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C H E M I C A L E N G I N E E R I N G DIVISION 
SUMMARY R E P O R T 

J u l y , A u g u s t , S e p t e m b e r , 1961 

SUMMARY 

I. C h e m i c a l - M e t a l l u r g i c a l P r o c e s s i n g (pages 27 to 106) 

P y r o m e t a l l u r g i c a l p r o c e s s e s for the r e c o v e r y of f i s s i o n a b l e m a t e ­
r i a l f r o m d i s c h a r g e d r e a c t o r fuels offer p r o m i s e of a c h i e v i n g a r e d u c t i o n 
in the r e p r o c e s s i n g c o s t s a s s o c i a t e d wi th n u c l e a r p o w e r . The p r i n c i p a l 
c h a r a c t e r i s t i c s of p y r o m e t a l l u r g i c a l p r o c e s s e s wh ich a r e l ike ly to r e s u l t 
in r e d u c e d c o s t s a r e t h e i r s i m p l i c i t y , c o m p a c t n e s s , l o w - v o l u m e d r y w a s t e s , 
a n d c a p a b i l i t y for hand l ing s h o r t - c o o l e d fuels wi th an a t t e n d a n t r e d u c t i o n in 
fuel i n v e n t o r i e s . A m o n g the p y r o m e t a l l u r g i c a l p r o c e s s e s u n d e r d e v e l o p ­
m e n t , m e l t r e f i n ing , a s i m p l e m e l t i n g p r o c e d u r e for m e t a l l i c fue l s , is in 
the m o s t a d v a n c e d s t a t e of d e v e l o p m e n t . T h i s p r o c e s s wi l l be u s e d for the 
r e c o v e r y of e n r i c h e d u r a n i u m f r o m the f i r s t c o r e load ing of the s e c o n d 
E x p e r i m e n t a l B r e e d e r R e a c t o r ( E B R - I l ) . T h i s r e a c t o r , wi th an i n t e g r a t e d 
f u e l - p r o c e s s i n g f ac i l i t y , i s u n d e r c o n s t r u c t i o n at the Na t iona l R e a c t o r T e s t ­
ing S ta t ion in Idaho . 

A fou r th l a b o r a t o r y d e m o n s t r a t i o n of the m e l t r e f in ing p r o c e s s , in 
w h i c h h igh ly i r r a d i a t e d E B R - I I p r o t o t y p e fuel p ins w e r e u s e d , h a s b e e n 
c o m p l e t e d . A p p r o x i m a t e l y 400 g of t e n p e r c e n t e n r i c h e d u r a n i u m - f i v e p e r ­
cen t f i s s i u m a l loy , i r r a d i a t e d to an e s t i m a t e d b u r n u p of one t o t a l a t o m p e r ­
cen t , w a s m e l t r e f i n e d for one h o u r at 1400 C. F i s s i o n p r o d u c t r e m o v a l s 
w e r e in a c c o r d wi th p r e v i o u s e x p e r i m e n t s e m p l o y i n g i n a c t i v e , l o w - l e v e l , 
and h igh ly i r r a d i a t e d m a t e r i a l . In t h i s e x p e r i m e n t , the fue l -hand l ing p r o ­
c e d u r e s p r i o r to m e l t r e f in ing w e r e mod i f i ed to l i m i t e x p o s u r e of the p ins 
to a i r i n s o f a r as w a s p r a c t i c a l . A s u b s t a n t i a l i m p r o v e m e n t in the p r o d u c t 
p o u r i n g y i e l d t e n d s to c o n f i r m the be l i e f tha t low y i e l d s ob ta ined in the h igh -
a c t i v i t y - l e v e l e x p e r i m e n t s r e s u l t e d f r o m i n c r e a s e d a i r ox ida t ion of the fuel 
in the p r e s e n c e of r a d i a t i o n f i e lds and f i s s i o n decay hea t ing d u r i n g the fue l -
hand l ing o p e r a t i o n s . 

R e m o v a l of f i s s i o n p r o d u c t iod ine f r o m the fuel a l loy dur ing m e l t 
re f in ing i s b e l i e v e d to o c c u r t h r o u g h v o l a t i l i z a t i o n of v a r i o u s m e t a l i o d i d e s . 
L e s s t h a n one p e r c e n t of the t o t a l r a d i o i o d i n e i s found in the f u r n a c e a t m o s ­
p h e r e a t the c o m p l e t i o n of m e l t r e f i n ing . O b s e r v a t i o n s t h a t add i t i ona l 
iod ine i s r e l e a s e d w h e n the a r g o n a t m o s p h e r e in the f u r n a c e i s r e p l a c e d by 
a i r s u g g e s t t ha t i o d i d e s a r e o x i d i z e d by a i r o r by the m o i s t u r e it c o n t a i n s . 
I o d i n e - 1 3 1 w a s the only g a m m a ac t i v i t y , o the r than t h o s e a t t r i b u t a b l e to 
noble g a s f i s s i o n p r o d u c t s , t ha t w a s d e t e c t e d in the f u r n a c e a t m o s p h e r e a f te r 
m e l t r e f i n ing . 



Nitridation r a t e s of u ran ium-f i s s ium alloy pins in an argon a t m o s ­
phere containing four percen t ni t rogen were de termined on a 2-kg sca le . 
The r e su l t s a r e in ag reemen t with previous ra te data from labora tory ex­
pe r imen t s with single pins . 

Runs demonst ra t ing the p r o c e s s for rec la iming mel t refining skull 
ma te r i a l continue to show adequate purification of the uran ium from fission 
product e lements . In recen t runs , over 80 percent r emova l s of ce r ium, 
ruthenium, rhodium, palladium, z i rconium, and molybdenum have been 
real ized. 

Determinat ion of the par t i c le s ize dis tr ibut ion of a blend of f i ss ium 
skull oxides was extended into the sub-s ieve range in o rder to a s s e s s the 
dusting p rob lem c rea ted by the fine p a r t i c l e s . Less than 1 percent of the 
pa r t i c l e s were snaaller than 10/i in d iameter (see F igure 2, page 44) . 

The reduction of u ran ium-f i s s ium oxide mix tu res by z inc -magnes ium 
alloys in the p r e sence of a flux is a bas ic step in the sku l l - recovery p r o c e s s . 
Exper iments on the reduction of UsOg to produce a zinc-10 weight percent 
uranium-12 weight percen t magnes ium alloy showed that i nc rease of the 
volume of flux enhanced the reduction r a t e . The extent of reduction, however, 
appeared to be l imited to about 96 percent . Although magnes ium concent ra ­
tions in the vicinity of 12 weight percen t pe rmi t a reduction in solution vol­
ume because of the high solubility of uranium, concentrat ions of about 
5 weight percen t appear to be m o r e re l iab le in producing complete reduction 
of the oxides. In a sepa ra t e study in which the quantity of flux was inc reased 
as a var iable , the reduct ion ra te i nc reased and the uran ium loss to the flux 
decreased . A sharp d e c r e a s e in reduction ra te occur red when the quantity 
of magnes ium oxide byproduct in the flux exceeded a cer ta in value 
( l l weight percen t under the pa r t i cu la r conditions used in the exper iments ) . 

Since smal l f ragments of z i rconia crucib les for use in mel t refining 
a r e introduced into the sku l l - r ecove ry p r o c e s s during the skull-oxidation 
procedure , the extent to which such f ragments a r e reduced to form z i r c o ­
nium meta l in the oxide-reduct ion step was investigated. In 5 hr at 800 C, 
complete reduction occur red in zinc-12 weight percen t magnes ium alloy and 
83 percent reduction took place in a z inc-5 weight percent magnes ium alloy. 

Complete reduct ions of thor ium oxide have been achieved by 5 weight 
p e r c e n t magnes ium-z inc alloys at 750 C in the p r e sence of a suitable halide 
flux. At leas t about 30 percen t of magnes ium cation in the flux is r equ i red 
to produce complete reduct ion within 2 hr . 

P r e s s e d - a n d - s i n t e r e d bery l l ia c rucib les (4-in. OD by 9 in. high) for 
re tor t ing the uran ium product from s imulated sku l l - r ecovery p r o c e s s op­
era t ions show p r o m i s e . One i sos ta t ica l ly p r e s s e d bery l l ia crucible has 
now been employed in four runs with no signs of fa i lure . The runs consis ted 



of u r a n i u m d i s s o l u t i o n , i n t e r m e t a l l i c compound p r e c i p i t a t i o n , d e c o m p o s i ­
t ion of the i n t e r m e t a l l i c compound , and f inal r e t o r t i n g . In a l l four r u n s , 
o v e r 98 p e r c e n t of the u r a n i u m p r e s e n t at the r e t o r t i n g s t ep w a s r e a d i l y 
d u m p e d f r o m the c r u c i b l e a s a w e l l - a g g l o m e r a t e d m a s s . 

T h r e e s u r v e y r u n s w e r e m a d e to i n v e s t i g a t e the f ea s ib i l i t y of 
t r e a t i n g s t a i n l e s s s t e e l - c a n n e d E B R - I I p i n s by the p r o p o s e d s k u l l -
r e c o v e r y p r o c e s s or a s i m i l a r p r o c e s s . U r a n i u m p i n s and s t a i n l e s s s t e e l 
w e r e d i s s o l v e d in a z i n c - f u s e d s a l t m i x t u r e wh ich c o n t a i n e d z inc c h l o r i d e 
a s a u r a n i u m ox idan t . D i s s o l u t i o n w a s s low at 500 C but r a p i d at 600 C. 
The u r a n i u m a p p e a r e d e s s e n t i a l l y c o m p l e t e l y in the m o l t e n s a l t whi le v i r ­
t ua l l y a l l of the i r o n and n i c k e l r e m a i n e d in the z inc p h a s e , t hus m a k i n g 
p o s s i b l e a good s e p a r a t i o n of t h e s e e l e m e n t s f r o m u r a n i u m . C h r o m i u m , 
h o w e v e r , d i s t r i b u t e d p a r t i a l l y in to the flux p h a s e (15 to 20 p e r c e n t ) , a d i s ­
t r i b u t i o n wh ich shou ld be r e d u c i b l e by d e c r e a s i n g the a m o u n t of e x c e s s 
z inc c h l o r i d e e m p l o y e d . The r e s u l t s a r e e n c o u r a g i n g . 

The c h l o r i n a t i o n of u r a n i u m - f i s s i u m oxide m i x t u r e s to f o r m s p e c i e s 
so lub le in m o l t e n s a l t f luxes h a s b e e n i n v e s t i g a t e d b r i e f l y as a po t en t i a l 
m o d i f i c a t i o n of the s k u l l - r e c o v e r y p r o c e s s . The oxide m i x t u r e s s u s p e n d e d 
in a m o l t e n c h l o r i d e flux, w a s c h l o r i n a t e d by m e a n s of a m i x t u r e of c a r b o n 
m o n o x i d e and c h l o r i n e a t 800 to 850 C. F e r r i c c h l o r i d e and z inc c h l o r i d e 
bo th i n c r e a s e d the c h l o r i n a t i o n r a t e s . S u b s t a n t i a l a m o u n t s of z i r c o n i u m , 
m o l y b d e n u m , and r u t h e n i u m w e r e r e m o v e d a s vo l a t i l e c h l o r i d e s . The c o m ­
p o s i t i o n of the m o l t e n ha l i de flux a l s o a f fec ted the c h l o r i n a t i o n r a t e , the 
h i g h e s t r a t e s be ing a c h i e v e d wi th a s o d i u m c h l o r i d e - p o t a s s i u m c h l o r i d e -
m a g n e s i u m f l u o r i d e s y s t e m . 

In the b l a n k e t p r o c e s s , t he h igh so lub i l i ty of p l u t o n i u m and the con ­
t r a s t i n g low s o l u b i l i t y of u r a n i u m in h igh m a g n e s i u m - z i n c a l l oys a r e u t i l i ze 
to effect a s e p a r a t i o n of p l u t o n i u m and u r a n i u m , A s e c o n d d e m o n s t r a t i o n of 
the b l a n k e t p r o c e s s l a r g e l y c o n f i r m e d the r e s u l t s of the f i r s t , n a m e l y , tha t 
r a p i d and c o m p l e t e d i s s o l u t i o n of the b l a n k e t a l loy i s ob ta ined in a 12 p e r ­
cen t m a g n e s i u m - z i n c so lu t ion , and tha t the p l u t o n i u m i s r e t a i n e d in so lu t ion 
whi le the u r a n i u m i s p r e c i p i t a t e d by add i t ion of m a g n e s i u m to a 50 p e r c e n t 
c o n c e n t r a t i o n . The p l u t o n i u m in the s e p a r a t e d s u p e r n a t a n t so lu t ion and in 
a s u c c e e d i n g w a s h of the u r a n i u m r e s i d u e c o n s t i t u t e d 95 p e r c e n t of the p l u ­
t o n i u m c h a r g e d . A good s e p a r a t i o n of u r a n i u m f r o m p l u t o n i u m w a s t h e r e b y 
shown to be p o s s i b l e . A p r e l i m i n a r y e x p e r i m e n t i n d i c a t e d tha t , if d e s i r e d , 
the u r a n i u m s o l u b i l i t y in m a g n e s i u m - r i c h z inc s o l u t i o n s m a y be l o w e r e d 
c o n s i d e r a b l y by the add i t ion of c a l c i u m (a 17 p e r c e n t c a l c i u m c o n c e n t r a ­
t ion w a s e m p l o y e d in the e x p e r i m e n t ) . 

The p o s s i b i l i t y of s e p a r a t i n g r a r e e a r t h f i s s i o n p r o d u c t s f r o m p l u ­
t o n i u m t h r o u g h l iqu id m e t a l e x t r a c t i o n wi th c a l c i u m and c a l c i u m - r i c h z inc 
s o l u t i o n s i s u n d e r g o i n g i n v e s t i g a t i o n . The so lub i l i ty of p l u t o n i u m in l iquid 
c a l c i u m a t 860 C i s low (about 0.10 we igh t p e r c e n t ) . The d i s t r i b u t i o n r a t i o 



of ce r ium between ca lc ium and plutonium is about 0.53 on a weight bas i s . 
Thus, for a typical plutonium fuel, about 88 percent of the ce r i um would be 
removed with a loss of about 0.8 percent plutonium in two success ive ex­
t rac t ions at 860 C using a ca lc ium/plu tonium weight ra t io of four. At 
860 C the solubility of plutonium in calcium i n c r e a s e s frona 0.1 to 
0.7 weight percen t as zinc is added to 35 weight pe rcen t . The ce r ium d i s ­
tr ibution is not affected significantly. 

A brief invest igat ion was conducted on the precipi ta t ion of uran ium 
carbide by adding hydrocarbon gases to uran ium dissolved in z inc-
magnes ium and cadmium-magnes ium solutions. Methane reac ted somewhat 
faster in a cadmium-magnes ium solution than in a z inc -magnes ium solution. 
Acetylene underwent extensive pyrolys is in which e lementa l carbon was 
formed. 

Mater ia ls evaluation studies a r e in p r o g r e s s to evaluate the com­
patibil i ty of var ious m a t e r i a l s with liquid meta l sy s t ems of the types con­
templated for r ep roces s ing r eac to r fuels. Solutions of uran ium in dilute 
magnes ium-z inc alloys in contact with a molten halide flux were found to 
have good stabil i ty in tan ta lum and tungsten crucibles at invest igated t e m ­
p e r a t u r e s of up to 850 C. Tungsten shows considerable p romise as a con­
ta iner ma te r i a l . However, the re a r e indications of penet ra t ion of flux and 
meta l phases into the walls of f l a me - s p ra ye d -a nd - s in t e r e d tungsten c r u c i ­
bles (5 in. in d iamete r by 9 in. high, with a density of 92 percen t of theore t ­
ical) . P r e s s e d - a n d - s i n t e r e d tungsten crucib les a re being obtained for 
evaluation. Various chemical etchants were evaluated for their effective­
ness in reveal ing the depth of co r ros ion of re f rac tory me ta l s . An iner t gas 
welding facility has been const ructed to facili tate the p repara t ion of c o r r o ­
sion capsules . 

Porous tantalum f i l ters have been obtained and successfully used for 
sampling liquid meta l solut ions. The tantalum f i l ters will be used instead 
of porous graphi te f i l ters in those cases in which reac t ion of graphite with 
dissolved u ran ium is a possibi l i ty . 

Twelve dist i l la t ion runs have been completed in the l a r g e - s c a l e 
cadmium-dis t i l la t ion unit. Dist i l lat ion t e m p e r a t u r e s were var ied from 
455 to 620 C and dist i l lat ion ra t e s f rom 12 to 67 kg /h r , with corresponding 
heating efficiencies of 31 to 72 percenL In general , the unit has functioned 
very well. Some initial l ine-plugging difficulties were remedied by changes 
in external piping and operating p r o c e d u r e s . E lec t r i ca l r e s i s t a n c e , l iquid-
level probes in the st i l l pot proved unsat isfactory. Thermocouples at var ious 
levels a r e now uti l ized to locate liquid levels in the st i l l pot. A freeze valve 
also ruptured, resul t ing in cadmium spil lage into a catch t ray . It was con­
cluded that the valve had been improper ly instal led. Repa i r s have been made, 
and the spilled cadmium has been removed for possible r ecovery . 



Equipment to m e a s u r e vapor- l iquid equi l ibr ium in binary liquid 
meta l sy s t ems has been assembled and will be used to determine activity 
coefficients in misc ib le b inary meta l sys t ems , such as the cadmium-
magnes ium and z inc -magnes ium s y s t e m s . In a p re l iminary tes t of the equip­
ment, the vapor p r e s s u r e of cadmium was measured and resu l t s in good 
agreement with l i t e r a tu re data were obtained. A study of the nature of liquid 
meta l boiling and of ent ra inment from boiling liquid meta l s has been s tar ted . 

A d i r ec t - cyc l e fue l - r ep rocess ing plant using pyrometa l lurg ica l p r o ­
cedures is being designed and const ructed as par t of the Exper imenta l 
Breeder Reactor No. II (EBR-Il) project . A Labora tory and Service Build­
ing is a lso included. Melt refining, liquid metal extraction, and p roces se s 
involving fract ional c rys ta l l iza t ion from liquid metal sys tems a re methods 
being examined for the recovery and purification of EBR-II fuels. Based on 
the resu l t s of these studies, p r o c e s s equipment is being designed and tested. 

Construct ion of the Fuel Cycle Faci l i ty building was about 95 percen t 
completed by August 29, 1961, as compared with 90 percent on June 1, 1961. 
Work continues on equipment for building and p rocess s e rv i ces , but p r o g r e s s 
is ex t remely slow because of the smal l labor force that is now being e m ­
ployed by the cont rac tor . Control equipment, such as that for the motor 
genera tor s e t s , was instal led. 

Instal lat ion of the shielding windows will probably not begin until 
after December 1, because of the delay in completion of the building. 

