ea res t , most 
logical ove r - a l l view of p r o g r e s s . The budget classif ication 
is followed only in broad outline, and no at tempt is made to 
r epor t separa te ly on each sub-act ivi ty number . Fur the r , 
since the intent is to r epor t only i tems of significant prog­
r e s s , not all ac t iv i t ies a r e repor ted each month. In o rder 
to i ssue this r epor t as soon as possible after the end of the 
month edi tor ia l work mus t necessa r i ly be l imited. Also, 
since this is an informal p r o g r e s s repor t , the resu l t s and 
data p resen ted should be understood to be p re l iminary and 
subject to change unless otherwise stated. 

The i ssuance of these r epo r t s is not intended to constitute 
publication in any sense of the word. Final resu l t s ei ther 
will be submitted for publication in regular professional 
journa l s or will be published in the form of ANL topical 
r e p o r t s . 

The las t six r epor t s i ssued 
in this s e r i e s a r e : 

January 1961 ANL-6307 
F e b r u a r y 1961 ANL-6328 
March 1961 ANL-6343 
April 1961 ANL-6355 
May 1961 ANL-6374 
June 1961 ANL-6387 
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I. WATER COOLED REACTORS (040101) 

A. EBWR 

1. 100-Mw Modifications - Reboi lers 

The S t ru the rs -Wel l s Corporat ion has notified the Laboratory that 
it cannot meet the schedule previously submitted for del ivery of the r e ­
bo i le r s . On August 8 a new schedule was submitted which predic ts comple­
tion of the f i r s t reboi le r by Septennber 30, and the second by October 10, 
1961. 

The original scheduled del ivery of both rebo i le r s was August 31. 
This delay is very disappointing and will set back the s tar tup of EBWR. 
It was hoped to obtain exper ience in the operat ion of the a i r -coo led heat 
exchangers p r io r to the coming of freezing weather . The a i r -coo led heat 
exchangers will be opera ted before supplying s team to the Laboratory 
heating sys tem to m a s t e r their control and to el iminate "bugs," and to 
a s su r e that no leakage exis ts between the tube side and the shell side 
of the p r i m a r y heat exchangers . 

However, it now appears that it will be neces sa ry to per form the 
shakedown operat ion of the a i r - coo led heat exchangers under adverse 
weather conditions. This condition involves a calculated r i sk since the 
danger of freezing up tubes mus t be faced until experience provides p e r ­
formance data to de te rmine p roper operat ing conditions. 

2. Core I-A 

a. Storage Rack - Some difficulty was experienced in welding 
Boral sheet and in tack welding the m a t e r i a l after assembly . All exposed 
edges of the bora l sheet have been given two coats of an epoxy res in . The 
s torage rack is now complete and is being p repa red for instal lat ion. 

b. Z i rca loy-2 Fol lower Control Rods - Corros ion testing of a 10-in. 
Z i rca loy-2 c r o s s was completed. Indications of cor ros ion products near the 
spot welds p e r s i s t . The fusion welds at the end of the c r o s s e s have been 
completed and the c r o s s e s will be r iveted to the Type 304 s ta in less s teel 
t rans i t ion . After the units a re r iveted, they will be cor ros ion tested in a 
la rge autoclave. 

A vendor has been found with suitable facil i t ies for heat t r e a t ­
ing the 10-in. poison c r o s s e s . One such c ro s s was shipped and Labora tory 
personne l will wi tness the heat t r ea tmen t . 



3. Reactor Operation 

a. EBWR Steam Quality Studies - Steam quality studies using rad io ­
active sodium t r a c e r have been conducted on EBWR with the new high shroud. 
Effects of feedwater ring location in the downcomer, and of reac tor p r e s ­
sure and power have been evaluated. Steam quality has exceeded 99.98% 
in all c a ses (entra inment l e s s than 0.02% based on weight of steam) up to 
20-Mwt power level at 300 psig. 

b. EBWR Turbine - Some noises sti l l exis t in the governor end of 
the turbine after a two-week down t ime for r e p a i r s . The pedes ta l end was 
taken apa r t for fur ther invest igation. 

c. EBWR Opera to r Training - Most of the ope ra to r s have had 
exper ience in s tar t ing up the reac to r within the pas t s eve ra l weeks . This 
phase of the p r o g r a m should be completed within the next month. 

4. AMU-ANL-EBWR Summer Study Group 

The eight-week s u m m e r study group on the EBWR was completed 
August 11. Pa r t i c ipan t s consis ted of staff m e m b e r s from five Associated 
Midwest Univers i t ies plus an additional twelve r ep resen ta t ives of power 
companies from both the United States and abroad. 

The course of study consis ted in par t of four weeks of l ec tures 
p resen ted by m e m b e r s of the Labora to ry ' s staff. Texts for the four 
weeks of l ec tu re s were ANL and TID documents on subjects re la ted to 
EBWR design, development, and operat ion. Copies of approximately 
35 different technical documents were given out. 

The final four-week per iod was organized to p e r m i t the univers i ty 
staff par t i c ipan ts to conduct individual investigation and study under the 
guidance of Labora tory staff m e m b e r s . This work was conducted in a r e a s 
of i n t e re s t where the work could conveniently be continued at the univers i ty 
e i ther independently or in conjunction with nuclear development activit ies 
at ANL on the EBWR. Response to this p rog ram by the AMU Summer 
Study Advisory Commit tee , as well as the AMU staff pa r t i c ipan t s , has been 
very gratifying. , 

5. Core II 

Bids have been rece ived for the fabricat ion of fuel rods for Core II, 
and a r e in the p r o c e s s of evaluation. 

6. Reactor Decontamination 

The r eac to r decon tamina t ionprogram cons is t s of two pr incipal 
efforts. The f i r s t is to evaluate the spread of f iss ion product activity 
through the s team sect ion of a boiling wate r r eac to r in the event of a 



fuel e lement fa i lure . A s ta in less s tee l loop which s imulates the action of a 
boiling wa te r r eac to r is being used to study the behavior of fission products 
p resen t in the ci rculat ing water . F i s s ion products a r e introduced into the 
loop by allowing the heated wate r to co r rode i r r ad ia ted natura l uranium 
meta l . Sample s t r ips which a r e in se r t ed in the vapor space of the system 
provide the samples for p o s t - r u n evaluation of fission product distr ibution 
and deposition. The second effort is to determine adequate methods for 
removing the deposited activity. 

In a s ix teen-day loop run at 200 psi p r e s s u r e and a s team velocity 
of 0.8 f t / s e c , s team disengaging fac tors var ied from 1.3 x 10^ for ruthenium 
to 2 X 10 for ba r ium- lan thanum. Analysis of activity depositedon the meta l 
s t r ips in the loop indicated that the predominant act ivi t ies deposited were 
ce r ium, ruthenium and z i rconium. Extrapolat ion of this deposition data 
was made using data on the activity content of the Dresden reac to r core as 
a re fe rence in o rde r to e s t ima te the radiat ion levels . The radiat ion level 
in a s ix- inch s team line was calcula ted to be 8.5 and 11.6 m r / h r , r e s p e c ­
tively, for ru thenium-1 03 and z i r con ium-95 , the predominant act ivi t ies 
deposited. 

Labora to ry invest igat ions have continued the examination of the 
peroxide-oxala te reagent as a decontaminant . Cur ren t exper iments indi­
cated poor decontamination of spec imens contaminated in the vapor space 
of the loop in con t ras t to the excel lent decontamination previously obtained 
with samples contaminated in the labora tory . Corros ion t e s t s at 90°C in­
dicated a penet ra t ion ra te of approximate ly 0.05 mi l per hour for the low 
chromium s tee ls exposed to a solution of 0.50 M sodium oxalate, 3 M 
hydrogen peroxide , 1 M acet ic acid, 0.175 M sodium aceta te . Reduction 
of the t e m p e r a t u r e to 60°C resu l ted in tenfold dec rease in the cor ros ion 
ra t e . 

B. BORAX V 

1. Instal lat ion of Reactor and Components 

All t h ree core s t r u c t u r e s (boiling core s t ruc tu re , cent ra l superhea ter 
core s t r u c t u r e , and pe r iphe ra l supe rhea te r core s t ruc ture) have been r e ­
a s sembled and successful ly tes t - f i t ted , with and without the forced-convection 
baffle in p lace , in the r e a c t o r ve s se l . F igure 1 shows these i t ems . In each 
case the r eac to r ve s se l head was insta l led and m e a s u r e m e n t s were taken to 
de te rmine the size of s p a c e r s r equ i r ed on top of the core s t ruc ture s t ru t s 
to give the p rope r deflection on the Belleville Spring. As a resu l t of t es t 
ins ta l la t ions , the guide dowels in the bottom of the r eac to r vesse l were 
modified and guide funnels were a t tached on the bottom of two core s t ruc tu re 
legs to faci l i tate future remote ins ta l la t ions . Minor modifications to core 
s t ruc tu re handling tools and s torage stands have also been made . Figure 2 
shows the cen t ra l supe rhea te r core s t ruc tu re in the reac tor vesse l . 
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Figure 1 

Left to right Forced Convection 
Baffle, Central Superheater Core 
Structure, Peripheral Superheater 
Core Structure, and Boiling Core 
Structure. 

Figure 2 

Central Superheater Core Structure in Reactor 
Vessel. Flexible Superheated Steam Mam-
folds and Belleville Spring Assembly in place. 

The nine t h e r m a l s l e e v e a s s e m b l i e s in the c o n t r o l rod n o z z l e 
sh i e ld p lugs w e r e mod i f i ed , a f t e r t e s t - f i t t i n g , to c o r r e c t the o r i e n t a t i o n of 
two of t h e m and double the s t r e n g t h of the I n c o n e l - X wave s p r i n g in the 
bayone t jo in t of a l l . T h e s e p lugs have now been p e r m a n e n t l y i n s t a l l e d . 
The s a t u r a t e d s t e a m c o l l e c t o r and the two f e e d w a t e r s p a r g e r s a r e being 
mod i f i ed to f a c i l i t a t e p r o p e r a l i g n m e n t and e a s e of r e m o t e hand l ing . 

The fol lowing add i t i ona l r e a c t o r v e s s e l i n t e r n a l s have b e e n s u c c e s s ­
fully t e s t - f i t t e d : c o n t r o l - r o d - c h a n n e l o r i f i c e p l a t e s , p o i s o n add i t ion n o z z l e , 
four b l ank c a p s for s u p e r h e a t e d - s t e a m ou t le t n o z z l e s , f lex ib le s u p e r h e a t e d 
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s t e a m ou t l e t m a n i f o l d s for both c e n t r a l and p e r i p h e r a l s u p e r h e a t e r c o r e s , 
and the f l o o d - a n d - d r a i n man i fo ld e x t e n s i o n d o w n c o m e r s for bo th s u p e r h e a t i n g 
c o r e s . 

T e s t - f i t t i n g of the r e a c t o r v e s s e l e x t e n s i o n spool w a s s a t i s f a c t o r y , 
but i n d i c a t e d tha t a s e c o n d , l a r g e r spoo l i s r e q u i r e d fo r i n s t a l l i n g and r e ­
mov ing the f e e d w a t e r s p a r g e r s , s u p e r h e a t e d s t e a m f lex ib le m a n i f o l d s and 
d o w n c o m e r i n s t r u m e n t a t i o n . 

I n s t a l l a t i o n of a l l n ine c o m p l e t e c o n t r o l - r o d - d r i v e a s s e m b l i e s , the 
s e a l - w a t e r supply and leakoff tub ing , the s e a l hous ing blowdown p ip ing , 
and the m o t o r d r i v e a s s e m b l i e s i s c o m p l e t e d . I n s t a l l a t i o n of new change 
g e a r s and dus t c o v e r s on the m o t o r d r i v e a s s e m b l i e s w a s f in i shed . Wi r ing 
of the rod d r i v e m o t o r s , s e l s y n s and c o n t r o l s is c o m p l e t e and checkou t h a s 
begun. The r o d d r i v e s and s e a l s m u s t be r e m o v e d a g a i n be fo re o p e r a t i o n 
to i n s t a l l new 17-4 P H c o n t r o l rod e x t e n s i o n shaf ts and to c o n n e c t the c o n ­
t r o l r o d s . F i g u r e 3 shows the c o n t r o l rod d r i v e i n s t a l l a t i o n . 

Figure 3 

View of Sub-reactor Room. Nine Control Rod Drive-
Seal Assemblies in Place. Motor Drive Assemblies 
Being Installed. 

Connec t ing of s a m p l i n g l i n e s to the r e a c t o r s y s t e m is c o m p l e t e e x ­
cep t for the u p p e r and l o w e r r e a c t o r w a t e r and s t e a m dome s a m p l i n g p o i n t s . 
The w a t e r c h e m i s t r y s a m p l i n g s t a t i o n h a s b e e n c o n n e c t e d to the s a m p l i n g 



lines and is ready to hydro- tes t . A major portion of the wiring for sampling 
sys tem pumps and ins t ruments is completed. Instal lat ion work and painting 
in the auxi l iary chemis t ry labora tory is essent ia l ly complete . 

Cables were pulled for all conductivity cel ls and radiat ion moni to r s , 
except those in the turbine building. Audible moni tors for remotely l i s ten­
ing to the operat ion of control rod d r ives , dash pot, and the forced-convect ion 
pump have been instal led and a r e operat ional . Alarm and inter lock l imi t -
switches have been instal led on the manua l ly -opera ted flood valve and turbine 
t r ip -ac tua to r . New wiring and f ixtures have been instal led for be t te r lighting 
in the subreac to r room and acces s shaft. 

Cal ibrat ion of repiped t r a n s m i t t e r s in the p r o c e s s ins t rumenta t ion 
sys tem continued. Damage to two units was t r aced to excess ive cu r r en t 
flowing through the b e l l o w s - t o - t r a n s m i t t e r linkage when the ins t rument 
piping was welded. Cause of this was the manufac tu re r ' s improper e l e c t r i ­
cal bonding between the m e t e r body and t r a n s m i t t e r while using the building 
frame as an e l ec t r i c a l r e tu rn for the welding machine . The shield wall t e m ­
pe ra tu re a l a r m has been remounted and is being rewired . Checkout and 
debugging of other ins t rument , control , and a l a r m c i rcu i t s continues. 

All nuc lear ins t rumenta t ion is operat ional except the per iod c i r cu i t s , 
which have not yet been tes ted to de te rmine the effect of noise from plant 
e l ec t r i ca l equipment. 

All manua l ly -ope ra ted valves have been checked for f reedom of 
operat ion and packing gland adjustment . Tempora ry cleanup s c r eens have 
been insta l led in the suction l ines of the condensate pumps , feed pumps, 
and auxi l iary pump in p repa ra t ion for s ta r tup . 

2. P r o c u r e m e n t and Fabr ica t ion 

a. Superheat Fuel E lements - Inspection of the second group of 
evaluation pla tes fabr ica ted by AI, six type HPD (half pe r iphe ra l depleted) 
and six type FCD (full cen t r a l depleted) fuel p la tes , was completed. Non­
des t ruct ive and des t ruc t ive t e s t s showed that these 12 p la tes m e t the 
specif icat ions. Although isola ted dimensional m e a s u r e m e n t s were out of 
specif icat ions, the vas t major i ty of m e a s u r e m e n t s were within to le rances 
and the pla tes as a whole were acceptable . 

An additional 38 type FCD pla tes containing depleted UO2 have 
been received from AI. These pla tes a r e to be used for a s sembly develop­
ment . Nondestruct ive t e s t s only were pe r fo rmed on these p la tes . Approx­
imately 80% of the p la tes failed to pass the squa reness t e s t s , but were 
acceptable on all other nondestruct ive t e s t s . 



All f ixtures requ i red for brazing superhea te r fuel a s sembl ies 
have been fabricated. Development of the spot-welding technique for hold­
ing longitudinal spacer w i r e s to the fuel plates during the brazing operat ion 
is proceeding. 

b. Reactor Components - Four additional s t a in l e s s - s t ee l - c l ad 
Boral sect ions of control rods a r e being fabricated as spa res and as r e ­
placements for rods which failed in the autoclave t e s t s . 

Twenty boiling fuel a ssembly boxes have been completed. 
Completion of the r ema inde r is delayed by slow delivery of lower gr ids 
from, the vendor. The demis t e r - t ype s team d rye r , for use with the cen­
t r a l superhea te r , has been finished. Special hold-down boxes and chim­
neys for use with ins t rumented fuel a s sembl i e s a r e 50% complete. 
Planning and p rocu remen t n e c e s s a r y for the fabrication of the ins t ru­
mented boiling and superhea te r fuel a s sembl ie s continues. A technique 
of fabricat ing the 17-4 PH control rod extension shafts with no s t ra ighten­
ing operat ion has been successful ly demonst ra ted . Installation of b racke ts 
and clips was completed to enable remote handling of all in -vesse l 
t empera tu re -compensa t ing couplings. The five cruci form and four t e e -
shaped orifice plates for the control rod channels in the core s t ruc ture 
shrouds were completed. 

Fabr ica t ion of components for the remodeled fuel t ransfe r 
coffin has s ta r ted . A depleted uran ium extension section for the coffin 
has been received. Fabr ica t ion has s t a r t ed on a r igh t -angle-dr ive socket 
wrench for the t empera tu re - compensa t i ng couplings on the superheated 
s team manifolds, a specia l lifting sling for the Belleville Spring, and a 
r eac to r vesse l dust cover . 

P r o c u r e m e n t of components and m a t e r i a l s of the differential 
p r e s s u r e probe and Staucheibe tube downcomer ins t rumentat ion sys tems 
has been initiated. 

c. Plant Components - Modification of the lower forced-convect ion-
pump bear ing housing has been s t a r t ed to c o r r e c t excess ive pumping of 
lubricat ing oil. These modifications were specified by the manufacturer . 

Mate r ia l for the blowdown filter sys tem has been procured . 
Fabr ica t ion of the r e a c t o r - v e s s e l - n u t s torage r acks , the control rod 
s torage r acks , and instal la t ion of the new seal water control sys tem for 
the forced-convect ion pump a re awaiting delivery of ma te r i a l and 
components . 

Invitations to bid on a contract to per form cer ta in piping in­
sulation r epa i r s and addit ions, have been re leased . P re l imina ry proposals 
have been invited on a combination seal water and hydrostat ic tes t pump. 



A purchase o rde r has been placed for a h i g h - p r e s s u r e , high-
t empera tu re sampling sys tem pump to be located in the subreac tor room. 
Bids have been invited on a new res in charge to r e s t o r e the rated capac­
ity of the makeup-wate r demine ra l i ze r . 

A new control valve has been o rde red to replace the defective 
raw water supply valve to the makeup-wate r demine ra l i ze r and a new 
stop valve has been o rde red for the r eac to r vent l ine. 

d. Exper imenta l Equipment - Fabr ica t ion of the aluminum l iner , 
tank and fuel racks and the steel t r ack and supporting s t ruc ture for ins ta l ­
lation in the AFSR t h e r m a l column is essent ia l ly complete . This equipment 
will be used for checking out the cadmium- ra t i o void m e a s u r e m e n t tech­
nique proposed for use on BORAX-V. 

3. Design 

Detailed design of the differential p r e s s u r e p robes and Staucheibe 
tube sys t ems for instal lat ion on the r eac to r vesse l downcomer has been 
completed. D / P cel ls which have a range of 4 to 20 in. of H2O will be used 
to m e a s u r e the differential p r e s s u r e s . Detailed design of the duplex flux-
wire counting machine was essent ia l ly completed. Arrangement drawings 
of in -vesse l ins t rumenta t ion sys tem components in the upper reac tor pit 
and west t r ench a r e near ing completion. Detailed design of the modifica­
tions to the fuel-handling coffin to pe rmi t "head-off" reloading have been 
finished and design of the coffin modification and tool to pe rmi t reloading 
of boiling fuel a s semb l i e s through nozzles in the r eac to r v e s s e l head con­
t inues . Detailed design of a second, l a r g e r r eac to r vesse l extension 
spool has s ta r ted . It will provide be t te r acces s around the reac tor top. 

Detailed design of the in -ves se l port ion of the rotating oscil lat ing 
rod assembly is near ing completion. Engineering design of the p r e s s u r e 
seal and var iab le speed drive for this unit continues. 

Calculations made to date for control rod wor th have employed 
the PDQ code and the application of a logar i thmic der iva t ive condition at 
control rod su r faces . The value of 0 ' / 0 was obtained by graphical analysis 
of the fluxes given by t r anspor t theory solutions, where in the thin regions 
adjacent to the control rods a re explicitly stated. Variat ions of this method 
developed at ORNL a re now being t r ied . This involves a numer ica l de t e r ­
mination of 0 ' / 0 f rom SNG resu l t s and is another method of homogenizing 
for PDQ p rob lems . 

The accuracy of the calculat ional methods used for setting the fuel 
loadings for BORAX V is being checked against the resu l t s of c r i t i ca l a s ­
sembl ies in ZPR-VII using BORAX V boiling fuel rods . Agreement with 
p re l imina ry r e su l t s is favorable . 



As p a r t of the AEC h a z a r d s e v a l u a t i o n on BORAX V, s e p a r a t e on-
s i t e r e v i e w s and i n q u i r e s have b e e n he ld by r e a c t o r sa fe ty r e p r e s e n t a ­
t i v e s f r o m both COO, a n d the D i v i s i o n of L i c e n s i n g and Regu la t ion . In 
add i t i on , w r i t t e n r e p l i e s to l i s t s of q u e s t i o n s f r o m t h e s e o r g a n i z a t i o n s 
have b e e n p r e p a r e d . 

Ed i t i ng and f ina l typ ing of the O p e r a t i n g Manua l is n e a r i n g 
c o m p l e t i o n . 

4 . D e v e l o p m e n t and T e s t i n g 

a. C o n t r o l Rods - Of the e i g h t e e n s t a i n l e s s - s t e e l - c l a d B o r a l s e c ­
t i ons of c o n t r o l r o d s w h i c h w e r e a u t o c l a v e d for two w e e k s in w a t e r a t 489°F 
and 600 p s i g , t h r e e w e r e found de fec t ive by swe l l i ng . P o s t - m o r t e m i n v e s ­
t i g a t i o n h a s r e v e a l e d the fo l lowing : The w o r s t rod had s w e l l e d to a t h i c k ­
n e s s of about — in . , f r o m an o r i g i n a l t h i c k n e s s of -rr in . , and had a v i s i b l e 
l e a k . The s e c o n d r o d had s w e l l e d only about 0.035 in. and a f t e r c o n s i d e r ­
able diff icul ty a t iny l e a k w a s f ina l ly found in the we ld m a d e to s e a l off the 
ho le in the top of the r o d u s e d for h e l i u m l e a k - t e s t i n g . The t h i r d de fec t ive 
r o d c o n t a i n e d c o n s i d e r a b l e g a s p r e s s u r e and no l e a k h a s b e e n found in th i s 
rod . An a t t e m p t to c o l l e c t the g a s for a n a l y s i s by d r i l l i n g a ho le in the 
c l a d f a i l ed . No s ign i f i can t c o r r o s i o n of the B o r a l w a s found in any of the 
de fec t ive r o d s . 

To d e t e r m i n e the g a s w h i c h m i g h t be r e l e a s e d by d e g a s s i n g 
of B o r a l d u r i n g o p e r a t i o n , the t o t a l g a s con ten t of s e v e n s a m p l e s of the 
B o r a l u s e d in the c o n t r o l r o d s w a s d e t e r m i n e d by m e l t i n g a t 1000°C in 
a v a c u u m and c o l l e c t i n g and a n a l y z i n g the g a s . The t o t a l gas con ten t of 
the B o r a l s a m p l e s v a r i e s f r o m 0.02 to 2.24 c c / g of m e a t . The p r i n c i p a l 
gas w a s h y d r o g e n , but H2O, CO2, CO, CH4, O2, A and o t h e r g a s e s w e r e 
a l s o p r e s e n t . 

S e v e r a l of the good r o d s w h i c h p a s s e d the a u t o c l a v e t e s t a r e 
be ing h e a t e d in a f u r n a c e at 500°F in an a t t e m p t to induce o u t g a s s i n g of 
the B o r a l . At the end of a w e e k no swe l l i ng h a s b e e n found. To d e t e r m i n e 
the effect of the d i f f e r e n t i a l e x p a n s i o n b e t w e e n the s t a i n l e s s s t e e l c ladding 
and B o r a l , the s e c o n d de f ec t i ve r o d i s be ing t h e r m a l l y c y c l e d f r o m r o o m 
t e m p e r a t u r e to 500°F in a f u r n a c e . After four c y c l e s t h e r e is no e v i d e n c e 
of f a i l u r e of the spo t w e l d s in the c l a d d i n g . A dye p e n e t r a n t c h e c k is be ing 
r u n on a l l the good r o d s to look fo r c r a c k s and p i n h o l e s in c l add ing , s p o t -
w e l d s and edge s e a l w e l d s . T h i s dye p e n e t r a n t c h e c k wi l l a l s o be u s e d on 
the four r e p l a c e m e n t r o d s w h i c h a r e now being f a b r i c a t e d . 

At p r e s e n t the m e c h a n i s m wh ich c a u s e d the f a i l u r e of 3 r o d s 
out of 18 in the a u t o c l a v e t e s t h a s not b e e n def in i te ly d e t e r m i n e d . 