Two mel t refining furnaces a r e being built for the Facil i ty. The bell 
j a r s and the control panels for these furnaces have been completed and 
shipped to Idaho. 

Design and fabricat ion of other equipment for the Fuel Cycle Faci l i ty 
continues. Working drawings of the se rv ice sleeve feed-throughs have been 
completed and fabrication has s ta r ted . The scrap-handling coffin has been 
rece ived at the s i te . P u r c h a s e o r d e r s for the main pa r t s of the a i r locks have 
been let. Small scrap-handl ing conta iners have been obtained. Tools needed 
to handle the conta iners r emote ly a r e being developed. 

The five-ton c ranes in the p r o c e s s cel ls were g reased with a radia t ion-
r e s i s t an t g r e a s e during fabrication. Subsequently, i r radia t ion tes t s have r e ­
vealed that other g r e a s e s a r e more suitable for this use . Since it is not 
p rac t i ca l to remove the g rea se from the crane bear ings , it may be possible 
to improve per formance by adding one of the p re fe r red g r ea se s to produce a 
blend of two g r e a s e s in the bea r ings . Pe r fo rmance tes t s of bear ings lubr i ­
cated with blends of i r r ad ia t ed g r e a s e s have, therefore , been initiated. 

A new design grip drive clutch has been tested in the operating m a -
nipulator in the mock-up. It has proved to be superior to any of the clutches 
yet tes ted. 



Development of the re fe rence thermocouple to be used for t e m p e r a ­
ture m e a s u r e m e n t in the mel t refining furnaces of the Fuel Cycle Faci l i ty 
has been completed. The thermocouple will be used in the plant to predic t 
the t e m p e r a t u r e and the in te rna l heat generat ion ra te of the fuel charge. 

Design work of equipnaent for the sku l l - rec lamat ion p r o c e s s 
continues. 

Fundamenta l s tudies a re being made in support of p r o c e s s develop­
ment ac t iv i t ies . Data bas ic to the var ious liquid meta l p r o c e s s e s a re the 
solubil i t ies of those e lements whose separa t ion may be at tempted. The so l ­
ubility of scandium in liquid cadmium has been measu red . Scandium, in 
addition to being the f i rs t m e m b e r of the f i r s t t rans i t ion s e r i e s of e lements , 
is a lso often cons idered a m e m b e r of the r a r e - e a r t h group of e lements . The 
solubility of scandium may be r e p r e s e n t e d by two empi r i ca l equations: 

scandium (349 to 422 C): log (atom percent) = 3.935 - 2434 T"^ 

scandium (422 to 606 C): log (atom percent) = 4.933 - 5335 T"^ 
+ 1.534 X 10^ T"^ 

Two different in te rmeta l l i c phases have been found in the scandium-
cadmium system: a hexagonal phase , probably ScCd3, which is the equi l ibr ium 
phase above 422 C, and another phase which has not yet been charac te r i zed . 

The t ransformat ion between high-and low- tempera tu re forms of the 
delta phase in the z inc -u ran ium sys tem is very sluggish. The t r a n s f o r m a ­
tion t empe ra tu r e has been es tabl i shed by the X- r ay diffraction examination 
of annealed alloys as being close to 550 C. The low- t empera tu re form 
probably cor responds to u r a n i u m - r i c h composit ions of the epsilon phase . 

The utili ty of dis t r ibut ion between two immisc ib le liquid meta l s for 
the purif ication of spent r eac to r fuel is being investigated. The distr ibution 
of ce r ium and s t ront ium between liquid zinc and lead has been m e a s u r e d as 
a function of t e m p e r a t u r e . The dis t r ibut ion coefficients 

w /o solute in z i n c - r i c h layer 
w /o solute in l e a d - r i c h layer 

found for ceriumi a re 18.4 at 652 C, 7.9 at 703 C, and 5.0 at 736 C, whereas 
for s t ront ium, values of 0.09 at 656 C, 0.11 at 703 C, and 0.15 at 740 C were 
obtained. 

The free energy of formation of the uran ium-indium in te rmeta l l i c 
phase, UIn3s has been m e a s u r e d over the range 353 to 675 C by means of a 
galvanic cell method. The re su l t s may be r ep resen ted by the empi r i ca l 
equation 

(UIn3) AF£ (ca l /mole) = -24,280 + 7.441 T + 3.875 x 10"^ T^ 



The p r a s e o d y m i u m - z i n c s y s t e m i s be ing i n v e s t i g a t e d by the m e a s ­
u r e m e n t of the z inc v a p o r p r e s s u r e of so l id a l loys as a funct ion of c o m p o ­
s i t i on . The fo l lowing p h a s e s h a v e b e e n found: P r Z n n , P r Z u g . s , PrZn6.9_7.4, 
PrZn3_4-5_£„ P r Z n 2 , ^-^^ P r Z n . The p h a s e s P r Z n n and P r Z n w e r e p r e v i o u s l y 
r e p o r t e d by o t h e r i n v e s t i g a t o r s . 

Two s e r i e s of c o m b u s t i o n s in oxygen w e r e c a r r i e d out, one wi th z i r ­
c o n i u m d i h y d r i d e and t h e o t h e r wi th z i r con iuna d i d e u t e r i d e , to d e t e r m i n e 
the d i f f e r e n c e in h e a t s of f o r m a t i o n of the d i h y d r i d e and d i d e u t e r i d e of z i r ­
c o n i u m . The s a m p l e s w e r e e n c a p s u l a t e d in p o l y e s t e r f i lm (Myla r ) b a g s . A 
s e r i e s of c o m b u s t i o n s of the M y l a r m a t e r i a l w a s a l s o c a r r i e d out. R e s u l t s 
f r o m the t h r e e s e r i e s of c o m b u s t i o n s a r e be ing c a l c u l a t e d . 

The p r e l i m i n a r y v a l u e for the h e a t of f o r m a t i o n of b o r o n t r i f l u o r i d e 
h a s b e e n r e v i s e d to AHf 298 (BF3,g) = -270 .16 ± 0.24 k c a l / m o l e . 

P r e l i m i n a r y v a l u e s have b e e n ob ta ined for the h e a t s of c o m b u s t i o n 
and f o r m a t i o n of the h e x a g o n a l f o r m of b o r o n n i t r i d e : 

AHc^298 (BN,c ,hex) = - 2 1 0 . 4 3 ± 0.40 k c a l / m o l e 

AHf̂ 298 (BN,c ,hex ) = - 5 9 . 7 3 ± 0.45 k c a l / m o l e 

P r e l i m i n a r y v a l u e s have b e e n ob ta ined for the h e a t s of f o r m a t i o n of 
ha fn ium and t i t a n i u m t e t r a f l u o r i d e s : 

AHf̂ 298 (HfF4,c) = -464 .0 k c a l / m o l e 

AHf̂ 298 (TiF4,c) = -393 .8 k c a l / m o l e 

E x p l o r a t o r y e x p e r i m e n t s to d e v e l o p e x p e r i m e n t a l t e c h n i q u e s for 
c o m b u s t i o n s of m a g n e s i u m , a l u m i n u m , c a d m i u m , and z inc in f luor ine have 
b e e n c a r r i e d out. C a l o r i m e t r i c c o m b u s t i o n s wi th m a g n e s i u m have been 
s t a r t e d . 

E x p e r i m e n t a l t e c h n i q u e s for c o m b u s t i o n s of u r a n i u m in f luor ine a r e 
be ing d e v e l o p e d . Dur ing one of the c o m b u s t i o n s , the cap of the b o m b r u p t u r e d 
a s a r e s u l t of the h e a t t ha t w a s g e n e r a t e d , and f luo r ine and m o l t e n m e t a l w e r e 
d i s c h a r g e d in to the hood in wh ich the e x p e r i m e n t w a s be ing c a r r i e d out. The 
c a u s e s of t h i s p o t e n t i a l l y h a z a r d o u s o c c u r r e n c e a r e d i s c u s s e d in s o m e de t a i l . 

C o n s t r u c t i o n and t e s t i n g of the h i g h - t e m p e r a t u r e en tha lpy c a l o r i m ­
e t e r i s in p r o g r e s s . 

II. F u e l Cyc l e A p p l i c a t i o n s of V o l a t i l i t y and F l u i d i z a t i o n T e c h n i q u e s 
(pages 107 to 148) 

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 a d i r e c t f l u o r i n a t i o n v o l a t i l i t y p r o c e s s p r o p o s e d for the r e c o v e r y of u r a n i u m 



and plutonium from i r r ad i a t ed nuc lear r eac to r fuels. In this p roces s fluid­
ization techniques a r e a lso used to advantage. P r o g r e s s is being made in 
the application of this p r o c e s s to u ran ium oxide and z i r c o n i u m - m a t r i x 
fuels. 

The proposed p r o c e s s for r ecovery of uran ium and plutonium from 
spent u ran ium oxide involves decladding by an appropr ia te react ion in a 
fluidized bed. Plutonium and uran ium hexafluorides, which resu l t f rom the 
react ion of the declad oxide fuel with fluorine, may be separa ted by using a 
combination of the var iabi l i ty of the r a t e s of fluorination of the plutonium 
and uran ium compounds and chemical reac t iv i t ies of the hexafluorides. 

The d i rec t fluorination of dense u ran ium dioxide pel le ts is being ex­
amined in a 3 - in . -d iamete r , a i r - coo led r eac to r . In o rder to obtain further 
information on the effect of t e m p e r a t u r e under p r o c e s s conditions, a f luori­
nation of a 6- in . -deep bed of pel le ts was c a r r i e d to completion at 400 C in 
the p r e sence of an oxygen diluent resul t ing from the recyc le p r o c e s s gas. 
In 11.0 hr , 86 percent of the charge was r ecove red as u ran ium hexafluoride 
product with an overal l fluorine uti l ization efficiency of 82 percent . Al­
though this batch react ion t ime is not considered excess ive , equivalent r e ­
action has been c a r r i e d out at 500 C in 40 percen t of the t ime . It is believed 
that higher r a t e s can be obtained at 400 C by increas ing the fluorine con­
centrat ion, which averaged only about 16 percent in this run. Fu r the r 
studies of p rocess ing conditions a r e planned along the l ines of determining 
the role of oxygen on overa l l fluorination ra t e , close t empe ra tu r e control 
over a wider range of react ion r a t e s , and optimum fluorination of the pellet 
r es idues at the end of a batch reac t ion . 

Because of a pronounced effect of the p re sence of oxygen on the flu­
orination ra t e , a t tempts a r e under way to m e a s u r e the oxidation ra te alone. 
In very p re l imina ry r e su l t s , oxidation of uran ium dioxide pel lets at 300 C 
was readi ly detected; the ra te i nc reased with t empe ra tu r e up to 600 C, the 
highest t empe ra tu r e employed. 

Since in p rac t i ce the r a t e of fluorination is l imi ted by heat t r ans fe r 
r a the r than react ion kinet ics , efforts have been made to enhance heat r e ­
moval by uti l ization of a packed-f luidized-bed sys tem. A packed-fluidized-
bed sys tem employs iner t fluidizing m a t e r i a l in the voids of a bed of l a rge r 
pa r t i c l e s so as to provide be t te r heat t r ans fe r c h a r a c t e r i s t i c s . A study was 
made of this type of heat t r ans fe r in a mockup sys tem, showing the effect of 
different types and s izes of packing and different size of ma te r i a l fluidized 
in the voids of the fixed packing. The effective radia l t he rma l conductivity 
was found to i nc r ea se with increas ing gas velocity and to be higher for la rge 
packing. The effective t he rma l conductivity of packed-fluidized beds was as 
high as 10 Btu/ (hr ) (sq ft)(F/ft) compared to that for fixed beds of about 
0.4 Btu/ (hr) (sq ft)(F/ft). The film coefficients for the heating and cooling 
surfaces were found to be as much as five t imes that for fixed beds . F i lm 



coe f f i c i en t s fo l lowed the s a m e g e n e r a l t r e n d s wi th v a r i o u s p a r t i c l e s i z e s as 
did the e f fec t ive t h e r m a l c o n d u c t i v i t i e s , bu t the v a r i a t i o n s in f i lm coef f i c ien t s 
w e r e c o n s i d e r a b l y s m a l l e r o v e r the r a n g e s of the v a r i a b l e s . F i l m coef f ic ien t 
v a l u e s and t h e r m a l c o n d u c t i v i t i e s in the p a c k e d - f l u i d i z e d s y s t e m w e r e s i m i ­
l a r to v a l u e s o b t a i n e d in p r e v i o u s s t u d i e s of p a c k e d - f l u i d i z e d s y s t e m s . 

L a b o r a t o r y - s c a l e e x p e r i m e n t s h a v e b e e n p e r f o r m e d in wh ich f luo­
r i n a t i o n r e a c t i o n s h a v e b e e n c a r r i e d out wi th a l u m i n u m oxide a s the i n e r t 
b e d m a t e r i a l . It h a s b e e n c o n c l u d e d t h a t the u s e of h i g h - p u r i t y r e f r a c t o r y 
g r a i n A l u n d u m r e s u l t s in l o w e r v a l u e s of r e s i d u a l p l u t o n i u m (~0.02 p e r c e n t ) 
t han t h o s e ob t a ined wi th e i t h e r z i r c o n i u m or c a l c i u m f l u o r i d e . It i s a l s o 
c o n c l u d e d tha t the u s e of r e c y c l e d f l u o r i n e i s f e a s i b l e , s i n c e oxygen does not 
e x e r t a d e l e t e r i o u s effect on p l u t o n i u m r e t e n t i o n in A lundum. The u s e of 
A l u n d u m for m o r e t han a s i ng l e fuel l oad ing m a y be l i m i t e d not only by the 
a c c u m u l a t i o n of f i s s i o n p r o d u c t s but a l s o by the i n c r e a s e of p l u t o n i u m r e t e n ­
t ion in the A l u n d u m wi th r e u s e of the bed m a t e r i a l . After the r e u s e of 
A l u n d u m in five s u c c e s s i v e e x p e r i m e n t s , the plutoniumi c o n c e n t r a t i o n in the 
A l u n d u m r o s e to a p p r o x i m a t e l y 0.1 p e r c e n t . 

S tud ie s a r e be ing c o n d u c t e d on a f l u i d i z a t i o n - v o l a t i l i t y s c h e m e for 
s e p a r a t i n g and 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 - b a s e fue l s . The p r o c e s s 
i nvo lves i n i t i a l s e p a r a t i o n of the z i r c o n i u m by r e a c t i o n of the low u r a n i u m -
z i r c o n i u m a l loy wi th h y d r o g e n c h l o r i d e f o r m i n g the vo l a t i l e z i r c o n i u m t e t r a ­
c h l o r i d e , wh ich i s a l l o w e d to p a s s out of the s y s t e m . U r a n i u m f o r m s the 
so l id u r a n i u m t r i c h l o r i d e . U r a n i u m i s r e c o v e r e d as u r a n i u m h e x a f l u o r i d e 
by f l u o r i n a t i o n of the u r a n i u m c h l o r i d e . 

L a b o r a t o r y s t u d i e s r e p o r t e d in the p r e v i o u s q u a r t e r l y ( A N L - 6 3 7 9 , 
p a g e 150) i n d i c a t e d tha t , for o p t i m u m r e c o v e r y of u r a n i u m f r o m e n r i c h e d 
u r a n i u m - z i r c o n i u m a l loy fue l s , it is b e s t to dec l ad and r e m o v e the z i r c o ­
n i u m by h y d r o c h l o r i n a t i o n at or above 350 C. The h y d r o c h l o r i n a t i o n of the 
z i r c o n i u m and the s u b s e q u e n t f l u o r i n a t i o n of the u r a n i u m c h l o r i d e s can be 
c a r r i e d out in a f lu id ized bed of g r a n u l a r s o l i d s . The u r a n i u m p a r t i c u l a t e 
is e x p e c t e d to be r e t a i n e d , for the m o s t p a r t , in the i n e r t f l u id -bed m e d i u m 
in which the p r i m a r y r e a c t i o n i s conduc ted . U r a n i u m e n t r a i n e d by the 
vo l a t i l e m a t e r i a l w i l l be f i l t e r e d by s u i t a b l e m e a n s . Of t hose bed m a t e r i a l s 
t e s t e d , A l u n d u m , r e f r a c t o r y a l u m i n u m ox ide , w a s m o s t s a t i s f a c t o r y . In 
t h i s r e p o r t l a b o r a t o r y t e s t s of t h r e e t y p e s of N o r t o n ' s r e f r a c t o r y g r a i n 
A l u n d u m a r e d i s c u s s e d . The pxi res t g r a d e of e l e c t r i c a l l y fused r e f r a c t o r y 
g r a i n a l u m i n a y i e l d e d the b e s t r e s u l t s . 

In p r e v i o u s e n g i n e e r i n g - s c a l e s t u d i e s , both u r a n i u m - z i r c o n i u m a l loy 
c o n s t i t u e n t s w e r e c o n v e r t e d to f l u o r i d e s and it i s b e l i e v e d the z i r c o n i u m 
inh ib i t ed c o m p l e t e u r a n i u m r e c o v e r y . In i t i a l e n g i n e e r i n g - s c a l e w o r k i s 
d i r e c t e d t o w a r d the e v a l u a t i o n of f ixed b e d s of h i g h - f i r e d a l u m i n u m oxide 
a s f i l t e r s for the r e t e n t i o n of e n t r a i n e d u r a n i u m p a r t i c u l a t e . The u r a n i u m 
is r e c o v e r e d f r o m the f ixed bed of a l u m i n u m oxide by f luo r ina t ion . Up-f low 



and down-flow sys t ems a r e being tes ted with a 1. 5 - in . -d iamete r fluidized 
react ion zone and a 3 .0 - in . -d iamete r filter zone. Both up-flow and down-
flow exper iments show lower u ran ium losses may be achieved by using 
smal l f i l te r -bed pa r t i c l e s (200 m e s h s ize) . Higher gas veloci t ies (in the 
range tes ted, 0.23 to 0.75 f t / sec) gave lower u ran ium lo s se s in the down-
flow case whereas the r e v e r s e was t rue for up-flow. Bed depth in the range 
from 3 to 12 in. has not been found cr i t i ca l . Overal l l o s se s were in the 
range from 0.1 to 0.6 percen t of the uran ium reac ted (up to 7.6 g maximum 
charged as 2.7 weight percen t u r an ium-z i r con ium alloy in the form of 
-j-in. , i r r e g u l a r l y shaped cubes). The hydrochlor inat ion was conducted in 
the range from 550 to 400 C with 20 to 70 mole percen t hydrogen chloride 
in nitrogen. 

P r e l i m i n a r y co r ros ion t e s t s of 35- and 170-hr duration made to 
evaluate poss ible m a t e r i a l s of construct ion showed r a t e s of 0.2 mi l /month 
(determined by weight loss) for A-nickel and Inconel exposed to z i rconium 
te t rach lor ide vapor (2000 mnn Hg p r e s s u r e ) at t e m p e r a t u r e s of 370 C. Ap­
prec iable diminution of the r a t e occurs with t ime . Sintered porous nickel 
coupons (possible fil ter mate r ia l ) showed significant weight loss , but 
quantitative values cannot be ass igned because of difficulties in determining 
t rue exposed surface a r e a s . 

Studies were essent ia l ly completed this qua r t e r on the development of 
a two-s tep fluid-bed p r o c e s s for converting uran ium hexafluoride to uranium 
dioxide. This work has been conducted in an effort to provide a s impler 
method for p repara t ion of c e r a m i c r eac to r fuel. Equipment modifications for 
the f i rs t step, s t eam-hydro lys i s of the hexafluoride to uranyl fluoride, which 
permi t ted e lutr ia t ion of fines from the react ion zone, have apparent ly solved 
all of the previous operating p rob lems assoc ia ted with par t i c le s ize control 
of the bed, and extended runs to 2 5 hr in duration have been made. Nominal 
operat ing conditions used for the 3 - in . -d iamete r r eac to r were 100 g/min 
hexafluoride feed [174 lb u ran ium/ (h r ) ( sq ft)], 230 C bed t empera tu re , approx 
imately 15-in. s tat ic bed height, 0.75 f t / sec superf icial fluidizing gas veloc­
ity, s t eam excesses of 245 percen t and a recycle solids feed ra te near 
15 percent . Average bed par t i c le s ize was maintained near 350 /i. 

The second step, reduction of uranyl fluoride to uran ium dioxide, 
has been conducted as a batch operat ion. A 50-50 mix ture of s t eam and 
hydrogen at t e m p e r a t u r e s near 650 C appears optimum. Static bed heights 
to 21 in. ( L / D = 7) have been used. Mater ia l containing l e s s than 200 ppmi 
fluoride has been produced in per iods of 3 to 4 h r , the t ime per iod depend­
ing on reac tan t e x c e s s e s . Conversion ra te also appears to be dependent on 
par t ic le s ize , sma l l e r pa r t i c l e s giving somewhat be t te r conversion t imes . 
Pa r t i c l e densi t ies as de te rmined by immers ion in xylene, water , and 
m e r c u r y were 9.68, 9.23, and 6.22 g /ml , respect ive ly . Reactor (nickel) 
cor ros ion in 4 -h r exper iments resu l ted in nickel content in the product of 
100 to 130 ppm. 



In r e c e n t e n g i n e e r i n g - s c a l e s t u d i e s , c o m p o n e n t s w e r e deve loped 
which p r o v e d v a l u a b l e in f l u o r i d e v o l a t i l i t y work . D e s c r i p t i o n s a r e g iven 
of an a u t o m a t i c , r e m o t e - r e c o r d i n g c h a i n b a l a n c e for weigh t t ank a p p l i c a ­
t i o n s and an a l l - m e t a l f l u o r i n e a n a l y z e r . In add i t ion , a b a f f l e d - c o n e g a s 
d i s t r i b u t o r for f l u i d - b e d r e a c t o r s h a s b e e n deve loped and a p p e a r s p r o m i s ­
ing in m o c k - u p t e s t s . 

I m p r o v e d o p e r a t i o n of a s m a l l - d i a m e t e r c o l u m n for con t inuous 
f l u i d - b e d c a l c i n i n g w h e r e c r i t i c a l i t y m u s t be c o n s i d e r e d h a s b e e n a c h i e v e d 
in r e c e n t f e a s i b i l i t y s t u d i e s . A 2 - ^ - i n . - d i a m e t e r c o l u m n wi th 1 M a l u m i n u m 
n i t r a t e feed i s c u r r e n t l y in u s e wi th v e r t i c a l u p w a r d s p r a y i n g of the feed, 
a c h i e v e d by m o u n t i n g the feed s p r a y n o z z l e in the a p e x of the cone b o t t o m , 
p e r m i t t i n g u s e of a t o m i z i n g and feed d e c o m p o s i t i o n g a s e s as the f lu id iz ing 
g a s m e d i u m . Runs to 6 - h r d u r a t i o n a t an a i r - t o - l i q u i d v o l u m e r a t i o of 
1740 gave m o d e r a t e f ines p r o d u c t i o n (five p e r c e n t l e s s than 140 m e s h ) 
u s ing a 325 g b e d of -20 +80 m e s h a l u m i n u m oxide . A 3 - h r r u n at an a i r -
t o - l i q u i d r a t i o of 1070, a c h i e v e d by i n c r e a s i n g the feed r a t e f r o m 8.7 to 
14.0 m l / m i n wh i l e m a i n t a i n i n g the a t o m i z i n g a i r r a t e c o n s t a n t (0.54 sc fm) , 
gave the b e s t r e s u l t s to d a t e , only one p e r c e n t l e s s t han 140 m e s h m a t e r i a l 
be ing p r o d u c e d . The c u r r e n t s e r i e s of r u n s w a s c a r r i e d out at bed t e m p e r a ­
t u r e s n e a r 330 C. The p r i m a r y o b j e c t i v e in fu tu re w o r k wi l l b e to d e m o n ­
s t r a t e r e l i a b i l i t y of the o p e r a t i o n . 

III. R e a c t o r Safety (pages 149 to 193) 

The ox ida t ion , ign i t ion , a n d comibust ion p r o c e s s e s of u r a n i u m , z i r ­
c o n i u m , p l u t o n i u m , and o t h e r m e t a l s and t h e i r c o m p o u n d s a r e be ing s tud ied 
to p r o v i d e i n f o r m a t i o n to a id in m i n i m i z i n g the h a z a r d s a s s o c i a t e d with 
hand l ing t h e s e m a t e r i a l s . 

A p r o g r a m of t h e o r e t i c a l s t u d i e s h a s been i n i t i a t e d to r e l a t e q u a n t i ­
t a t i v e l y ign i t ion r e s u l t s to i s o t h e r m a l ox ida t ion da t a . I s o t h e r m a l da ta f r o m 
expe r imien t s wi th z i r c o n i u m , c o v e r i n g the r a n g e f r o m 400 to 900 C, w a s u s e d 
to c a l c u l a t e t h e o r e t i c a l t e m p e r a t u r e - t i m e c u r v e s c o r r e s p o n d i n g to s h i e l d e d 
ign i t ion t e s t s . C a l c u l a t i o n s w e r e m a d e by a s t e p - w i s e m e t h o d us ing a s i m ­
ple h e a t t r a n s f e r m o d e l . T h e o r e t i c a l ign i t ion t e m p e r a t u r e s w e r e ob ta ined 
for s i n g l e p i e c e s of z i r c o n i u m hav ing spec i f i c a r e a s of 5, 50, 500, and 
5000 sq c m / g . 

P r e v i o u s e x p e r i m e n t a l s t u d i e s of z i r c o n i u m by the s h i e l d e d igni t ion 
m e t h o d u s e d f lowing h e l i u m to s h i e l d the s p e c i m e n whi le it w a s b r o u g h t to 
t e m p e r a t u r e . H e l i u m flow w a s then s w i t c h e d to oxygen 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 ign i t ion o c c u r r e d or not . It w a s not e n t i r e l y c l e a r how m u c h 
p r e o x i d a t i o n of the s p e c i m e n s o c c u r r e d whi le the s a m p l e w a s h e a t i n g . A 
b r i e f e x p e r i m e n t a l s tudy w a s , t h e r e f o r e , m a d e of z i r c o n i u m igni t ion u n d e r 
c o n d i t i o n s w h e r e no p r e o x i d a t i o n could o c c u r . R e s u l t s i n d i c a t e d tha t p r e ­
ox ida t ion effects e n c o u n t e r e d in s t u d i e s by the h e l i u m flow m e t h o d w e r e 



negligible except for the finest foils (highest specific a rea) studied. Fu r the r 
exper imenta l studies were made by the hel ium flow method to tes t the effect 
of ends or edges exposed to oxygen. Edge effects were found to be signifi­
cant for l a rge wires (low specific a rea ) . Ignition was able to occur at lower 
t e m p e r a t u r e at exposed sharp edges. 

Compar ison of theore t ica l ignition t e m p e r a t u r e s with exper imenta l 
values was then made after it was cer ta in that preoxidat ion and edge effects 
were not complicating the exper imenta l r e s u l t s . Ignition t e m p e r a t u r e s 
agreed within approximately 100 C. 

Efforts to calculate burning curve ignition t e m p e r a t u r e s with u r a ­
nium by s imi l a r methods failed. Fa i lu re was at t r ibuted to a lack of i so the r ­
mal oxidation data above 300 C. Studies were , the re fore , undertaken of the 
i so the rmal oxidation of u ran ium between 300 and 600 C. The studies were 
made in a meta l "heat sink" react ion cell in which specimens were p r e s s e d 
against me ta l heat sinks by a spring. This was effective in preventing exces 
sive self-heat ing. Pre l ina inary data with Argonne base uranium, 
"/3-quenched," showed that l ow- t empera tu re r a t e s could be extrapolated to 
400 C. Reaction r a t e s then dec rea sed slightly between 400 and 500 C. Rates 
began to r i s e rapidly with t e m p e r a t u r e above 500 C. 

Studies of burning propagation along uran ium and z i rconium foil 
s t r ips a r e continuing. Simultaneous measurenaents of propagation r a t e s and 
burning t e m p e r a t u r e s have been obtained by means of a photoelectr ic py­
rome te r . Studies were concentra ted on the effects of additions of halogen­
ated hydrocarbons to the a i r . Resul ts were obtained for a number of ha lo­
genated hydrocarbons . The effectiveness of the compounds in reducing 
burning propagation r a t e s and t e m p e r a t u r e s was believed due to their 
tendency to decompose the rmal ly at or very near to the oxidizing meta l s u r ­
face. F r a g m e n t s produced in the decomposit ion were able to r eac t with 
oxygen in the gaseous diffusion zone near the meta l . This oxygen was, 
therefore , lost to the meta l and was respons ib le for dec reased r a t e s and 
t e m p e r a t u r e s . Carbon te t raf luor ide (CF4) was ineffective in decreas ing 
r a t e s and t e m p e r a t u r e s , p resumably because of insufficient t he rma l de­
composit ion. Methyl and ethyl iodides were a lso ineffective because t h e r -
mal decomposit ion occur red at lower t e m p e r a t u r e s at the outer edge of the 
diffusion boundary layer . In genera l , these conapounds having optimum 
chemical stabil i ty, such as t r i f luorobromomethane (CF3Br), methyl 
chloride (CH3CI), and chloroform (CHCI3), were mos t effective. 

Studies were made of the effect of halogenated hydrocarbons on 
burning curve ignition t e m p e r a t u r e s of uraniumi. Ignition t e m p e r a t u r e s 
were unaffected by smal l additions to the air of compounds containing only 
carbon, hydrogen, and fluorine a toms . Compounds containing bromine or 
chlorine a toms lowered the ignition t e m p e r a t u r e s significantly. Resul ts 
suggested that there is an exothermal react ion between chlorine or b r o ­
mine compounds and uran ium dioxide. 



I n s t a l l a t i o n of a p p a r a t u s in new p l u t o n i u m g l o v e b o x f a c i l i t i e s i s 
c o m p l e t e . A p p a r a t u s h a s b e e n a s s e m b l e d to s tudy ( l ) b u r n i n g p r o p a g a t i o n , 
(2) ign i t ion , and (3) c o n t r o l l e d ox ida t ion . C o n t r o l l e d ox ida t i ons a r e c a r r i e d 
out in a r e c o r d i n g t h e r m o b a l a n c e wh ich h a s b e e n equ ipped wi th a s p e c i m e n 
t h e r m o c o u p l e . A m a g n e t i c a m p l i f i e r i s u sed to p r o v i d e a r e c o r d e d output 
so t h a t t h e r e i s not i n t e r f e r e n c e wi th the b a l a n c e o p e r a t i o n . 

The e x p e r i m e n t a l p r o g r a m to d e t e r m i n e r a t e s of r e a c t i o n of m o l ­
t en r e a c t o r fuel and c ladd ing m e t a l s wi th w a t e r i s con t inu ing . One m e t h o d 
invo lves the r a p i d m e l t i n g and d i s p e r s i o n of m e t a l w i r e s in a w a t e r e n v i ­
r o n m e n t by a s u r g e c u r r e n t f r o m a bank of c o n d e n s e r s . A s e r i e s of r u n s 
wi th u r a n i u m in h e a t e d w a t e r w a s c o m p l e t e d . R e s u l t s showed tha t c o n s i d ­
e r a b l y m o r e r e a c t i o n o c c u r r e d in h e a t e d w a t e r t han in r o o m - t e m p e r a t u r e 
w a t e r . The u r a n i u m r e s u l t s w e r e , t h e r e f o r e , c o n s i s t e n t wi th p r e v i o u s r e ­
s u l t s wi th z i r c o n i u m . The f indings added s u p p o r t i n g e v i d e n c e to the t h e o ­
r e t i c a l a c c o u n t of the z i r c o n i u m - w a t e r r e a c t i o n , wh ich has b e e n p r e s e n t e d 
in p r e v i o u s q u a r t e r l i e s . 

W a t e r t e m p e r a t u r e in the u r a n i u m r u n s r a n g e d f r o m 100 to 125 C 
(wa te r v a p o r p r e s s u r e , 15 to 33 p s i a ) . A t t e m p t s to s tudy the r e a c t i o n in 
w a t e r a t 200 C fa i led b e c a u s e of v e r y e x t e n s i v e c o r r o s i o n of the s p e c i m e n s 
d u r i n g the r u n p r e p a r a t i o n p e r i o d . 

P a r t i c l e s i z e s of r e s i d u e f r o m u r a n i u m r u n s by the c o n d e n s e r -
d i s c h a r g e m e t h o d a r e r e p o r t e d . T r a n s i e n t p r e s s u r e t r a c e s f r o m u r a n i u m 
i n d i c a t e d t h a t the p r o g r e s s i o n of s low r e a c t i o n r a t e s to e x p l o s i v e r a t e s 
o c c u r r e d o v e r the t e m p e r a t u r e r a n g e f r o m 1600 to 2500 C. R e s u l t s w e r e 
c o n s i s t e n t w i th the f indings for z i r c o n i u m tha t p a r t i c l e s s m a l l e r t han 
1000 jU in h e a t e d w a t e r and 500 /i in r o o m t e m p e r a t u r e w a t e r could u n d e r g o 
the e x p l o s i v e r e a c t i o n . A n a l y s e s of the h y d r o g e n r e t a i n e d by the r e s i d u e 
f r o m u r a n i u m r u n s i n d i c a t e d tha t , a t m o s t , a few^ p e r c e n t of the h y d r o g e n 
g e n e r a t e d d u r i n g a r u n i s r e t a i n e d by the p a r t l y ox id i zed m e t a l . 

A s e c o n d m e t h o d of s tudy ing m e t a l - w a t e r r e a c t i o n s i n v o l v e s the 
r a p i d c o n t a c t of s t e a m wi th h e a t e d m e t a l . In t h i s m e t h o d , the m e t a l r e ­
c e i v e s a " p r e s s u r e p u l s e " of w a t e r v a p o r . The a p p a r a t u s is e n t i r e l y e n ­
c l o s e d in a box h e a t e d to 105 C. R u n s wi th 500 m m of w a t e r v a p o r r e a c t i n g 
wi th m o l t e n a l u m i n u m a t 800, 1000, and 1200 C a r e r e p o r t e d . R a t e s fo l ­
lowed the cubic r a t e law; an a c t i v a t i o n e n e r g y of 21,700 c a l / m o l e d e s c r i b e d 
the effect of t e m p e r a t u r e . A s e r i e s of r u n s wi th a l u m i n u m - 5 p e r c e n t u r a ­
n i u m a l l o y s a t 1200 C gave s l i gh t ly l e s s r e a c t i o n than tha t ob t a ined wi th p u r e 
a l u m i n u m . 

The e x p e r i m e n t a l w o r k on m e t a l - w a t e r r e a c t i o n s d u r i n g n u c l e a r 
r e a c t o r e x c u r s i o n s w a s con t inued . F o u r t r a n s i e n t s w e r e c o m p l e t e d in 
T R E A T on fuel p ins wi th u r a n i u m d iox ide c o r e (20 p e r c e n t e n r i c h e d ) 



c lad m 1 8 - m i l - t h i c k s t a i n l e s s s t e e l - 3 0 4 . The d a t a ob ta ined f r o m t h e s e 
m e l t d o w n s in 25 C w a t e r a r e a s fo l lows: 

CEN Trans i en t Number 

megawat t - second bu r s t : 

mi l l i second per iod: 

UO2 core densi ty, % of theor . 

% SS-H2O reac t ion: 

Final appearance of fuel pin 

clad: 

core : 

64 

140 

115 

89 
(water logged) 

67 

185 

290 

98 

65 

190 

50 

89 

66 

230 

97 

98 

0.8 

two smal l 
r u p t u r e s , 
darkened a r e a 

d i s to r ted , 
c r acked 

0.3 

intact , 
darkened 
cen t r a l a r e a 

rad ia l 
c r a c k s 

5.2 9.0 

fragmented, f ragmented, 
par t ly pa r t ly 
mel ted mel ted 

fragmented, f ragmented, 
fine p a r - c o a r s e p a r ­
t ic les t i d e s 

C o r r e l a t i o n of the d a t a on the e x p e r i m e n t s wi th u r a n i u m dioxide 
c o r e p ins i n d i c a t e a p r o g r e s s i v e i n c r e a s e in the a m o u n t of c ladd ing (SS-304)-
w a t e r r e a c t i o n a s the r e a c t o r b u r s t b e c o m e s m o r e e n e r g e t i c . F o r p e r i o d s 
in the r a n g e f r o m 48 to 121 m s , the ex ten t of m e t a l - w a t e r r e a c t i o n i s 1.2, 
6.0, and 16.0 p e r c e n t s t a i n l e s s s t e e l r e a c t e d for e n e r g i e s of 200, 300, and 
400 c a l / g u ran iunn d iox ide , r e s p e c t i v e l y . F o r t h e s e u r a n i u m dioxide c o r e 
fuel p i n s , the d iv id ing poin t b e t w e e n d e s t r u c t i v e and n o n d e s t r u c t i v e t r a n s ­
i e n t s (on fas t p e r i o d s of 49 to 121 m s ) i s a b u r s t of about 130 M w - s e c or 
174 c a l / g of c o r e . T h i s c o r r e s p o n d s to a p e a k c e n t r a l c o r e t e m p e r a t u r e 
of 2200 C for a d i a b a t i c hea t i ng of the u r a n i u m d iox ide . 

An eva lua t i on w a s m a d e of p r e v i o u s da t a ob ta ined in T R E A T on 
m i x e d o x i d e - c o r e fuel p i n s ; the r e s u l t s i n d i c a t e a t h r e s h o l d t e m p e r a t u r e 
of 2300 C (for the c e n t r a l c o r e ) for i nc ip i en t d e s t r u c t i o n of the fuel pin. 
T h u s , bo th p u r e and m i x e d o x i d e - c o r e fuel p ins have s i m i l a r b e h a v i o r wi th 
r e g a r d to the m a x i m u m a l l owab le t e m p e r a t u r e s in t r a n s i e n t s on fuel e l e ­
m e n t s s u b m e r g e d in nonflowing, r o o m - t e m p e r a t u r e w a t e r . 