It has been decided to pe r fo rm the following additional fabricat ion 
and inspection p rocedures on all poison sect ions of the control rods which 
have pas sed the autoclave t e s t s . 

1. Redr i l l helium leak tes t hole in top of rod and helium leak 
tes t again to see if any leaks a r e p re sen t that may have developed in the 
autoclave, but did not cause fa i lu res . 

2. Degas Boral and in te r ior of rod by heating under vacuum 
in a furnace to max imum t empe ra tu r e which can be sustained without 
s t ruc tu ra l damage to rod. (This t empe ra tu r e mus t be de termined by ex­
per iment ing with samples . ) 

3. Put t r a c e amount of He in rod, plug weld to seal the hole 
in top of rod, and l e a k - t e s t seal weld. 

The four rep lacement rods which a r e being fabr icated will be 
helium l eak - t e s t ed and degassed p r io r to the autoclave tes t . 

b. Cor ros ion Tes t s - Cor ros ion t e s t s on samples of Type 304 
s ta in less s tee l b r azed with Coast Metals 60 Alloy have been run in super ­
heated s team for 85 days at 540°C and 34 days at 650°C, and on samples 
of Type 304 s ta in less s tee l (brazed with NIGRA alloy) for 47 days at 
540°C and 34 days at 650°C. No significant co r ro s ion has been observed 
for any of the s ample s . 

c. In -Core Ins t rumentat ion - Development is continuing on the 
brazing techniques , using NIORA alloy, for instal la t ion of s ta in less s teel 
sheathed thermocouple leads in the boiling fuel thermocouple rods and 
the seal plate of the p r e s s u r i z e d t he rma l boxes for ins t rumented fuel 
a s s e m b l i e s . 

An a t tempt is s t i l l being made to develop non-des t ruc t ive 
testing techniques to detect flaws in the t an ta lum-shea thed port ions of the 
boiling fuel rod the rmocouples . Eight t an ta lum-she ate d thermocouple 
samples have been shipped to T h e r m a t e s t Labo ra to r i e s , Sunnyvale, 
California, for tes t ing. Tes ts will be made in two runs of four t h e r m o ­
couples each. The f i r s t group will be used to detect g ro s s f a i lu res , and 
to aid in poss ible modification of the tes t run on the second group. Cal i ­
brat ion will be a t tempted on all the samples at t e m p e r a t u r e s from 100°F 
to 5000°F, during both heating and cooling cyc les . 

d. Plant Tes t s - The makeup wate r demine ra l i z e r sys tem has 
been tes ted and, at ra ted flow capacity, produces 8 megohm water . 



II. SODIUM COOLED REACTORS (040103) 

A. Genera l R e s e a r c h and Development 

1. ZPR-III 

Assembly 35, a mockup of the F e r m i reac tor (Core B), was con­
s t ruc ted in the ZPR-II I facility for experimentat ion. The exper imenta l 
p r o g r a m has been planned to obtain cr i t ica l i ty information for PRDC as 
well as physics data for this core size and composition. Therefore , the 
assembly was made a clean core mockup; i .e. , the core and blanket regions 
were a s sumed to be uniform in composit ion. 

The basic F e r m i B r eac to r will consis t of subassembl ies containing 
a U02-s tee l c e r m e t in a 600- l i te r , cyl indr ical core region. In the mockup, 
an e igh t -d rawer sequence containing 7 columns of enriched uranium is 
used to achieve the p rope r core composit ion. P la tes of Fe203 a r e used 
to provide the oxygen content, and sodium is p resen t in s teel cans . 

In the d r a w e r s , the core region extends to 18 inches from the front. 
The average core composi t ion in the 3 drawer sequence is shown in Table I. 

Table I. Composit ion of Core in Eight Drawer Sequence 

M a t e r i a l 

U235 

U238 

Stee l 
O 
N a 

D( s n s i t y , g / c c 

0.762 
0.057 
3.91 
0.109 
0.287 

Vc alume P e r c e n t 

4 .06 
0.30 

49 .8 
4 . 2 

29.6 

For the blanket regions of the assembly , the average F e r m i B radial 
blanket was to be r ep resen ted . However, ma te r i a l l imitat ions require the 
use of s eve ra l blanket types in which depleted uranium and aluminum are 
used as subst i tu tes for molybdenum, s teel and sodium. The blanket regions 
extend from the approximate rad ia l edge of the core 18 inches, out to a 
radius of 34 inches and axially 15 inches out from the core . The inner 
blanket region, about a 3-inch layer adjacent the core , has the composition 
given in Table II. 

Table II. Composit ion of Radial Fine Blanket 

Volume Pe rcen t M a t e r i a l 

U238 

U235 

M o l y b d e n u m 
S t e e l 
S o d i u m 

De: n s i t y , g / c c 

7.49 
0.015 
0.222 
1.44 
0.268 

39.4 
0.8 
2.2 

18.3 
27.6 



It was expected that the assembly would be c r i t i ca l within a 600- l i ter 
core s ize . The blanket was loaded corresponding to a 590- l i te r core and 
the approach to c r i t i ca l begun. 

The initial core loading contained 222 kg U^^ ,̂ about half the expected 
c r i t i ca l m a s s , in the cen t ra l rad ia l d r a w e r s . In the r ema inde r of the draw­
e r s , 63 v /o AI replaced the enr iched U columns. The approach to c r i t i ca l 
was made by stepwise substi tut ions of enr iched uraniunn. for the aluminum, 
building the fuel region out radial ly . At the 590- l i te r loading, with 447 kg 
U"^, the a s sembly was st i l l subcr i t ica l . Additional loading was made , sub­
stituting core d r a w e r s for fine blanket. The final c r i t i ca l m a s s was 505 kg 
U^̂ ^ with a core size of 664 l i t e r s . Since this volume is beyond the F e r m i 
l imi ta t ions , the p r o g r a m provided for the addition of a radia l nickel r e ­
flector to keep the core volume within the 600- l i ter l imi ta t ions . 

After measu r ing the wor ths of fuel and nickel at the edge of the 
664- l i ter co re , the fuel loading was reduced to 457.2 kg U^̂ ^ with a 599- l i te r 
core . Then another approach to c r i t i ca l was made by stepwise replacement 
of radia l blanket d r a w e r s adjacent to the core with nickel ref lector d r a w e r s . 
The nickel ref lec tor d r a w e r s have the composit ion given in Table III. 

Table III. Composit ion of Nickel Reflector 

Mater ia l Density, g /cc Volume P e r c e n t 

Nickel 5.44 61.1 
Sodium 0.153 15.8 
Steel 0.951 12.1 

Cr i t ica l i ty was obtained upon loading 104 nickel ref lector d rawer s 
around the core . It was de te rmined that to be just c r i t i ca l with all rods in, 
100.5 nickel d r a w e r s were requi red . This amounts to a layer of nickel r e ­
flector around the core rad ia l boundary 2.1 in. thick. 

It is e s t ima ted that without the nickel ref lector , the 600-l i ter core 
in the normal radia l blanket was subcr i t ica l by 1050 inhours , or about 
2.5% k. Exper iments were run next to de te rmine the wor ths of different 
th icknesses and composi t ions of nickel ref lector . The combinations in­
vest igated w e r e : (a) one- and two-row- th ick l aye r s of 61 volume percent 
nickel (Table III); (b) one- , two- , and t h r e e - r o w - t h i c k n e s s e s of 71 volume 
percen t nickel (Table IV). 

Table IV. Inc reased Density Nickel Reflector 

Mater ia l Density, g /cc Volume P e r c e n t 

Nickel 6.36 71.4 
Sodium 0.077 7.9 
Steel 0.83 10.6 



The ref lector types were added around only one quar t e r of the 
radial core boundary in one half of the reac to r . Table V gives the extrapo­
lation of the r e su l t s to full radia l reflection. 

Table V. Worths of Nickel Ref lectors* 

Nickel, 
v / o 

61 
61 
61 
71 
71 
71 

(Ext rapolated to full core) 

Average 
Radial 

Thickness , 

2.08 
2.68 
5.39 
2.68 
5.39 
8.11 

in . 

Worth 

inhours 

1050 
1322 
1796 
1470 
1958 
2096 

Ak/k 

2.5% 
3.2% 
4.3% 
3.5% 
4.7% 
5.0% 

*With r e spec t to radia l fine blanket 
composit ion (see Table II) 

Consultation was held with PRDC to de termine pr ior i ty of future 
exper iments with this a s sembly . PRDC's most important considerat ions 
a r e exper iments involving la rge react ivi ty effects of channels , end gaps, 
e tc . Exper imen t s a r e p resen t ly under way to m e a s u r e the react ivi ty 
worths of empty sodium channels through the core and axial blankets 
r ep resen ta t ive of the F e r m i B safety and control rod channels . 

2. ZPR-VI and ZPR-IX 

a. Construct ion and P r o c u r e m e n t - The wireways for the r eac to r 
cables have been insta l led in both cel ls and the vendor has begun ins ta l la­
tion of e l ec t r i ca l wall cabinets and cell entry cables in one of the ce l l s . 
The final 6-in. l ayer of concre te flooring has been poured in both ce l l s . 
Construct ion of the supporting f r ames requ i red for the instal lat ion of the 
r eac to r tables of ZPR-VI is in p r o g r e s s and the table installat ion should 
be accompl ished next month. 

The remaining four (of eight) reac to r ma t r ix support plates 
have now been received from the suppl ier . An initial shipment of ZPR-VI 
and ZPR-IX d rawer spr ings has been received and inspected. The sample 
shipment of a luminum m a t r i x tubing for ZPR-IX was rejected since the 
in ternal d imensions did not mee t the specifications. 

b. Leak Test ing of Cells - Although the Building D-315 cel ls have 
not yet been made leak tight to the point where leak rate t e s t s could be run 
sufficient t ightness was rea l ized to run the s t ruc tu ra l p r e s s u r e t e s t s . Ten 
ps i can be mainta ined. 



The actual s t ruc tu ra l p r e s s u r i z a t i o n t e s t s were conducted by 
rais ing the in ternal p r e s s u r e 2 psi at a t ime and reading the co r respond­
ing s t r a in s . After reaching the max imum p r e s s u r e of 1 0 ps i , the p r e s s u r e s 
were reduced at 2 ps i s teps , thus providing s t ra in readings for the same 
differential p r e s s u r e s on the way down. The t e s t s extended between 
approximately 11 p .m. and 6 a .m. as planned. During the intervening 
seven hours the cell was twice p r e s s u r i z e d to 1 0 ps i . Thus, counting 
readings taken during p r e s s u r i z a t i o n and deflation, four s t ra in readings 
were obtained for each p r e s s u r e level . Following the rep lacement of 
some defective s t ra in gages , the en t i re t es t , as desc r ibed above, was 
repeated on the eighth night after the f i r s t tes t . 

The data a re being p r o c e s s e d now for compar ison with theore t ica l 
s t r e s s e s and s t r a i n s . Subsequently, extrapolat ion will be a t tempted to 
es t imate the ul t imate s t rength of the cell . 

B. EBR-I 

1. Fabr ica t ion of Mark IV Core 

The Mark IV core for EBR- I will consis t of the following rods : 

Fuel Rods 420 
Thermocouple Fue l Rods 10 
Blanket Rods 120 
Thermocouple Blanket Rods 5 

Total 555 

The fuel rod cons is t s of four plutonium-1.25 w/o aluminum fuel 
slugs and two depleted uran ium blanket s lugs . These a r e NaK bonded in 
a Zi rca loy-2 jacket tube. The fuel slugs a re centered in the tube by four 
full length r i b s . Each fuel slug m e a s u r e s 0.232 in. d iamete r by 2.121-in. 
long. A hollow Zircaloy spacer and Inconel-X spring a r e used above the 
upper blanket s lugs. 

The jacket tube is 0.300-in. OD. x 0.020-in. wall th ickness . It is 
c losed at the lower end by pointed t r i angula r locating fitting. Three 
0.049-in. d i ame te r w i r e s a r e spot welded to the tube to form longitudinal 
spacer r i b s . After loading, a threaded coupling is welded into the top of 
the tube. NaK is filled through an opening in the top of this coupling. The 
opening is then plugged and fusion welded. 

The ten thermocouple fuel rods a r e s imi la r to the fuel rods ex­
cept that the in ternal components a r e dr i l led to receive a Z i rca loy-2 
thermocouple p ro tec to r tube. 



The blanket rods a r e s imi la r to the fuel rods except that two addi­
tional depleted uranium slugs a r e used in place of the four plutonium slugs. 
Five blanket thermocouple rods a r e required . 

Although work was scheduled to begin on the fuel and blanket rods 
in F e b r u a r y , 1961, del ivery of sa t is factory Zircaloy tubing from the com­
m e r c i a l source was delayed. Blanket grade and fuel grade fuel tubing was 
finally culled f rom repeated r e runs of tubing and the f i rs t blanket hardware 
was received in ea r ly May. Development and production ran concurrent ly , 
as a r e su l t of the delayed rece ip t of the blanket grade tubing and hardware , 
and work was completed on the 120 blanket rods during the f i r s t week in 
July. 

As of this date, 39 injection cas t mel t s of plutonium-1.25 w/o alu­
minum core m a t e r i a l have been made . A total of 2,019 rough slugs have 
been cut from 254 cast ings produced in these me l t s . Of these , 1,518 slugs 
have been die coined, heat t r ea t ed and machined. 1,136 acceptable slugs 
have been p r o c e s s e d and loaded into 284 fuel rods . A total of 196 fuel rods 
have been welded, bonded, leak detected, eddy cu r ren t inspected and judged 
acceptable . 

After approximately 800 rough cut slugs were made, the specified 
slug d iamete r was reduced by three m i l s . This requi red an additional roll 
sizing operat ion, upsett ing in a new set of dies and remachining. The yield 
to date of acceptable slugs has averaged approximately 70 percent . This 
was due to difficulties in producing full length r ibs and to three batches of 
slugs with an abnormal ly high nickel content which cracked in rolling. Cur ­
rent production yield is averaging over 80 percent . 

Fuel grade Zircaloy hardware was not received until late June. 
Zircaloy tubing is s t i l l in shor t supply and previously rejected hardware is 
again being culled for additional fuel tubes which may be accepted. Ther ­
mocouple rod i n se r t s for 15 thermocouple rods have been received from 
the vendor. Del ivery of s ta in less s teel tube stock for fabrication of exten­
sion rods has been p romised for late August. Because of these delays it 
has been n e c e s s a r y to extend the scheduled core del ivery date to the las t 
week in September . 

C. EBR-II 

1. Instal lat ion of Equipment - Package 4 

a. Cleaning Operat ions - The cleaning operat ion is proceeding 
very sa t is factor i ly . All of the cutting operat ions for the dismantling of 
the sys tem have been per formed. The cleaning of the lines is about 70% 
complete . Reinstal lat ion of the piping has not begun. 



S i g n i f i c a n t q u a n t i t i e s of u n d e s i r a b l e m a t e r i a l a r e b e i n g r e m o v e d 
b y t h e c l e a n i n g p r o c e d u r e . F i g u r e 4 s h o w s t h e c o n d i t i o n in w h i c h o n e of 
the l i n e s w a s f o u n d . N o t e t h e e x t r e m e l y h e a v y d e p o s i t of s c a l e . F i g u r e 5 
s h o w s t h e c o n d i t i o n of a 1 2 - i n c h s t a i n l e s s s t e e l s o d i u m l i n e . T h e p a p e r 
i s b e l i e v e d t o b e t h e r e m n a n t s of a t e m p o r a r y p a p e r p i p e p l u g u s e d d u r i n g 
t h e w e l d i n g o p e r a t i o n to c o n t a i n a n i n e r t g a s a t m o s p h e r e d u r i n g t h e w e l d i n g 
of t h e r o o t p a s s . T h i s i s t y p i c a l of t h e t y p e of f o r e i g n m a t e r i a l w h i c h c a n ­
n o t b e f o u n d b y r a d i o g r a p h i c e x a m i n a t i o n of t h e p i p i n g . 

Figure 4. View of Foreign Material Removed from Figure 5. View of 12-inch Stainless Steel Sodium Line 
One Line with Remnants of Temporary Paper Plug Used 

during Welding. 

T h e p r o c e d u r e f o r c l e a n i n g t h e s e c o n d a r y s o d i u m s y s t e m i s d e ­
s c r i b e d i n t h e P r o g r e s s R e p o r t f o r J u l y ( A N L - 6 3 9 9 ) . F i g u r e 3 of t h a t r e ­
p o r t s h o w s t h e p r o c e d u r e f o r c l e a n i n g t h e e v a p o r a t o r s o d i u m o u t l e t 
h e a d e r s . T h e p r o c e s s c o n s i s t s of p r o p e l l i n g a n 8 - i n c h c l e a n i n g p i g t h r o u g h 
t h e " S " - s h a p e d 8 - i n c h e v a p o r a t o r s o d i u m o u t l e t l i n e a n d r e t r i e v i n g i t by 
p u s h i n g i t t h r o u g h t h e 1 0 - i n c h h e a d e r b y a m e c h a n i c a l l y m a n i p u l a t e d 1 0 - i n c h 
c l e a n i n g p i g . F i g u r e 6 s h o w s t h i s 1 0 - i n c h c l e a n i n g p i g w i t h i n t h e 1 0 - i n c h 
h e a d e r . T h e w i r e c a b l e i s u s e d f o r p u l l i n g t h e p i g t h r o u g h t h e l i n e . S i n c e 
t h e w i r e b r i s t l e s of t h e b r u s h f i t v e r y t i g h t l y a g a i n s t t h e p i p e w a l l , i t i s 
n e c e s s a r y t o a p p l y c o n s i d e r a b l e f o r c e t o m o v e i t . T h i s i s p r o v i d e d by a 
p o w e r o p e r a t e d w i n c h a s s h o w n i n F i g u r e 7. F i g u r e 8 s h o w s m o r e c l e a r l y 
the c l e a n i n g p i g s , p i p e p l u g a n d a i r a t t a c h m e n t s , a n d m e c h a n i c a l w i n c h . 

A f t e r a l l t h e l o o s e m a t e r i a l h a s b e e n r e m o v e d f r o m t h e l i n e s b y 
w i r e b r u s h i n g w i t h t h e c l e a n i n g p i g s , t h e p i p e s a r e w i p e d c l e a n to r e m o v e 
l o o s e , f i n e , p a r t i c u l a t e m a t t e r . T h i s i s d o n e b y u s i n g a m o d i f i e d p i g w i t h 
t h e w i r e b r u s h e s r e p l a c e d w i t h c l o t h m a t e r i a l . T h e s e a r e s h o w n in 
F i g u r e 9 . 
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Figure 6. Ten-inch Cleaning Plug in Header Figure 7. Winch and Portable Power Drive for 
Pulling "Pigs" through Pipe. 

Figure 8. Cleaning Pigs, Pipe Plug, Air Attachments and 
Mechanical Winch. 

Figure 9. Modified "Pig" for Removing Loose 
Material. 

b . L e a k T e s t i n g of t h e E v a p o r a t o r s - T h e L a b o r a t o r y h a s c o m p l e t e d 
a h e l i u m l e a k t e s t of t h e e i g h t e v a p o r a t o r s in t h e E B R - I I S o d i u m - B o i l e r 
P l a n t . T h i s w a s a r e p e a t of t h e t e s t p e r f o r m e d b y t h e C o n s t r u c t i o n C o n t r a c ­
t o r a t t h e t i m e of r e c e i p t of t h e u n i t s f r o m t h e L a b o r a t o r y . T h e s e u n i t s n o w 
h a v e b e e n t e s t e d t h r e e t i m e s t o p r o v i d e a s s u r a n c e of l e a k t i g h t n e s s a t e a c h 
s t a g e of " c o n t r a c t u a l r e s p o n s i b i l i t y , " i . e . , p r i o r t o s h i p m e n t f r o m t h e L a b o ­
r a t o r y , u p o n r e c e i p t b y t h e C o n t r a c t o r , a n d n o w u p o n r e t u r n t o t h e L a b o r a t o r y 
a s a p a r t of t h e c o n s t r u c t i o n r e s p o n s i b i l i t y a s s u m e d b y t h e L a b o r a t o r y a s a 
r e s u l t of t h e C o m m i s s i o n ' s d e f a u l t a c t i o n a g a i n s t t h e C o n t r a c t o r . 
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A l l e i g h t u n i t s s u c c e s s f u l l y p a s s e d t h e f i r s t t w o t e s t s ; h o w e v e r , 
d u r i n g t h e l a s t t e s t , o n e u n i t w a s f o u n d t o l e a k . T h e l e a k e x i s t s in t h e v i c i n ­
i ty of t h e l o w e r s o d i u m t u b e s h e e t ; t h e e x a c t l o c a t i o n c a n n o t b e d e t e r m i n e d 
w i t h t h e u n i t i n p l a c e . T h e t e s t i n d i c a t e d a l e a k of a b o u t 1.9 x 10"^ S td c c / s e c 
in t h e l o w e r s o d i u m t u b e s h e e t of e v a p o r a t o r N o . B 3 - E V - 7 0 2 . N o l e a k w a s 
o b s e r v e d in a n y of t h e o t h e r u n i t s w h e n c h e c k e d w i t h a h e l i u m m a s s s p e c ­
t r o m e t e r o p e r a t i n g a t a s y s t e m s e n s i t i v i t y of a b o u t 5 .7 x 1 0 " " S td c c / s e c . 
E v a p o r a t o r B 3 - E V - 7 0 2 w i l l b e r e m o v e d f r o m t h e s y s t e m , r e t u r n e d to t h e 
L a b o r a t o r y , a n d r e p a i r e d a s q u i c k l y a s p o s s i b l e . 

A s a f u r t h e r c o m p l i c a t i o n , t h e u n i t i n q u e s t i o n h a d b e e n p r e ­
v i o u s l y " a b u s e d " b y t h e C o n s t r u c t i o n C o n t r a c t o r d u r i n g a c l e a n i n g o p e r a t i o n . 
T h i s o c c u r r e d w h e n t h e C o n t r a c t o r p e r m i t t e d b l a s t i n g s a n d t o e n t e r t h e u n i t 
a n d s u b s e q u e n t l y r e m o v e d t h e u n i t , t i l t e d , v i b r a t e d , a n d v a c u u m c l e a n e d i t , 
e t c . , t o r e m o v e t h e s a n d . In t h e p r o c e s s , h e b u m p e d t h e l o w e r e n d , a n d a l s o 
a l l o w e d t h e u n i t t o s t a n d o n t h e l o w e r e n d . 

c . M o d i f i c a t i o n of t h e S e c o n d a r y S o d i u m S t o r a g e T a n k S u p p o r t s -
T h e o r i g i n a l d e s i g n of t h e 1 6 , 0 0 0 - g a l l o n s e c o n d a r y s o d i u m s t o r a g e t a n k 
s u p p o r t s a s p r o v i d e d b y t h e A r c h i t e c t - E n g i n e e r a r e s h o w n i n F i g u r e 10 . 
T h e y c o n s i s t e d of t h r e e s u p p o r t s e a c h of w h i c h w a s w e l d e d t o t h e t a n k in 
f o u r l o c a t i o n s . L o n g i t u d i n a l t h e r m a l e x p a n s i o n w a s p r o v i d e d b y p e r m i t t i n g 
t h e m i d d l e a n d f o r e m o s t s u p p o r t t o s l i d e o n p e r m a n e n t l y l u b r i c a t e d b e a r i n g 
p l a t e s . F l e x i b i l i t y of t h e s u p p o r t l e g s w a s t o p r o v i d e c i r c u m f e r e n t i a l t h e r ­
m a l e x p a n s i o n . S u b s e q u e n t s t r e s s a n a l y s i s of t h e s e s u p p o r t m e m b e r s i n d i ­
c a t e d t h a t t h e f l e x i b i l i t y w a s i n a d e q u a t e . R e d e s i g n of t h e s u p p o r t s w a s 
n e c e s s a r y . 

Figure 10 

Original Supports for Sodium Storage Tank 
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T h e n e w s u p p o r t s h a v e b e e n i n s t a l l e d a n d a r e s h o w n i n F i g ­
u r e 1 1 . T h e m o d i f i c a t i o n c o n s i s t e d of f i r s t , r e m o v i n g t h e c e n t e r s u p p o r t ; 
s e c o n d , c u t t i n g t h e c e n t e r l e g s of e a c h s u p p o r t f r e e f r o m t h e t a n k ; a n d 
t h i r d , r e p l a c i n g t h e o u t e r l e g s of e a c h s u p p o r t b y a p i n n e d l e g . T h e c e n t e r 
s u p p o r t t h a t w a s r e m o v e d i s s h o w n i n t h e c e n t e r f o r e g r o u n d of F i g u r e 1 1 . 
By c u t t i n g f r e e t h e c e n t e r l e g s of t h e r e m a i n i n g t w o s u p p o r t s a n d p r o v i d i n g 
p i n n e d o u t e r l e g s , t h e t a n k c a n e x p a n d v i r t u a l l y u n r e s t r a i n e d i n a c i r c u m ­
f e r e n t i a l d i r e c t i o n . T h e b e a r i n g a r e a b e t w e e n t a n k a n d s u p p o r t w a s i n c r e a s e d 
b y p r o v i d i n g a f u l l c r a d l e b e t w e e n t h e t w o c e n t e r s u p p o r t l e g s . S t o p p e r 
p l a t e s w e l d e d to t h e t a n k t r a n s m i t t h e l o n g i t u d i n a l m o v e m e n t of t h e t a n k to 
t h e s u p p o r t . T h e f u r t h e r m o s t s u p p o r t r e m a i n s a n c h o r e d t o t h e f l o o r ; t h e 
s u p p o r t i n t h e f o r e g r o u n d c o n t i n u e s to p r o v i d e l o n g i t u d i n a l t h e r m a l e x p a n ­
s i o n a s o r i g i n a l l y p r o v i d e d . 