IV. R e a c t o r C h e m i s t r y (pages 194 to 215) 

The n e u t r o n c a p t u r e c r o s s s e c t i o n s of n e p t u n i u m - 2 3 7 , e r b i u m - 1 7 0 , 
g a d o l i n i u m - 1 58 , l u t e t i u m - 1 75 , y t t e r b i u m - 1 76, and m o l y b d e n u m - 9 8 a r e b e ­
ing d e t e r m i n e d in the f a s t n e u t r o n e n e r g y r a n g e . P r e p a r a t i o n s have begun 



for the determinat ion of the yields of fission products in the region of 
m a s s 100 when the f issi le isotopes u ran ium-233 , u ran ium-235 , and 
plutonium-239 a r e exposed to fast neutron (fission spect rum) flux. 

Operation of a regenera t ive l i thium hydride fuel cell sys tem for 
converting nuclear energy to e lec t r ic i ty is being studied. The thermal ly 
regenera t ive emf cell sys tem is one in which heat is used to d i sassoc ia te 
l i thium hydride, which is then r e - f o r m e d in an e lec t rochemica l cell with 
the production of e lec t r i c power. 

The p r o g r a m of r e s e a r c h in the rmoe lec t r i c i ty methods for d i rec t 
conversion of nuclear r eac to r heat energy into e lec t r i ca l power initiated 
las t quar te r (see ANL-6379, page 242) was continued. Measurements will 
be made in two l imited a r e a s , nanaely, liquid thermocouple sys tems and r e ­
f rac tory solid thermocouple sys t ems . Seebeck coefficients, e lec t r i ca l 
conductivit ies, t he rma l conductivit ies, and Hall coefficients of wel l -
cha rac te r i zed m a t e r i a l s may be de termined. Cur ren t efforts a r e con­
cerned with design, construct ion, and testing of equipment, and with some 
explora tory m e a s u r e m e n t s . 

The Reactor Decontamination P r o g r a m is d i rec ted toward de te rmin ­
ation of the s e r iousnes s of fuel e lement rup tu res in boiling water r e a c t o r s 
and the determinat ion of methods of decontamination of contaminated s u r ­
faces . Additional data have been obtained from a 16-day run made to de­
t e rmine whether zirconium-niobiunn content would r each an equi l ibr ium 
value in a s ta in less s teel loop which s imula tes the action of a boiling water 
r eac to r . The data indicated that the concentra t ions of all fission products , 
except ru thenium-103, reached a near equi l ibr ium level after about 100 hr 
of loop operation. The concentrat ion of ruthenium-103 continued to dec rease 
to nondetectable leve ls . Cur ren t labora tory exper iments on the decontami­
nation of s ta in less s teel 304 a r e being conducted using oxalic ac id-base 
solutions containing hydrogen peroxide. 

V. Routine Operations (page 216) 

The operat ion of the radioact ive was t e -p rocess ing facility and the 
gamma- i r r ad i a t i on facility continued without incident. 

For the convenience of the r eade r , appropr ia te pa r t s of this summary 
a r e repea ted at the beginning of each of the four main sect ions of this r epor t . 
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I. C H E M I C A L - M E T A L L U R G I C A L PROCESSING 

P y r o m e t a l l u r g i c a l p r o c e s s e s for the r e c o v e r y of f i s s i o n a b l e m a t e r i a l 
f r o m d i s c h a r g e d r e a c t o r fuels offer p r o m i s e of a c h i e v i n g a r e d u c t i o n in the 
r e p r o c e s s i n g c o s t s a s s o c i a t e d wi th n u c l e a r p o w e r . The p r i n c i p a l c h a r a c ­
t e r i s t i c s of p y r o m e t a l l u r g i c a l p r o c e s s e s which a r e l i ke ly to r e s u l t in r e ­
duced c o s t s a r e t h e i r s i m p l i c i t y , c o m p a c t n e s s , l o w - v o l u m e d r y w a s t e s and 
c a p a b i l i t y for handl ing s h o r t - c o o l e d fuels wi th an a t t e n d a n t r e d u c t i o n in 
fuel i n v e n t o r i e s . Among the p y r o m e t a l l u r g i c a l p r o c e s s e s unde r d e v e l o p ­
m e n t , m e l t r e f i n ing , a s i m p l e m e l t i n g p r o c e d u r e for m e t a l l i c fue ls , is in 
the m o s t a d v a n c e d s t a t e of d e v e l o p m e n t . Th i s p r o c e s s wi l l be used for the 
r e c o v e r y of e n r i c h e d u r a n i u m f r o m the f i r s t c o r e loading of the second 
E x p e r i m i e n t a l B r e e d e r R e a c t o r ( E B R - I l ) . This r e a c t o r , wi th an i n t e g r a t e d 
fuel p r o c e s s i n g fac i l i ty , i s unde r c o n s t r u c t i o n a t the Na t iona l R e a c t o r 
T e s t i n g S ta t ion in Idaho . 

A fou r th l a b o r a t o r y d e m o n s t r a t i o n of the m e l t r e f in ing p r o c e s s , in 
wh ich h igh ly i r r a d i a t e d E B R - I I p r o t o t y p e fuel p ins w e r e used , has b e e n 
c o m p l e t e d . A p p r o x i m a t e l y 400 g of t e n p e r c e n t e n r i c h e d u r a n i u m - f i v e p e r ­
cen t f i s s i u m a l loy , i r r a d i a t e d to an e s t i m a t e d b u r n u p of one t o t a l a t o m p e r ­
cent , w a s m e l t r e f i ned for one hour a t 1400 C. F i s s i o n p r o d u c t r e m o v a l s 
w e r e in a c c o r d wi th p r e v i o u s e x p e r i m e n t s employ ing i n a c t i v e , l o w - l e v e l , 
and h ighly i r r a d i a t e d m a t e r i a l . In t h i s exper inaen t , the fue l -hand l ing 
p r o c e d u r e s p r i o r to ixielt r e f i n ing w e r e modi f ied to l i m i t e x p o s u r e of the 
p ins to a i r i n s o f a r a s w a s p r a c t i c a l . A s u b s t a n t i a l i m p r o v e m e n t in the 
p r o d u c t p o u r i n g y ie ld t e n d s to c o n f i r m the be l ie f tha t low y i e ld s ob ta ined 
in the h i g h - a c t i v i t y - l e v e l e x p e r i m e n t s r e s u l t e d f rom i n c r e a s e d a i r ox ida t ion 
of the fuel in the p r e s e n c e of r a d i a t i o n f ie lds and f i s s ion d e c a y hea t ing du r ing 
the fue l -hand l i ng o p e r a t i o n s . 

R e m o v a l of f i s s i on p r o d u c t iod ine f rom the fuel a l l oy du r ing m e l t 
r e f in ing is b e l i e v e d to o c c u r t h r o u g h v o l a t i l i z a t i o n of v a r i o u s m e t a l i o d i d e s . 
L e s s than one p e r c e n t of the t o t a l r a d i o i o d i n e is found in the f u r n a c e a t m o s ­
p h e r e a t the c o m p l e t i o n of m e l t r e f i n i n g . O b s e r v a t i o n s tha t a d d i t i o n a l 
iod ine is r e l e a s e d when the a r g o n a t m o s p h e r e in the fu rnace is r e p l a c e d 
by a i r s u g g e s t tha t i o d i d e s a r e o x i d i z e d by a i r or by the m o i s t u r e it c o n ­
t a i n s . I o d i n e - 1 3 1 was the only g a m m a a c t i v i t y , o the r than t hose a t t r i ­
b u t a b l e to nob le g a s f i s s i o n p r o d u c t s , t h a t was d e t e c t e d in the f u r n a c e 
a t m o s p h e r e a f t e r m e l t r e f i n ing . 

N i t r i d a t i o n r a t e s of u r a n i u m - f i s s i u m a l loy p ins in an a r g o n 
a t m o s p h e r e con ta in ing four p e r c e n t n i t r o g e n w e r e d e t e r m i n e d on a 2-kg 
s c a l e . The r e s u l t s a r e in a g r e e m e n t wi th p r e v i o u s r a t e da ta f rom l a b o ­
r a t o r y e x p e r i m e n t s wi th s ing le p i n s . 

R u n s d e m o n s t r a t i n g the p r o c e s s for r e c l a i m i n g m e l t re f in ing sku l l 
m a t e r i a l con t inue to show a d e q u a t e p u r i f i c a t i o n of the u r a n i u m f rom f i s s ion 



product e l ements . In recent runs , over 80 percent r emova l s of ce r ium, 
ruthenium, rhodium, pal ladium, z i rconium, and naolybdenum have been 
rea l ized . 

Determinat ion of the par t ic le size dis tr ibut ion of a blend of 
f iss ium skull oxides was extended into the sub-s ieve range in o rder to 
a s s e s s the dusting prob lem c rea ted by the fine p a r t i c l e s . Less than 1 p e r ­
cent of the pa r t i c l e s were sma l l e r than 10/i in d iameter (see Figure 2, 
page 44). 

The reduct ion of u ran ium-f i s s ium oxide mix tu re s by z inc-magnes ium 
alloys in the p re sence of a flux is a bas ic step in the sku l l - recovery p r o c e s s 
Exper iments on the reduction of UsOg to produce a zinc-10 weight percen t 
uranium-12 weight percen t magnes ium alloy showed that inc rease of the 
volume of flux enhanced the reduct ion r a t e . The extent of reduction, how­
ever , appeared to be l imi ted to about 96 percent . Although magnesium 
concentrat ions in the vicinity of 12 weight percen t pe rmi t a reduction in 
solution volume because of the high solubility of u ran ium, concentrat ions 
of about 5 weight pe rcen t appear to be m o r e re l iable in producing com­
plete reduct ion of the oxides. In a separa te study in which the quantity of 
flux was inc reased as a va r iab le , the reduction ra te inc reased and the 
uranium loss to the flux dec reased . A sharp dec rea se in reduction ra te 
occur red when the quantity of magnes ium oxide byproduct in the flux 
exceeded a cer ta in value ( l l weight percen t under the pa r t i cu la r conditions 
used in the exper iments ) . 

Since smal l f ragments of z i rconia crucibles for use in mel t refining 
are introduced into the sku l l - recovery p roces s during the skull-oxidation 
p rocedure , the extent to which such fragnaents a r e reduced to form z i r ­
conium meta l in the oxide-reduct ion step was invest igated. In 5 hr at 
800 C, complete reduct ion occur red in zinc-12 weight percen t magnes ium 
alloy and 83 percen t reduct ion took place in a zinc-5 weight percent m a g ­
nesium alloy. 

Complete reduct ions of thor ium oxide have been achieved by 
5 weight percent magnes ium-z inc alloys at 750 C in the p resence of a 
suitable halide flux. At leas t about 30 percent of magnes ium cation in 
the flux is r equ i red to produce complete reduction within 2 h r . 

P r e s s e d - and-s in te red bery l l ia c rucib les (4-in. OD by 9 in. high) 
for re tor t ing the u ran ium product from sinaulated sku l l - recovery p r o c e s s 
operat ions show p r o m i s e . One isos ta t ica l ly p r e s s e d bery l l ia crucible has 
now been employed in four runs with no signs of fa i lure . The runs con­
sis ted of uran ium dissolution, in te rmeta l l i c compound precipi ta t ion, 
decomposit ion of the in te rmeta l l i c compound, and final re tor t ing . In al l 
four runs , over 98 percent of the uran ium presen t at the re tor t ing step 
was readi ly dumped from the crucible as a wel l -agglomera ted m a s s . 



T h r e e s u r v e y r u n s w e r e m a d e to i n v e s t i g a t e the f e a s i b i l i t y of 
t r e a t i n g s t a i n l e s s s t e e l - c a n n e d E B R - I I p ins by the p r o p o s e d s k u l l -
r e c o v e r y p r o c e s s o r a s i m i l a r p r o c e s s . U r a n i u m p ins and s t a i n l e s s s t e e l 
w e r e d i s s o l v e d in a z i n c - f u s e d s a l t m i x t u r e which c o n t a i n e d z inc c h l o r i d e 
a s a u r a n i u m ox idan t . D i s s o l u t i o n w a s s low at 500 C but r a p i d at 600 C. 
The u r a n i u m a p p e a r e d e s s e n t i a l l y c o m p l e t e l y in the m o l t e n s a l t whi le 
v i r t u a l l y a l l of the i r o n and n i c k e l r e m a i n e d in the z inc p h a s e , t h u s m a k i n g 
p o s s i b l e a good s e p a r a t i o n of t h e s e e l e m e n t s f r o m u r a n i u m . C h r o m i u m , 
h o w e v e r , d i s t r i b u t e d p a r t i a l l y into the flux p h a s e (15 to 20 p e r c e n t ) , a 
d i s t r i b u t i o n which shou ld be r e d u c i b l e by d e c r e a s i n g t h e a m o u n t of e x c e s s 
z inc c h l o r i d e e m p l o y e d . The r e s u l t s a r e e n c o u r a g i n g . 

The c h l o r i n a t i o n of u r a n i u m - f i s s i u m oxide m i x t u r e s to f o r m s p e c i e s 
so lub le in m o l t e n s a l t f luxes h a s b e e n i n v e s t i g a t e d b r i e f l y a s a p o t e n t i a l 
m o d i f i c a t i o n of the s k u l l - r e c o v e r y p r o c e s s . The oxide m i x t u r e , s u s p e n d e d 
in a m o l t e n c h l o r i d e flux, w a s c h l o r i n a t e d by m e a n s of a m i x t u r e of c a r b o n 
m o n o x i d e and c h l o r i n e at 800 to 850 C. F e r r i c c h l o r i d e and z inc c h l o r i d e 
both i n c r e a s e d the c h l o r i n a t i o n r a t e s . S u b s t a n t i a l a m o u n t s of z i r c o n i u m , 
m o l y b d e n u m , and r u t h e n i u m w e r e r e m o v e d a s v o l a t i l e c h l o r i d e s . The 
c o m p o s i t i o n of the m o l t e n h a l i d e flux a l s o a f fec ted the c h l o r i n a t i o n r a t e , 
t h e h i g h e s t r a t e s be ing a c h i e v e d with a s o d i u m c h l o r i d e - p o t a s s i u m 
c h l o r i d e - m a g n e s i u m f l u o r i d e s y s t e m . 

In the b l a n k e t p r o c e s s , t h e h igh s o l u b i l i t y of p l u t o n i u m and the 
c o n t r a s t i n g low so lub i l i t y of u r a n i u m in h igh m a g n e s i u m - z i n c a l l o y s a r e 
u t i l i z e d to effect a s e p a r a t i o n of p l u t o n i u m and u r a n i u m . A s e c o n d d e m ­
o n s t r a t i o n of the b l a n k e t p r o c e s s l a r g e l y c o n f i r m e d the r e s u l t s of t h e 
f i r s t , n a m e l y , tha t r a p i d and c o m p l e t e d i s s o l u t i o n of the b l a n k e t a l loy i s 
o b t a i n e d in a 12 p e r c e n t m a g n e s i u m - z i n c so lu t ion , and t h a t the p l u t o n i u m 
i s r e t a i n e d in so lu t ion whi le the u r a n i u m is p r e c i p i t a t e d by add i t ion of 
m a g n e s i u m to a 50 p e r c e n t c o n c e n t r a t i o n . The p l u t o n i u m in the s e p a r a t e d 
s u p e r n a t a n t so lu t ion and in^ a s u c c e e d i n g w a s h of the u r a n i u m r e s i d u e c o n ­
s t i t u t ed 95 p e r c e n t of the p l u t o n i u m c h a r g e d . A good s e p a r a t i o n of u r a n i u m 
f r o m p l u t o n i u m w a s t h e r e b y shown to be p o s s i b l e . A p r e l i m i n a r y e x p e r i ­
m e n t i n d i c a t e d t h a t , if d e s i r e d , the u r a n i u m s o l u b i l i t y in m a g n e s i u m - r i c h 
z inc s o l u t i o n s m a y be l o w e r e d c o n s i d e r a b l y by the add i t ion of c a l c i u m 
(a 17 p e r c e n t c a l c i u m c o n c e n t r a t i o n w a s e m p l o y e d in the e x p e r i m e n t ) . 

The p o s s i b i l i t y of s e p a r a t i n g r a r e e a r t h f i s s i o n p r o d u c t s f r o m 
p l u t o n i u m t h r o u g h l iqu id m e t a l e x t r a c t i o n with c a l c i u m and c a l c i u m - r i c h 
z inc s o l u t i o n s i s u n d e r g o i n g i n v e s t i g a t i o n . The so lub i l i t y of p l u t o n i u m in 
l iquid c a l c i u m at 860 C i s low (about 0,10 we igh t p e r c e n t ) . The d i s t r i b u t i o n 
r a t i o of c e r i u m b e t w e e n c a l c i u m and p l u t o n i u m i s about 0.53 on a we igh t 
b a s i s . T h u s , for a t y p i c a l p l u t o n i u m fuel , about 88 p e r c e n t of the c e r i u m 
would be r e m o v e d with a l o s s of about 0.8 p e r c e n t p l u t o n i u m in two s u c ­
c e s s i v e e x t r a c t i o n s at 860 C u s ing a c a l c i u m / p l u t o n i u m weigh t r a t i o of 
f o u r . At 860 C the so lub i l i t y of p l u t o n i u m in c a l c i u m i n c r e a s e s f r o m 



0.1 to 0.7 we igh t p e r c e n t a s z inc i s a d d e d to 35 we igh t p e r c e n t . The 
c e r i u m d i s t r i b u t i o n i s not a f fec ted s i g n i f i c a n t l y . 

A b r i e f i n v e s t i g a t i o n w a s conduc t ed on the p r e c i p i t a t i o n of u r a n i u m 
c a r b i d e by adding h y d r o c a r b o n g a s e s to u r a n i u m d i s s o l v e d in z i n c -
m a g n e s i u m and c a d m i u m - m a g n e s i u m s o l u t i o n s . M e t h a n e r e a c t e d s o m e ­
what f a s t e r in a c a d m i u m - m a g n e s i u m so lu t ion t h a n in a z i n c - m a g n e s i u m 
s o l u t i o n . A c e t y l e n e u n d e r w e n t e x t e n s i v e p y r o l y s i s in which e l e m e n t a l 
c a r b o n w a s f o r m e d . 

M a t e r i a l s e v a l u a t i o n s t u d i e s a r e i n - p r o g r e s s to e v a l u a t e the 
c o m p a t i b i l i t y of v a r i o u s m a t e r i a l s wi th l iqu id m e t a l s y s t e m s of the t y p e s 
c o n t e m p l a t e d for r e p r o c e s s i n g r e a c t o r f u e l s . So lu t ions of u r a n i u m in 
d i lu t e m a g n e s i u m - z i n c a l l oys in c o n t a c t wi th a m o l t e n ha l ide flux w e r e 
found to have good s t a b i l i t y in t a n t a l u m and t u n g s t e n c r u c i b l e s at i n v e s t i ­
g a t e d t e m p e r a t u r e s of up to 850 C. T u n g s t e n shows c o n s i d e r a b l e p r o m i s e 
a s a c o n t a i n e r m a t e r i a l . H o w e v e r , t h e r e a r e i n d i c a t i o n s of p e n e t r a t i o n of 
flux and m e t a l p h a s e s into the w a l l s of f l a m e - s p r a y e d - a n d - s i n t e r e d t u n g s t e n 
c r u c i b l e s (5 in . in d i a m e t e r by 9 in . h igh , wi th a d e n s i t y of 92 p e r c e n t of 
t h e o r e t i c a l ) . P r e s s e d - a n d - s i n t e r e d t u n g s t e n c r u c i b l e s a r e be ing o b t a i n e d 
for e v a l u a t i o n . V a r i o u s c h e m i c a l e t c h a n t s w e r e e v a l u a t e d for t h e i r ef­
f e c t i v e n e s s in r e v e a l i n g the dep th of c o r r o s i o n of r e f r a c t o r y m e t a l s . An 
i n e r t g a s we ld ing fac i l i t y h a s b e e n c o n s t r u c t e d to f a c i l i t a t e the p r e p a r a t i o n 
of c o r r o s i o n c a p s u l e s . 

P o r o u s t a n t a l u m f i l t e r s h a v e b e e n o b t a i n e d and s u c c e s s f u l l y u s e d for 
s a m p l i n g l iqu id m e t a l s o l u t i o n s . The t a n t a l u m f i l t e r s wi l l be u s e d i n s t e a d 
of p o r o u s g r a p h i t e f i l t e r s in t h o s e c a s e s in wh ich r e a c t i o n of g r a p h i t e wi th 
d i s s o l v e d u r a n i u m i s a p o s s i b i l i t y . 

T w e l v e d i s t i l l a t i o n r u n s h a v e b e e n c o m p l e t e d in the l a r g e - s c a l e 
c a d m i u m - d i s t i l l a t i o n un i t . D i s t i l l a t i o n t e m p e r a t u r e s w e r e v a r i e d f r o m 
455 to 620 C and d i s t i l l a t i o n r a t e s f r o m 12 to 67 k g / h r , wi th c o r r e s p o n d ­
ing h e a t i n g e f f i c i e n c i e s of 31 to 72 p e r c e n t . In g e n e r a l , t he uni t h a s 
func t ioned v e r y w e l l . Some i n i t i a l l i n e - p l u g g i n g d i f f i cu l t i e s w e r e r e m e d i e d 
by c h a n g e s in e x t e r n a l p ip ing and o p e r a t i n g p r o c e d u r e s . E l e c t r i c a l r e ­
s i s t a n c e , l i q u i d - l e v e l p r o b e s in the s t i l l po t p r o v e d u n s a t i s f a c t o r y . 
T h e r m o c o u p l e s at v a r i o u s l e v e l s a r e now u t i l i z e d to l o c a t e l iqu id l e v e l s 
in t h e s t i l l po t . A f r e e z e va lve a l s o r u p t u r e d , r e s u l t i n g in c a d m i u m 
s p i l l a g e in to a c a t c h t r a y . It w a s c o n c l u d e d t h a t the v a l v e had b e e n i m ­
p r o p e r l y i n s t a l l e d . R e p a i r s have b e e n m a d e , and the s p i l l e d c a d m i u m 
h a s b e e n r e m o v e d for p o s s i b l e r e c o v e r y . 

E q u i p m e n t to m e a s u r e v a p o r - l i q u i d e q u i l i b r i u m in b i n a r y l iqu id 
m e t a l s y s t e m s h a s b e e n a s s e m b l e d and wi l l be u s e d to d e t e r m i n e a c t i v i t y 
coe f f i c i en t s in m i s c i b l e b i n a r y m e t a l s y s t e m s , such a s the c a d m i u m -
m a g n e s i u m and z i n c - m a g n e s i u m s y s t e m s . In a p r e l i m i n a r y t e s t of the 



e q u i p m e n t , t h e v a p o r p r e s s u r e of c a d m i u m w a s m e a s u r e d and r e s u l t s in 
good a g r e e m e n t wi th l i t e r a t u r e d a t a w e r e o b t a i n e d . A s tudy of the n a t u r e 
of l iqu id m e t a l bo i l i ng and of e n t r a i n m e n t f r o m bo i l ing l iqu id m e t a l s h a s 
b e e n s t a r t e d . 

A d i r e c t - c y c l e f u e l - r e p r o c e s s i n g p lan t u s i n g p y r o m e t a l l u r g i c a l 
p r o c e d u r e s i s be ing d e s i g n e d and c o n s t r u c t e d a s p a r t of the E x p e r i m e n t a l 
B r e e d e r R e a c t o r No . II ( E B R - I l ) p r o j e c t . A L a b o r a t o r y and S e r v i c e B u i l d ­
ing i s a l s o i n c l u d e d . Mel t r e f i n ing , l iqu id m e t a l e x t r a c t i o n , and p r o c e s s e s 
invo lv ing f r a c t i o n a l c r y s t a l l i z a t i o n f r o m l iquid m e t a l s y s t e m s a r e m e t h o d s 
be ing e x a m i n e d for the r e c o v e r y and p u r i f i c a t i o n of E B R - I I f u e l s . B a s e d 
on the r e s u l t s of t h e s e s t u d i e s , p r o c e s s e q u i p m e n t i s b e i n g d e s i g n e d and 
t e s t e d . 

C o n s t r u c t i o n of the F u e l Cyc le F a c i l i t y bu i ld ing w a s about 95 p e r ­
cen t c o m p l e t e d by Augus t 29, 1961 , a s c o m p a r e d with 90 p e r c e n t on 
J u n e 1, 1961 . Work c o n t i n u e s on e q u i p m e n t for bu i ld ing and p r o c e s s 
s e r v i c e s , but p r o g r e s s i s e x t r e m e l y s low b e c a u s e of the s m a l l l a b o r f o r c e 
tha t i s now be ing e m p l o y e d by the c o n t r a c t o r . C o n t r o l e q u i p m e n t , s u c h a s 
t h a t for the m o t o r g e n e r a t o r s e t s , w a s i n s t a l l e d . 

I n s t a l l a t i o n of the sh i e ld ing windows wi l l p r o b a b l y not b e g i n un t i l 
a f t e r D e c e m b e r 1, b e c a u s e of the d e l a y in c o m p l e t i o n of the b u i l d i n g . 

Two m e l t r e f in ing f u r n a c e s a r e be ing bu i l t for the F a c i l i t y . The 
b e l l j a r s and the c o n t r o l p a n e l s for t h e s e f u r n a c e s h a v e b e e n c o m p l e t e d 
and sh ipped to Idaho . 

D e s i g n and f a b r i c a t i o n of o t h e r e q u i p m e n t for the F u e l Cyc l e 
F a c i l i t y c o n t i n u e s . Work ing d r a w i n g s of the s e r v i c e s l e e v e f e e d - t h r o u g h s 
h a v e b e e n c o m p l e t e d and f a b r i c a t i o n h a s s t a r t e d . The s c r a p - h a n d l i n g 
coffin h a s b e e n r e c e i v e d at t he s i t e . P u r c h a s e o r d e r s for the m a i n p a r t s 
of the a i r l o c k s have b e e n l e t . S m a l l s c r a p - h a n d l i n g c o n t a i n e r s h a v e b e e n 
o b t a i n e d . T o o l s n e e d e d to h a n d l e the c o n t a i n e r s r e m o t e l y a r e be ing 
d e v e l o p e d . 

The f i v e - t o n c r a n e s in the p r o c e s s c e l l s w e r e g r e a s e d wi th a 
r a d i a t i o n - r e s i s t a n t g r e a s e d u r i n g f a b r i c a t i o n . S u b s e q u e n t l y , i r r a d i a t i o n 
t e s t s h a v e r e v e a l e d tha t o t h e r g r e a s e s a r e m o r e s u i t a b l e for t h i s u s e . 
S ince it i s not p r a c t i c a l to r e m o v e the g r e a s e f r o m the c r a n e b e a r i n g s , 
i t m a y be p o s s i b l e to i m p r o v e p e r f o r m a n c e by add ing one of the p r e f e r r e d 
g r e a s e s to p r o d u c e a b l e n d of two g r e a s e s in the b e a r i n g s . P e r f o r m a n c e 
t e s t s of b e a r i n g s l u b r i c a t e d with b l e n d s of i r r a d i a t e d g r e a s e s h a v e , t h e r e ­
f o r e , b e e n i n i t i a t e d . 

A new d e s i g n g r i p d r i v e c lu t ch h a s b e e n t e s t e d in the o p e r a t i n g 
m a n i p u l a t o r in the m o c k - u p . It h a s p r o v e d to be s u p e r i o r to any of the 
c l u t c h e s ye t t e s t e d . 



D e v e l o p m e n t of the r e f e r e n c e t h e r m o c o u p l e to be u s e d for t e m p e r a ­
t u r e m e a s u r e m e n t in the m e l t r e f in ing f u r n a c e s of the F u e l Cyc l e F a c i l i t y 
h a s b e e n c o m p l e t e d . The t h e r m o c o u p l e wi l l be u s e d in the p lan t to p r e d i c t 
t he t e m p e r a t u r e and the i n t e r n a l h e a t g e n e r a t i o n r a t e of the fuel c h a r g e . 

D e s i g n w o r k of e q u i p m e n t for the s k u l l - r e c l a m a t i o n p r o c e s s 
c o n t i n u e s . 

F u n d a m e n t a l s t u d i e s a r e be ing m a d e in s u p p o r t of p r o c e s s d e v e l o p ­
m e n t a c t i v i t i e s . Da t a b a s i c to the v a r i o u s l iqu id m e t a l p r o c e s s e s a r e the 
s o l u b i l i t i e s of t h o s e e l e m e n t s w h o s e s e p a r a t i o n m a y be a t t e m p t e d . The 
s o l u b i l i t y of s c a n d i u m in l iquid c a d m i u m h a s b e e n m e a s u r e d . S c a n d i u m , 
in add i t ion to b e i n g the f i r s t m e m b e r of the f i r s t t r a n s i t i o n s e r i e s of 
e l e m e n t s , i s a l s o often c o n s i d e r e d a m e m b e r of the r a r e - e a r t h g r o u p of 
e l e m e n t s . The s o l u b i l i t y of s c a n d i u m m a y by r e p r e s e n t e d by tw^o 
e m p i r i c a l e q u a t i o n s : 

s c a n d i u m (349 to 422 C) : log (a tom p e r c e n t ) = 3.935 - 2434 T"^ 

s c a n d i u m (422 to 606 C) : log ( a t o m p e r c e n t ) = 4 .933 - 5335 T~^ 

+ 1.534 X 10^ T"^ . 

Two d i f f e r en t i n t e r m e t a l l i c p h a s e s h a v e b e e n found in the s c a n d i u m -
c a d m i u m s y s t e m : a h e x a g o n a l p h a s e , p r o b a b l y ScCds, which i s t h e e q u i l i b r i u m 
p h a s e a b o v e 422 C, and a n o t h e r p h a s e w h i c h h a s no t ye t b e e n c h a r a c t e r i z e d . 

The t r a n s f o r m a t i o n b e t w e e n h i g h - and l o w - t e m p e r a t u r e f o r m s of 
t h e d e l t a p h a s e in t h e z i n c - u r a n i u m s y s t e m i s v e r y s l u g g i s h . T h e t r a n s ­
f o r m a t i o n t e m p e r a t u r e h a s b e e n e s t a b l i s h e d by the X - r a y d i f f r ac t i on e x ­
a m i n a t i o n of a n n e a l e d a l l o y s a s b e i n g c l o s e to 550 C. The l o w - t e m p e r a t u r e 
f o r m p r o b a b l y c o r r e s p o n d s to u r a n i u m - r i c h c o m p o s i t i o n s of the e p s i l o n 
p h a s e . 

The u t i l i t y of d i s t r i b u t i o n b e t w e e n two i m m i s c i b l e l iqu id m e t a l s 
for the p u r i f i c a t i o n of spen t r e a c t o r fuel i s b e i n g i n v e s t i g a t e d . The d i s ­
t r i b u t i o n of c e r i u m and s t r o n t i u m b e t w e e n l iqu id z inc and l e a d h a s b e e n 
m e a s u r e d a s a func t ion of t e m p e r a t u r e . The d i s t r i b u t i o n coe f f i c i en t s 

w / o so lu t e in z i n c - r i c h l a y e r \ 
— j found for c e r i u m a r e 18.4 a t 652 C, 7.9 
w / o so lu t e in l e a d - r i c h l a y e r / 

at 703 C, and 5.0 at 736 C, w h e r e a s for s t r o n t i u m , v a l u e s of 0.09 a t 656 C, 
0 .11 at 703 C, and 0.15 at 740 C w e r e o b t a i n e d . 

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



(UIn3) AFf ( c a l / m o l e ) = -24 ,280 + 7.441 T + 3.875 x l O ' ^ T^ 

The p r a s e o d y m i u m - z i n c s y s t e m is be ing i n v e s t i g a t e d by the m e a s ­
u r e m e n t of the z inc v a p o r p r e s s u r e of so l id a l loys a s a funct ion of c o m p o s i ­
t i o n . The fo l lowing p h a s e s h a v e b e e n found: P r Z u u , P r Z n g . s , PrZn6.9-7.4, 
PrZn3.4-5.£,, P r Z n 2 , and P r Z n . The p h a s e s P r Z n j i and P r Z n w e r e p r e v i o u s l y 
r e p o r t e d by o t h e r i n v e s t i g a t o r s . 

Two s e r i e s of c o m b u s t i o n s in oxygen w e r e c a r r i e d out , one with 
z i r c o n i u m d i h y d r i d e and the o t h e r with z i r c o n i u m d i d e u t e r i d e , to d e t e r m i n e 
the d i f f e r e n c e in h e a t s of f o r m a t i o n of t h e d i h y d r i d e and d i d e u t e r i d e of 
z i r c o n i u m . The s a m p l e s w e r e e n c a p s u l a t e d in p o l y e s t e r f i lm (Mylar ) b a g s . 
A s e r i e s of c o m b u s t i o n s of the M y l a r m a t e r i a l w a s a l s o c a r r i e d out . R e s u l t s 
f r o m the t h r e e s e r i e s of c o m b u s t i o n s a r e be ing c a l c u l a t e d . 

The p r e l i m i n a r y va lue for the h e a t of f o r m a t i o n of b o r o n t r i f l u o r i d e 
h a s b e e n r e v i s e d to AHf,298 (BF3, g) = -270 .16 + 0.24 k c a l / m o l e . 

P r e l i m i n a r y v a l u e s h a v e b e e n ob ta ined for the h e a t s of c o m b u s t i o n 
and f o r m a t i o n of the h e x a g o n a l f o r m of b o r o n n i t r i d e : 

AHJ,298 (BN, c, hex) = - 2 1 0 . 4 3 + 0.40 k c a l / m o l e 

AHf,298 (BN, c, hex) = - 5 9 . 7 3 + 0.45 k c a l / m o l e . 

P r e l i m i n a r y v a l u e s have b e e n ob ta ined for the h e a t s of f o r m a t i o n 
of ha fn ium and t i t a n i u m t e t r a f l u o r i d e s : 

AHf_298 (HfF4, c) = -464 .0 k c a l / m o l e 

A H | , 2 9 8 (T iF4 , c) = - 3 9 3 . 8 k c a l / m o l e . 

E x p l o r a t o r y e x p e r i m e n t s to d e v e l o p e x p e r i m e n t a l t e c h n i q u e s for 
c o m b u s t i o n s of m a g n e s i u m , a l u m i n u m , c a d m i u m , and z inc in f l uo r ine have 
b e e n c a r r i e d out . C a l o r i m e t r i c conabus t ions wi th m a g n e s i u m have b e e n 
s t a r t e d . 

E x p e r i m e n t a l t e c h n i q u e s for c o m b u s t i o n s of u r a n i u m in f l uo r ine 
a r e be ing d e v e l o p e d . Dur ing one of the c o m b u s t i o n s , the c a p of the b o m b 
r u p t u r e d a s a r e s u l t of the h e a t t h a t w a s g e n e r a t e d , and f l uo r ine and m o l t e n 
m e t a l w e r e d i s c h a r g e d into the hood in which the e x p e r i m e n t w a s be ing 
c a r r i e d ou t . The c a u s e s of t h i s p o t e n t i a l l y h a z a r d o u s o c c u r r e n c e a r e d i s ­
c u s s e d in s o m e d e t a i l . 

C o n s t r u c t i o n and t e s t i n g of the h i g h - t e n a p e r a t u r e en tha lpy c a l o r i ­
m e t e r i s in p r o g r e s s . 



A. Pyrometa l lu rg ica l Development 

1. Melt Refining 
( R . K . Steunenberg, L. B u r r i s , J r . ) 

Melt refining will be used to p r o c e s s the i r r ad i a t ed fuel from 
the f i rs t core loading of EBR-II . The meta l l ic fuel pins , composed of ap­
proximate ly 50 percen t enr iched uran ium alloyed with noble me ta l f ission 
product e lements , a r e clad with s ta in less s tee l jackets the rma l ly bonded 
with sodium. The pins a r e declad mechanical ly , chopped to convenient 
lengths, and charged to a l ime-s tab i l i zed z i rconia c ruc ib le , where they 
a r e mel ted and held in the liquid state at 1400 C for a period of 3 to 4 h r . 
Volatil ization and select ive oxidation by the crucible resu l t in the remova l 
of about two- th i rds of the fission p roduc t s . The purified meta l is cast in 
an ingot to be used subsequently for the p repara t ion of new pins by injec­
tion cas t ing. The mix ture of oxides and unpoured me ta l remaining in the 
crucible in the form of a skull is r ecove red by a separa te liquid meta l 
p r o c e s s cur ren t ly being developed. Exper imenta l r e su l t s a r e repor ted on 
(1) demons t ra t ion exper iments uti l izing about 400 g of highly i r r ad i a t ed 
EBR-II prototype alloy, (2) the behavior of f ission products , and (3) the 
effect of ni t rogen in the argon a tmosphere which will be used in the 
process ing cell at the EBR-II plant . 

a. High-activi ty Level Melt Refining Exper iments 
(V. G. T r i c e , N. R. Chellew, W. H. Spicer , C. C. Honesty) 

The fourth run in a s e r i e s of l abora tory demons t ra t ions on 
the mel t refining p roces s with highly i r r ad i a t ed fuel alloy has been com­
pleted. In this s e r i e s of expe r imen t s , shor t -cooled EBR-II prototype fuel 
pins containing 10 percent enr iched uran ium were i r r ad ia t ed in C P - 5 or 
MTR to burnups of 0.22 to 0.75 total atom percen t . Approximately 400-g 
charges of the fuel were then mel t refined for per iods of 1 to 3 hr at 
1400 C in l ime-s tab i l i zed zirconia c ruc ib l e s . The purpose of the expe r i ­
ments was to seek confirmation of e a r l i e r mel t refining re su l t s obtained 
with inactive and low-act ivi ty a l loys , and to observe any effects pecul iar 
to the high-burnup, shor t -cooled fuel. 