Figure 11 

New Supports for Sodium Storage Tanks 

d. M o d i f i c a t i o n of t h e 1 0 - i n c h , N o n - R e t u r n S t e a m V a l v e - T h e 
o r i g i n a l d e s i g n of t h e s t e a m s y s t e m i n c o r p o r a t e d a 1 0 - i n . n o n - r e t u r n v a l v e 
i n t h e s u p e r h e a t e d s t e a m h e a d e r f r o m t h e s t e a m g e n e r a t o r . S u b s e q u e n t 
a n a l y s e s i n d i c a t e d t h a t t h e n o n - r e t u r n f e a t u r e c o u l d b e d e l e t e r i o u s t o s y s ­
t e m o p e r a t i o n s i n c e a t l o w s t e a m f low r a t e s t h e v a l v e p l u g m i g h t t e n d to 
r i s e a n d f a l l . T o p r e v e n t s u c h a n u n s t a b l e b e h a v i o r , t h e t " w o - p i e c e s t e m 
p l u g w a s r e p l a c e d w i t h a o n e - p i e c e s t e m p l u g . T h e v a l v e n o w a c t s a s a n 
o r d i n a r y s h u t o f f v a l v e . 

2 . P r e p a r a t i o n f o r D r y C r i t i c a l E x p e r i m e n t s 

P r e p a r a t i o n s f o r t h e d r y c r i t i c a l e x p e r i m e n t s h a v e c o n t i n u e d a n d 
a r e e s s e n t i a l l y c o m p l e t e . A s r e p o r t e d p r e v i o u s l y , t h i s w o r k c o n s i s t s p r i ­
m a r i l y of m i n o r c o r r e c t i v e a c t i o n s a n d m o d i f i c a t i o n s , c h e c k i n g o u t of t h e 
m e c h a n i c a l e q u i p m e n t a n d e l e c t r i c a l c i r c u i t r y , f i n a l a l i g n m e n t s a n d a d ­
j u s t m e n t s of c o m p o n e n t s a n d e q u i p m e n t , e t c . T h e c u r r e n t s t a t u s of t h i s 
w o r k i s v e r y b r i e f l y r e v i e w e d b e l o w . 



a. Control and Safety Rods - All twelve control rods have been 
loaded into thei r respec t ive thimbles in the r eac to r . Each rod has been 
tes ted individually with the reac to r cover lowered into place. While any 
one rod is being tes ted the other eleven control rods a r e in the "down" 
position. Briefly, the checkout sequence for each rod consis ts of: 

(1) Rod is r a i sed to maximum "up" posit ion. 

(2) Rod is opera ted up and down as though regulating power level . 

(3) Rod is r a i s ed to max imum "up" posit ion. 

(4) Rod is r a i s ed again to max imum "up" posit ion. 

(5) Rod is lowered to the "down" posit ion. 

Sc ram t ime-d i sp l acemen t c h a r a c t e r i s t i c s have been m e a s u r e d 
for each rod and sa t i s fac tor i ly co r robo ra t e the cu rves obtained from tes t s 
made on the units p r i o r to their instal la t ion in the r eac to r . 

The two safety rods have been loaded into the reac tor and the 
drive mechan i sm thoroughly tes ted for operat ion and s c r a m . 

b. Nuclear Ins t rumenta t ion - The nuclear ins t rumenta t ion for dry 
c r i t i ca l s ta r tup has now been checked out and is ready for operat ion. Isola­
tion of equipment ,cable shielding and grounding was requ i red to e l iminate 
"ground-loop" noise . The mos t t roublesome difficulty, leading to a la rge 
number of spur ious s c r a m s ignals , has been with the t empora r i l y - in s t a l l ed 
i n - co re detector channels . A defective amplif ier has been replaced. Also, 
it has not been poss ib le to shield these as well as the regular operat ing 
channels . 

With all dry c r i t i c a l i n -co re ins t rumenta t ion instal led and the 
neutron sources ins ta l led, count r a t e s have been de te rmined for the i n - co re 
ins t ruments as well as for the " J " thimble f ission coun te r s . The in s t ru ­
mentat ion channels a r e providing sa t i s fac tory r e sponse . The radiat ion 
level for pe rsonne l a c c e s s into the p r i m a r y tank with both sources in thei r 
respec t ive shield th imbles was checked and the levels were found suffi­
ciently low for pe r sonne l to work in the a r e a . The max imum gamma level 
was 30 m r in one sma l l spot, but the genera l level was l e s s than 10 m r in 
the a r e a over the s o u r c e s . 

c. Fuel Handling Center - The fuel handling control sys tem was 
employed a lmost daily for subassembly t r a n s f e r s using p rocedures closely 
approximating ac tual dry c r i t i ca l opera t ions . The handling operat ions 
included: 

(1) T r i a l loading and t r ans fe r operat ions using a dummy source . 

(2) Loading two active s o u r c e s . 



(3) Transfe r of the sources to var ious core and blanket positions 
to facil i tate test ing and cal ibrat ion of the nuclear ins t ruments . 

(4) Loading the control and safety rods . 

The per formance of the control sys tem has in genera l been very sat isfactory. 
The remaining unresolved difficulties consis t mainly of t rans ien t d i s tu rb­
ances in the information received from the position encoders . These appear 
to be caused by external ly induced voltages in the long cables running to 
the encoders . Tempora ry c i rcu i t modifications have been made to compen­
sate for the p re sen t difficulty with the gr ipper force-sens ing devices . 

3. Engineering 

a. P r i m a r y Tank - The EBR-II p r i m a r y tank and its " T - 1 " support 
s t ruc tu re a r e completely independent of each other on all sides except the 
top. The p r i m a r y tank is supported at the top with six hangers which t r a n s ­
fer the load of the tank and its contents to the " T - 1 " s t ruc ture through six 
u l t ra -h igh s t rength r o l l e r s . This method of support allows the p r i m a r y tank 
to undergo u n r e s t r i c t e d t he rma l expansion, both radial ly and longitudinally. 
The detailed design of the hangers and ro l l e r s has been naade to ensure 
that the radia l t he rma l growth will occur symmetr ica l ly about the ver t ica l 
center l ine of the p r i m a r y tank. 

A s e r i e s of m e a s u r e m e n t s have been planned to verify this de­
sign fea ture . These t e s t s a r e scheduled to occur after dry c r i t i ca l exper i ­
ments and p r io r to loading sodium into the tank. The measu remen t s will be 
made at s eve ra l t e m p e r a t u r e levels of the p r i m a r y tank, which will be 
heated with a i r to the highest t empe ra tu r e attainable (perhaps as high as 
500°F). Measu remen t of the ve r t i ca l displacement of the p r i m a r y tank 
cover relat ive to the top s t ruc tu re at elevated t empe ra tu r e s will also be 
accompl ished at this t ime. The ve r t i ca l d isplacements will again be m e a s ­
ured during and after filling the tank with sodium. The resul ts of these 
l a t t e r m e a s u r e m e n t s will provide data which will be used to verify the 
calculated effects of the sodium load on the deformation of components of 
the p r i m a r y tank. 

b. Shield Design - Calculat ions were made to es t imate the heating 
at points in the EBR-II core and blanket regions caused by gamma rays from 
fission produc ts , p r i m a r y sodium, and steel activity. One hour after shut­
down the heating due to f ission product g a m m a - r a y s ranges from about 
1.6 X 10"^ wat t s /cm^ at the outside of the outer blanket to about 9.6 wat t s /cm^ 
in the core . The heating from the p r i m a r y sodium activity at the outside of 
the outer blanket is es t imated to be 5% of the heating from fission product 
gamma r a y s . Steel activity heating in the outer blanket is much lower than 
the heating from sodium radiat ion. 



4. P r o c u r e m e n t 

The sod ium- to-sod ium heat exchanger is now at the EBR-II s i te . 
Ten tank c a r s of sodium have been received at the NRTS si te . The tank 
ca r s will be t r anspor t ed to the EBR-II site by motor t ruck in the near 
future. 

5. Component Development - Steam Genera to r s 

The modification to the spa re evaporator for use as a superhea te r 
is a lmost complete . The core tubes have been secured in p lace; the s team 
head has been rewelded in p lace , radiographed, and s t r e s s rel ieved, and 
the extension to the sodium nozzle has been instal led. 

The second modified evapora tor has the flow baffles instal led, the 
tubes in p lace , and both sodium tube sheets welded to the shell . Delivery 
of these two units should be made within the coming month. 

6. Component Development - Fuel Reprocess ing Fac i l i t i e s . 

a. Fuel Cycle Faci l i ty - The Fuel Cycle Faci l i ty is m o r e than 
95 percent completed. Instal lat ion of se rv ices is continuing. 

Work is being continued on the equipment that will be used 
within the Faci l i ty . A magnet ic lifting tool for handling sc rap conta iners 
within the Argon Cell has been rece ived and is being adapted to manipu­
lator operat ion. The control panels for the mel t refining furnaces will 
soon be shipped to Idaho. 

Mixtures of Shell APL and Standard Oil Company's NRRG-159 
r ad ia t ion - re s i s t an t g r e a s e s a re being i r r ad ia t ed and tes ted . Roller b e a r ­
ings a r e lubr ica ted with the i r r ad ia t ed g r e a s e s and then tes ted under an 
800-lb axial load at 40 rpm. The f i r s t sample completed a successful 
tes t over the requi red cumulative running t ime of 76 hours , which is 
equivalent to about one yea r of operat ion in e i ther cel l of the Fuel Cycle 
Faci l i ty . 

A cal ibra t ion method has been devised which will pe rmi t the 
es t imat ion of mel t t e m p e r a t u r e s in the mel t refining furnaces of the Argon 
Cell. The specia l ca l ibra t ion is made n e c e s s a r y because of the heat that 
will be genera ted within the furnace crucible by the i r r ad ia t ed pins . In 
the p r e l im ina ry ca l ibra t ion tes t , the f ission product heat source was s imu­
lated by placing r e s i s t ance h e a t e r s within the cruc ib le . The t e m p e r a t u r e 
of the re ference thermocouple located at the bottom of the furnace s u s -
ceptor was plotted as the ordinate , and the output of the motor genera tor 
power source was plotted as the absc i s sa . T e m p e r a t u r e s within the c ru ­
cible were m e a s u r e d by nneans of a thermocouple si tuated near the bottom 



of the c ruc ib le . On the plot, the t e m p e r a t u r e s within the crucible appear 
as p a r a m e t r i c cu rves . For p rac t i ca l application to the melt refining 
p r o c e s s , it is planned to es tab l i sh a s imi l a r cal ibrat ion grid by making a 
few accura te m e a s u r e m e n t s of mel t t e m p e r a t u r e s in the furnaces in the 
Argon Cell . 

Three runs were made in which the mel t from the melt refining 
of a u ran ium-f i s s ium alloy was poured into a graphite mold and the resu l t ­
ing ingot was recycled for the next mel t . The purpose of this procedure 
was to de te rmine the amount of carbon picked up by the ingot from the 
graphi te mold. Analytical r e su l t s show that about 10 ppm carbon was in­
t roduced into the ingot in each pour . 

b. Development of Remote Fabr ica t ion Equipment - The design 
and engineering of the EBR-II fuel refabricat ion equipment is es t imated 
to be 91 pe rcen t complete . Work completed during the report ing per iod 
included the design, detai ls and specifications for the bonding machine and 
for a p a r t of the fuel e lement assembly and welding equipment. 

The fuel pin p rocess ing equipment has been placed on bid with 
quotations to be rece ived by August 31. Designs were completed and all 
m a t e r i a l s were o rde red for the e lec t ro -pneumat ic control equipment to 
be placed in the sub-ce l l a r ea . The fuel rod welding machine is about 
95 pe rcen t complete . Detai led specifications mus t be wri t ten for this 
equipment. 

The design of a prototype Fuel Subassembly Dismant ler is 
near ing completion. The d i smant l e r , together with Model 8 manipula tors 
and other handling devices , will pe r fo rm the operat ions requi red to r e ­
move the fuel and blanket e lements from a fuel subassembly . About 75 pe r ­
cent of the p a r t s for the d i sman t l e r a r e near ly ready for fabrication or 
a r e being fabr icated. A device is being designed (with the aid of resu l t s from 
an exper imenta l model) for removing the individual fuel e lements from the 
support gr id in a manne r that will account for the posit ion of each fuel e l e ­
ment in the hex a r r a y . 

Under no rma l conditions it is expected that the hex tubing fo rm­
ing the outer sheath of the fuel subassembly , after being cut free at the 
bottom end, can be pulled off f rom the co re . In case this is not poss ib le , 
s eve ra l exper imenta l devices have been built to slit the tube along its axis 
by using roll ing c u t t e r s . The c u r r e n t design has made sat isfactory cuts 
after 70 to 80 p a s s e s . 

All of the devices r equ i red to inspect the fuel e lements as they 
come f rom the d i smant l e r and to load them into magazines have been fab­
r ica ted and a r e being checked out. The fuel e lements a r e inspected for 
excess ive bow which would prevent the i r passing through the regular de -
canner . The magazine and c a r r i e r a re used in t ranspor t ing the fuel e l e ­
ments f rom the a i r into the Argon Cell where the decanning is c a r r i e d out. 



The pr incipal unit of the Fuel Element Decanner , the sp i ra l 
decanning unit, has been fabr icated and a final inspection is being made 
before making operat ional t e s t s . The remaining p r i m a r y components of 
the decanner have been r e l eased for fabricat ion and a re expected to be 
completed within two to th ree months . The balance of the decanning devices 
used for s c r a p d isposa l , chopped fuel t r ans fe r and fuel pin sampling, as 
well as devices to aid in manipulat ion a r e in the final s tages of design. 

7. P r o c e s s Development 

a. Melt Refining P r o c e s s Technology - Analytical resu l t s have 
been received on the th i rd mel t refining exper iment (see P r o g r e s s Report , 
March , 1961, ANL-6343) in which highly i r r ad ia t ed EBR-II prototype fuel 
pins were used. A 362-gram charge of ten percen t enr iched uranium-f ive 
percen t f i ss ium alloy, i r r ad i a t ed to 0.86 total atom percen t burnup and 
cooled for 14 days , was mel t refined for one hour at 1400°C. Despite the 
sho r t e r t ime of mel t refining (one hour compared to three hours in p r e ­
vious runs) , the f ission product r emova l s were substant ial ly the same as 
those obtained in runs which have been repor ted previously (see P r o g r e s s 
Reports for November , I960, ANL-6269, and July, 1961, ANL-6399). The 
fission product removals obtained in the p r e sen t run were as follows: 

Element P e r c e n t Removed 

Rare E a r t h s and Yttr ium >99.0 
Te l lu r ium 98.9 
Zi rconium 20.5 
Iodine 99.8 

Complete m a t e r i a l balances on fission products a r e not yet available since 
the me l t refining c ruc ib les and the volat i l ized fission products have not been 
analyzed. 

Const ruct ion of appara tus for the de terminat ion of ni t r idat ion 
ra t e s of i r r ad ia t ed fuel pins in n i t rogen-a rgon a tmosphe res has been com­
pleted. The appara tus will be tes ted with inactive m a t e r i a l before the 
appara tus is ins ta l led in the Senior Cave. 

b. Skull Reclamat ion P r o c e s s - Two exper iments were pe r fo rmed 
to de te rmine whether a chemica l equi l ibr ium could be demons t ra ted for 
the reac t ion 

U3O8 (in flux phase) + 8 Mg (in zinc phase) l i ^ 3 U (in zinc phase) 

+ 8 MgO (in flux phase) 

A ca lc ium ch lo r ide -magnes ium ch lo r ide -magnes ium fluoride flux was used, 
and the equi l ibr ium was approached f rom both d i rec t ions . In the two ex­
p e r i m e n t s , the final u ran ium and magnes ium concentra t ions in the me ta l 
phase after six hours were ident ical within analyt ical accuracy : 



Final Concentrat ions in 
Metal Phase 

Mg (w/o) U (w/o) 

3.97 93.5 
3.95 93.3 

These r e su l t s tend to support the hypothesis that the degree of reduction 
is l imi ted by equi l ibr ium effects ra ther than by rate effects. Additional 
work is needed, however , to verify this resul t . 

The ra te of reduction of z i rconium oxide of the type used in 
mel t refining c ruc ib les by magnes ium-z inc alloy proved to be lower at 
five weight percen t magnes ium than at 12 weight percent . The rate of 
reduction, however , is s t i l l sufficiently high with five percent magnes ium-
zinc alloy to introduce significant amounts of z i rconium (under p roces s 
condit ions, about 0.1 percent ) into the p r o c e s s s t r e a m . Fu r the r studies 
a r e being planned to de te rmine the behavior of crucible z i rconia during 
the reduction of u r an ium- f i s s ium oxides. 

The use of bery l l ia c ruc ib les for re tor t ing the uranium 
product continues to show p r o m i s e . An isosta t ical ly p r e s s e d beryl l ia 
crucible (4-in. OD x 9-in. high) has now been employed in two runs and 
shows no signs of fa i lure . The runs consis ted of uranium dissolution, 
in te rmeta l l i c compound prec ip i ta t ion and decomposit ion, and final r e t o r t ­
ing. About 99 pe rcen t of the u ran ium presen t at the retor t ing step was 
readi ly dumped from the crucible after re tor t ing . 

P r e l i m i n a r y indications suggest that the addition of U3O8 to a 
l i thium ch lo r ide -magnes ium chloride mel t resu l t s in a mixture of uranium 
(IV) and uranyl ion in solution. 

c. Blanket P r o c e s s i n g - In the blanket p r o c e s s , the high solubility 
of plutonium and the low solubility of uranium in a magnes ium- r i ch zinc 
solution is ut i l ized to effect a separa t ion of these e lements . Analyses of 
sepa ra ted m a g n e s i u m - r i c h solutions (initial supernatant soluj;ion and a 
succeeding wash in which a 50 weight percent magnes ium-z inc solution was 
used) indicate a slight physica l c a r r y o v e r of uranium. Uraniunn concent ra­
tions in the sepa ra t ed phases were 0.11 percen t in the supernatant solution 
and 0.05 percen t in the wash solution as compared to a m e a s u r e d solubility 
of uran ium of 0.025 pe rcen t at the separa t ion t empe ra tu r e of 400°C. This is 
not r ega rded as being s e r i o u s , but the c a r r y o v e r could probably be reduced, 
if n e c e s s a r y , by use of c o a r s e f i l t e r s in the t r ans fe r l ines . A pre l iminary 
exper iment indicated that u ran ium solubility in m a g n e s i u m - r i c h zinc solu­
tions may be lowered cons iderably by the addition of calcium (an 18 percent 
ca lc ium concentra t ion was employed in the study). 



d. Plutonium Recovery P r o c e s s - A considera t ion of the data on 
the extract ion of ce r ium from plutonium by calcium and ca lc ium-zinc solu­
tions indicates that p rac t i ca l separa t ion of the r a r e ea r ths from plutonium 
in zinc-containing sy s t ems is feasible . It is es t imated that, for a r eason­
able set of conditions in a conceptual p r o c e s s , about 95 percen t removal of 
r a r e ea r ths could be achieved, with a plutonium loss of about 0.5 percent . 
F u r t h e r work is r equ i red to tes t the soundness of the concepts that a r e in­
volved in the p r o c e s s scheme. 

e. Mate r i a l s and Equipment Evaluation - Two m a t e r i a l demons t r a ­
tions runs were conducted with f l ame-sp rayed and s in tered tungsten c r u ­
cibles containing z inc -magnes ium-u ran ium solutions and salt flux at 700°C 
for 7 hours and at 800° to 850°C for 68 hours , respec t ive ly . No co r ros ion 
was evident; however , the poros i ty of the c ruc ib les pe rmi t t ed apprec iable 
loss of zinc by diffusion of the vapor through the wall. 

Tanta lum f i l te rs have been obtained for mounting tanta lum 
tubes used to sample liquid m e t a l s . P r e l i m i n a r y examinations and t e s t s 
indicate that these f i l t e r s , which a r e m o r e iner t to p r o c e s s solution con­
st i tuents (par t icu la r ly uranium) than a r e the p resen t ly used graphi te f i l ­
t e r s , have the p roper physical c h a r a c t e r i s t i c s for this se rv ice . 

8. Fuel Development - Core II. 

a. F a s t Reac tor Fuel Jacke t Development - The des i red higher 
operating t e m p e r a t u r e s for liquid me ta l cooled fast flux r eac to r s and the 
use of plutonium alloys or other fuels which a re not compatible with s ta in­
less s teel at de s i r ed r eac to r operat ing t e m p e r a t u r e s requi re the develop­
ment of new h igh-s t reng th alloys for jacketing m a t e r i a l . Most development 
work to date has been l imi ted to available vanadium, niobium and tantaluna-
base al loys. 

Five m o r e n iobium-base alloys were cas t , jacketed in 304 s ta in­
l e s s s teel , and hot rol led at 1150°C. The alloy s t r ips a r e in the p r o c e s s of 
being removed from the cans p r i o r to being cold rolled into sheet. The 
four n iobium-base alloy s t r i p s ment ioned in the July P r o g r e s s Report 
(ANL-6399) have been cold rol led to 0.028-in. thick sheet. 

Approximately 50 ft of Haste l loy-C tubing measu r ing 0.156-in. 
ID x 0.009-in. wall has been rece ived and is in the p r o c e s s of being tes ted . 
The tubing has been radiographed and sect ioned to remove defects ( c racks , 
t e a r s , e tc . ) , as de te rmined from evaluation of the rad iographs . Following 
this the tubing was hydraul ical ly p r e s s u r e tes ted at 9000 psi , approximate ly 
200 lb below the yield point of the tubing. The tubing is now being p r o c e s s e d 
through the final t es t which cons i s t s of leak checking with a hel ium m a s s 
spec t rome te r . 



III. REACTOR SAFETY (040117) 

A. The rma l Reactor Safety Studies 

1. Fuel -Coolant Chemical React ions 

Knowledge of the na tu re and extent of chemical react ions with 
nuclear r eac to r core meta l s that may occur in p r e s s u r i z e d water or s team 
is essen t ia l to safe operat ion of r e a c t o r s . The pr incipal l abora tory p r o ­
cedure uses a condenser d ischarge to provide almost instantaneous heating 
and melt ing of meta l wire in water or s team. The energy input to the wire 
indicates reac t ion t e m p e r a t u r e ; the t r ans ien t p r e s s u r e m e a s u r e s react ion 
r a t e ; light emiss ion indicates t i m e - t e m p e r a t u r e ; hydrogen generated gives 
extent of react ion; and pa r t i c l e size of the res idue indicates the surface 
a r e a exposed to react ion. A second method consis ts of heating the metal 
inductively and subjecting it to a s t eam pulse to induce a m e t a l - s t e a m r e ­
action. A levitation method for studying me ta l -wa te r react ions is being 
developed because the condenser d ischarge method fails when applied to 
aluminum. Steam is p a s s e d over levi ta ted metal spheres in this p rocedure . 

Studies of the kinet ics of m e t a l - w a t e r reac t ions under r eac to r 
incident conditions a r e being made in the TREAT reac to r . 

A s e r i e s of condenser d i scharge runs with s ta in less steel wires in 
water was init iated. P r e l i m i n a r y r e su l t s indicated that m o r e extensive 
reac t ion occu r r ed in heated water thcin in room t e m p e r a t u r e water . Re­
sults a r e , the re fore , s imi l a r to those r epor t ed for z i rconium and uranium. 

F u r t h e r studies of the u r a n i u m - s t e a m react ion and the sodium-
s team reac t ion indicated that r e su l t s a r e s imi l a r , suggesting that r a t e s 
a re l imi ted only by the diffusion and mixing p r o c e s s e s within the react ion 
cell . 

Four t r ans i en t s w^ere completed in TREAT on fuel pins with a 
uran ium dioxide core (20 pe rcen t enriched) clad in 18-mil thick s ta in less 
s tee l -304. The data obtained from these meltdowns in 25°C water a re given 
in Table VI. 

The data on the exper iments w^ith UO2 core pins indicate a p r o g r e s ­
sive i nc r ea se in the amount of cladding (SS-304) -water react ion as the 
r eac to r bu r s t becomes m o r e energe t ic . F o r per iods in the range 48 to 
116 mi l l i seconds , the extent of m e t a l - w a t e r react ion from the cor re la t ion 
is 0.3, 5.5, and 19-0 pe rcen t s t a in less s teel r eac ted for energies of 125, 
225, and 325 megawa t t - seconds , respec t ive ly . For these uranium dioxide 
core fuel p ins , the dividing point between des t ruct ive and nondestruct ive 
t r ans ien t s (on fast pe r iods of 48 to I I 6 ms) is a burs t of about 130 mw-sec 
or 174 ca lo r i e s per g r am of co re . This co r responds to a peak centra l core 
t e m p e r a t u r e of 2200°C for adiabatic heating of the uran ium dioxide. 