Exper imenta l r e su l t s from the four exper iments a r e sum­
mar i zed in Table 1. The near ly complete remova l of f ission products 
(other than noble meta l s ) observed in previous exper iments was confirmed. 
Some unexpected separa t ion of z i rconium from uranium was observed in 
all the high-act ivi ty runs . In p r io r s tudies , the addition of s eve ra l hundred 
ppm carbon resu l ted in z i rconium remioval through carbide slagging. Since 
p r e - i r r a d i a t i o n analyses showed only 22 ppm of carbon to be p resen t in this 
m a t e r i a l , the amount of z i rconium removed in the high-act ivi ty runs cannot 
be at t r ibuted completely to carbide slagging unless it is a s sumed that an 
inadvertent addition of carbon occu r r ed during the handling opera t ions 
p r io r to mel t refining. 



Table 1 

SUMMARY OF RESULTS OF HIGH-ACTIVITY MELT REFINING EXPERIMENTS 

Experiment No. 

Charge Weight (g) 
Burnup (percent of total atoms) 
Cooling Time (days) 
Total Activity (cur ies /charge) 

Melt Refining Conditions 
Time (hr) 
Tempera ture (C) 

Yield (percent) 
Active Run 
Reference Run 

Fission Product Removals (percent) 

/ _ Cone ingot \ Q̂Q 
V Cone charge / 

1 

387.6 
0.56 

42 
2500 

3 
1400 

72.4 
86.7 

2 

392.3 
0.22 

28 
1100 

3 
1400 

69.3 
84.0 

3 

362.5 
0.74 

14 
5600 

1 
1400 

52.2 

4 

364.2 
-1.0 
35 

-4700 

1 
1400 

73.6 
84.2 

Rare Earths 
Tellurium 
Zirconium 
Iodine 
Cesium 
Barium-Stro 

Material Balance 
Rare Earths 

and 
Yttrium 

Tellurium 

Zirconium 

Molybdenum 

Cesium 

Barium-
Strontiumb 

Iodine 

and Yttrium 

ntium 

(percent) 
r mgot 

J skull, 
[_ total 

f mgot 
J skull. 
i, total 

" mgot 
J skull. 
[_ total 

r mgot 
J skull. 
1̂  total 

f mgot 
J skull. 
1̂  total 

f mgot 
J skull, 
1̂  total 

' mgot 
. skull. 

total 

oxidized 

oxidized 

oxidized 

oxidized 

oxidized 

oxidized 

oxidized 

99.2 + 
95.4 

9.2 
99.8 
99.5 
99.9 + 

0.6 
85 
86 

3.4 
84 
87 

-
-
-

74 
23 
97 

0.4 
0.02 
0.42 

0.003 
2 
2 

0.1 
0.09 
0.2 

99.0 + 
95.7 
18.2 
-
-
-

0.7 
75 
76 

2.8 
83 
86 

57 
37 
94 

74 
26 

100 

-
-
-

-

-
-
-

99.0 + 
98.9 
20.5 
99.8 
-
-

0.5 
75 
76 

0.5 
86 
86 

42 
57 
99 

-
-
-

-
-
-

-

-
-
-

99.2 + 
99 + 
11.0 
99.8 

a 
99.9 + 

a 
a 
a 

a 
a 
a 

a 
a 
a 

a 
a 
a 

a 
a 
a 

a 
a 
a 

a 
a 
a 

^Result not yet available. 

^Previous experiments with inactive mater ia ls indicate that barium and strontium are either 
retained by the crucible or are volatilized as iodides. 



The data on fission product r emova l s a r e not amenable to 
kinetic in te rpre ta t ion . It was found, however, that no significant differences 
in fission product r emova l s could be d iscerned between 1- and 3-hr l iqua­
tion per iods at 1400 C. It had been shown in e a r l i e r s tudies that ce r ium 
removal was dependent upon t ime , t e m p e r a t u r e , charge weight, and wetted 
crucible a r e a , the las t r epresen t ing the surface available for reac t ion . In 
the high-act ivi ty level exper iments , however , the reac t ive surface was 
probably i nc reased because of the formation of excess ive amounts of u r a ­
nium dioxide. Therefore , in the high-act ivi ty runs , the wetted crucible 
a r e a is probably considerably l e s s than the total oxide surface a r e a 
available for reac t ion . 

The m a t e r i a l balances presented in Table 1 include only 
the m a t e r i a l found in the ingot and the oxidized skull . (The skull was 
oxidized to remove it from the crucible and to pulver ize it for sampling.) 
Those fission products which a r e volat i l ized or r e m a i n in the crucible 
therefore show incomplete m a t e r i a l ba lances . Noble meta l fission p rod­
ucts , such as molybdenum, a r e accounted for in total , since they remain 
only in the ingot and the meta l l ic portion of the skull . P re fe ren t ia l oxida­
tion of z i rconium, re la t ive to uranium, was confirmed, the concentrat ion 
of z i rconium in the oxidized skull being g rea t e r than in the corresponding 
ingot. The incomplete balances for total r a r e e a r t h s , y t t r ium, and te l lu r ium 
confirm the e a r l i e r r e su l t s with inactive and low-act ivi ty fuel which showed 
par t ia l penetrat ion of the crucible by these e l emen t s . Cesium and iodine 
appear to have nea r ly completely volati l ized, as ant icipated. Attempts a r e 
being made to dissolve the mel t refining crucible for analysis in o rde r to 
obtain additional information on the fates of ba r ium, s t ront ium, and other 
fission products . 

Pouring yields in the high-act ivi ty level mel t refining 
exper iments have been consis tent ly lower than those obtained in re ference 
exper iments with un i r rad ia ted fuel p ins . In Exper iments 1 and 2, incom­
plete pours were obtained on the f i r s t a t tempt , and reheat ing with appl ica­
tion of vacuum was employed in a second pour to obtain the total yields 
l i s ted . In Exper iment 3 no pour was obtained on the f i rs t a t tempt . In all 
three exper iments continuous c r u s t s , p resumably of uranium oxide, 
covered the surface of the mel t . The skull produced in Exper iment 3 was 
examined in detail by breaking away the c ruc ib le . Throughout i ts volume, 
the skull contained a m a s s of oxide p in-shel l f ragments which indicated 
that oxidation of the pins had occur red p r io r to mel t ing . This observat ion 
suggested that the reduced yields obtained with the highly i r r ad ia t ed fuel 
were resul t ing from inc reased oxidation during the handling operat ions 
preceding mel t refining. It is reasonable to expect that the radiat ion field 
and the inc reased t e m p e r a t u r e of the pins due to fission product decay 
heat may produce a more rapid oxidation of the pins by the air a tmosphere 
in the cave facility. The presence of activity may also inc rease the ra te of 
react ion between the oxidizable m a t e r i a l s and the oxygen of the c ruc ib le . 



A d d i t i o n a l p r e c a u t i o n s •were e m p l o y e d in E x p e r i m e n t 4 to 
m i n i m i z e a i r c o n t a c t wi th the fuel d u r i n g the hand l ing o p e r a t i o n s . The 
m e l t i n g a s s e m b l y w a s o u t g a s s e d at about 1000 C for m o r e t han 4 h r p r i o r 
to i n t r o d u c i n g t h e a s semib ly into the f u r n a c e . The fuel was b l a n k e t e d with 
a r g o n w h e r e v e r p o s s i b l e , and t h e o p e r a t i o n s in which a i r e x p o s u r e of the 
fuel w a s u n a v o i d a b l e w e r e c o m p l e t e d a s r a p i d l y a s p o s s i b l e . The s u b ­
s t a n t i a l i n c r e a s e in y i e ld o v e r E x p e r i m e n t 3 i n d i c a t e s tha t t h e s e m o d i f i c a ­
t i o n s in p r o c e d u r e w e r e e f f ec t i ve . Al though the y ie ld w a s s t i l l s h o r t of 
t h a t ob t a ined in the r e f e r e n c e e x p e r i m e n t (73.6 v s . 84.2 p e r c e n t ) , the 
r e s u l t s s u g g e s t t h a t f u r t h e r i m p r o v e m e n t in y ie ld wi l l be p o s s i b l e when 
a i r i s e n t i r e l y a v o i d e d . E x a m i n a t i o n of the sku l l p r o d u c e d in E x p e r i m e n t 4 
showed tha t , a l though a th in c r u s t fornaed o v e r the m e l t , the c r u s t w a s 
f r a g i l e and r u p t u r e d on p o u r i n g . The sku l l a l s o c o n t a i n e d a r e l a t i v e l y 
l a r g e bu t ton of m e t a l wh ich p r o b a b l y would have b e e n p o u r e d , had it not 
b e e n for the d a m wh ich w a s f o r m e d by a f r a g m e n t of the s u r f a c e c r u s t . 

The o x i d a t i o n and n i t r i d a t i o n of u n i r r a d i a t e d and h ighly 
i r r a d i a t e d fuel p ins a r e b e i n g s t u d i e d in s e p a r a t e e x p e r i m e n t s to ob t a in 
q u a n t i t a t i v e d a t a . It s e e m s l i ke ly , h o w e v e r , t ha t on m e l t r e f in ing in an 
a r g o n a t m o s p h e r e and on a 10-kg s c a l e , ox ida t ion and n i t r i d a t i o n wi l l not 
h a v e a m a j o r effect on the p o u r i n g y i e l d . 

b . T r a n s p o r t of Ac t iv i t y in Mel t Ref ining S y s t e m s 
( N . R . C h e l l e w , V. G. T r i c e , C. C. Hones ty ) 

A p r e v i o u s l y r e p o r t e d i n v e s t i g a t i o n (ANL-6379 , p a g e s 40 
to 43) h a s shown tha t w h e n the a r g o n a t m o s p h e r e , which w a s e m p l o y e d to 
b l a n k e t the fuel d u r i n g m e l t r e f in ing of h igh ly i r r a d i a t e d E B R - I I a l loy , 
w a s p u m p e d to a g a s - s t o r a g e s y s t e m the m a j o r a c t i v i t y , o t h e r t han nob le 
g a s e s , r e t a i n e d by c o m p o n e n t s of the s y s t e m was i o d i n e - 1 3 1 . The b a s i c 
c o m p o n e n t s of the o f f -gas s t o r a g e s y s t e m w e r e two h i g h - e f f i c i e n c y AEC 
f i l t e r s ( g l a s s m e d i a s h e e t s for ef f ic ient f i l t e r i n g of s u b m i c r o n p a r t i c l e s ) 
and a v a c u u m p u m p c o m p r e s s o r un i t w h i c h was l o c a t e d d o w n s t r e a m f rom 
t h e f i l t e r c h a m b e r and which punaped the f u r n a c e - c o n t a i n e d g a s e s to 
s t o r a g e t a n k s . The e q u i p m e n t w a s r e c e n t l y modi f i ed to p e r m i t d i r e c t 
s a m p l i n g of t h e f u r n a c e a t m o s p h e r e by m e a n s of p r e v i o u s l y e v a c u a t e d 
P y r e x b u l b s . 

The d i s t r i b u t i o n s of i o d i n e - 1 3 1 in c o m p o n e n t s of the off-
g a s s t o r a g e s y s t e m in two m e l t r e f i n ing e x p e r i m e n t s wi th a l loy con ta in ing 
m a c r o l e v e l s of f i s s i o n p r o d u c t s a r e c o m p a r e d in T a b l e 2. The r e l a t i v e 
c o n c e n t r a t i o n s of iod ine a c t i v i t y in l e a c h s o l u t i o n s of the f i l t e r m e d i a , and 
in s a m p l e s of gas f r o m the s t o r a g e t a n k and v a c u u m p u m p oi l w e r e r e l a t e d 
to the t o t a l a m o u n t of t h i s a c t i v i t y in the c h a r g e d a l loy by c o m p a r i s o n with 
a n a l y s e s of e q u a l l y i r r a d i a t e d ( con t ro l ) s u b s t i t u t e E B R - I I a l loy . A p p a r e n t l y 
no l a r g e d i f f e r e n c e s in t o t a l a c c o u n t a b l e iodine c o n c e n t r a t i o n in the s t o r a g e 
s y s t e m r e s u l t e d f r o m v a r i a t i o n s in t o t a l m e l t t i m e and in the i n i t i a l iodine 
c o n c e n t r a t i o n of the fuel a l loy , wh ich d i f fe red by a f a c t o r of about t h r e e in 
t h e two r u n s . 



The t r a n s p o r t to the o f f -gas s t o r a g e s y s t e m of only about 0.1 p e r c e n t of 
the t o t a l c h a r g e d iod ine a c t i v i t y in E x p e r i m e n t No. 3, d e s p i t e a r e m o v a l 
of 99.8 p e r c e n t of the iod ine a c t i v i t y f r o m the ingot d u r i n g the re f in ing 
o p e r a t i o n ( s ee p r e c e d i n g s e c t i o n ) , i s not in d i s a g r e e m e n t wi th p r e v i o u s l y 
r e p o r t e d o b s e r v a t i o n s ^ wh ich i n d i c a t e d tha t the iod ine d u r i n g m e l t re f in ing 
at high t e m p e r a t u r e s m a y p r i m a r i l y e v a p o r a t e a s c o m p o u n d s f o r m e d by 
c o m p l e x i n t e r a c t i o n s involv ing e l e m e n t s p r e s e n t in t h e i r r a d i a t e d a l loy 
and m a t e r i a l s u s e d in the m e l t re f in ing a s s e m b l y . M i n o r a c t i v i t i e s 
q u a l i t a t i v e l y iden t i f ied ( b e c a u s e of t h e i r low a c t i v i t i e s r e l a t i v e to 
iod ine -131) in s a m p l e s of the f i l t e r l e a c h i n g s a n d / o r the v a c u u m p u m p 
oi l w e r e b a r i u m - 1 4 0 , l a n t h a n u m - 1 4 0 , r u t h e n i u m - 1 0 6 , and c e s i u m - 1 3 7 . 
The a m o u n t of f r ee iod ine r e l e a s e d f rom the f u r n a c e to the gas s t r e a m 
of the s t o r a g e s y s t e m could not be a c c u r a t e l y a s s e s s e d f r o m the p r e s e n t 
d a t a . 

T a b l e 2 

D I S T R I B U T I O N O F I O D I N E - 1 3 1 IN N O B L E G A S - S T O R A G E S Y S T E M A F T E R 
M E L T R E F I N I N G H I G H L Y I R R A D I A T E D E B R - I I T Y P E M A T E R I A L 

E x p e r i m e n t N o . 

C h a r g e : 

2 

3 9 2 . 3 
0 .22 

28 
64 

3 h r a t 1400 C 

3 

3 6 2 . 5 
0 . 7 4 

14 
161 

1 h r a t 1400 C 

W e i g h t (g) 
B u r n u p ( t o t a l a t o m p e r c e n t ) 
C o o l i n g T i m e ( d a y s ) 
C a l c u l a t e d I o d i n e - 1 3 1 A c t i v i t y ( c u r i e s ) 
R e f i n i n g C o n d i t i o n s 

V o l u m e P u m p e d t o S t o r a g e ( l i t e r s ) : 

C h a r g e O u t g a s s m g t o - 8 5 0 C 122^^ b 
F u r n a c e P r e s s u r e R e d u c t i o n d u r i n g R e f i n i n g T- (step eliminated) 
Remo\ al of Melt Atmosphere after Refining 91" 105" 

Iodine-131 Distribution,"^ % of total charged m 

Primary Filter 
Secondary Filter 
Vacuum Pump Oil 
Noble Gas Storage Tank 
Copper Transfer Lines 

0 .3 
0.02 
0.01 
0 .2 

(Î ^̂  prese :nt)f ( j i i i 

0.09 
0.002 
0.002 
0.03 

present) 

Total Accountable 0.53 0.124 

^A\erage linear velocity through filters was 1.1 ft/mm. 

"Furnace gases pumped to \entilation system of ca\e. 

'^A\erage linear velocity through filters was 0.9 ft/mm. 

'^Average linear \elocity through filters was 0.45 ft/mm. 

^Analyses by gamma-spectrometric techniques; corrections for decay applied. 

Analysis not amenable to quantitative evaluation. 

Che l l ew , N. R. , and A d e r , M., The Mel t Ref in ing of I r r a d i a t e d U r a n i u m : 
App l i ca t i on to E B R - I I F a s t R e a c t o r F u e l . XI. B e h a v i o r of Iodine in 
Mel t Ref in ing , N u c l e a r Sc i . and E n g . 9, 82-86 ( I 9 6 I ) . 
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file:///elocity


In con junc t ion with one of the m e l t re f in ing e x p e r i n a e n t s 
conduc t ed wi th h ighly i r r a d i a t e d E B R - I I a l loy (Exp . 4), the effect of r e ­
p l a c e m e n t of f u r n a c e a t m o s p h e r e on r e t e n t i o n of iodine ac t i v i t y in the gas 
w a s fo l lowed . At the c o m p l e t i o n of a m e l t re f in ing o p e r a t i o n c a r r i e d out 
for one hou r at 1400 C, u n f i l t e r e d gas sanaples w e r e t a k e n of the in i t i a l 
a r g o n a t m o s p h e r e o v e r the m e l t and of the a t m o s p h e r e a f te r s u c c e s s i v e 
add i t i ons of a r g o n o r u n d r i e d a i r had b e e n m a d e to the f u r n a c e . Ingot, 
sku l l , and c r u c i b l e m e l t i n g a s s e m b l y w e r e r e t a i n e d in the fu rnace d u r i n g 
the s a m p l i n g and a t m o s p h e r e r e p l a c e m e n t o p e r a t i o n s . A n a l y s e s of the 
s a m p l e s ( e x t r a c t e d f r o m the f u r n a c e in p r e v i o u s l y e v a c u a t e d P y r e x bu lbs 
hav ing c a p a c i t i e s of a p p r o x i m a t e l y 3.5 cc) w e r e by g a m m a - s p e c t r o m e t r i c 
t e c h n i q u e s . 