Table VI. R e s u l t s of T R E A T E x p e r i m e n t s on SS-Clad UO^ F u e l P i n s 

CEN T r a n s i e n t N u m b e r 

M e g a w a t t - s e c o n d b u r s t : 

Mi l l i s econd p e r i o d : 

UO2 c o r e dens i ty , % of t h e o r . 

% of SS-H2O r e a c t i o n : 

F i n a l a p p e a r a n c e of fuel p in : 

S t a in l e s s Steel c l add ing : 

UO2 c o r e : 

64 

140 

115 

89 

0 . 8 

two s m a l l 
r u p t u r e s . 
d a r k e n e d 
a r e a 

d i s t o r t e d , 
c r a c k e d 

65 

190 

50 

89 

5 .2 

f r a g m e n t e d . 
p a r t nnelted 

f ragnnented, 
fine p a r t i c l e s 

67 

185 

290 

9 8 

0 .3 

i n t ac t , 
d a r k e n e d 
c e n t r a l 
a r e a 

r a d i a l 
c r a c k s 

66 

2 3 0 

97 

9 8 

9 .0 

f r a g m e n t e d , 
p a r t m e l t e d 

f r a g m e n t e d , 
c o a r s e p a r t i c l e s 

2. K i n e t i c s of Ox ida t ion and Ign i t ion of R e a c t o r M a t e r i a l s 

S tud ies a r e be ing m a d e of the ox ida t ion and ign i t ion k i n e t i c s of the 
m e t a l s u r a n i u m , z i r c o n i u m , and p l u t o n i u m in o r d e r to p r o v i d e i n f o r m a t i o n 
l e ad ing to an u n d e r s t a n d i n g of the r e a c t i o n s . T h i s knowledge shou ld m a k e 
it p o s s i b l e to m i n i m i z e the h a z a r d s a s s o c i a t e d wi th hand l ing t h e s e n u c l e a r 
r e a c t o r m a t e r i a l s . I s o t h e r m a l ox ida t ion on m i c r o s c o p e s t a g e , s h i e l d e d 
ign i t ion , b u r n i n g c u r v e s , r a t e of p r o p a g a t i o n of b u r n i n g foi l , and b u r n i n g 
t e i n p e r a t u r e s a r e the t e c h n i q u e s b e i n g u s e d . In the con t inu ing s tudy of 
ign i t ion and b u r n i n g of u r a n i u m , z i r c o n i u m , and p l u t o n i u m , m o r e e m p h a s i s 
i s be ing p l a c e d on the b u r n i n g p r o c e s s . Bu rn ing p r o p a g a t i o n r a t e s t u d i e s 
p r o v i d e a use fu l tool to o b s e r v e the ef fects of m a n y v a r i a b l e s . The effect 
of the p r e s e n c e of h a l o g e n a t e d h y d r o c a r b o n s on the b u r n i n g of u r a n i u m 
foil in a i r i s be ing i n v e s t i g a t e d . 

S tudies of the i s o t h e r m a l ox ida t ion r a t e s of u r a n i u m in t h e " h e a t 
s ink" a p p a r a t u s in the 300° - 500°C r a n g e a r e con t inu ing . R a t e s i n c r e a s e d 
20-fo ld wi th an i n c r e a s e in t e m p e r a t u r e f r o m 300° to 400°C with A r g o n n e 
b a s e u r a n i u m . R a t e s w e r e n e a r l y c o n s t a n t in the r a n g e f r o m 400° to 500°C. 

Igni t ion s t u d i e s of z i r c o n i u m foil w e r e c o m p l e t e d . The s t u d i e s 
w e r e m a d e u n d e r cond i t i ons ^vhere no p r e - o x i d a t i o n f i lm would be p r e s e n t 
b e f o r e sudden ly b r i n g i n g the s p e c i m e n into c o n t a c t with oxygen at the t e s t 
t e m p e r a t u r e . The foi ls w e r e s u s p e n d e d on p l a t i n u m s u p p o r t s and s e a l e d 
into q u a r t z v i a l s u n d e r h igh v a c u u m . The ox ida t ion f i lm p r e s e n t at r o o m 
t e m p e r a t u r e and r e s i d u a l a i r w e r e d i s s o l v e d into t h e z i r c o n i u m by i n d u c ­
t ion hea t i ng the m e t a l wi th in the v ia l to 1400°C for s e v e r a l m i n u t e s . Via l s 
w e r e t hen b r o u g h t to the t e s t t e m p e r a t u r e in a s t e e l b o m b con ta in ing p u r e 
oxygen. V ia l s w e r e b r o k e n and it w a s d e t e r m i n e d v i s u a l l y w h e t h e r igni t ion 
o c c u r r e d o r not . R e s u l t s show^ed g e n e r a l a g r e e m e n t with da ta o b t a i n e d by 
the s h i e l d e d ign i t ion m e t h o d . C a l c u l a t i o n s quan t i t a t i ve ly r e l a t i n g ign i t ion 
r e s u l t s to i s o t h e r m a l da ta a r e u n d e r w a y . 



B. F a s t R e a c t o r Safety S tud ies 

1. C o r e M e l t d o w n S tud ies - T R E A T P r o g r a m 

T R E A T i n - p i l e e x p e r i m e n t s a r e be ing p e r f o r m e d on f a s t r e a c t o r 
fuel s a m p l e s in o r d e r to o b t a i n i n f o r m a t i o n on the t y p e s of s a m p l e fuel 
m o v e m e n t and f a i l u r e , and t o s u r v e y t h e m e c h a n i s m s p r o d u c i n g such 
p h e n o m e n a . 

a. Oxide S a m p l e E x p e r i m e n t s - The r e m a i n i n g two s a m p l e s 
(Nos . 4 and 5) f r o m t h e f i r s t m e l t d o w n e x p e r i m e n t s e r i e s on ox ide fuel 
( A N L - 6 3 9 9 , Ju ly P r o g r e s s R e p o r t , p p . 38-39) w e r e g iven a m a c r o s c o p i c 
e x a m i n a t i o n . Bo th s a m p l e s 4 and 5, for which m a x i m u m c l a d d i n g t e m ­
p e r a t u r e s of 1375°C and 1500°C, r e s p e c t i v e l y , w e r e m e a s u r e d , w e r e found 
to h a v e c l add ing f a i l u r e and r e g i o n s in which the s t e e l E B R - I I c l a d d i n g had 
m e l t e d . In n e i t h e r c a s e w a s t h e r e fuel f r a g m e n t a t i o n a l though the in t ac t 
fuel p e l l e t s c o n t a i n e d f i s s u r e s and c e n t r a l c y l i n d r i c a l r e g i o n s of m a r k e d 
d i f f e r e n c e in a p p e a r a n c e . P i e c e s f r o m s a m p l e s 4 and 5 w e r e t a k e n for 
m e t a l l o g r a p h i c e x a m i n a t i o n . P i e c e s f r o m s a m p l e s 2 and 3 (maximunn 
m e a s u r e d c l a d d i n g t e m p e r a t u r e s of 900°C and 1200°C, r e s p e c t i v e l y ) w e r e 
s t u d i e d u n d e r a m i c r o s c o p e . Both s h o w e d the s a m e s t r u c t u r e a s an u n ­
e x p o s e d c o n t r o l s p e c i m e n . 

P r e p a r a t i o n s h a v e b e g u n on c a p s u l e s for the s e c o n d s e r i e s of 
m e l t d o w n e x p e r i m e n t s on ox ide fuel . S e r i e s XXV. Two s a m p l e s a r e c l a d 
wi th s t a i n l e s s s t e e l E B R - I I j a c k e t s and wi l l be u s e d to s tudy p o s s i b l e 
c h a n g e s in e f fec t ive f u e l - c l a d d i n g i n t e r f a c e t h e r m a l c o n d u c t a n c e and fuel 
s a m p l e s t r u c t u r e b r o u g h t abou t by s u c c e s s i v e t r a n s i e n t s be low t h a t n e c e s ­
s a r y to p r o d u c e c l a d d i n g f a i l u r e . T h e r e m a i n i n g two s a m p l e s of S -XXV 
wi l l be c l a d wi th t a n t a l u m tub ing the s i z e of E B R - I I j a c k e t s and wil l be 
u s e d fo r s i n g l e input t r c t n s i e n t s of h i g h e r e n e r g y . 

b . E B R - I I E l e m e n t s in S t agnan t Sod ium - T h e r e m a i n i n g t h r e e 
c a p s u l e s of the s e c o n d s e r i e s (XIX) of m e l t d o w n e x p e r i m e n t s on E B R - I I 
e l e m e n t s in s t a g n a n t s o d i u m w e r e o p e n e d and e x a m i n e d , a s w e r e the t h r e e 
s t a g n a n t s o d i u m c a p s u l e s of S-XXII I r u n d u r i n g the p r e v i o u s r e p o r t p e r i o d . 
A b r i e f s u m m a r y of the S-XIX and S-XXII I r e s u l t s i s g iven in T a b l e VII. 

T h e l a s t two c a p s u l e s of XXIII w e r e r u n at T R E A T . The c a p s u l e 
wi th the p r e s s u r e t r a n s d u c e r d a m a g e d in t r a n s i t w a s given a s a m p l e e n e r g y 
input about 10% g r e a t e r t h a n t h e l a r g e s t p r e v i o u s s t a g n a n t s o d i u m input . 
T h e fifth c a p s u l e of the s e r i e s c o n t a i n e d an E B R - I I M a r k - I e l e m e n t of 
n a t u r a l e n r i c h m e n t ( i n s t e a d of the 3% e n r i c h m e n t u s e d for a l l o t h e r s t a g ­
nan t s o d i u m e x p e r i m e n t s to d a t e ) , i n t e r n a l l y i n s t r u m e n t e d wi th a m i n i a t u r e 
t a n t a l u m - c l a d , t a n t a l u m - m o l y b d e n u m t h e r m o c o u p l e . Both c a p s u l e s a r e 
b e i n g r e t u r n e d for e x a m i n a t i o n . 



Table VII. Results of TREAT Meltdown Experiments on EBR-II 
Elements in Stagnant Sodium 

Experiment 

XIX 1 

2 

3 

Nominal Reactor 
Ene rgy Release, 

Mw-sec 

180 

170 

161 

Sodium Bath Pressu r i zed 
to Prevent "Slugging" of 

Coolant 

No 

No 

No 

XXIII 1 

3 

4 

180 

144 

146 

180 

No 

No 

Yes 

Yes 

Condition 

No cladding failure, small 
voids in fuel. Small fuel-
clad alloying. 

Same as above. 

No cladding failure, no 
fuel voids, small amount 
of alloying. 

No cladding failure, fuel 
voids (one almost the size 
of fuel diameter) . 
Extensive alloying. 

Same as XIX-1. 

Same as above. 

Extensive failure at bottom; 
top of cladding unf ailed with 
extensive alloying inside. 

c. Photography of Dry Meltdown Specimens - All five t e s t s of the 
second se r i e s of photographed meltdown exper iments (XXIV) were p e r ­
formed. The new, white background a r rangement produced good delinea­
tion of samples and ma te r i a l movement occurr ing after sample fai lure. 
Two F e r m i - 1 elements were run, one to mild failure and the other to 
extensive fai lure. Molten uran ium s t r e a m s from the samples showed up 
c lear ly , permit t ing es t ima tes to be made of droplet or s t r e a m size , 
t r a j ec to r i e s (as an indication of internal sample p r e s s u r e s ) , and timing of 
fa i lures . Format ion of voids inside the cladding as the uran ium fuel ran 
out could be detected by noting var ia t ion in color along the length of the 
samples . 

Two s ta in less steel clad EBR-II , Mark- I samples were 
exposed. One was c a r r i e d to the approximate threshold of extensive fail­
u re , and the other, appreciably beyond the threshold. Both showed the 
cha rac te r i s t i c sharp c i rcumferent ia l expulsion of bond sodium. Initial 
velocit ies of the fronts of the sodium clouds were consistent with e s t i ­
mates of internal sample p r e s s u r e s due to heating of sodium and the iner t 
gas inside the sodium expansion volume at the top end of the element . 
Attempts were made to es t imate the duration of bond sodium expulsion 
quantitatively by t iming the durat ion of appreciable cloud turbulence. 

In addition, the high t empe ra tu r e failure of a tan ta lum-clad 
EBR-II pin due to in ternal p r e s s u r e was also observed. A success ion of 
cladding fai lures each accompanied with r e l ease of sodium was seen. 



consis tent with a "p rog re s s ive split t ing" fai lure. For this las t tes t , a 
speed of about 4000 f r a m e s / s e c was employed, and sodium cloud turbu­
lence again was easi ly observable . All five capsules from this s e r i e s 
have now been rece ived for examination. 

2. Calculat ions of Trans ien t Fuel Element Tempera tu r e s 

An IBM-704 heat t r ans fe r p r o g r a m RE-248 ("Argus"), has been de­
veloped to calculate t e m p e r a t u r e s in a cyl indrical geometry as a function 
of t ime , r ad ius , and axial posit ion. This p r o g r a m is an outgrowth of an 
e a r l i e r t rans ien t heat t r ans fe r code, RE-147 ("Cyclops") (ANL-6295, 
December , I960 P r o g r e s s Report , p. 39) which has been used extensively 
for calculat ion of TREAT sample t e m p e r a t u r e s . Special features of Argus 
include the following: 

(1) P rov i s ion for up to twenty-five concentr ic regions . 

(2) Any region may be either "sol id," with space- and t ime-
dependent heat generat ion, or "coolant," e i ther stat ic or 
flowing. 

(3) Solid m a t e r i a l p r o p e r t i e s a r e approximated as constants over 
input t e m p e r a t u r e r anges . A maximum of ten t empera tu re 
ranges may be used. There a re provis ions for phase changes. 

(4) Coolant p r o p e r t i e s a re approximated by second-order poly­
nomials in t e m p e r a t u r e . 

(5) Heat t r ans fe r by conduction, convection, and radiat ion is con­
s idered , and provis ions a re made for surface and bulk boiling 
of coolants . 

(6) Surface conductance between adjacent regions is included. 

(7) "Thin" regions (for example , the sodium bond of EBR-II 
e lements or the z i rconium cladding of F e r m i - I pins) can be 
put in explici t ly, r a the r than lumping them with adjacent 
m a t e r i a l . 

(8) Coolant flow is specified as a function of t ime. 

3. TREAT - Component Development 

a. F i s s ion Rate Distr ibut ion in TREAT Core - Because the s ta in less 
s teel t r a n s p a r e n t capsule a s semb l i e s caused cons iderable warping of the 
flux in the co re , which in tu rn changed the control rod and nuclear ins t ru ­
ment ca l ib ra t ions , the f iss ion ra t e dis t r ibut ion in only the eas t half of the 
core was mapped in detai l . It was found that a flux peak occu r r ed in the 
nor th half of the r eac to r approximate ly 12 in. from the core center . This 
peak had an ampli tude 1.4 t imes the cent ra l f ission ra te value, and the 



cent ra l to core average fission ra t io was found to be 1.02. The flux at the 
t rans ien t operating ins t ruments on the north side of the r eac to r inc reased 
by 25%, while on the south side, it dec reased by approximately 2%. 

b. T ranspa ren t Fac i l i ty - Two cal ibrat ing t r anspa ren t capsules 
have been assembled and f i red in TREAT. These were 6% enr ichment 
EBR-II fuel e lements which had smal l u ran ium disc foils mounted at var ious 
points on the cladding of the fuel e lements . After d i sassembly , the u ran ium 
foils were analyzed chemical ly for pa r t i cu l a r f ission produc ts . These data 
a re used to c o r r e l a t e r eac to r power levels (as de te rmined from the nuclear 
ins t ruments ) with the power developed in the samples . 

c. Small Sodium Loop - Four smal l bayonet- type sodium loops 
a re being cons t ruc ted for flowing sodium exper iments in TREAT. A loop 
will fit into the r eac to r as an in tegral pa r t of a special TREAT element . 
The f i r s t loop is complete . 

The fuel e lement r emove r was fabr icated and assembled . 
Following p r e l i m i n a r y tes t ing the f i r s t sodium loop was sa t i s fac tor i ly d i s ­
assembled using this tool. The sodium was removed from the f i r s t loop 
and then all components were thoroughly cleaned, r e a s semb led , and readied 
for a new clean sodium charge . A sodium pur i f ier has been fabr icated, 
welded, and assembled . Nine charges of sodium can be obtained from this 
pur i f ie r . 

4. TREAT Construct ion 

The cons t ruc t ion con t rac to r completed the additions to the Control 
and Reactor Buildings and the buildings were accepted by the Commiss ion 
on August 15, 1961. 



IV. N U C L E A R T E C H N O L O G Y AND G E N E R A L S U P P O R T 

A. A p p l i e d N u c l e a r a n d R e a c t o r P h y s i c s 

1. 3.0 M e v Van de Graaf f 

a. D e t e r m i n a t i o n of 77"and d v / d E - The m e a s u r e m e n t s of v" and 
d i y d E for U " have b e e n e x t e n d e d . F i n a l a n a l y s i s of the U"^ da ta g ives 

v(u"^ ) = 2.43 + 0.098 E(Mev) 

and 

dv 
d E 

(U"^) = 0.098 ± 0.007 Mev"^ 

[The P r o g r e s s R e p o r t for Ju ly , A N L - 6 3 9 9 , con t a ined a m i s p r i n t : 

4 ^ (U"^) ^ 0.10 ± 0.07 shou ld have r e a d 4 S (U"^) = 0.10 ± 0.007, a s 
dE dE 
i n d i c a t e d in F i g u r e 9, page 41 of A N L - 6 3 9 9 . ] 

M e a s u r e m e n t s of v h a v e a l s o b e e n m a d e for Th and U 
a t a n i n c i d e n t n e u t r o n e n e r g y of 1.60 Mev , and for Cf s p o n t a n e o u s f i s s ion . 
A l l m e a s u r e m e n t s w e r e m a d e r e l a t i v e to the " t o t a l " ( p r o m p t + d e l a y e d 
n e u t r o n ) v for t h e r m a l f i s s i o n of U " . The r e s u l t s a r e : 

N u c l i d e E n e r g y (Mev) v ( p r o m p t + de l ayed) 

T h " ^ 1.60 2.195 ± 0.042 
U"^ 1.60 2 .594 ± 0.036 
Cf"^ S p o n t a n e o u s 3.757 ± 0.046 

b . D e l a y e d N e u t r o n M e a s u r e m e n t s - M e a s u r e m e n t s of the d e l a y e d 
n e u t r o n e m i s s i o n a s a funct ion of i n c i d e n t n e u t r o n e n e r g y have b e e n m a d e 
for the f a s t n e u t r o n i n d u c e d f i s s i o n of T h " ^ , U"®, and U"^ . Both the t i m e 
d e p e n d e n c e of the d e l a y e d n e u t r o n a c t i v i t y and the t o t a l y ie ld w e r e m e a s ­
u r e d . The U " ^ d a t a w e r e t a k e n a t five n e u t r o n e n e r g i e s b e t w e e n 250 k e v 
and 1500 kev . M e a s u r e m e n t s w e r e m a d e a t 1500 kev and 1650 kev for 
T h " ^ and a t 1400 kev , 1500 kev , 1600 kev , and 1750 kev for U"^ . No change 
w a s o b s e r v e d in the t i m e d e p e n d e n c e b e h a v i o r for any of the n u c l i d e s . The 
t o t a l d e l a y e d n e u t r o n y ie ld w a s c o n s t a n t wi th in the e x p e r i m e n t a l u n c e r t a i n t y 
of ±5% for U"^ and T h " ^ . F o r U " ^ the t o t a l d e l a y e d n e u t r o n y ie ld i n c r e a s e d 
28% ± 5% b e t w e e n i n c i d e n t n e u t r o n e n e r g i e s of 1400 kev and 1750 kev . The 
c h a n g e o b s e r v e d in the d e l a y e d n e u t r o n y ie ld for U i s p r o b a b l y due to 
p e n e t r a t i o n of the f i s s i o n b a r r i e r . F u r t h e r i n v e s t i g a t i o n of the s u b - t h r e s h o l d 
f i s s i on of U " ^ and T h " ^ is p l a n n e d in an e f for t to d e t e r m i n e the effect of 
b a r r i e r p e n e t r a t i o n on the d e l a y e d n e u t r o n y ie ld . 



c. F a s t Neutron Capture Cross Sections - The neutron activation 
c ros s section m e a s u r e m e n t s of I^^' and In^^^ (n,7) In^^^ (I3 sec) have been 
completed. The absolute normal iza t ion of the I^^' c ro s s section is based 
on the U fission c r o s s section and the Au activation c ro s s section of 
0.137 ba rns at Ê ^ = 600 kev. The absolute normal iza t ion of the In^^^ c r o s s 
section is based on the In"^ (n,7) In^^^ (54 min) activation c ro s s section of 
0.160 ba rns at E^ = 600 kev and the t h e r m a l neutron activation c r o s s 
sections for the 13-second and 54-minute act ivi t ies from In^^ . The e s t i ­
mated uncer ta in ty for the iodine c r o s s section is ±15%, and for the indium 
c ros s section ±20%. The re su l t s a r e given in the Table VIII. 

Table VIII. Neutron Activation Cros s Sections of I^ '̂' and In^^^ (13 sec) 

E (ke\ 
n 

175 
200 
280 
300 
350 
400 
450 
500 
550 
600 
650 
700 
750 
800 
850 
900 

'• Arg 

r) 

onne 

a. 

a (I odine) 
(barns) 

-

.250 
200 
164 
147 
133 
122 
107 
101 
100 
093 
097 
086 
079 
074 

.069 

Thermal S 

Res onance 

O (indium) 
(barns) 

.163 

.192 

.185 

.175 

.170 

.165 
-

.155 
-

.160 
-

.170 
-

.178 
-

.195 

ource Reactor 

E (kev) 
n 

950 
1000 
1050 
1100 
1150 
1200 
1250 
1300 
1350 
1400 
1450 
1500 
1550 
1600 
1650 
1700 

(ATSR) 

Integral Measurements -

a(lodine) 
(barns) 

.073 

.069 

.062 

.063 

.065 

.064 

.062 

.061 

.060 

.056 

.054 

.055 

.053 

.050 

.051 

.050 

Several sign: 

o (indium) 
(barns) 

-

.205 
-

-

-

.205 
-

-

-

.195 
-

-

-

-

-

-

ficant steps 

have been made in adopting the ATSR and its autorod control sys t em to the 
m e a s u r e m e n t of resonance in t eg ra l s . The r e a c t o r has been stabi l ized and 
p re l imina ry m e a s u r e m e n t s indicate that the sensi t ivi ty of the sys tem will 
be ve ry good. 

T e m p e r a t u r e m e a s u r e m e n t s in the dump, shield, and core 
tanks of the ATSR, along with observa t ions of r eac to r drif ts , have indicated 
that the r eac to r becomes stable when the shield and core tank t e m p e r a t u r e s 
a r e approximate ly equal. By heating the water in the dump tank it has been 
possible to reduce the t ime requ i red for the r eac to r to s tabi l ize from five 
or s ix hours to l e s s than an hour. 



With the r e a c t o r thus s t a b i l i z e d it has b e e n p o s s i b l e to a c c u m u ­
l a t e suf f ic ien t da ta to m a k e r o u g h m e a s u r e m e n t s of the r e s o n a n c e i n t e g r a l s 
of b o r o n and SmzOs r e l a t i v e to a s i ng l e gold foil s t a n d a r d . The m e a s u r e ­
m e n t s of b o r o n have b e e n m a d e wi th a n a l u m i n u m - b o r o n powder m i x t u r e . 
M i l l i g r a m q u a n t i t i e s of b o r o n w e r e m i x e d wi th a p p r o x i m a t e l y 20 g m of a l u ­
m i n u m p o w d e r . The p r e l i m i n a r y da ta i n d i c a t e tha t th i s m e t h o d of d i lu t ion 
for b o r o n w i l l p r o b a b l y be e f fec t ive . Abou t 5 m g of b o r o n g ive a r e a c t i v i t y 
change w h i c h c o r r e s p o n d s to a 5% f u l l - s c a l e de f l ec t ion of the a u t o r o d . 

The a u t o r o d s y s t e m h a s con t inued to w o r k s a t i s f a c t o r i l y . The 
l i n e a r i t y of the r o d h a s b e e n c h e c k e d and the r o d w o r t h has b e e n found to 
be u n i f o r m wi th in ± 0 . 5 % o v e r i t s a c t i v e length . Gold foil s a m p l e s of d i f f e r ­
ent t h i c k n e s s e s a r e now be ing p r e p a r e d . The e x t r a p o l a t e d z e r o - t h i c k n e s s 
gold c a l i b r a t i o n w i l l be m a d e f r o m the o s c i l l a t i o n da t a ob t a ined wi th t h e s e 
fo i l s . 

In o r d e r to s tudy the effect of s a m p l e p o s i t i o n on r e a c t i v i t y 
c h a n g e c a u s e d by the i n s e r t i o n of a s a m p l e into the c a d m i u m tube , a c o n t r o l 
r o d d r i v e h a s b e e n t e m p o r a r i l y m o u n t e d on top of the r e a c t o r . A s a m p l e 
can h a s b e e n a t t a c h e d to the end of the d r i v e unit wi th a ny lon s t r i n g in s u c h 
a w a y t h a t the s a m p l e r e s t s on the b o t t o m of the s a m p l e tube when the r o d 
d r i v e i s in i t s down l i m i t p o s i t i o n . In i t s top l i m i t pos i t i on the s a m p l e is 
l o c a t e d a b o u t 4 in a b o v e the top of the c o r e . Us ing the s e l s y n i n d i c a t o r in 
the c o n t r o l r o o m it i s p o s s i b l e to p o s i t i o n the s a m p l e a t any he igh t in the 
c o r e d u r i n g a r e a c t o r r u n and then to o b s e r v e the a u t o r o d pos i t i on . 

The 2 1 - m g gold foil in a th in a l u m i n u m s a m p l e can , wh ich has 
b e e n u s e d p r e v i o u s l y in the d e t e r m i n a t i o n of a u t o r o d s e n s i t i v i t y , was 
o b s e r v e d to g ive a p o s i t i v e r e a c t i v i t y effect a s i t f i r s t e n t e r s the a c t i v e 
zone of the r e a c t o r c o r e . T h i s p o s i t i v e effect i n c r e a s e s to a peak which 
o c c u r s a b o u t 2 in. into the c o r e . As the s a m p l e is i n s e r t e d s t i l l f u r t h e r 
in to the c o r e the effect is s t i l l p o s i t i v e bu t it b e c o m e s s m a l l e r unt i l a t a 
point 6 in . f r o m the edge of the c o r e i t s n e t effect i s z e r o . Beyond th i s 
p o s i t i o n the r e a c t i v i t y effect i s a n e g a t i v e one which i n c r e a s e s in m a g n i t u d e 
un t i l i t r e a c h e s a r a t h e r b r o a d m a x i m u m of abou t 10" A k / k , w h i c h i s found 
a t the c e n t e r of the c o r e . A s the s a m p l e is i n s e r t e d s t i l l f u r t h e r into the 
c o r e the n e g a t i v e effect d e c r e a s e s , the r e a c t i v i t y change p a s s e s t h r o u g h 
z e r o , r e a c h e s a p o s i t i v e m a x i m u m and a g a i n b e c o m e s z e r o a s the s a m p l e 
r e a c h e s the b o t t o m of the a c t i v e zone of the c o r e . 

3. Z P R - V I I - High C o n v e r s i o n C r i t i c a l E x p e r i m e n t 

E x p e r i m e n t a l w o r k h a s p r o c e e d e d on the 6 2 1 - e l e m e n t (BORAX-V 
4.95 w t - % e n r i c h m e n t ) c o r e . T h i s is a s q u a r e l a t t i c e (1.27 c m spac ing) 
l oad ing w h i c h g i v e s a r a t i o H: U " of 4 .654 . The r e a c t i v i t y w o r t h of e a c h 
of the f i v e - f i n g e r e d c o n t r o l e l e m e n t s i s 1.52% A k / k . T h e r e a r e four of 
t h e s e e l e m e n t s . T h e r e a r e a l s o four b l a d e r o d s a t the p e r i p h e r y of the 
c o r e w h i c h a r e w o r t h abou t 0.22% A k / k e a c h . The w o r t h of the top r e f l e c t o r 



has been de termined as 0.33% Ak/k. The rad ia l and axial ref lector savings 
have been de termined from fitting flux t r a v e r s e s using IBM Cofit and Jofit 
codes. The rad ia l savings a r e 7.2 cm. The top axial savings a r e 5.3 cm 
and the bottom axial 6.1 cm. This difference can be at t r ibuted to the 
presence of m o r e s ta in less s teel in the top ref lector . 

Measu remen t s with gold foils indicate a flux of 4.75 x 10 n / ( c m )(sec) 
at the center of the core when the fission ra t e (determined radiochemical ly) 
is 1.98 X 10^° f i s s ions /gm of fuel (also at the center) . This cor responds to 
a power level of about 40 watts with a 621-pin core loading. 

The fast effect has been calculated from activation of fission foils 
to be 1.038. This is to be compared with the value 1.054 computed using 
modified two-group theory. Data for the init ial conversion ra t io , resonance 
escape probabil i ty and the rma l uti l ization a r e being processed . 

A portable graphi te t h e r m a l column has been constructed for use at 
the leakage face of ATSR. The gold-cadmium ra t io at the center is about 94. 
This is sufficient for s tandard foil i r rad ia t ion for the init ial conversion 
m e a s u r e m e n t s planned for the Hi-C p rog ram. 

4. Exper imen ta l Nuclear Ins t rumentat ion 

a. Analog- to-Digi ta l Techniques for Auto- and C r o s s - C o r r e l a t i o n 
of Reactor Dynamics Data - Three REDCOR ampl i f iers and the buffer 
m e m o r y have been sent back to the manufac turer for r e p a i r s . 

b. React ivi ty Measurement in Subcr i t ica l Cores - Work is continu­
ing on methods of determining subcr i t i ca l reac t iv i ty marg in in existing or 
new r e a c t o r s . A number of exper imenta l techniques have been analyzed to 
see if they can be applied to this problem. 

c. Fas t Neutron Spectrum Measurement - Propor t iona l Recoil 
Counters - A study is in its beginning s tages to de te rmine whether long-
range e lec t rons due to gamma rays can be dist inguished from sho r t - r ange 
reco i l protons through the differences of the r i s e t imes of the pulses . A 
special counter body adapted to this type of investigation has been con­
st ructed. A Cm "̂*̂  source sends alpha par t i c les para l le l to the counter 
wire; it provides a cal ibrat ion line which is not subject to sa tura t ion or 
shielding effects originating in high charge densi t ies from ionization 
columns perpendicular to the center wi re . The n e c e s s a r y c i r cu i t ry is now 
being built. 

In pa ra l l e l with this development, the per formance of a propane-
filled, 5-cm d iameter r eco i l counter is being examined in o rder that its 
p r o m i s e s and l imitat ions as a spec t rome te r in a fast a s sembly may be 
a s s e s s e d . The following tes t s have been made: 



M u l t i p l i c a t i o n and r e s o l u t i o n a s funct ions of pos i t i on in the 
c o u n t e r have b e e n e x a m i n e d by m a g n e t i c a l l y mov ing a s m a l l , c o l l i m a t e d 
a l p h a - p a r t i c l e s o u r c e f r o m point to poin t and r e g i s t e r i n g the c o u n t e r 
output in the m u l t i c h a n n e l a n a l y z e r . It a p p e a r s tha t the c e n t e r w i r e in 
the c o u n t e r i s of u n i f o r m d i a m e t e r , t h a t end effects a r e confined to a 
r e g i o n of a b o u t 2 c m in l eng th a t e a c h end, and tha t m u l t i p l i c a t i o n s beyond 
50 p r o d u c e r e s o l u t i o n s beyond abou t 15%. 

R e s p o n s e to 1 Mev n e u t r o n s f rom the Van de Graaff m a c h i n e 
has b e e n r e g i s t e r e d in a 2 5 6 - c h a n n e l a n a l y z e r . The app l i ed vo l t age and 
the e l e c t r o n i c a m p l i f i c a t i o n w e r e v a r i e d f r o m r u n to r u n . R e s o l u t i o n s 
of a p p r o x i m a t e l y 12% have b e e n s e e n in the one r u n w h e r e s t a t i s t i c s a r e 
good enough to p e r m i t the d i f f e r e n t i a t i o n of the e x p e r i m e n t a l c u r v e . A 
n o i s e c o m p o n e n t c o r r e s p o n d i n g to s o m e w h a t l e s s than 500 kev of i o n i z a ­
t ion e n e r g y i s v i s i b l e in a l l c u r v e s . I t s o r i g i n wi l l n e e d to be t r a c e d in 
a m o r e e l a b o r a t e i n v e s t i g a t i o n in the f u t u r e . 

d. F a s t N e u t r o n S p e c t r u m M e a s u r e m e n t s - Solid C o u n t e r s -
A p r o g r a m of i n v e s t i g a t i o n of so l id c o u n t e r s a s n e u t r o n s p e c t r o m e t e r s 
h a s b e e n i n i t i a t e d . A f i r s t t e s t of the ou tput f r o m b o r o n - d i f f u s e d c o u n t e r s 
in a m o n o e n e r g e t i c n e u t r o n b e a m h a s b e e n m a d e . The d i s t r i b u t i o n of the 
p u l s e s h a s b e e n v e r y flat , s u g g e s t i n g tha t the b o r o n - c o n t a i n i n g r e g i o n 
m u s t be m a d e e x t r e m e l y th in if good r e s o l u t i o n i s to be a c h i e v e d . 

5. T h e o r e t i c a l R e a c t o r P h y s i c s 

a. M u l t i g r o u p C a l c u l a t i o n s of Ef fec t ive D e l a y e d N e u t r o n F r a c t i o n 
& ^j.. P r o m p t N e u t r o n L i f e t i m e H-^ and R e l a t e d K i n e t i c s P a r a m e t e r s for 
- e i t ^ 
L a r g e F a s t P l u t o n i u m F u e l e d R e a c t o r s - F o r the p l u t o n i u m - f u e l e d fas t 
r e a c t o r c o r e s r e p o r t e d in A N L - 6 2 1 2 * s e v e r a l p a r a m e t e r s r e l a t e d to 
k i n e t i c s p r o b l e m s have b e e n e v a l u a t e d . F o r the 1 5 0 0 - l i t e r c o r e s the effect 
on t h e s e p a r a m e t e r s of the fol lowing d i f f e r en t i s o t o p i c c o n c e n t r a t i o n s of 
p l u t o n i u m is b e i n g i n v e s t i g a t e d : 

(1) P u r e P u " ' ; 

(2) 74 .7% P u " ^ 10.2% Pu '^° , 12.4% P u ' ^ \ 2.7% P u ' ^ ' 

(3) 40% P u " ^ 10% P u " ° , 25% P u ' ^ \ 25% P u ' * ^ 

T h e s e s y s t e m s u s e d s o d i u m coo l an t and s t a i n l e s s s t e e l (or o the r h igh -
t e m p e r a t u r e a l l o y s ) for c l a d d i n g . M e t a l f u e l s a r e s tud ied a s w e l l a s P u 0 2 
and P u C m i x e d wi th e i t h e r U"^ , UOj, and UC d i luen t r e s p e c t i v e l y . The 
effect of c o r e s i z e w a s s t u d i e d by a n a l y z i n g P u " ^ c o r e s of 800, 1500, and 
2 5 0 0 - l i t e r for m e t a l , ox ide , and c a r b i d e fue l s . 

*S. Yiftah and D. O k r e n t , "Some P h y s i c s C a l c u l a t i o n s on the 
P e r f o r m a n c e of L a r g e F a s t B r e e d e r P o w e r R e a c t o r s , " A N L - 6 2 1 2 
( D e c e m b e r , I960) . 



The prompt neutron lifetime ip and the effective delayed neu­
tron fraction i3g££ have been evaluated by using a machine p rog ram which 
utilized as input the space and energy dependent flux and adjoint spher ica l 
geomet ry solutions for the ref lected a s s e m b l i e s . This machine p rog ram 
can accommodate five fissionable m a t e r i a l s . The formulas used to 
attain /3g££ and i follow essent ia l ly the definition given in a paper by 
D. Meneghet t i .* 

In o rder to be able to r ea son physically on the obtained 
p a r a m e t r i c values the total number of f issions for each plutonium isotope 
as well as for U"^ has been evaluated for al l co res . Express ions p ropor ­
tional to the worth of prompt and delayed neutrons were obtained. All 
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worth functions a r e re la ted to the worth of a prompt Pu neutron m the 
core . Finally, /3eff values a r e obtained for each delayed neutron group. 
By using BUM, the Trans fe r -Func t ion Code, the ze ro power t ransfe r 
function, ZP(jw), is obtained. The decay constants , X, used in a l l co res 
a r e the ones for Pu . 

b. Burnup Cha rac t e r i s t i c s of P lu tonium-Fueled Reac to r s -
A study is being made of the burnup c h a r a c t e r i s t i c s of plutonium-fueled, 
n e a r - t h e r m a l r e a c t o r s with the plutonium having an isotopic composit ion 
of 78 a toms of Pu"^ to 12 a toms of Pu^^° to 10 a toms of Pu^^^ Long 
l ifet imes a r e possible with such r e a c t o r s because the Pu can se rve as 
a combination fert i le m a t e r i a l and burnable poison. The burnup c h a r a c ­
t e r i s t i c s of such r e a c t o r s a r e ve ry dependent on spec t rum since the Pu 
has a ve ry large resonance at 1.035 ev and Pu^ has a resonance around 
0.3 ev. In o rder to have the bes t burnup c h a r a c t e r i s t i c s , the loading of 
the r e a c t o r should be such that the ra t io of effective absorpt ion c r o s s 
sect ion of Pu "̂*" to that of the capture (absorpt ion-f iss ion) c ro s s section 
of P u " ' is as la rge as poss ible . If the loading of plutonium is too light, 
the spec t rum will be too t h e r m a l and the above-ment ioned ra t io will 
not benefit enough from the l a rge resonance absorpt ion of Pu . If the 
loading is too heavy, the spec t rum will be highly ep i thermal , but the 
self-shielding of the Pu^^ resonance will be too g rea t to enable the 
resonance to be sufficiently effective. 

Calculations of burnup a r e being made for two cases with 
the volume fractions of fuel, H2O and s tee l s imi la r to those in SM-1 la t t ices 
although the r e a c t o r s in those calculat ions a r e being considered as homo­
geneous. MUFT and SOFOCATE c r o s s sect ions a r e being used in the 
burnup calculat ions with the c r o s s sect ions being r ede t e rmined s eve ra l 
t imes during the burnup because of the sensi t ivi ty of effective c r o s s 
sect ions to spec t rum changes. 

*D. Meneghetti , "Recent Advances and P rob l ems in Theore t ica l 
Analysis of ZPR-II I Fas t Cr i t ica l A s s e m b l i e s . " Submitted to 
IAEA Seminar on the Phys ics of F a s t and In termedia te Reac to r s , 
Vienna, August 1961. 



c. Study of Shape Fac to r s in Fas t Reac tors - The shape factor 
is genera l ly defined to be the ra t io of the c r i t i ca l m a s s of a sys tem in 
spher ica l geomet ry to the c r i t i ca l m a s s of the identical sys tem in cylin­
d r i ca l or slab geometry . Previous investigations (see P r o g r e s s Report 
for November, I960, ANL-6269) have now been extended to four fast 
r eac to r sys tems of varying L / D ra t i o s . These have been analyzed to 
predict : 

(1) The var ia t ion of c r i t i ca l m a s s with core geometry. 

(2) The react iv i ty worth of fuel at the core boundary as a 
function of core geometry . 

(3) The power dis tr ibut ion as a function of core geometry. 

The absolute values of these p a r a m e t e r s a r e dependent on 
both the core and ref lector composi t ions . Two of the sys tems r ep re sen t 
a typical , low density, fast r eac to r and a typical, high density, c r i t i ca l 
exper iment . The other two sys tems r e p r e s e n t composit ional combinations 
of the f i rs t two sys t ems . 

It was found that the optimum geometry , ra t io of core height 
to d iameter ~ 0.9 shape factor tends to inc rease with core density. The re ­
fore the optimum shape factor for ZPR-III Assembl ies 22, 24 and 25 is 
about 0.99. A shape factor of about 0.93 is applicable to ZPR-III A s s e m ­
bl ies 20, 23, 29, 30, 31 and 33. 

The reac t iv i ty worth of fuel at the core boundary tends to 
i n c r e a s e with In L / D , the ra t io of core height to d iameter . The ra t io of 
max imum power density tends to be inverse ly proport ional to In L / D . 

d. C P - 5 Conver te r -Tube Analysis - A decision has been made to 
ins ta l l a conver te r - tube facility in the graphite ref lector at CP-5 (see 
P r o g r e s s Repor t s ANL-6343 and 6399). The conver ter will provide a total 
fast neutron flux ( E > 9-12 kev) of 10^^ n/(cm^)(sec) and a t he rma l flux of 
l ess than 10^ n/(cm^j(sec) on the tube center l ine . This facility will be used 
to study radia t ion damage mechan i sms at low t e m p e r a t u r e s . 

A haza rds analys is is in p r o g r e s s to de termine: 

(1) The mult ipl icat ion factor of the conver ter tube for different 
envi ronmenta l conditions, and 

(2) The effect of the loss of coolant water . 



B. Reactor Fuels and Mate r ia l s Development 

1. Corros ion Studies 

a. Zi rconium Alloys for Superheated Steam - The alloys contain­
ing copper, nickel , and iron (see P r o g r e s s Report , July, 1961, ANL-6399) 
have now been exposed for 50-60 days in s t eam at 540°C and 600 psi . In 
most cases it appears that co r ros ion behavior is undergoing t rans i t ion 
to constant r a t e . These alloys a r e a l so being tes ted at 650°C and 600 psi 
and have been exposed for 35 days. All but the Z r - 2 w/o Fe b inary show 
a decreas ing slope on the log-log plot (wt gain vs t ime) but it may be that 
this is due to spalling of oxide. This condition emphasizes the need for a 
different method of measur ing cor ros ion r a t e . 

The alloys containing t i tanium a r e being continued in t es t at 
540°C and 600 psi . Var ia t ions of the or iginal composit ions have been 
p repared and samples a r e being p repa red for hydrogen ana lys i s . However, 
only the Zr -0 .02 w/o Ti-0.21 w/o P t alloy has sat isfactor i ly survived 
5.5 days in s t eam at 650°C and 600 psi . 

2. Improved Fabr ica t ion P rocedure for Zirconium Alloy Tubing 

Small d iameter z i rconium alloy tubing which is free from internal 
defects has not been commerc ia l ly produced. This type of tubing is in 
demand for ins t rumenta t ion applicat ions in light or heavy water -cooled or 
modera ted t h e r m a l r e a c t o r s . There is a l so a need for l a rge r d iameter 
thin wall z i rconium alloy tubing for these r e a c t o r s which is a l so not yet 
available commerc ia l ly . 

Six Z i rca loy-2 hollow bi l le ts were successfully extruded into 
tubing. Three of the bi l lets were machined from powder meta l lu rgy 
product ingots p r epa red by the Genera l E l ec t r i c Company and the r e m a i n ­
ing th ree bi l le ts were machined from a 7 in. x 7 in. forged bloom of 
Mal lory-Sharon vacuum a r c mel ted ingot stock. The bi l le ts were machined 
to 0.934 in. O.D., jacketed in copper, and extruded at 725°C. The extrusion 
ra t io was 8:1 and the extruded Zi rca loy-2 tube m e a s u r e d 
0.407 in. O.D. x 0.273 in. I.D. 

Using the method of drawing with a core descr ibed in the July, 1961 
P r o g r e s s Report , tubes 0.080 in. O.D. x 0.050 in. I.D. were successful ly 
produced from both the Genera l E l ec t r i c s in tered Zi rca loy-2 powder and 
the Mal lory-Sharon vacuum a r c mel ted ingot ma te r i a l . 

The p resen t procedure uses 0.407 in. O.D. x 0.273 in. I.D. extrusions 
(net d imensions , without sheath), and a 0.252 in. cold drawn copper core . 
The sheath is pickled off the inside wall of the extrusion which is subse­
quently drawn with the copper core in approximate ly 20% drafts to the final 
dimension. Annealing at 500-600°C for 15-25 min is per formed after every 



60-70% cumulative reduction. These relat ively mild annealing conditions, 
coupled with the protection afforded by the outer jacket and core, allow 
heating to be performed in an a i r furnace. After the third (final) anneal, 
the core is removed and the exter ior bright pickled. 

Microscopic examination and eddy cur ren t tes ts indicate freedom 
from in ternal cracking and a sa t is factory internal surface. However, the 
outside surface is not quite sa t is factory in view of the deep str iat ions 
induced during extrusion which remain throughout a l l subsequent p r o c e s s ­
ing, including pickling. The outside surface can be conditioned, as is 
cur ren t ly done in commerc i a l p rac t ice , although one objective of this 
p rogram is to el iminate this defect from the extrusion p rocess . 

3. I r radia t ion Studies 

a. I r radia t ion of Th02-U02 Fuel - Nine NaK capsules, each 
containing a single unclad pellet of 89.0 w/o ThO2-10 w/o UO2 (93.2% 
enriched) - 1.0 w/o CaF2, have been punctured for measurement of r e ­
leased fission gas . These capsules have been under i r radiat ion in MTR 
and have achieved burnups ranging from 17,600 to 22,900 M W D / T oxide 
at /kd0 rat ings between 31 and 50 w /cm. Eight of the pellets were 
cradled in s ta in less s tee l wool while the ninth was loosely held in a 
Zircaloy f rame. 

The i r rad ia t ions were intended to evaluate the role of open 
pores in the r e l e a s e of fission gas . The pellets covered the range of 
open porosi ty from 0.17 to 15.70% with a total porosi ty range of 6.94 to 
22.08%. Table IX contains a summary of the data. 

Table IX. Effect of I r r ad i a t i on onThO^-UO^ Pe l l e t s 

Spec No. 

A N L - 3 5 - 8 0 
ANL-35-82 
ANL-35-87 
ANL-35-96 
ANL-35-99 
ANL-35 -101 
A N L - 3 5 - 1 0 4 
A N L - 3 5 - 1 0 5 
ANL-35 -106 

Open 
P o r o s i t y , 

% 

0.17 
0.25 
0.79 
4.86 
6.38 
8.65 

13.90 
14.80 
15.70 

Closed 
P o r o s i t y , 

% 

6.77 
10.26 
11.48 
14.61 
15.70 
10.53 

7.12 
6.70 
5.87 

Burnup, 
MWD/T 

2 1 , 6 0 0 
1 7 , 6 0 0 
1 9 , 6 0 0 
2 2 , 9 0 0 
1 7 , 6 0 0 
1 8 , 9 0 0 
1 5 , 5 0 0 
2 0 . 3 0 0 
2 2 , 2 0 0 

r^o 
1 kd0, 

k 
50 
33 
44 
50 
37 
41 
31 
41 
44 

w / c m 

G a s 
Relea se , 

% 
Theore t i ca l 

0.72 
1.14 
0.85 
3.67 
3.41 
4.60 
4.54 
1.53 
3.81 

No. of 
F r a g m e n t s 

16 

19 
12 

8 
6 
5 
1 
3 
2 

Eight of the pellets fractured and only one remained whole. 
The size of the fractured pieces increased and the number of pieces 
dec reased with increas ing open porosi ty. Low porosi ty pellets broke into 
an average of 16 pieces , while the medium porosity pellets average 6 piece 



Two pel lets that r emained vir tual ly intact, (ANL-35-104 and ANL-35-106) 
had high percen tages of open porosi ty . The thi rd specimen (ANL-35-105) 
with a high percentage of open porosi ty , was i r r ad ia t ed in the Zi rca loy 
frame and its b reakup into three pieces is par t ly a t t r ibuted to mechanica l 
shock. 

The t rue effect of open porosi ty on fission gas r e l e a s e is 
probably masked by differences in i r rad ia t ion t e m p e r a t u r e s . The breakup 
of the pel lets lowered the i r rad ia t ion t e m p e r a t u r e s because of the l a rge r 
surface a r e a exposed to the NaK coolant. The r e su l t s seem to substant ia te 
the expected re la t ionsh ip between porosi ty and gas r e l e a s e but the r e su l t s 
can a l so be explained by the re la t ive i r r ad ia t ion t e m p e r a t u r e s . 

The three mos t porous pellets r emained re la t ive ly intact so 
that their t e m p e r a t u r e s were higher, thereby promoting the r e l e a s e of 
more gas than the broken low poros i ty pe l le t s . In this case , t e m p e r a t u r e 
was probably a m o r e impor tant factor than surface a r e a in the r e l e a s e 
of the gas . Fu r the r i r r ad ia t ions a r e planned for clad specimens which 
will promote maintenance of the s tar t ing geometry . 

b. I r rad ia t ion of Refrac tory Alloy Clad Plutonium Alloys - Three 
ins t rumented capsules , each containing six U-20 w/o Pu-10 w/o Fs fuel 
pins with var ious cladding m a t e r i a l s , were i r r ad ia t ed in C P - 5 . NaK was 
used as a heat t r ans fe r medium in two capsules and sodium was used in 
the thi rd . These were elevated t e m p e r a t u r e tes t s in which the intended 
control t e m p e r a t u r e was 650°C. Hea te r s inside the capsules were p r o ­
vided for t e m p e r a t u r e control when the r e a c t o r was at power. During 
i r rad ia t ion , however, the specimen t e m p e r a t u r e s w^ere much higher than 
des i r ed because of unexpectedly high fission r a t e s in the spec imens . The 
capsules were positioned in the CP-5 fuel th imbles where a re la t ive ly 
hard neutron spec t rum ex is t s . Under these conditions the anticipated 
amount of flux dep res s ion in the plutonium alloy spec imens did not occur . 

In some cases t e m p e r a t u r e s as high as 1000°C were recorded . 
Since this is well above the 820°C melt ing point of the fuel it was expected 
that the spec imens would show damage from overheat ing. Accordingly, the 
capsules were removed from the r eac to r for hot l abora to ry examination 
of the spec imens after they had achieved burnups ranging up to 1.5 a /o . 