The i o d i n e - 1 3 1 c o n c e n t r a t i o n s in the v a r i o u s r e p l a c e m e n t 
a t m o s p h e r e s con ta ined at p r e s s u r e s v a r y i n g b e t w e e n 590 and 740 m m a r e 
shown in T a b l e 3. The da t a show tha t , with the addi t ion of u n d r i e d a i r to 
the f u r n a c e (Step 4) a f te r two a r g o n f l u s h i n g s , the c o n c e n t r a t i o n of g a s e o u s 
iodine m the f u r n a c e w a s i n c r e a s e d by a fac to r of about e igh t . The r e l e a s e 
of t h i s a c t i v i t y to the a t m o s p h e r e is a p p a r e n t l y c a u s e d by a r e a c t i o n of 
the oxygen o r w a t e r v a p o r o r both in the a i r with the iod ides r e m o v e d f r o m 
the ingot d u r i n g m e l t r e f in ing . T h i s w a s s u b s t a n t i a t e d by the a p p r e c i a b l e 
r e d u c t i o n in g a s e o u s iodine in the f u r n a c e by r e p l a c e m e n t of the final a i r 
a t m o s p h e r e with a r g o n . I od ine -131 w a s the only g a m m a ac t iv i ty , o the r 
t han tha t a t t r i b u t a b l e to noble g a s e s , d e t e c t e d in the fu rnace a t m o s p h e r e 
s a m p l e s . 

Xable 3 

EFFECT OF ATMOSPHERE REPLACEMENT ON IODINE-131 RETAINED IN 
FURNACE GAS AFTER MELT REFINING EXPERIMENT NO 4 

Charge Composition uranium-5 weight percent fissium 
Weight 364 2 g 
Burnup ~ 1 total atom percent 
Cooling Time 35 days 
Refining Conditions l h r a t l 4 0 0 C 

Step 

1 

2 

3 

4 

5 

6 

Type 

Argon 
(melt atmos) 

Argon 

Argon 

Air 

Air 

Argon 

Atmosphere Addition^ 

Time Retained 
(hr) 

219 

10 

01 

23 9 

28 

119 0 

Pressure 
(mml 

590 

720 

740 

690 

735 

715 

Liters 
(SIP) 

100 

122 

125 

117 

125 

121 

Iodine-131 in Furnace'' 
(curies X 103) 

18 

(no sample, noble gas 
flushing operation) 

(no sample noble gas 
flushing operation) 

14 8 

95 

03 

^Greater than 98 percent of the gas which was contained in the furnace was evacuated by pumping prior to each 
subsequent atmosphere addition 

''Estimated accuracy of analysis, ±40 percent, activities corrected for decay to time of initial melt atmosphere 
sample 



c. Nitride Format ion on U r a n i u m - F i s s i u m Fuel Pins 
G. A. Bennett, W. A. Pehl) 

Nitr idation r a t e s obtained in a separa te s e r i e s of e x p e r i ­
ments with single uranium-f ive percent f iss ium pins have been repor ted 
previously (ANL-6287, page 42). A s imi la r exper iment has now been 
c a r r i e d out on a 2-kg sca le . In this exper iment , 1988 g of uranium-five p e r ­
cent f iss ium pins were maintained at 350 C for a period of 24 hr in an 
a tmosphere containing slightly over four percent n i t rogen. At the end of 
this period, the i nc rease in pin weight was de te rmined . The inc rease in 
weight was then compared to the i n c r e a s e in weight predic ted for these 
conditions by the data obtained f rom the s e r i e s of exper iments with single 
pins . The amount of ni t rogen consumed in the 2 -kg-sca le exper iment , as 
de termined from the weight i n c r e a s e , was 6.9 percent g r e a t e r than that 
predic ted . This difference is of l i t t le consequence and is probably a t t r i ­
butable to the g rea te r roughness of the surface of the pins (par t icular ly 
at the sheared pin ends) which were used in the p resen t expe r imen t s . 

2. Developmient of P r o c e s s e s Utilizing Liquid Metal Solvents 
( R . K . Steunenberg, L. B u r r i s , J r . ) 

Liquid meta l p r o c e s s e s a r e being developed for the purposes 
of recover ing the fissionable m a t e r i a l remaining as a skull in the mel t r e ­
fining crucible and for the isolat ion of plutonium bred in EBR-II blanket 
m a t e r i a l . Attention is a lso being given to the process ing in liquid meta l 
media of other fuel m a t e r i a l s , especia l ly future EBR-II c o r e s , which will 
contain plutonium as the fissionable m a t e r i a l . Work w^as a lso continued on 
the uti l ization of liquid metal media for the prepara t ion of var ious actinide 
element compounds, for example , u ran ium and plutonium carb ides and 
uranium s i l i c ides . 

a. Demonstrat ion of Skull Recovery P r o c e s s 
(R. D. P i e r c e , T. R. Johnson, J. F . Lenc, K. R. Tobias , 
R. L. Chr i s tensen , M. A. Bowden) 

The p r o g r a m for demonst ra t ion of the p r o c e s s for recovery 
of uranium from mel t refining crucible skulls has been continued. The ob­
ject ives of these runs a r e : 

1) to demons t ra te the feasibil i ty of the p r o c e s s ; 

2) to investigate the chemis t ry of the p r o c e s s ; 

3) to propose and invest igate p rocess modification; and 

4) to reveal and evaluate problems of equipment design and operat ion. 



Two d e m o n s t r a t i o n r u n s (Runs 9 and 10) w e r e c o m p l e t e d 
d u r i n g the q u a r t e r in wh ich the p r o c e s s s t e p s shown in F i g u r e 1 w e r e 
u s e d . T h e s e r u n s dif fer f r om t h o s e r e p o r t e d in the p r e v i o u s q u a r t e r l y 
r e p o r t ( A N L - 6 3 7 9 , page 45) on ly in the f i r s t s t e p . P r e v i o u s l y , the m o l t e n 
s a l t - s k u l l ox ide s l u r r y w a s t r a n s f e r r e d , for f u r t h e r p r o c e s s i n g , away 
f r o m the z inc p h a s e con ta in ing e x t r a c t e d noble m e t a l s , but , a s d i s c u s s e d 
in A N L - 6 3 7 9 , t h i s t r a n s f e r cou ld not be s a t i s f a c t o r i l y ef fected. In the 
new s c h e m e the z inc e x t r a c t con t a in ing the bulk of the noble f i s s i on p r o d ­
uc t e l e m e n t s i s t r a n s f e r r e d and d i s p o s e d of as a w a s t e . Since the s a l t -
sku l l ox ide m i x t u r e r e m a i n s in the c r u c i b l e , the s a m e c r u c i b l e i s emp loyed 
for bo th the nob le m e t a l e x t r a c t i o n and u r a n i u m r e d u c t i o n s t e p s (Steps A 
and B) . 

FIGURE 1 
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The two new d e m o n s t r a t i o n runs w e r e m a d e to check two 
f e a t u r e s of the changed f l owshee t : ( l ) the s u c c e s s of the noble m e t a l e x ­
t r a c t i o n and s u b s e q u e n t t r a n s f e r o p e r a t i o n , and (2) the f ea s ib i l i t y of 
r e u s i n g a c r u c i b l e con ta in ing a r e d u c t i o n h e e l and, t h e r e f o r e , s o m e r e d u c e d 
uran iuna for the noble m e t a l - e x t r a c t i o n s t e p of the s u c c e e d i n g run , i . e . , 
the f e a s i b i l i t y of the a l t e r n a t e and r e p e a t e d u s e of the s a m e c r u c i b l e for 
the noble m e t a l e x t r a c t i o n and u r a n i u m r e d u c t i o n s t e p s . All s t eps of the 
r u n s w e r e s u c c e s s f u l l y p e r f o r m e d ; h o w e v e r , a s has b e e n e x p e r i e n c e d 
b e f o r e , s o m e of the p r o d u c t s t u c k to the t a n t a l u m r e t o r t i n g c r u c i b l e s . 
The u s e of b e r y l l i a c r u c i b l e s , d i s c u s s e d in th i s r e p o r t on page 4 9 , a p p e a r s 
to be a so lu t ion to t h i s p r o b l e m of s t i c k i n g . 



In the f i rs t of the two runs . Run 9, ruthenium-10 3 t r a c e r 
was added to the oxidized skull charge to aid in ruthenium ana lys i s . The 
molten zinc containing ext rac ted noble me ta l s was readi ly t r a n s f e r r e d 
away from the solidified sal t phase by p r e s s u r e siphoning. The remova l 
of both ruthenium and molybdenum was over 70 percen t . This value is in 
agreement with previous exper ience and appears to be a p rac t i ca l l imit 
for the extract ion of these e lements from the sal t suspension of the 
oxidized skull . This l imitat ion may be a consequence of the slow diffusion 
of these e lements from the l a rge pa r t i c l e s of skull oxide. Although the 
removal of ruthenium and molybdenum is believed adequate, be t ter ex­
t rac t ion could be achieved if the proport ion of l a rge pa r t i c l e s in skull 
oxides could be reduced. (A par t ic le size dis t r ibut ion of fission skull 
oxide is given in F igure 2, page 44). The ruthenium that was not r e ­
moved in the noble me ta l - ex t r ac t ion step followed uranium through the 
balance of the p r o c e s s , apparent ly coprecipi ta t ing in both precipi ta t ion 
s teps . The molybdenum removal improved during subsequent s teps and 
pr incipal ly during the reduction s tep . The improved removal during the 
reduction is undoubtedly brought about by the low solubility of molybdenum 
(~0.02 percent) in the magnesiuna-zinc reducing solution. 

The crucible used in the noble meta l leach for the second 
run. Run 10, contained the heel from the reduction step of Run 8 ( repor ted 
in ANL-6379, page 45). The dissolved uranium in such heels must be r e -
oxidized to prevent loss in the waste zinc from the noble meta l leach. Less 
than 0.2 percent of the uranium was lost in the zinc waste s t r e a m frona the 
noble meta l extract ion step (step A). Therefore , this run demons t ra ted 
that the oxidizing agents , such as the noble meta l oxides, r a r e ea r th oxides, 
and U3O8, p resen t in the f resh charge of skull oxide were capable of oxi­
dizing completely the uraniuna p resen t in the heel solution. If n e c e s s a r y , 
however, an oxidizing agent, such as zinc chlor ide, could be added. 

The decontamination of uranium was typical of other 
demonst ra t ion runs and is p resen ted in Table 4. The uranium loss in the 
zinc waste s t r e a m from the in te rmeta l l i c compound precipi ta t ion step 
(step C) was excess ively high. Although only about 2 percent of the original 
uranium was in solution, 7 percent t r a n s f e r r e d . Normal ly , the physical 
ca r ryover of solids in this step is low, about 10 percent of that in solution, 

A previous observat ion suggests an explanation for these 
r e s u l t s . Phase separa t ions which have been at tempted after precipi ta t ing 
in te rmeta l l ic compounds of zinc and uraniumi from solutions containing 5 
and 10 percent magnes ium have exhibited a str iking difference. The in te r ­
metal l ic compound suspended a lmost quantitatively in the 10 percent m a g ­
nesium solutions and essent ia l ly not at all in 5 percent solut ions. 



T a b l e 4 

C O M P O S I T I O N OF R E C O V E R E D P R O D U C T 

( S k u l l - r e c o v e r y D e m o n s t r a t i o n Run D-10) 

E l e m e n t 

U r a n i u m 

C e r i u m 

Z i r c o n i u m 

R u t h e n i u m 

M o l y b d e n u m 

P a l l a d i u m 

M a g n e s i u m 

C h a r g e : 
Skull Oxide 

( O x y g e n - f r e e 
B a s i s ) 

( P e r c e n t ) 

91.0 

3.2 

1.23 

1.69 

2 .24 

0 .18 

None 

P r o d u c t ^ 
( O x y g e n - f r e e 

B a s i s ) 
( P e r c e n t ) 

97.5 

0.26 

0.15 

0.38 

0.31 

<5(lO-4) 

0.67 

P e r c e n t of 
E l e m e n t 

C h a r g e d to 
Step A F o u n d 

in P r o d u c t 

63 

4 . 9 

7 .7 

14 

8.3 

< 0 . 0 2 

-

^ P r o d u c t o x i d i z e d c o m p l e t e l y to p e r m i t s a m p l i n g . 

R e c e n t d a t a ^ for t h e z i n c - u r a n i u m - m a g n e s i u m t e r n a r y s y s t e m s u g g e s t tha t 
t h i s d i f f e r e n c e i s a r e s u l t of the p r e c i p i t a t i o n of d i f fe ren t i n t e r m e t a l l i c 
p h a s e s , the d e l t a and e p s i l o n p h a s e s . Al though a 5 weight p e r c e n t 
m a g n e s i u m - z i n c s o l u t i o n w a s u s e d in Run 10, it i s b e l i e v e d tha t cond i t i ons 
e n c o u n t e r e d in the i n t e r m e t a l l i c c o m p o u n d p r e c i p i t a t i o n s t e p r e s u l t e d in 
t h e p r o d u c t i o n of s o m e d e l t a p h a s e wh ich , un l ike the u s u a l e p s i l o n p h a s e , 
s u s p e n d e d and t r a n s f e r r e d wi th the w a s t e s o l u t i o n . 

A d r y b o x h a s b e e n o b t a i n e d and i s b e i n g r e a d i e d for u s e in 
fu tu r e d e m o n s t r a t i o n r u n s . The box wi l l be f i l led with a r g o n , which wi l l be 
r e c i r c u l a t e d t h r o u g h a p u r i f i c a t i o n t r a i n . The d r y b o x i s e x p e c t e d to e l i m i ­
n a t e p r o b l e m s of c h a r g i n g and un load ing h y g r o s c o p i c s a l t s and p y r o p h o r i c 
m e t a l s . 

P a r t i c l e Size D i s t r i b u t i o n of Skull Ox ides 
(R. D. P i e r c e , K. R. T o b i a s ) 

A p a r t i c l e s i z e d i s t r i b u t i o n of a b lend of sku l l o x i d e s f r o m 
the ox ida t i on of t h i r t e e n s k u l l s , which e x t e n d s the d i s t r i b u t i o n into the s u b -
s i e v e r a n g e , i s shown in F i g u r e 2. T h i s d i s t r i b u t i o n w a s o b t a i n e d in o r d e r 
to a s s e s s the d u s t i n g p r o b l e m c r e a t e d by the fine p a r t i c l e s . As F i g u r e 2 
i n d i c a t e s , l e s s t h a n 1 p e r c e n t of the p a r t i c l e s w e r e s m a l l e r t h a n 10^ in 
s i z e . The s m a l l e s t p a r t i c l e found w a s one m i c r o n in d i a m e t e r . 

M a r t i n , A. , p r i v a t e c o m m u n i c a t i o n . 



FIGURE 2 
PARTICLE SIZE DISTRIBUTION OF FISSIUM SKULL OXIDE 

PARTICLE SIZE, microns 
1 1 1 i 1 1 

325 170 80 45 25 14 
SCREEN SIZE,mesh 

b . P y r o i n e t a l l u r g i c a l R e d u c t i o n S tud ies 

( l ) Reduc t ion of U3O8 by Z m c - M a g n e s i u m Al loys 
( J . B Knighton, J . R. P a v l i k , H. E . Griffm) 

One of the s t e p s u n d e r c o n s i d e r a t i o n m the p r o c e s s i n g 
of ox id ized m e l t re f in ing s k u l l s i nvo lves the r e d u c t i o n of a u r a n i u m - f i s s i u m 
oxide m i x t u r e to p r o d u c e a f inal a l loy con ta in ing about 10 weight p e r c e n t 
u r a n i u m and 12 weigh t p e r c e n t m a g n e s i u m m z i n c . At t h i s m a g n e s i u m 
c o n c e n t r a t i o n , the high so lub i l i t y of u r a n i u m would p e r m i t a r e l a t i v e l y low 
vo lume of l iquid m e t a l so lu t ion m the p r o c e s s . E x p e r i e n c e with l a b o r a t o r y 
r e d u c t i o n s t u d i e s and p r o c e s s d e m o n s t r a t i o n e x p e r i m e n t s , h o w e v e r , h a s 
shown tha t the r a t e s of the r e d u c t i o n r e a c t i o n v a r y e r r a t i c a l l y u n d e r t h e s e 
c o n d i t i o n s . S ince e a s i l y r e p r o d u c i b l e b e h a v i o r i s c o n s i d e r e d e s s e n t i a l m 
p r o c e s s a p p l i c a t i o n , add i t i ona l s t u d i e s have b e e n m a d e to d e t e r m i n e w h e t h e r 
an i n c r e a s e m the a m o u n t of flux u s e d m the r e a c t i o n would o v e r c o m e the 
diff iculty of e r r a t i c b e h a v i o r . 

Two r e d u c t i o n s w e r e p e r f o r m e d m which the quan t i ty 
of flux was v a r i e d . A c a l c i u m c h l o r i d e - m a g n e s i u m c h l o r i d e - m a g n e s i u m 
f luor ide flux (47 .5 , 47 .5 , and 5 m o l e p e r c e n t , r e s p e c t i v e l y ) was u s e d m t h e s e 
e x p e r i m e n t s . In o r d e r to d e a l with a s i m p l e r s y s t e m , U3O8 w a s s u b s t i t u t e d 
for the u r a n i u m - f i s s i u m oxide m i x t u r e . The r e s u l t s of t h e s e e x p e r i m e n t s , 
shown m F i g u r e 3, i nd i ca t e t ha t i n c r e a s i n g the quan t i ty of flux h a s a 
bene f i c i a l effect upon the r a t e of r e d u c t i o n . In Run B, w h e r e a f l u x - t o - m e t a l 
weight r a t i o of one was u s e d , the r e d u c t i o n w a s v e r y r a p i d , r e a c h i n g a 
p l a t e a u m 30 m m , w h e r e a s m Run A with a f l u x - t o - m e t a l r a t i o of 2 the r a t e 
w a s c o n s i d e r a b l y s l o w e r . 



FIGURE 3 

REDUCTION OF UsOe TO PRODUCE 10 WEIGHT PERCENT URANIUM-

12 WEIGHT PERCENT MAGNESIUM-ZINC ALLOY 
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CONDITIONS 

TEMP 800 C 
MIXING RATE 600 rpm 
METAL Zn-l5 8w/o Mg (amount as specified ) 
FLUX 500g 475 m/o CaCl2-475m/oMg Clj-Sm/o MgFj 

OXIDE UjOs,-170+ 325 MESH 
ATMOSPHERE ARGON 
CRUCIBLE TANTALUM 

FLUX 
RUN (g) 

O A 500 

Zn 

782 0 

Mg 
(g) 

U3O8 w/o U AT 100% 
(g) REDUCTION 
117 8 

500 39Z 5 73 5 58 9 

10 0 

9 8 

30 60 90 120 150 180 210 

TIME,mm 

J L 
240 270 300 330 

It a p p e a r s tha t i n c r e a s i n g the quant i ty of flux m a y 
e l i m i n a t e the e r r a t i c r e d u c t i o n r a t e s o b s e r v e d in th i s s y s t e m . A m o r e 
s e r i o u s p r o b l e m i s the fact t ha t the ex t en t of r e d u c t i o n was l i m i t e d to 
96 o r 97 p e r c e n t in both e x p e r i m e n t s . Susp ic ion that the u r a n i u m c o n ­
t en t of the U3O8 w a s in e r r o r w a s r e m o v e d by add i t iona l a n a l y s e s . T h e s e 
r e s u l t s imp ly tha t u n d e r c e r t a i n cond i t i ons the r e d u c t i o n r e a c t i o n m a y be 
l i m i t e d by a c h e m i c a l e q u i l i b r i u m . T h i s p o s s i b i l i t y is being e x p l o r e d 
m o r e fully. 