Gamma autoradiographs of the contents of the capsules a r e 
shown in F igs . 12, 13, and 14. Unfortunately, no identification of individual 
spec imens in the rad iographs is poss ible , and m o r e specific information 
mus t await opening of the capsules . 

Many of the spec imens a r e seve re ly damaged; however, the 
bottom spec imens in the capsule with sodium as a heat t r ans fe r medium 
seem to be in good condition, but they have been displaced with re la t ion 
to each other in the capsule . Considering the manner in w^hich the spec i ­
mens were posit ioned in the capsule , high s t r e s s e s mus t have been p resen t 
to cause such d i sp lacements . 
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Fuel: U-2ayo Pu-10% Fs 

Heat Transfer Medium: NaK 

Reactor Power Output 9, 357,165 kwh 

Top Section: 

Specimen Cladding (Individually unidentified) 

(a) 
1. Inconel-X 
2. Nb-l<7o Zr 
3. Vanadium 

F i g u r e IZ 

A u t o r a d i o g r a p h of C a p s u l e C P - 1 6 

Bottom Section: 

Specimen Cladding (Individually unidentified) 

4. Niobium 
5. Nb-l<7o Zr 
6. SS 304^^^ 

(a) Contained a-Q" mil thick vanadium 
barrier foil. 



Fuel: U-2070 Pu-1070 Fs 

Heat Transfer Medium: NaK 

Reactor Power Output: 7, 788, 899 kwh 

Top Section: 

Specimen Cladding (Individually unidentified) 

1. Nb-l'yo Zr 

2. Niobium 
3. Vanadium 

F i g u r e 13 

A u t o r a d i o g r a p h of C a p s u l e C P - 1 7 . 

Bottom Section: 

Specimen Cladding (Individually unidentified) 

4. Nb-l-yo Zr 

5. SS 304^^) 
6. Niobium 

(a) Contained a-^- mil thick vanadium 
barrier foil. 
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Fuel: U-2ayo Pu-lO^o Fs 

Heat Transfer Medium: Na 

Reactor Power Output 6, 497, 045 kwh 

Top Section: 

Specimen Cladding (Individually unidentified) 

1. Nb-l^ Zr 
2. Niobium 
3. Vanadium 

F i g u r e 14 

A u t o r a d i o g r a p h of C a p s u l e C P - 1 8 . 

Bottom Section: 

Specimen Cladding (Individually unidentified) 

4. Nb-liyo Zr 
5. Vanadium 
6. SS 304^^^ 

(a) Contained a -g- mil thick vanadium 
barrier foil. 



The origin of the s t r e s s e s may possibly be found in the freezing and melting 
of the sodium with the off-on cycles of the r eac to r . P repa ra t ions a r e being 
made to open the capsules for a detailed examination of the contents. 

4. Nondestruct ive Testing 

a. Ul t rasonic Techniques - Lamb wave exper iments on thin wall, 
smal l d iamete r tubing has been s ta r ted . The tes t pieces a re Type 1100 alu­
minum with 0.030 in. wall and 0.5 in. O.D. Lamb waves and shear waves 
were used to detect O.D. t r a n s v e r s e flaws of O.OOZ in. widths and with depths 
varying from 0.002 in. to 0.009 in. These a r e eas i ly detected dynamical ly 
and the ampli tude of the r e sponse is approximate ly the same whether the 
angle of incidence is that n e c e s s a r y to genera te shear or Lamb waves. The 
reason for this , it is postulated, is that in testing for O.D. defects the 
phenomenon uti l ized is nei ther shear nor Lamb waves but a d i rec t reflection 
from the defective surface . 

The sensi t iv i ty of any tes t of this type is l imited by the surface 
condition of the specimen. The a luminum tubing used is ord inary stock tube 
which has been polished with oil and s tee l wool but never the les s it is a soft 
m a t e r i a l and the specimens contain pits and surface sc ra t ches of the order 
of magnitude of 0.002 in. It is imposs ib le to find defects sma l l e r than this . 

The signal r e sponse to I.D. defects is much less than for O.D. 
defects . The noise level is such that the smal l e s t defect that has been found 
dynamical ly is approximate ly 0.003 in. - 0.004 in. In a l l the tes t s conducted 
on I.D. s imulated defects, however, the rece ived signal due to a Lamb wave 
mode has been much g rea t e r than with shear waves and some defects whose 
r e sponse is near the noise level can be detected by Lamb waves and not by 
shear . 

To d e c r e a s e the noise level, tubing is being p repa red with an 
optical finish. Tes t s will be conducted on these to de te rmine how sma l l a 
defect can be detected under these r a the r ideal conditions. 

b. Neutron Techniques - Gadolinium s c r e e n s , have been studied 
in r e g a r d to th ickness for bes t speed in both a double and a single s c r e e n 
technique. The s c r eens avai lable a r e in the thickness range of 0.00025 in. 
to 0.002 in. For single s c r een use, the s c r een thickness which produces 
the bes t speed is in the order of 2 nnils. The bes t speed r e s u l t s for the 
double s c r e e n technique has been found for a front s c r een (toward the neu­
t ron source) th ickness of 0.0005 in. and a back sc reen thickness of 0.002 in. 

Although sha rpness v e r s u s s c r e e n th ickness studies a r e s t i l l in 
p r o g r e s s , two p re l im ina ry conclusions concerning image sharpness can be 
drawn. F i r s t , the use of a gadolinium single s c r e e n back of the photographic 
film (back sc reen) produces the bes t image sharpness of any of the neutron 



p h o t o g r a p h i c m e t h o d s s tud ied , i nc lud ing t h o s e m a d e by t r a n s f e r t e c h n i q u e s . 
Second , the u s e of the f i lm t o w a r d the s o u r c e p r o d u c e s b e t t e r s p e e d and 
b e t t e r i m a g e s h a r p n e s s than when the g a d o l i n i u m s c r e e n is b e t w e e n the 
s o u r c e and f i lm (at l e a s t for t h i c k n e s s e s 0.00025 in. and g r e a t e r ) . 

G a d o l i n i u m a p p e a r s to p o s s e s s a l l the q u a l i t i e s d e s i r e d of a 
d i r e c t e x p o s u r e m e t a l s c r e e n m a t e r i a l . I ts t e n d e n c y to b e c o m e r a d i o a c t i v e 
(for n a t u r a l l y o c c u r r i n g m a t e r i a l ) i s n e g l i g i b l e , m e a n i n g tha t a d d i t i o n a l 
t r a n s f e r t i m e a f t e r the n e u t r o n e x p o s u r e is u n n e c e s s a r y and t h a t t h e r e is 
l i t t l e , if a n y p o s s i b i l i t y of "doub le e x p o s u r e s , " in us ing the s a m e s c r e e n 
for two c o n s e c u t i v e p i c t u r e s . M o r e i m p o r t a n t , the m a t e r i a l h a s a v e r y 
h igh t h e r m a l n e u t r o n c r o s s s e c t i o n (46,000 b a r n s ) so tha t it can be u s e d 
w i th good s p e e d in the s m a l l t h i c k n e s s m e n t i o n e d h e r e . 

A s i n g l e g a d o l i n i u m s c r e e n , 0.002 in. in t h i c k n e s s , has a speed 
r a t i n g c o m p a r a b l e to tha t of c a d m i u m and r h o d i u m , the m a t e r i a l s wh ich 
h a v e y i e l d e d the b e s t s p e e d for s i n g l e m e t a l s c r e e n u s e d up to th i s t i m e . 
A n o t h e r i m p o r t a n t f ac to r , p a r t i c u l a r l y for the good s h a r p n e s s ob ta ined , is 
t h a t m u c h of the f i lm e x p o s u r e a p p e a r s to be due to r e l a t i v e l y soft r a d i a t i o n . 
T h i s fact i s c o n s i s t e n t wi th d a t a in the l i t e r a t u r e and h a s b e e n c o n f i r m e d 
h e r e by c o m p a r i n g the f i lm d e n s i t i e s ob t a ined on m u l t i p l e f i lm e x p o s u r e s 
wi th g a d o l i n i u m s c r e e n s . 

c. E d d y C u r r e n t T e c h n i q u e s - D e v e l o p m e n t w o r k has b e e n r e o p e n e d 
on the p u l s e d f i e l d - r e f l e c t i o n s y s t e m l a s t r e p o r t e d in J a n u a r y , 1961 
( A N L - 6 3 0 7 ) . Th i s e l e c t r o m a g n e t i c t e s t m e t h o d r e p l a c e d the s i n u s o i d a l 
c u r r e n t s and t e s t c o i l s o r p r o b e s of ou r o l d e r eddy c u r r e n t t e s t s y s t e m wi th 
p u l s e d f ie lds e m a n a t i n g f r o m s m a l l a p e r t u r e s in s p e c i a l m a s k s . T e s t i n ­
f o r m a t i o n a b o u t the m e t a l l i c s p e c i m e n be ing e x a m i n e d i s r e c e i v e d a s a 
s e r i e s of r e f l e c t i o n s f r o m the s u r f a c e and f r o m i n s i d e the m e t a l . 

Th i s s y s t e m r e p r e s e n t s a p o s s i b l e new a p p r o a c h to the p r o b l e m s 
of the e l e c t r o m a g n e t i c t e s t i n g f ie ld . R e c e n t l y i t w a s d i s c o v e r e d tha t the 
p u l s e d - f i e l d r e f l e c t i o n s y s t e m in i t s p r e s e n t f o r m p o s s e s s e s a p r o n o u n c e d 
s e n s i t i v i t y to the o r i e n t a t i o n of any p o s s i b l e flaw in the m e t a l p a s s i n g under 
the a p e r t u r e . 

The m a s k - a p e r t u r e - p i c k u p a s s e m b l y can be o r i e n t e d to a c h i e v e 
m a x i m u m p i c k u p of de f ec t s of one o r i e n t a t i o n whi le m i n i m i z i n g a l l o t h e r s . 
T h i s i s i m p o r t a n t b e c a u s e a s e t of m a s k - a p e r t u r e - p i c k u p a s s e m b l i e s 
i n s p e c t i n g a t e s t s p e c i m e n c o n t a i n i n g de fec t s could ob ta in m o r e e x t e n s i v e 
i n f o r m a t i o n a b o u t de fec t s i z e , dep th , o r i e n t a t i o n and f r e q u e n c y of o c c u r r e n c e 
t h a n h a s b e e n o b t a i n e d wi th o t h e r m o r e c o n v e n t i o n a l t e s t s y s t e m s . Add i t i ona 
e x p e r i m e n t s a r e be ing u n d e r t a k e n so t h a t a b e t t e r u n d e r s t a n d i n g of th i s 
ef fect can be a c h i e v e d . 



C. Reactor Mater ia l s Development 

1. Radiation Dannage in Steel 

a. Theore t ica l Model - A set of mul t igroup c r o s s sections has 
been adapted for the DSN Code which will give a detailed spec t rum at neu­
tron energ ies g r e a t e r than 0.1 Mev. Flux calculat ions with these c ro s s 
sections a r e being made for the EBWR p r e s s u r e v e s s e l wall and the 
location of sample cans at the outer edge of the core . The la t ter will be 
compared with foil m e a s u r e m e n t s . A t r i a l set of foils was exposed and 
then removed from EBWR to check handling and counting techniques. 
New foils will be inser ted before the next period of EBWR operation. 
Calculations a r e a l so planned for MTR sample locations and the BORAX-V 
p r e s s u r e v e s s e l wall. 

b. Magnetic P rope r t i e s - At tempts were made to obtain coercive 
force m e a s u r e m e n t s on samples of i r r ad ia t ed SA-212-B ma te r i a l . These 
m e a s u r e m e n t s were initially a t tempted in a high level ^-7 cave with s tee l 
wal ls . However, the m e a s u r e m e n t s had to be abandoned after it was d i s ­
covered that the high intensi ty magnet ic fields uncontrollably magnet ized 
the s tee l walls and s t ruc tu re of the cave. The coerc ive force me te r 
was r e a s s e m b l e d e l sewhere in an a rea . f r ee of interfer ing concentrat ions 
of iron and s tee l . Measu remen t s of the coercive force were then completed 
on the 34 a s - i r r a d i a t e d samples descr ibed in the P r o g r e s s Repor t for 
July, (ANL-6399, page 57). 

It was found that the coerc ive force of the a s - i r r a d i a t e d s tee l 
was re la t ive ly unaffected by the i r rad ia t ion , although the mechanica l 
hardness inc reased . At the lowest exposure , (Group I, 1 x 10 nvt g rea t e r 
than 1 Mev, as r epor ted by the MTR staff), the coerc ive force was 
3.5/4.0 oe r s t eds - about the same as fully annealed uni r rad ia ted m a t e r i a l . 
At the highest exposure , (Group IV, 2.8 x 10^^ nvt g r e a t e r than 1 Mev), the 
coerc ive force was slightly lower, about 3.1/3.8 o e r s t e d s . The in termedia te 
Group II and Group III spec imens were between these values and genera l ly 
consis tent with the trend, i .e . , a gradual magnet ic softening with increas ing 
dosage. 

Each of the groups was r ep re sen t ed by a min imum of eight 
s amples . Fo rward and r e v e r s e magnet ic polar i ty m e a s u r e m e n t s of the 
coerc ive force were made on each bar . The maximum deviation found 
per bar was 0.1 oe r s t eds which was the l imi t of the accuracy of the m e a s ­
u rements with the unstabil ized voltage power supply to the ins t rument . 
The reproducib i l i ty of the m e a s u r e m e n t s was a lso found to be 0.1 oers ted . 
Measu remen t s of the ha rdness and coerc ive force of the rma l ly hea t - t r ea t ed 
i r r ad ia ted b a r s (900°F anneal for 1, 2, and 3 hours , respect ive ly) a r e in 
p r o g r e s s . 



c. M i c r o g r a p h i c E x a m i n a t i o n of S tee l - The c o o p e r a t i v e p r o g r a m 
b e t w e e n the U. S. S tee l C o r p o r a t i o n A p p l i e d R e s e a r c h L a b o r a t o r y and A N L 
for the m e t a l l u r g i c a l e x a m i n a t i o n of the a s - i r r a d i a t e d and p o s t - i r r a d i a t i o n 
t h e r m a l l y h e a t - t r e a t e d S A - 2 1 2 - B E B W R p r e s s u r e v e s s e l s t e e l f r om the 
A N L - 2 6 i r r a d i a t i o n w a s conc luded ( s ee P r o g r e s s R e p o r t , D e c e m b e r , I960 , 
A N L - 6 2 9 5 , p 50) wi th a r e v i e w of the 15,000X p h o t o m i c r o g r a p h s . The photos 
s h o w e d tha t t h e r e w e r e no o b s e r v a b l e d i f f e r e n c e s b e t w e e n u n i r r a d i a t e d , 
i r r a d i a t e d , and the p o s t - i r r a d i a t i o n t h e r m a l l y h e a t t r e a t e d s t r u c t u r e s . Weld 
m e t a l and h e a t a f fec ted zone a r e a s w e r e l i k e w i s e unaffec ted by i r r a d i a t i o n . 
A l l four g r o u p s of the A N L - 2 6 i r r a d i a t i o n w e r e r e p r e s e n t e d in the 
i n v e s t i g a t i o n . 

D. R e a c t o r C o m p o n e n t D e v e l o p m e n t 

1. D e v e l o p m e n t of View^ing S y s t e m s . 

C h a r g e S t o r a g e in G l a s s - A d d i t i o n a l s t u d i e s have b e e n m a d e of the 
c h a r g e d i s p l a c e m e n t t h a t o c c u r s in i r r a d i a t e d g l a s s when the g l a s s i s s u b ­
s e q u e n t l y hea t ed , the t h e r m o e l e c t r i c effect ( s e e P r o g r e s s R e p o r t s for 
D e c e m b e r , I 960 , A N L - 6 2 9 5 , p 53; J u n e , 1961, A N L - 6 3 8 7 , p 56). The effect 
is b e l i e v e d to be c a u s e d by e n e r g e t i c s e c o n d a r y e l e c t r o n s o r i g i n a t i n g 
o u t s i d e the g l a s s s a m p l e . The s t a b i l i t y of t h e s e t r a p p e d e l e c t r o n s have 
b e e n d e t e r m i n e d by hold ing " c a b a l " g l a s s s a m p l e s a t 25° and 100°C for 
v a r y i n g t i m e s a f t e r i r r a d i a t i o n b e f o r e m e a s u r i n g the t h e r m o e l e c t r i c effect . 
It h a s b e e n found tha t the s t a b i l i t y of t h e s e t r a p p e d e l e c t r o n s i s v e r y 
s i m i l a r to t h e s t a b i l i t y of the c o l o r c e n t e r s p r o d u c e d by g a m m a r a d i a t i o n . 
It i s p l a n n e d to ex tend t h e s e t e s t s to g l a s s e s con ta in ing c e r i u m . 

2. D e v e l o p m e n t of M a n i p u l a t o r s for Handl ing R a d i o a c t i v e M a t e r i a l s 

T r a n s i s t o r i z e d S e r v o S y s t e m for M a s t e r - S l a v e M a n i p u l a t o r - A 
s e r v o sys tenn h a s b e e n d e v e l o p e d for u s e in a 5 0 - l b c a p a c i t y m a s t e r - s l a v e 
e l e c t r i c m a n i p u l a t o r s i m i l a r to the A N L Mode l 3. The s y s t e m has b e e n 
i m p r o v e d o v e r the p r e v i o u s v a c u u m tube s y s t e m bo th by the u s e of t r a n s i s t o r 
and by c i r c u i t c h a n g e s . The i m p r o v e m e n t s due to the use of t r a n s i s t o r s 
i n s t e a d of v a c u u m t u b e s a r e : the e l i m i n a t i o n of h a z a r d o u s h igh v o l t a g e 
s u p p l i e s , the r e d u c t i o n of hea t d i s s i p a t i o n by the a m p l i f i e r and p o s s i b l e longe 
s e r v i c e l i fe . 

C i r c u i t i m p r o v e m e n t s i n c l u d e a p o s i t i o n a l da ta s y s t e m o p e r a t i n g a t 
6 kc wh ich r e d u c e s the n u m b e r of l e a d s b e t w e e n m a s t e r and s l a v e d r i v e 
un i t s and e l i m i n a t e s p r e v i o u s d i f f i cu l t i e s wi th n o i s e and o s c i l l a t i o n in a 
6 0 - c y c l e s y s t e m c a u s e d by p i ckup in the e l e c t r i c a l c a b l e s . Th i s new s y s t e m 
h a s a d - c p o s i t i o n a l s i g n a l wh ich i s b i a s e d so tha t open c i r c u i t f a i l u r e can be 
d e t e c t e d . H e n c e , the " f a i l - s a f e " c i r c u i t wh ich s e t s the b r a k e s on the s l a v e 
d r i v e s wi l l funct ion for a l m o s t a l l t y p e s of e l e c t r i c a l f a i l u r e s . 



The sys tem has been designed with considerable amounts of feed­
back in the voltage and power ampl i f ie rs sect ions in order to achieve gain 
stabil izat ion. This r e su l t s in a sys tem which is insensi t ive to changes in 
t r ans i s to r c h a r a c t e r i s t i c s due pr incipal ly to t empera tu re effects, and which 
allows quick change of components. For example, the ove r - a l l amplif ier 
gain was found to change by only 4 percent for an ambient t empera tu re 
change from 20° to 44°C. 

The sys tem also includes the other functions included in the p r e ­
vious sys tem. The operating t ime at full capacity is extended by au tomat i ­
cally switching the fixed field excitation of the se rvomoto r s from par t i a l 
power to full power when requi red . The opera tor can se lect a suitable 
m a s t e r - t o - s l a v e force ra t io , so that the forces exer ted by the slave a r m 
a r e ei ther equal to, or th ree t imes , the forces at the m a s t e r a r m . 

E. Heat Engineering 

1. Double Tube Burnout Study 

The double tube burnout tes t is designed to provide constant s team 
quality burnout data. With a constant exit quality the hydrodynamic c h a r a c ­
t e r i s t i c s should r ema in unchanged during the burnout, and the flow t rans ien t s 
which have been observed in many burnout t e s t s , should be el iminated. 

The tes t section, as desc r ibed in the June, 1961 P r o g r e s s Repor t 
(ANL-6387, page 56) r e q u i r e s two independent power supplies, a power 
control sys t em that will give a constant total power from the two supplies , 
and two burnout de tec to r s . The wiring of the power control sys t em has 
been completed. The second burnout detector was completed and tes ted and 
is ready for use . A flow m e a s u r e m e n t orifice was instal led and has been 
ca l ibra ted in place. 

The tes t section was completed but a radiograph of the a s sembly 
revealed the inner tube was badly bowed because dis tor t ions occur red 
during the final weld. The tes t sect ion was par t ia l ly rebui l t , and changes 
in the a s s e m b l y procedure c o r r e c t e d the problem of bowing. 

During a hydros ta t ic t es t of the r e p a i r e d tes t section, leaks were 
observed in the weld joining the Inconel-X outer tube and the s ta in less 
s tee l flange. Attempts to sea l these leaks resu l ted in p r o g r e s s i v e cracking 
in the Inconel-X tube. The tube finally failed completely. The tes t section 
is being rebui l t . 

2. High T e m p e r a t u r e Liquid Metal Meeting 

A classif ied meeting was held June 14-15, 1961, at Argonne National 
Labora to ry to d iscuss p rob lems and exper imenta l p r o g r a m s pertaining to 
high t e m p e r a t u r e liquid m e t a l s . The meet ing was attended by personne l 
from industry, National Labora to r i e s , NASA, and the AEC. Proceedings 
a r e now being prepared . 



3. H y d r o d y n a m i c I n s t a b i l i t y 

The f r e q u e n c y - d e p e n d e n t b e h a v i o r of a boi l ing n a t u r a l c i r c u l a t i o n 
loop w a s o b t a i n e d a t t h r e e f r e q u e n c i e s of power o s c i l l a t i o n for c o m p a r i s o n 
to a n a l o g m o d e l h y d r o d y n a m i c s . D o w n c o m e r r e s t r i c t i o n in f luences on the 
i n c e p t i o n and b e h a v i o r of i n s t a b i l i t y w e r e i n v e s t i g a t e d for the 1 .6 -cm i n s i d e -
d i a m e t e r t e s t s e c t i o n and r i s e r . T e s t s w e r e c o m p l e t e d for two v a l u e s of 
r e s t r i c t i o n a t 41 a t m (600 ps ig ) and a t v a r i o u s hea t f luxes . 

4. Bo i l ing L iqu id M e t a l E x p e r i m e n t 

The s m a l l s c a l e loop d e s i g n e d for m e a s u r e m e n t of v a p o r v o l u m e 
f r a c t i o n s and t w o - p h a s e f r i c t i o n a l b e h a v i o r of flowing a lka l i m e t a l s h a s 
p r o g r e s s e d to the a s s e m b l y s t a g e . The s h e a t h e d p l a t i n u m / p l a t i n u m -
10% r h o d i u m t h e r m o c o u p l e a s s e m b l i e s w e r e found to have defec t ive we lds 
and have b e e n r e t u r n e d to the v e n d o r for r e p l a c e m e n t . 

The low t e m p e r a t u r e N a K - a r g o n loop o p e r a t e d s u c c e s s f u l l y for 
150 h o u r s b e f o r e oxide fouling n e c e s s i t a t e d shutdown. Clean ing has b e e n 
c o m p l e t e d and the loop i s now b a c k in o p e r a t i o n . The e l e c t r o m a g n e t i c 
f l o w m e t e r s have b e e n c a l i b r a t e d a g a i n s t a s t a n d a r d o r i f i c e a t NaK t e m ­
p e r a t u r e s up to 180°C. Som e t w o - p h a s e , t w o - c o m p o n e n t flow da ta have 
b e e n t a k e n w h i c h i n d i c a t e t ha t a c c u r a t e v o l u m e f r a c t i o n m e a s u r e m e n t s 
c a n be o b t a i n e d us ing 2 e m f l o w m e t e r s in s e r i e s , a t l e a s t in the low void 
r e g i o n , i . e . , l e s s than 40%. H i g h e r vo id f r a c t i o n s wi l l be i n v e s t i g a t e d . 
T h e s e vo ids a r e s u b s t a n t i a t e d by the o n e - s h o t g a m m a - r a d i a t i o n t e c h ­
n ique u s e d in a i r - w a t e r and s t e a m - w a t e r flow s t u d i e s . The s i m p l i c i t y of 
void m e a s u r e m e n t (if a c c u r a t e ) by the u s e of th i s type of f l o w m e t e r of fers 
s e v e r a l p r o m i s i n g a p p l i c a t i o n s . 

5. Hea t T r a n s f e r in an A n n u l u s 

In s u p p o r t of the p r o p o s e d T R E A T e x p e r i m e n t s wi th fas t r e a c t o r 
fuel p i n s , h e a t t r a n s f e r s t u d i e s l ead ing to the p r e d i c t i o n of t e m p e r a t u r e 
d i s t r i b u t i o n of the coo lan t flowing in an annu lu s and h e a t t r a n s f e r coeff i ­
c i e n t s have b e e n u n d e r t a k e n . This i n f o r m a t i o n is r e q u i r e d for p r e d i c t i o n 
of the t e m p e r a t u r e d i s t r i b u t i o n and the condi t ion a t which the f a i lu re of the 
f a s t r e a c t o r fuel p ins o c c u r s . 

The s t e a d y s t a t e l a m i n a r flow p r o b l e m of h e a t t r a n s f e r in an annu lus 
wi th u n s y m m e t r i c a l hea t i ng h a s b e e n f o r m u l a t e d , and the p r o b l e m has b e e n 
r e d u c e d to the so lu t ion of a S t u r m - L i o u v i l l e type equa t ion for the e i g e n ­
v a l u e s and e i g e n f u n c t i o n s . The e igenfunc t ions of t h i s equa t ion give the 
r a d i a l t e m p e r a t u r e d i s t r i b u t i o n . The f i r s t s ix e i g e n v a l u e s and e i g e n ­
func t ions have b e e n c o m p u t e d on the a n a l o g c o m p u t e r . R e s u l t s have been 
ob t a ined for s e v e r a l v a l u e s of the r a t i o of the i n s ide to the ou t s ide r a d i i of 
the a n n u l u s . 



Heat t ransfer coefficients and Nussel t numbers have been calculated 
for the entrance region. Nussel t numbers have also been computed for the 
region w^here fully developed t empe ra tu r e profile exis t s . 

6. Heat Conduction in the Axial Direction 

a. S t reamwise Conduction - Computations have been completed in 
connection with determining the re la t ive impor tance of some assumpt ions 
made in the solution of the heat conduction by liquid me ta l s flowing between 
para l le l p la tes . Specifically, it was des i red to examine the influence of 
axial surface heat flux density function on Nussel t number for low Prandt l 
number coolants. Calculations were made both neglecting and including 
s t r eamwise conduction (in the pla tes) . The analysis is s t i l l to come, but it 
can a l r eady be concluded that the s t r e a mwis e conduction t e r m in the heat 
conduction equation can be neglected except in ve ry ex t reme cases . 

b. Effect on Nussel t Number of Axial Heat Varia t ion - Solutions 
were obtained for uniform (step) and cosine surface flux function inputs. 
Since the solved equations a r e l inear , an a t tempt was made to apply the 
Duhamel superposi t ion theorem using the s tep function r e su l t s to match 
the calculated cosine function r e s u l t s for Nussel t number as a function of 
position. Calculation of s eve ra l points on this bas is indicated an excellent 
match. This application a g r e e s with that of V. I. Pet rovichev. * This 
technique was a lso used by W. B. Hall and P. H. P r i c e * * for gas as a cool­
ant. These resu l ted in s imi la r curves (however, the Stanton number was 
plotted as a function of axial position) for the sine distr ibution, and further 
noted that the shape of the curves should be the same for the uniform and 
exponential d is t r ibut ions , m e r e l y resul t ing in different magnitudes for the 
Stanton number . Their use of the Duhamel superposi t ion procedure s ta r ted 
with exper imenta l ly obtained curves for the uniform flux dis tr ibut ion and 
therefore requ i red no considerat ion of the axial conduction t e r m . It might 
prove to be t rue that calculation of the uniform case is a l l that is n e c e s s a r y 
for mos t sy s t ems , and that r egu la r application of the Duhamel theorem will 
suffice for other axial flux dis t r ibut ion functions. At any ra te the influence 
of the flux function on Nussel t number appears to be quite significant and is 
not to be ignored. 

*V. I. Pet rovichev, "Heat Transfer to Mercury in a Circular Tube and 
Annular Channels with Sinusoidal Heat Load Distr ibut ion," International 
Journa l of Heat and Mass Transfer , Vol. 1, Nos. 2 / 3 , August, I960. 

**W. B. Hall and P. H. P r i c e , "The Effect of a Longitudinally Varying 
Wall Heat Flux on the Heat Transfe r Coefficient for Turbulent Flow 
in a P ipe ," Internat ional Heat Transfe r Conference, Univ. of 
Colorado, Boulder, P a r t III, p. 607, forward (Prepr in t ) . 



F . S e p a r a t i o n s P r o c e s s e s 

1. F l u i d i z a t i o n and F l u o r i d e V o l a t i l i t y S e p a r a t i o n s P r o c e s s e s 

The v o l a t i l i t i e s of u r a n i u m and p l u t o n i u m h e x a f l u o r i d e s a r e the 
b a s i s of s c h e m e s be ing c o n s i d e r e d for r e p r o c e s s i n g p o w e r r e a c t o r fue l s . 
E m p h a s i s i s now on the d e v e l o p m e n t of the D i r e c t F l u o r i n a t i o n Vola t i l i ty 
P r o c e s s a p p l i c a b l e to the p r o c e s s i n g of t y p i c a l oxide fue l s . 

The d i r e c t f l u o r i n a t i o n of h i g h - d e n s i t y , s i n t e r e d u r a n i u m dioxide 
p e l l e t s in an i n e r t b e d of f lu id ized s o l i d s i s be ing i n v e s t i g a t e d to s tudy 
p r o b l e m s of h e a t r e m o v a l , r e a c t i o n r a t e , f l uo r ine u t i l i z a t i o n ef f ic iency, 
and g e n e r a l b e h a v i o r of the s y s t e m . 

P r o c e s s e s for r e c o v e r i n g u r a n i u m f r o m z i r c o n i u m - e n r i c h e d u r a n i ­
u m a l l o y s a r e be ing d e v e l o p e d . Use of h y d r o g e n c h l o r i d e for z i r c o n i u m 
r e m o v a l and d e c l a d d i n g fo l lowed by d i r e c t f l uo r ina t i on of u r a n i u m is be ing 
t r i e d . T h e s e r e a c t i o n s a r e c o n d u c t e d in f lu id ized b e d s of i n e r t so l ids ( c u r ­
r e n t l y N o r t o n "Alundum") wh ich s e r v e a s a h e a t t r a n s f e r m e d i u m . 

The f l u o r i n e c h e m i s t r y of p l u t o n i u m and u r a n i u m is be ing i n v e s t i ­
g a t e d in o r d e r to ob t a in i n f o r m a t i o n use fu l in e s t a b l i s h i n g p r o c e s s f low­
s h e e t s a s w e l l a s i n f o r m a t i o n of a m o r e f u n d a m e n t a l n a t u r e . L a b o r a t o r y 
f l u o r i n a t i o n s of s o l i d s o l u t i o n s of u r a n i u m - p l u t o n i u m d iox ides m i x e d wi th 
i n e r t s o l i d s a r e be ing c a r r i e d out . P u r e c r y s t a l l i n e a l u m i n u m oxide , 
wh ich h a s b e e n shown to be the b e s t i n e r t so l id of t h o s e t e s t e d , is c u r r e n t l y 
be ing u s e d . 

a. D i r e c t F l u o r i n a t i o n of U r a n i u m Dioxide F u e l - The v a r i a b l e s 
c u r r e n t l y b e i n g s t u d i e d in the d i r e c t f l u o r i n a t i o n of u r a n i u m dioxide 
p e l l e t s a r e t e m p e r a t u r e and f l u o r i n e c o n c e n t r a t i o n . Oxygen c o n c e n t r a t i o n 
i s a l s o a v a r i a b l e b e c a u s e oxygen p r o d u c e d d u r i n g the f l uo r ina t i on i n c r e a s e s 
the r e a c t i v e s u r f a c e a r e a . In o r d e r to m i n i m i z e the r e t e n t i o n of p lu ton ium 
and u r a n i u m on the fused a l u m i n a f l u i d - b e d m a t e r i a l , it a p p e a r s d e s i r a b l e 
to o p e r a t e a t l e s s t h a n 450°C. P r e v i o u s l y , c o m p a r a t i v e r a t e s w e r e ob ta ined 
a t t e m p e r a t u r e s f r o m 350° to 500°C in sha l low bed t e s t s wi th and wi thout 
oxygen p r e s e n t in t h e f l u o r i n e . In the p r e s e n t p e r i o d , the f l uo r ina t i on of a 
s i x - i n c h d e e p bed of u r a n i u m d iox ide p e l l e t s in a l u m i n a w a s c a r r i e d to c o m ­
p l e t i on a t 400°C in the p r e s e n c e of r e c y c l e oxygen ( a v e r a g e f luor ine c o n c e n ­
t r a t i o n 16 p e r c e n t ) . In 11.0 h o u r s 86 p e r c e n t of the 4 .4 kg c h a r g e d w a s 
r e c o v e r e d a s u r a n i u m h e x a f l u o r i d e p r o d u c t wi th an o v e r a l l f l uo r ine u t i l i z a ­
t ion ef f ic iency of 83 p e r c e n t . While t h i s b a t c h r e a c t i o n t i m e i s not p r o h i b i ­
t i ve ly long, e q u i v a l e n t r e c o v e r y h a s b e e n a c h i e v e d a t 500°C in about 4 h o u r s . 
It i s b e l i e v e d t h a t h i g h e r r a t e s c a n b e ob t a ined a t 400°C by i n c r e a s i n g the 
f l u o r i n e c o n c e n t r a t i o n . F u r t h e r s t u d i e s of p r o c e s s i n g cond i t ions a r e p lanned 
to d e t e r m i n e the r o l e of oxygen on o v e r a l l f l uo r ina t i on r a t e , to d e m o n s t r a t e 
c l o s e t e m p e r a t u r e c o n t r o l o v e r a w i d e r r a n g e of r e a c t i o n r a t e s , and to d e ­
t e r m i n e c o n d i t i o n s for o p t i m u m f l u o r i n a t i o n of the p e l l e t r e s i d u e s a t the 
end of a b a t c h r e a c t i o n . 



b. Halogenation Studies on Uran ium-Zi rcon ium Alloys - Packed 
beds of Norton "Alundum" a r e being evaluated as f i l ters for retaining 
uranium chloride par t icula te formed during hydrochlorinat ion of the low 
u ran ium-z i rcon ium alloy and entra ined by the volatile z i rconium t e t r a ­
chloride. A mixture of hydrogen chlor ide-ni t rogen was passed into a 
1.5-in. d iameter fluidized react ion zone. The react ion products then passed 
into a t h ree - inch d iamete r bed fil ter and the gases passed to the off-gas 
system, a z i rconium te t rach lor ide condenser followed by a water sc rubber . 
F i l t e r -bed conditions were as follows: superf icial gas veloci t ies of 0.14 to 
0.28 f t / s ec , -40 +200 or -20 +36 mesh pa r t i c l e s Alundum, and t e m p e r a t u r e s 
of 375° to 425°C. The alloy charge to the react ion zone ranged from 4.1 to 
7.6 g r a m s of u ran ium contained in a 2.7 weight percent u ran ium-z i r con ium 
alloy. Init ial r e su l t s indicate that be t ter f i l t rat ion is achieved by using 
(l) low veloci t ies , (2) down-flow of the gas through the packed bed ra ther 
than up-flow, and (3) sma l l pa r t i c l e s . Uranium losses to the off-gas s y s ­
tem ranged from 0.3 to 0.6 percent of the u ran ium charged. 

c. F luor ide Separat ions - In ten-hour fluorinations at 500°C of 
solid solutions of uranium-plu tonium dioxides mixed with c rys ta l l ine 
alumina the removal of plutonium and the concentrat ion of plutonium r e ­
maining on the alumina were in te rmedia te to those found in previous 
ten-hour fluorinations at 450° to 550°C as shown by the following: 

Temp P e r c e n t Plutonium Concentrat ion of Plutonium 
(°C) Removal in Residual Alumina (%) 

450 98.5 0.03 
500 97.0 0.05 
550 96.0 0.07 

Several ten-hour fluorinations of solid solutions of u ran ium-
plutonium oxides at 450° and 550°C were c a r r i e d out with a gas mix ture 
containing 25 percent oxygen in fluorine. The p resence of the added oxygen 
did not adverse ly affect the remova l of plutonium. 

The use of the bed m a t e r i a l for the fluorination of more than one 
batch of fuel has been considered. In order to de te rmine how the quantity 
of plutonium res idue in the alumina va r i e s with reuse of the solid, a s e r i e s 
of fluorination exper iments was per formed using the res idua l alumina in 
success ive ten-hour f luorinations at 450°C. Starting with an initial concen­
trat ion of about one percent of plutonium in the alumina for each fluorination 
react ion, a r e s idua l value of 0.029 percen t plutonium was obtained after the 
f i rs t fluorination and a value of 0.1 percent was obtained for each of the four 
subsequent exper iments in which the alumina was reused. 

The kinet ics of the nickel-f luorine react ion has been studied 
from 100° to 700°C. I so the rmal r a t e s have been obtained at 100°C degree 
in te rva l s . No fluorine p r e s s u r e dependence, in the range 100-700 mm, was 



no ted a t 500°C in w h i c h the n i c k e l f l u o r i d e f i lm t h i c k n e s s r a n g e d f r o m 
7 x 10 A to 1.5 X 10 A. H o w e v e r , a p r e s s u r e d e p e n d e n c e in the s a m e 
p r e s s u r e r a n g e w a s n o t e d a t 600°C for f l u o r i d e s c a l e t h i c k n e s s e s of about 
2.5 X 10^ A. The r a t e s o b t a i n e d a r e an o r d e r of m a g n i t u d e g r e a t e r than the 
v a l u e s o b t a i n e d a t Oak Ridge (AECD-4292) a t 600°C a t which t e m p e r a t u r e 
the w o r k e r s a t Oak R i d g e a l s o o b t a i n e d a p r e s s u r e d e p e n d e n c e . 

2. G e n e r a l C h e m i s t r y and C h e m i c a l E n g i n e e r i n g 

The a t t a i n m e n t of l o w e r c o s t n u c l e a r power d e p e n d s on the d e v e l o p ­
m e n t of m o r e e c o n o m i c a l m e t h o d s of m a n u f a c t u r e of n u c l e a r fuel m a t e r i a l s . 
R e s e a r c h and d e v e l o p m e n t for d e v i s i n g new c h e m i c a l m e t h o d s o r i m p r o v ­
ing c h e m i c a l e n g i n e e r i n g t e c h n i q u e s o r e q u i p m e n t i s be ing conduc ted . 

The f l u i d - b e d c o n v e r s i o n of u r a n i u m h e x a f l u o r i d e into u r a n i u m 
d ioxide i s an a l t e r n a t i v e m e t h o d for the p r o d u c t i o n of e n r i c h e d oxide for 
n u c l e a r r e a c t o r f u e l s . The p r o c e s s i n v o l v e s e i t h e r a s i n g l e - s t e p p y r o h y -
d r o l y s i s and r e d u c t i o n u s i n g s t e a m a n d h y d r o g e n s i m u l t a n e o u s l y , o r a t w o -
s t e p p r o c e s s u s i n g a l t e r n a t i v e l y s t e a m or h y d r o g e n , fo l lowed by the o the r 
r e a c t a n t . 

Cond i t i ons for l iqu id m e t a l r e d u c t i o n of the ox ides of u r a n i u m , p l u ­
t o n i u m , and t h o r i u m a r e b e i n g e x p l o r e d . P r e p a r a t i o n of r e f r a c t o r y u r a n i u m 
and p l u t o n i u m c o m p o u n d s i s b e i n g i n v e s t i g a t e d . 

a. C o n v e r s i o n of U r a n i u m H e x a f l u o r i d e to U r a n i u m Dioxide - T w o -
Step F l u i d - B e d P r o c e s s 

(1) S t e a m H y d r o l y s i s of UF^ to UO^F^ - T h r e e r u n s t o t a l l i ng 
31 h o u r s w e r e m a d e in the t h r e e - i n c h d i a m e t e r r e a c t o r for the p r e p a r a t i o n 
of u r a n y l f l u o r i d e by the s t e a m h y d r o l y s i s of u r a n i u m h e x a f l u o r i d e . O p e r a t ­
ing cond i t i ons w e r e a s fo l lows : s u p e r f i c i a l gas v e l o c i t i e s r a n g e d f r o m 
0.45 to 1.0 f t / s e c (200 and 330 p e r c e n t e x c e s s s t e a m ) and s e e d r e c y c l e r a t e 
f r o m 14 to 24 p e r c e n t , 100 g / m i n u r a n i u m h e x a f l u o r i d e feed r a t e , 18- in . bed 
he igh t and 200° to 230°C b e d t e m p e r a t u r e . Stable bed b e h a v i o r w a s d e m o n ­
s t r a t e d o v e r t h i s r a n g e of o p e r a t i n g c o n d i t i o n s . The g r e a t e s t change effected 
w a s a r e d u c t i o n of abou t 25 p e r c e n t in the a v e r a g e bed p a r t i c l e s i z e wi th the 
high r e c y c l e r a t e in u s e o v e r a p e r i o d of t en h o u r s . 

(2) R e d u c t i o n of UO2F2 to UO^ - A s e r i e s of f o u r - h o u r b a t c h 
e x p e r i m e n t s a t 650°C u s i n g 50 -50 m i x t u r e s of s t e a m and h y d r o g e n and f lu-
id iz ing g a s v e l o c i t i e s in the r a n g e 0.6 to 2.0 f t / s e c w a s m a d e to d e t e r m i n e 
the o v e r a l l c o n v e r s i o n to u r a n i u m d iox ide of t h r e e - k i l o g r a m b a t c h e s of 
u r a n y l f l u o r i d e . The f lu id iz ing v e l o c i t y had l i t t l e effect on c o n v e r s i o n ; 
s p e c i f i c a t i o n - g r a d e m a t e r i a l (< 200 p p m f luo r ide ) w a s a c h i e v e d in a l l c a s e s . 
R e l a t i v e l y good r e s u l t s (350 p p m r e s i d u a l f luor ide) in a s t a t i c - b e d e x p e r i ­
m e n t c o n d u c t e d a t 0.2 f t / s e c ( m i n i m u m f lu id iz ing v e l o c i t y of the bed w a s 
0 .25 f t / s e c ) i n d i c a t e the p o s s i b i l i t y of u s i n g a deep , m o v i n g - b e d s y s t e m for 
t h i s s t e p . 



Monel co r ros ion coupons exposed to column conditions for 
50 hours showed cor ros ion equivalent to 1.2 m i l s / m o for samples located in 
the bed and 1.7 m i l s / m o for samples in the gas phase above the bed. These 
data confirm cor ros ion r a t e s obtained previously. 

b . Liquid Metal Reduction Studies - In the reduction of thor ium di­
oxide by z inc-5 weight percent magnes ium alloy, a min imum magnes ium 
concentrat ion of about 35 mole percent of the cations in lithium chlor ide-
magnes ium ch lo r ide -magnes ium fluoride fluxes was neces sa ry to achieve 
sa t is factory reduct ions . 

c. P r e p a r a t i o n of Uranium Carbide - An at tempt has been made to 
p repa re u ran ium carbide by react ion of hydrocarbon gases with uran ium in 
z inc -magnes ium s y s t e m s . Methane and acetylene were each contacted with 
uranium in a z inc-11 weight percent magnes ium solution at 800°C but li t t le 
uranium carbide was produced in these experinaents . 

3. Chemical Meta l lurgica l P r o c e s s Studies 

Continued p r o g r e s s is being made in the development of new pyro-
meta l lu rg ica l methods for r ep rocess ing nuclear r eac to r fuels and in the 
refinement of p r o c e s s e s which a r e in advanced s tages of development. Sup­
porting studies a r e providing physicochemical data on liquid meta l sys tems 
of p roces s i n t e r e s t and the rmochemica l data on m a t e r i a l s of in te res t to 
h igh - t empera tu re chemis t ry . Solubilities of f issionable and fission product 
e lements in liquid meta l solvents a r e being measu red . Phase studies of the 
u ran ium-z inc and u r an ium-magnes ium-z inc sys tems a r e providing informa­
tion of d i rec t impor tance to the pyrometa l lu rg ica l p r o c e s s e s that will be 
used in the EBR-II fuel cycle. Studies of the dis t r ibut ion of e lements b e ­
tween immisc ib le liquid pa i r s a r e a lso yielding information of p rocess 
in te res t . Thermodynamic functions for e lements in liquid meta l solvents 
and for the m o r e impor tan t solid in te rmeta l l i c phases a r e being evaluated. 
Studies which a r e being made with the recording effusion balance for phase 
d iag ram invest igat ions a r e providing useful information concerning binary 
sys tems in which one component is volat i le . Both oxygen and fluorine bomb 
ca lo r ime t ry a r e being used to provide bas ic information. 

a. Liquid Metal Solvent Studies - The solubility of scandium in 
liquid cadmium ( repor ted in the June, 1961, P r o g r e s s Report , ANL-6387) 
indicated a pe r i t ec t i c t ransformat ion at about 420°C. The existence of the 
t ransformat ion has been confirmed by t he rma l analysis of a 3 weight p e r ­
cent scand ium-cadmium ingot which, on heating, yielded an a r r e s t at about 
414°C. The scand ium-cadmium in te rmeta l l i c phase in equi l ibr ium with the 
sa tura ted liquid phase above the per i t ec t ic t e m p e r a t u r e has been identified 
as ScCd3. Work is in p r o g r e s s to cha rac t e r i ze the in te rmeta l l i c phase b e ­
low the per i tec t ic t e m p e r a t u r e . 



The so lub i l i t y of u r a n i u m in l iquid t h a l l i u m m a y be r e p r e s e n t e d 
by the e m p i r i c a l equa t ion 

U r a n i u m (400° to 850°C): l o g ( a t o m p e r c e n t ) = 4 .45 - 5940 T"^ . 

T h e d i s t r i b u t i o n coef f ic ien t of c e r i u m b e t w e e n the p a r t i a l l y 
m i s c i b l e l iqu ids l e a d and z inc h a s b e e n r e m e a s u r e d a t s e v e r a l t e m p e r a t u r e s . 
The v a l u e s of the coef f ic ien t (weight p e r c e n t of c e r i u m in z i n c / w e i g h t p e r ­
cen t of c e r i u m in lead) w e r e found to b e 18.7 a t 651°C, 8.1 a t 704°C and 
5.0 a t 736°C. T h e s e v a l u e s a r e s l i gh t l y l ower than the v a l u e s t ha t w e r e 
r e p o r t e d in t h e N o v e m b e r , I960 , P r o g r e s s R e p o r t , A N L - 6 2 6 9 . 

The u r a n i u m - i n d i u m s y s t e m h a s b e e n s t u d i e d by m e a n s of the 
g a l v a n i c ce l l m e t h o d . The f r e e e n e r g y of f o r m a t i o n of UIn3 o v e r the t e m p e r ­
a t u r e r a n g e of 353° to 675°C m a y be r e p r e s e n t e d by the equa t ion 

AFf = -24 ,670 + 8.377 T + 3.344 x lO '^T^ 

w h e r e AFf is the f r e e e n e r g y of f o r m a t i o n ( c a l / m o l e ) of UIn3 f o r m e d f r o m 
so l id u r a n i u m and l iqu id i n d i u m . The a c t i v i t y coef f ic ien t of u r a n i u m in 
s a t u r a t e d i n d i u m s o l u t i o n s v a r i e s f r o m 0.55 a t 400°C to 1.4 at 700°C. 

A g a l v a n i c c e l l i s be ing c o n s t r u c t e d for the s tudy of the p l u t o n i u m -
z inc s y s t e m . 

T h e l a n t h a n u m - z i n c and p r a s e o d y m i u m - z i n c s y s t e m s have been 
s t u d i e d by m e a s u r i n g the d e c o m p o s i t i o n p r e s s u r e s a s a function of c o m p o ­
s i t i on by m e a n s of t h e r e c o r d i n g effus ion b a l a n c e . P h a s e s of the fol lowing 
a p p a r e n t c o m p o s i t i o n s h a v e b e e n found: ( l ) in the l a n t h a n u m - z i n c s y s t e m , 
LaZni2 , LaZng, LaZn^ 6_7.2> L'aZn3.8-5.5, LaZn2, and LaZn ; and (2) in the 
p r a s e o d y m i u m - z i n c s y s t e m , P r Z n n , P r Z u g . s , PrZn6.9-7.4, PrZn3.4-5.6, 
P r Z n 2 , and P r Z n . Da ta c o n c e r n i n g the c e r i u m - z i n c s y s t e m h a v e b e e n p r e ­
v ious ly r e p o r t e d (in the O c t o b e r and N o v e m b e r , I960 , P r o g r e s s R e p o r t s , 
A N L - 6 2 5 3 and A N L - 6 2 6 9 ) . 

F u r t h e r s t u d i e s of the u r a n i u m - z i n c s y s t e m ind i ca t e tha t the 
l o w e r e q u i l i b r i u m l i m i t of the d e l t a p h a s e (UZng.g) in the p r e s e n c e of f r e e 
u r a n i u m is b e t w e e n 550° and 600°C and i s p r o b a b l y v e r y c l o s e to 550°C. 

The d e p e n d e n c e of the r e l a t i v e p a r t i a l m o l a l en tha lpy of v a r i o u s 
so lu t e m e t a l s a t h igh d i lu t ion in l iquid c a d m i u m on the c o h e s i v e e n e r g y 
d e n s i t y (AH.y^a.p. / ^ a t o m i c ) ^^^ b e e n found to d iv ide the s o l u t e s in to t h r e e 
c l a s s e s : ( l ) t he m e t a - m e t a l s ( s u c h a s z i n c , i nd ium, t h a l l i u m , and lead) and 
s e m i - m e t a l s ( s u c h a s g a l l i u m , t in , a n t i m o n y , and b i s m u t h ) , w h e r e the c o m ­
p l e t e l y f i l led d - o r b i t a l s do not s i g n i f i c a n t l y c o n t r i b u t e to bonding , p a r t i a l 
m o l a l e n t h a l p i e s a r e s m a l l (about 1 kca l ) and p o s i t i v e ; (2) c o p p e r , s i l v e r , 
and gold, w h e r e the f i r s t f i l led d - o r b i t a l s p r o b a b l y m a k e s o m e c o n t r i b u t i o n 
to the bonding; wi th t h e s e s o l u t e s , the p a r t i a l m o l a l en tha lpy p a s s e s t h r o u g h 



a m i n i m u m ; and (3) the t r a n s i t i o n m e t a l s , w h e r e the i n c o m p l e t e l y f i l led 
d - o r b i t a l s m a k e s ign i f i can t c o n t r i b u t i o n to the bonding , the p a r t i a l m o l a l 
e n t h a l p i e s of t h e s e e l e m e n t s i n c r e a s e r a p i d l y wi th c o h e s i v e e n e r g y dens i t y . 

The e x c e s s p a r t i a l m o l a l e n t r o p i e s of m e t a l l i c s o l u t e s at h igh 
d i lu t ion a r e d i v i d e d in to two m a i n c l a s s e s depend ing on t h e r a d i u s of the 
s o l u t e . The f i r s t c l a s s , w h i c h i n c l u d e s t h o s e e l e m e n t s w h o s e r a d i i lay in 
t h e i n t e r v a l of 1.40 to 1.75 A ( i . e . , w i th in ±15 p e r c e n t of the r a d i u s of 
c a d m i u m , 1.54 A), have e x c e s s m o l a l e n t r o p i e s wi th in a few e n t r o p y un i t s 
of z e r o . S i l v e r , t h e m e t a - and s e m i - m e t a l s a r e i n c l u d e d in t h i s c l a s s . The 
s e c o n d c l a s s c o n s i s t s of c o p p e r and the 3 -d t r a n s i t i o n m e t a l s . The r a d i i 
a r e 1.3 A or l e s s . The e x c e s s e n t r o p y r i s e s f r o m - 9 . 4 e n t r o p y un i t s to 
+3.1 e n t r o p y un i t s for a d e c r e a s e in r a d i u s of only 0.5 A. 

b . C a l o r i m e t r y - P r e l i m i n a r y v a l u e s of 8196.6 ± 1.8 c a l / g and 
2593.1 i 0.5 c a l / g have b e e n ob t a ined for the h e a t s of f o r m a t i o n of t i t a n i u m 
and ha fn ium t e t r a f l u o r i d e s , r e s p e c t i v e l y . 

A va lue of 8534 .1 ± 1 . 7 c a l / g h a s b e e n ob t a ined for the h e a t of 
c o m b u s t i o n of b o r o n n i t r i d e in f l u o r i n e . It h a s b e e n found t h a t the r e a c t i o n 
of b o r o n wi th CIF3 g i v e s a c o m p l e x nn ix ture of p r o d u c t s . 

P r e l i m i n a r y r e s u l t s i n d i c a t e t ha t t h e r e i s a m e a s u r a b l e dif­
f e r e n c e b e t w e e n the h e a t s of c o m b u s t i o n of ZrH2 and ZrD2 in oxygen. 

A m e t h o d of ign i t ing a b e n z o i c a c i d p e l l e t wi thou t the u s e of a 
co t ton fuse h a s b e e n d e v i s e d . The p e l l e t i s i gn i t ed by c o n t a c t wi th a 
o n e - m i l p l a t i n u m w i r e w h i c h i s e l e c t r i c a l l y h e a t e d . 

G. A d v a n c e d R e a c t o r C o n c e p t s 

1. F a s t R e a c t o r T e s t F a c i l i t y ( F A R E T ) 

The e n g i n e e r i n g and p h y s i c s p a r a m e t e r s for an e x p e r i m e n t a l f ac i l i ty 
to t e s t a d v a n c e d f a s t r e a c t o r c o r e s a r e be ing e x a m i n e d to p r o v e the f e a s i ­
b i l i ty of a g e n e r a l i z e d t e s t d e v i c e . 

A r e f e r e n c e c o r e h a s b e e n s e l e c t e d a s the n u c l e u s for p r e l i m i n a r y 
d e s i g n s t u d i e s t h a t w i l l def ine the r e m a i n d e r of the f ac i l i ty . Some s p e c i f i ­
c a t i o n s for t h i s c o r e m o d e l a r e UC2 fuel e l e m e n t s , a n ex i t s o d i u m t e m p e r a ­
t u r e of 1400°F and a g r o s s h e a t output of 50 Mw. T h u s , the F A R E T fac i l i ty 
wi l l be c a p a b l e of t h e r m a l cond i t i ons tha t r e p r e s e n t a s i gn i f i can t a d v a n c e 
ove r c u r r e n t f a s t r e a c t o r p r a c t i c e . 

P r e l i m i n a r y d e s i g n of a p r e s s u r e v e s s e l s u i t a b l e for the spec i f i ed 
t e m p e r a t u r e h a s b e e n c o m p l e t e d . It a p p e a r s t h a t Type 316 s t a i n l e s s s t e e l 
wi l l b e an a d e q u a t e m a t e r i a l if c a r e i s t a k e n to l i m i t s t r e s s f r o m g a m m a 
h e a t i n g . The n e u t r o n and g a m m a flux d i s t r i b u t i o n s for a 4 0 - c m r a d i u s c o r e 



(500 l i t e r ) w i th a 4 0 - c m r e f l e c t o r w e r e c a l c u l a t e d f r o m E B R - I I m u l t i g r o u p 
f lux d a t a . F r o m t h e s e the t h e r m a l s t r e s s in the p r e s s u r e v e s s e l wa l l w a s 
e s t i m a t e d to be about 4000 p s i . With a b y p a s s flow of s o d i u m coolan t b e ­
t w e e n the t h e r m a l s h i e l d and v e s s e l , t h e m a x i m u m v e s s e l wa l l t e m p e r a t u r e 
c a n be l i m i t e d to 1100°F. At t h i s t e m p e r a t u r e , the p e r m i s s i b l e work ing 
s t r e s s for Type 316 s t a i n l e s s s t e e l s a fe ty e x c e e d s the c a l c u l a t e d t h e r m a l 
and h y d r a u l i c l o a d s . 

It a p p e a r s t h a t the r e a c t o r v e s s e l t e m p e r a t u r e s should be kept a s 
low a s p r a c t i c a l and c a l c u l a t i o n s a r e u n d e r w a y to e s t i m a t e the a m o u n t of 
c o r e b y p a s s flow n e e d e d to m a i n t a i n v a r i o u s m a x i n a u m t e m p e r a t u r e s . As a 
s t a r t i n g poin t in a s tudy of the h e a t t r a n s f e r loop r e q u i r e m e n t s it w a s d e c i d e d 
to i n v e s t i g a t e g r a v i t y flow f r o m the r e a c t o r d i s c h a r g e to the m a i n coolan t 
p u m p a s a m e a n s of m i n i m i z i n g p r e s s u r e s e a l p r o b l e m s a t the r e a c t o r 
v e s s e l h e a d . P r e s s u r e l o s s e s in the l i n e s have b e e n e s t i m a t e d and e f for t s 
a r e u n d e r w a y to spec i fy an i n t e r m e d i a t e hea t e x c h a n g e r which would be 
c o m p a t i b l e wi th the a v a i l a b l e h e a d of p r i m a r y s o d i u m . 

B i o l o g i c a l s h i e l d i n g r e q u i r e m e n t s for 50-Mw o p e r a t i o n w e r e a l s o 
o b t a i n e d f r o m t h e flux da t a . A p p r o x i m a t e l y 150 c m of c o n c r e t e p lus 20 c m 
of b o r a t e d g r a p h i t e w i l l be n e e d e d a x i a l l y . In the r a d i a l d i r e c t i o n , an e x t r a 
10 c m of b o r a t e d g r a p h i t e i s r e q u i r e d . 

2. D i r e c t C o n v e r s i o n S u r v e y for M o b i l e S y s t e m s 

As a f i r s t a p p r o a c h to find new w a y s to u s e n u c l e a r e n e r g y for 
s u r f a c e t r a n s p o r t a t i o n , r e a c t o r s for the p r o d u c t i o n of c h e m i c a l fuels s u i t ­
a b l e for e i t h e r i n t e r n a l c o m b u s t i o n e n g i n e s o r fuel c e l l s a r e be ing 
c o n s i d e r e d . 

A s u r v e y h a s b e e n m a d e of the e n e r g y s t o r a g e c a p a c i t y of the v a r i o u s 
l ight e l e m e n t s and l ight e l e m e n t c o m p o u n d s ( m a i n l y h y d r i d e s ) up to p o t a s ­
s i u m in the p e r i o d i c t a b l e . The m a t e r i a l s c o n s i d e r e d a s o x i d i z e r s for t h e s e 
e l e m e n t s w e r e f l u o r i n e , oxygen, and n i t r o g e n . F o r t e r r e s t r i a l t r a n s p o r t a t i o n 
m i s s i o n s , t h e r e i s a d e c i d e d we igh t a d v a n t a g e if a i r i s the ox id i ze r ; h e n c e , 
l ight e l e m e n t ox ides and n i t r i d e s a r e of p a r t i c u l a r i n t e r e s t , wi th the ox ides 
f a v o r e d b e c a u s e of t h e i r h i g h e r h e a t s of f o r m a t i o n . T a b l e X g ives the e n e r g y 
s t o r a g e c a p a c i t i e s of l ight e l e m e n t s and c o m p o u n d s c o m p e t i t i v e wi th g a s o ­
l i ne . F o r u s e wi th t h e s e fue l s , the fol lowing t y p e s of c o n v e r t e r - r e g e n e r a t o r 
c y c l e s have b e e n c o n s i d e r e d : 

(1) H e a t eng ine - d i s c a r d r e a c t i o n p r o d u c t s . 

(2) Hea t eng ine - s a v e and r e g e n e r a t e r e a c t i o n p r o d u c t s . 

(3) F u e l c e l l - s a v e and r e g e n e r a t e r e a c t i o n p r o d u c t s . 



Table X. Energy Storage Capaci t ies of Light E lements and Compounds 

C o m p o u n d or 
E l e m e n t 

G a s o l i n e 

H2 
B5H9 
B e 
B 
L i 

L i H 
P H 3 
C 
A l 

Si 
M g 

P 
H2S 
NaH 
S 

Weight , 
k c a l / g m 

10.4 
28.9 
17.0 
16.1 
13.9 
10.3 

9.74 
7.90 
7.83 
7.39 
7.20 
5.91 
5.81 
3.63 
2.69 
2.21 

V o l u m e , 
k c a l / c m ^ 

6.49 
2.05 

10.4 
29.8 
32 .4 

5.30 
7.59 
5.89 

15.7 
20.0 
14.4 
10.3 
10.6 

3.63 
3.77 
4.52 

Vo la t i l e 
C o m b u s t i o n P r o d u c t s 

y e s 
y e s 
n o 
n o 
n o 
n o 
n o 
y e s 
y e s 
n o 
n o 
n o 
y e s 
y e s 
n o 
y e s 

For the f i rs t type cycle it is r equ i red that the oxidation products be 
readi ly exhausted, i .e . , volat i le , and that the fuel be readi ly synthesized 
from rela t ively abundant m a t e r i a l s . As seen from the above table, H2, PH3, 
P, H2S, and S a r e possible candidates for this type of cycle. Theoret ical ly , 
all of the remaining m a t e r i a l s l i s ted a r e poss ibi l i t ies for Cycles 2 and 3. 

In considering possible regenera t ion cycles for the light e lement 
oxides, it is found that mos t of the t h e r m a l reduction p r o c e s s e s in use to ­
day depend on carbon as the reducing agent. Even the e lec t ro- ref in ing 
p r o c e s s e s in use today depend on carbon as the reducing agent. Even the 
e lec t ro-ref in ing of aluminum consumes about two- th i rds pound of carbon 
per pound of a luminum produced. E lec t ro lys i s of water to produce hydrogen 
and oxygen is one p roces s that does not use carbon. Typical energy effi­
ciencies of commerc i a l e l ec t rochemica l p r o c e s s e s a r e 60% (e lec t ro lys is of 
water) and 40% (refining of aluminum - not including carbon consumed). 

A survey of some in te rmeta l l i c conapounds for which t he rmochemi ­
cal data a r e available indicates that thei r heats of formation a r e cons ider ­
ably lower than for the formation of oxides; however, so far data on rea l ly 
light e lement in te rmeta l l i c s have not been located. 

3. R e s e a r c h and Test Reactor Design 

The potential advantages of a D2O ref lector for a light water inod-
erated, flux t r ap core a r e being explored as par t of a s ea rch for improved 
r e s e a r c h reac to r concepts . A core design with a heavy water ref lector 



c o n t a i n e d in a low p r e s s u r e r e g i o n ( l a t m ) i s be ing u s e d for an a n a l y t i c a l 
m o d e l for t h e s e s t u d i e s . In t h i s d e s i g n , the p r e s s u r e v e s s e l would be 
l o c a t e d b e t w e e n the r e f l e c t o r and the c o r e . A s e r i e s of c a l c u l a t i o n s showed 
tha t the t o t a l ( t h e r m a l and p r e s s u r e ) s t r e s s e s in the w a l l of a s t e e l v e s s e l 
would e x c e e d the d e s i g n l i m i t whi le the s t r e s s e s in an a l u m i n u m wal l would 
be about e q u a l to the d e s i g n l i m i t . It i s fe l t t ha t a j - i n . to -f- in. th ick , 
s p e c i a l l y d e s i g n e d a l u m i n u m annu lus ( s u c h a s a h o n e y c o m b s t r u c t u r e ) could 
be u s e d for a p r e s s u r e v e s s e l . P o s s i b l e d e s i g n s for s u c h a v e s s e l wi l l be 
i n v e s t i g a t e d . A l s o , the flux d i s t r i b u t i o n and e n e r g y s p e c t r u m wi th a D2O 
r e f l e c t o r w i l l be c o m p a r e d to t h o s e wi th a b e r y l l i u m r e f l e c t o r , 

4. High P o w e r Dens i t y R e a c t o r s 

A t h e r m o d y n a m i c a n a l y s i s of v a r i o u s high t e m p e r a t u r e c y c l e s for 
c e n t r a l s t a t i o n a p p l i c a t i o n i s u n d e r w a y . The ob jec t ive of t h i s s tudy i s to 
s c r e e n the exo t i c c y c l e s for the e c o n o m i c i n c e n t i v e s t ha t they m a y offer in 
c o m p a r i s o n wi th an a d v a n c e d c o n v e n t i o n a l p lan t . Some of the s y s t e m s which 
w i l l b e i n v e s t i g a t e d a r e g i v e n in T a b l e XI. 

T a b l e XL V a r i o u s High T e m p e r a t u r e S y s t e m s to be Studied 

R e a c t o r Coolan t 

Boi l ing S o d i u m 
Boi l ing Sod ium 
Liqu id L i t h i u m 
Boi l ing Sod ium 
Liqu id S o d i u m 
Liquid P o t a s s i u m 

P r i m a r y 
T u r b i n e F l u i d 

Sod ium 
Sod ium 
Sod ium or P o t a s s i u m 
Sod ium 
Sod ium o r P o t a s s i u m 
M e r c u r y 

S e c o n d a r y 
T u r b i n e F l u i d Hea t Re j ec t i on 

P o t a s s i u m 
M e r c u r y 
M e r c u r y 
H2O 
H2O 
H2O 

P r o c e s s S t e a m 
P r o c e s s S t e a m 
P r o c e s s S t e a m 

5. S u p e r c r i t i c a l W a t e r R e a c t o r 

A s tudy of s u p e r c r i t i c a l r e a c t o r s i s be ing p e r f o r m e d wi th the fo l ­
lowing o b j e c t i v e s : 

(1) T o d e t e r m i n e the m a x i m u m p o w e r c a p a b i l i t y of a s u p e r c r i t i c a l 
w a t e r - c o o l e d r e a c t o r c o r e in a p r e s s u r e v e s s e l . 

(2) To r e v i e w the p r e s e n t s t a t e of s u p e r c r i t i c a l w a t e r t echnology 
a s it p e r t a i n s to n u c l e a r r e a c t o r s . 

The p o w e r ou tput of a s u p e r c r i t i c a l w a t e r r e a c t o r i s a funct ion of the 
p o w e r d e n s i t y and the m a x i m u m s i z e v e s s e l tha t can be m a n u f a c t u r e d . In ­
f o r m a t i o n i s be ing o b t a i n e d on the m a x i m u m s i z e of v e s s e l s c u r r e n t l y o b ­
t a i n a b l e . In t h e i n t e r i m , the r e a c t o r p o w e r d e n s i t y l i m i t s c o n s i s t e n t wi th 
r e a s o n a b l e t u r b i n e t h r o t t l e t e m p e r a t u r e s and p r e s s u r e s wi l l be d e t e r m i n e d . 



6. Direct Conversion Studies - Ces ium P l a s m a Diode 

a. Magnetic Effects - The effect of magnet ic fields on the ces ium 
p lasma diode was invest igated. Through a sapphire window and a blue 
Wratten No. 98 filter the ces ium p lasma flow was observed visually to be 
displaced in the d i rec t ion predic ted for the _E x ^ p l a sma drift. The e lec ­
t rodes were in pa ra l l e l plate geometry with a separa t ion of 0.375 cm. The 
UC:ZrC electron emi t te r patch was 0.63 5 cm in d iamete r mounted on a 
tantalum backing and facing a copper collector of equal d iameter with a wide 
guard ring. The ces ium p r e s s u r e was 3 x 10"^ m i l l i b a r s . 

On the application of a magnet ic field of 23 gauss para l le l to the 
plates and in the direct ion of observat ion the p lasma was displaced perpen­
dicular to the direct ion of observat ion. At the same t ime the collector short 
c i rcui t cu r ren t dec rea sed from 1 ampe re to 0.5 ampere and the guard ring 
short c i rcui t cu r ren t i nc reased from 2.8 ampere s to 3.0 a m p e r e s . This 
displacement of the e lec t ron cu r ren t f rom the collector to the guard ring 
confirms that the observat ion of the flow displacement indicated an actual 
movement of p lasma. 

b. Pe r fo rmance - A method to fuse s l ices of u ran ium-z i r con ium 
carbide to a tanta lum button is under development. These s l ices , which 
have a thickness of about 0.025 to 0.05 mm, a r e deposited on a tantalum 
button and fused to it by induction heating or e lect ron bonabardment. A 
diaphragm with a tanta lum button coated with UCQ.QS" Z^CQ.OV ^Y this method 
was used to m e a s u r e e lec t ron emiss ion and work functions in a ces ium 
p lasma cell, as descr ibed in previous P r o g r e s s Repor t s . The a r ea of the 
emi t te r was about 0.317 cm . The collector of the same a r ea was s u r ­
mounted by a guard ring. The col lector and guard ring were connected and 
operated as a single e lec t rode , so that pract ica l ly the total emi t te r cur ren t 
was collected, except for those e lec t rons reflected back or absorbed in the 
plasma. The emi t t e r - co l l ec to r dis tance was approximately 1.2 mm. Applied 
voltages between emi t t e r and col lector were var ied f rom -4 to +6 volt. 
Vol tage-cur ren t graphs were plotted for t e m p e r a t u r e s varying from about 
1400°K to 2200°K for each s e r i e s . The procedure was then repeated for in­
creas ing ces ium p r e s s u r e s . 

In addition, the power density was plotted against the voltage, 
and the power maxinaum was marked . F r o m the express ions developed by 
W. Nottingham the approximate values of the mean free path "X" and the 
ces ium atom density were calculated. The ces ium ion density will be about 
one-half of this value, if the work function of the contact ma te r i a l exceeds 
the ces ium ionization voltage of 3.81 volt. For low ces ium p r e s s u r e s , or 
A. l ess than the emi t t e r - co l l ec to r dis tance, the e lec t rons t r ave l essent ia l ly 
without coll isions and the space charge is neutral ized, if the ion density 
exceeds somewhat the e lec t ron density. The cu r ren t s at zero-appl ied 
voltages a re the sa tura t ion c u r r e n t s , if a further i n c r e a s e of voltage leaves 



the c u r r e n t c o n s t a n t . In F i g . 15, the c u r r e n t d e n s i t i e s a r e shown on a senai-
log s c a l e a s funct ions of e m i t t e r t e m p e r a t u r e , for four r a n g e s of c e s i u m 
p r e s s u r e . The X's w e r e c o n s i d e r a b l y l a r g e r than the e l e c t r o d e d i s t a n c e . 
F o r the l o w e s t r a n g e of c e s i u m p r e s s u r e . F i g . 15 shows tha t at high t e m ­
p e r a t u r e s the c u r r e n t i n c r e a s e i s v e r y low. The c e s i u m ion dens i ty is no 
l onge r suff ic ient to n e u t r a l i z e the s p a c e c h a r g e . F i g u r e s 16 to 18 show 
I / T p lo t t ed a g a i n s t e / K T , (e = e l e c t r o n i c c h a r g e , I = c u r r e n t dens i ty , 
e / K = 1 1 6 0 0 ° c / v o l t ) . The s lope g ives the a p p a r e n t e m i t t e r w o r k function, 
0j^, and the c o n s t a n t A in R i c h a r d s o n ' s equat ion can be c a l c u l a t e d and a r e 
shown in the f i g u r e s . The v a l u e s of 0 a r e not v e r y d i f fe rent , but the A ' s 
v a r y c o n s i d e r a b l y . It w a s found at the end of the e x p e r i m e n t s tha t UC w a s 
e v a p o r a t e d to a c o n s i d e r a b l e d e g r e e and th is i n c r e a s e d the w o r k funct ions 
a t the l a t e r e x p e r i m e n t s . 

T a b l e XII g i v e s s o m e s ign i f ican t v a l u e s a s : c u r r e n t dens i ty 
(l), c e s i u m m e a n f r e e pa th (X), c e s i u m p r e s s u r e , c e s i u m dens i t y (Ng), 
power m a x i m u m (PM) , and v o l t a g e at P M (Vpj,^), 0-g, and A. An e s t i m a t e 
of the m a x i m u m e l e c t r o n d e n s i t y Ng w a s m a d e unde r the a s s u m p t i o n tha t 
the ce l l i s o p e r a t e d at V = 0-ĝ  - 0 Q , {'Pn - c o l l e c t o r w o r k function and 
05^ - e m i t t e r w o r k function) and the e l e c t r o n s have only t h e i r t h e r m a l 
ve loc i ty : 

V M = - \ / 2 K T / H M , or l / v Ne 

S c a t t e r i n g i s n e g l e c t e d for l a r g e X 's , and so i s the effect of p l a s m a 
s h e a t h s . If the ce l l i s o p e r a t e d a t V<(0£; - 0^ ) , the mo t ive f o r c e is l a r g e r 
than z e r o , the e l e c t r o n ve loc i ty is m o r e than V M > and t h e r e f o r e the e l e c t r o n 
dens i t y p e r a m p e r e i s m u c h l o w e r . In th i s c a s e , n e u t r a l i z a t i o n of s p a c e 
c h a r g e wi l l o c c u r for l o w e r c e s i u m - i o n d e n s i t i e s . 

T a b l e XII shows tha t the c e s i u m d e n s i t i e s a r e too low for high 
c u r r e n t s at V = 0^; - (pQ. Th i s a g r e e s wi th the v o l t a g e - c u r r e n t c h a r a c t e r ­
i s t i c s q u a l i t a t i v e l y . T a b l e s for h i g h e r c e s i u m p r e s s u r e s and o the r d e t a i l s 
a r e be ing deve loped . 

Table SEE Performance Data on Cesium Diode 

I/cm^ XIMFP) Cs-PR PM V(PM) * E A 
T K (ma) (-cm) Cs-T K (mm-Hg) ^ " - 5 1 ^e (IMw) (volts) (volts) (amp;cm2) 

1533 3 47 471 312 5 2x10"* 106 x lo ' l 178 x l o ' 3 5 15 3 03 9 2 

1653 14 2 425 316 90x10"* 1 17 x l o " 7 1 x l o ' 19 0 175 See Fig 2 

1713 34 0 425 316 9 0 x 10"* 1 17 x lo ' l 166 x lO' 55 0 2 00 

1778 69 6 425 316 9 0 x 10'* 1 17 x lo'^ 3 5 x lo ' " 135 0 2 OO 

1838 174 0 236 322 13 x 10"^ 211 x 10^' 8 2x101" 300 2 00 

1913 364 0 236 322 13 x 10"^ 211 x l o " 1 6 8 x l 0 l l 600 2 00 

(watts) 

1993 790 0 160 326 18x10-5 3 25xlol l 3 55 X l o " 102 175 

2093 1550 160 326 310-5 7 j x l o " 1 12 x 10^2 2 25 150 

2243 3 95 516 337 3 2 x 10-5 9 7 x lO^^ 1 72 x 10^2 4 00 150 
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Richardson's Constants: TOK: e/K = 11600OK/V 
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