(2) Effect of F l u x Volume on the Reduc t ion of U3O8 
(J . B . Knighton, J . D. Schi lb , H. E . Griffin) 

The effect of v a r i a t i o n s in the amoun t of flux on the 
r e d u c t i o n of U3O8 by z inc - f ive weigh t p e r c e n t m a g n e s i u m so lu t ion h a s been 
i n v e s t i g a t e d . The flux u s e d in the e x p e r i m e n t s had the following c o m p o s i ­
t i on : 47.5 m o l e p e r c e n t c a l c i u m c h l o r i d e , 47.5 m o l e p e r c e n t m a g n e s i u m 
c h l o r i d e , and 5 m o l e p e r c e n t m a g n e s i u m f l u o r i d e . The e x p e r i m e n t a l 
r e s u l t s a r e shown in F i g u r e 4, w h e r e the p e r c e n t r e d u c t i o n i s p lo t t ed a s 
a funct ion of b y p r o d u c t m a g n e s i u m oxide " c o n c e n t r a t i o n " o r " load ing" in 
the f lux. (Since the m a g n e s i u m oxide h a s a low so lub i l i ty in the flux, it is 
s u s p e n d e d a s a so l id ; thus the a m o u n t p e r unit vo lume of flux cannot 
p r o p e r l y be t e r m e d a c o n c e n t r a t i o n . ) The m a g n e s i u m oxide loading in the 



flux i s a va lue c a l c u l a t e d f r o m the d e c r e a s e of m a g n e s i u m c o n c e n t r a t i o n 
in the m e t a l p h a s e . It d o e s not inc lude m a g n e s i u m and c a l c i u m oxide o r 
o x y c h l o r i d e s wh ich m a y be p r e s e n t a s i m p u r i t i e s in the o r i g i n a l flux 
c o m p o n e n t s . 
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FIGURE 4 
EFFECT OF MAGNESIUM OXIDE LOADING IN FLUX ON UjOg REDUCTION 
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CONDITIONS ftO^i-^^ ' 

- MIXING RATE 
METAL 

- OXIDE 
ATMOSPHERE 

- FLUX 

- THEORETICAL 
1 1 1 1 

BOOC ^ 
800 rpm 
400 g Zn-5w/o Mg 
188 g U308,-80, + l70 MESH 
AIR 
475m/o CaCi2-47 5 m/o MgCl j - 5 m/o MgF2 
(amount as specified) 
3 92 w/o Urn solution at 100% reduction 

0 2 4 6 8 10 12 14 16 18 
MgO CONCENTRATION IN FLUX, weiglil percent 

The fol lowing c o n c l u s i o n s can be r e a c h e d on the b a s i s 
of the r e s u l t s ob t a ined : 

(a) Within the r a n g e of e x p e r i m e n t a l cond i t i ons ( s ee F i g u r e 4), t he 
r e d u c t i o n r a t e i n c r e a s e s as the a m o u n t of flux i s i n c r e a s e d . 

(b) The l o s s of u r a n i u m to t h e flux d e c r e a s e s a s t h e a m o u n t of flux 
i s i n c r e a s e d . 

(c) The r e d u c t i o n r a t e fa l l s off m a r k e d l y at m a g n e s i u m oxide 
l oad ings in the flux e x c e e d i n g about 11 weight p e r c e n t . (Th i s v a l u e , how­
e v e r , does not t a k e into accoun t the p o s s i b i l i t y of m a g n e s i u m and c a l c i u m 
oxide i m p u r i t i e s which m a y be p r e s e n t . ) 

In t h e s e e x p e r i m e n t s , the f inal m a g n e s i u m c o n c e n t r a t i o n s in the m e t a l 
p h a s e r a n g e d f r o m 3.0 to 3.2 weigh t p e r c e n t . 

It should be no ted tha t h igh p e r c e n t a g e s of r e d u c t i o n 
of u r a n i u m o x i d e s ( a p p r o a c h i n g 100 p e r c e n t ) have b e e n ob ta ined c o n s i s t ­
en t ly wi th 5 weigh t p e r c e n t m a g n e s i u m - z i n c so lu t i ons in which the f inal 
c o n c e n t r a t i o n of u r a n i u m is about 5 p e r c e n t . It is s u s p e c t e d tha t t he 
l ower p e r c e n t a g e of r e d u c t i o n (about 96 p e r c e n t ) ob ta ined in the p r e c e d i n g 
s tudy i s r e l a t e d to the h i g h e r u r a n i u m c o n c e n t r a t i o n (about 10 p e r c e n t ) in 
the f ina l s o l u t i o n . 

(3) R e d u c t i o n of Z i r c o n i a f r o m a Mel t Refining C r u c i b l e 
( J . B . Knighton, J . R. Pav l ik ) 

In the ox ida t ion s t e p of the m e l t r e f in ing s k u l l - r e c o v e r 
p r o c e s s , s o m e s m a l l f r a g m e n t s of the z i r c o n i a c r u c i b l e a r e i n t r o d u c e d into 



t he s k u l l ox ide p r o d u c t . T h e s e g e n e r a l l y a m o u n t to about one p e r c e n t by 
weigh t of the ox ide p r o d u c e d . It i s t h e r e f o r e n e c e s s a r y to d e t e r m i n e the 
ex ten t to which t h i s m a t e r i a l i s r e d u c e d to z i r c o n i u m m e t a l in the o x i d e -
r e d u c t i o n s t e p of the p r o c e s s . 

Two r e d u c t i o n e x p e r i m e n t s wi th z i r c o n i a c r u c i b l e 
f r a g m e n t s have b e e n p e r f o r m e d in zinc so lu t ions con ta in ing 5 and 
12 we igh t p e r c e n t m a g n e s i u m . The r e s u l t s of t h e s e e x p e r i m e n t s , shown 
in F i g u r e 5, i n d i c a t e e f fec t ive ly c o m p l e t e r e d u c t i o n by the 12 p e r c e n t 
m a g n e s i u m so lu t ion and 83 p e r c e n t r e d u c t i o n by the 5 p e r c e n t so lu t ion 
in 5 h r at 800 C. 

FIGURE 5 

REDUCTION OF CRUCIBLE ZIRCONIA 

CONDITIONS 
TEMP 8 0 0 C 

MIXING RATE 6 0 0 rpm 

METAL 1000 g Zn-Mg (Mg cone as indicated) 

FLUX 5 0 O g 4 7 5 m / o C a C l 2 - 4 7 5m/0 

MgCl2 -5m/oMg F2 

ATMOSPHERE ARGON 

OXIDE 14 4 g crucible zirconia 

CRUCIBLE TANTALUM 

P r e v i o u s l y r e p o r t e d w o r k ( see 
A N L - 6 3 3 3 , page 60) i nd i ca t ed tha t a m u c h 
s m a l l e r p e r c e n t a g e of z i r c o n i a w a s r e d u c e d 
(about 4 p e r c e n t in 8 h r ) in c o m p a r a b l e r e ­
duc ing s y s t e m s , i . e . , s y s t e m s employ ing 
about 5 weight p e r c e n t m a g n e s i u m - z i n c 
s o l u t i o n s . It is b e l i e v e d tha t the d i f fe rence 
in r e s u l t s m a y be r e l a t e d to d i f f e r e n c e s in 
p h y s i c a l p r o p e r t i e s of the z i r c o n i a that w a s 
u s e d in the two s t u d i e s . It is not c e r t a i n , 
h o w e v e r , t ha t t h i s is the only f a c t o r which 
c o n t r i b u t e d to the d i v e r g e n c e of the r e s u l t s . 

Al though the r e d u c t i o n r a t e of the 
c r u c i b l e m a t e r i a l is l ower at the lower 
m a g n e s i u m c o n c e n t r a t i o n , it is s t i l l suf­
f ic ient to r e q u i r e c o n s i d e r a t i o n in the s k u l l -
r e c o v e r y f lowshee t . The z i r c o n i a r e d u c t i o n s 
tha t w e r e ob ta ined a r e v e r y l i ke ly m o r e 
e x t e n s i v e t han those tha t would o c c u r unde r 

p r o c e s s cond i t ions b e c a u s e ( l ) m u c h s h o r t e r t i m e s a r e r e q u i r e d for c o m ­
p l e t e r e d u c t i o n of the u r a n i u m ox ides u n d e r p r o c e s s cond i t i ons , and 
(2) the z i r c o n i u m oxide a p p e a r s to be s t a b i l i z e d th rough the f o r m a t i o n of 
c o m p o u n d s wi th c e r i u m ox ide when the l a t t e r i s p r e s e n t . 

2 3 

TIME, hours 

It i s of i n t e r e s t to note tha t th i s r e a c t i o n m a y 
r e p r e s e n t a p o t e n t i a l m e t h o d for the p r o d u c t i o n of z i r c o n i u m m e t a l d i r e c t l y 
f r o m the o x i d e . 

(4) Reduc t ion of T h o r i u m Oxide by Z i n c - M a g n e s i u m Alloys 
(J . B . Knighton, H. E . Griffin) 

Al though the r e d u c t i o n of t h o r i u m oxide to the m e t a l i s 
not r e l a t e d d i r e c t l y to E B R - I I fuel p r o c e s s i n g , it is of c h e m i c a l i n t e r e s t 
and m a y r e p r e s e n t a p o t e n t i a l e x t e n s i o n of p y r o c h e m i c a l p r o c e s s i n g to 
t h o r i u m r e a c t o r f u e l s . 



C o m p l e t e r e d u c t i o n s of t h o r i u m oxide w e r e d e s c r i b e d 
in the p r e c e d i n g q u a r t e r l y r e p o r t ( A N L - 6 3 7 9 , page 59). T h i s w o r k i s be ing 
ex t ended to inc lude a s tudy of the effect of m a g n e s i u m ion c o n c e n t r a t i o n in 
the flux on the r e d u c t i o n . P r e l i m i n a r y r e s u l t s of t h i s i n v e s t i g a t i o n , shown 
in F i g u r e 6, i n d i c a t e tha t a m i n i m u m of about 30 m o l e p e r c e n t c o n c e n t r a t i o n 
of m a g n e s i u m c a t i o n s in the flux i s r e q u i r e d to p r o d u c e r a p i d , c o m p l e t e 
r e d u c t i o n s by z i n c - 5 weight p e r c e n t m a g n e s i u m a l loy in 2 h r at 750 C. 

FIGURE 6 
EFFECT OF MAGNESIUM CATION ON REDUCTION OF ThOg 

BY ZINC-MAGNESIUM-MOLTEN FLUX SYSTEMS 
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CONDITIONS 

TEMP: 
MIXING RATE 

METAL-

FLUX-
OXIDE 

ATMOSPHERE 

750 C 
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4 0 0 g Zn-5 w/o Mg 
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4 5 g Th02 
AIR 

^ T h CONCENTRATION AT 100 % 
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FLUX 

20 m/o CaF2 
15 m/o MgCl2-
25m/oMgCl2 
35 m/o MgCl2 
45m/o MgCl2 
55m/o MgCl2 

1 1 

5 m/o 
-5 m/o 
-5 m/o 
-5 m/o 
- 5 m/o 

1 

MgF2 
MgF2 
MgFg 
MgF2 
MgF2 

1 1 1 
10 20 30 40 50 60 70 80 90 100 

MAGNESIUM CATION CONCENTRATION IN FLUX, m/o 

R e t o r t i n g of U r a n i u m C o n c e n t r a t e s 
( j . F . L e n c , M. A. Bowden) 

I so la t ion of the u r a n i u m p r e c i p i t a t e d in the d e c o m p o s i t i o n 
s t ep of the p r o p o s e d s k u l l - r e c l a m a t i o n p r o c e s s ( see A N L - 6 3 7 9 , F i g u r e 5, 
page 46) r e q u i r e s a f inal r e t o r t i n g s t e p to r e m o v e the a s s o c i a t e d z inc and 
m a g n e s i u m . The r e t o r t e d u r a n i u m p r o d u c t should be r e a d i l y r e c o v e r a b l e 
in a f o r m s u i t a b l e for r e m o t e h a n d l i n g . In add i t ion , the p r o d u c t should be 
suff ic ient ly f r e e of any i m p u r i t i e s t ha t would inhibi t i t s l iqua t ion with 
o t h e r fuel m a t e r i a l upon r e c y c l e to the m e l t re f in ing o p e r a t i o n . 



D u r i n g the p a s t q u a r t e r , p r e s s e d - a n d - s i n t e r e d b e r y l l i a 
c r u c i b l e s (4 - i n . OD by 9 in . high) w e r e i n v e s t i g a t e d for the r e t o r t i n g 
o p e r a t i o n . P r e v i o u s l y , t a n t a l u m c r u c i b l e s had been e m p l o y e d , but the 
y ie ld of r e a d i l y r e m o v a b l e u r a n i u m a g g l o m e r a t e s (70 to 80 p e r c e n t ) w a s 
l ower than tha t d e s i r e d for p r o c e s s a p p l i c a t i o n . Yie lds of ove r 90 p e r c e n t 
have r e s u l t e d in s e v e n e x p e r i m e n t s conduc ted to da te in b e r y l l i a c r u c i b l e s . 
The y i e l d s have i n c r e a s e d with e x p e r i e n c e and i m p r o v e m e n t s in the qua l i ty 
of the b e r y l l i a c r u c i b l e s so tha t y i e l d s of ove r 98 p e r c e n t have b e e n r e a l i z e 
in the l a s t four r u n s ( s ee T a b l e 5). T h e s e l a t t e r y i e lds w e r e a c h i e v e d in 
one b e r y l l i a c r u c i b l e which h a s b e e n s u c c e s s f u l l y r e u s e d four t i m e s with 
no s i gns of f a i l u r e e v i d e n t . Abi l i ty to r e u s e t h i s c r u c i b l e i s a t t r i b u t e d to 
i t s high d e n s i t y (about 90 p e r c e n t of the t h e o r e t i c a l d e n s i t y of 3.025 g / c c ) 
and to i m p r o v e d t e c h n i q u e s u s e d by the m a n u f a c t u r e r for i t s f a b r i c a t i o n . 
F u r t h e r m a n u f a c t u r i n g i m p r o v e m e n t s a r e be ing e x p l o r e d (e .g . , b e t t e r 
c o n t r o l of p a r t i c l e s i z e , m o l d cond i t ion , and c l o s e r i n s p e c t i o n ) . 

T a b l e 5 

Y I E L D OF URANIUM A G G L O M E R A T E S IN T H R E E - S T E P ^ 
R E T O R T I N G E X P E R I M E N T S IN B E R Y L L I A C R U C I B L E S 

S c a l e : 150 g u r a n i u m 
C r u c i b l e : 4 - i n OD x 9 m. h igh; v o l u m e : about 1150 c c . 

U r a n i u m A g g l o m e r a t e s -
C r u c i b l e Run P e r c e n t of To ta l R e t o r t e d Condi t ion of B e r y l l i a 

No No P r o d u c t Easil-y R e c o \ e r e d C r u c i b l e a f t e r Run 

1 R-12 90-6 Side wall c r a c k e d c i r c u m f e r e n t i a l l y 
a t p lane co inc iden t wi th l iquid m e t a l 
l e v e l . 

Z R - 1 3 99 ^ About 1 sq m of i n s i d e s u r f a c e 
b r o k e away f r o m c r u c i b l e 

3*̂  R - 1 4 93 1 P o r o u s a r e a m c r u c i b l e bo t t om and 
l i n e a r c r a c k m s ide wal l Some 
l e a k a g e of l iquid m e t a l so lu t ion 

4 R - 1 5 98 8 C r u c i b l e bo t t om d i s c o l o r e d but not 
p o r o u s No l e a k a g e of l iquid m e t a l 
so lu t ion . 

99-3 No change af te r s e c o n d u s e 

98.1 No change af te r t h i r d u s e 

99-0 No change af te r four th u s e 

4^ 

4C 

4^ 

R - 1 6 

R - 1 7 

R - 1 8 

^ T h e t h r e e s t e p s a r e the l a s t t h r e e s t e p s of the s k u l l - r e c l a m a t i o n p r o c e s s , n a m e l y , 
(1) p r e c i p i t a t i o n of the u r a n i u m - z m c i n t e r m e t a l l i c c o m p o u n d fol lowed by r e m o \ a l of 
s u p e r n a t a n t l iquid m e t a l , (Z) d e c o m p o s i t i o n of th i s c o m p o u n d with m a g n e s i u m to 
p r e c i p i t a t e the u r a n i u m which is a g a i n fol lowed by r e m o v a l of the s u p e r n a t a n t l iquid , 
and (3) f inal r e t o r t i n g to d i s t i l l off the r e s i d u a l zmc and m a g n e s i u m . 

" F o r m e d by cold t a m p i n g and f i r ing to about 66 p e r c e n t t h e o r e t i c a l dens i t y . 

C F o r m e d by i s o s t a t i c a l l y p r e s s i n g and f i r ing to about 90 p e r c e n t t h e o r e t i c a l d e n s i t y 



The samie " t h r e e - s t e p " e x p e r i m e n t a l p r o c e d u r e tha t w a s 
u s e d p r e v i o u s l y to e v a l u a t e t a n t a l u m c r u c i b l e s ( A N L - 6 3 7 9 , page 62) w a s 
e m p l o y e d in the c u r r e n t t e s t s c o n d u c t e d in b e r y l l i a c r u c i b l e s . In t h i s 
p r o c e d u r e , t h e s a m e c r u c i b l e i s u s e d in the l a s t t h r e e s t e p s of the s k u l l -
r e c l a m a t i o n p r o c e s s , n a m e l y , (1) p r e c i p i t a t i o n of the u r a n i u m - z i n c i n t e r ­
m e t a l l i c c o m p o u n d fo l lowed by r e m o v a l of the s u p e r n a t a n t l iqu id m e t a l , 
(2) d e c o m p o s i t i o n of t h e i n t e r m e t a l l i c c o m p o u n d with m a g n e s i u m to 
p r e c i p i t a t e the u r a n i u m w h i c h i s a g a i n fo l lowed by r e m o v a l of the s u p e r ­
n a t a n t so lu t i on , and (3) f ina l r e t o r t i n g of the p r e c i p i t a t e d u r a n i u m to d i s t i l l 
off r e s i d u a l z inc and m a g n e s i u m . 

T h u s f a r , four h i g h - p u r i t y b e r y l l i a c r u c i b l e s o b t a i n e d 
f r o m t h e B r u s h B e r y l l i u m C o m p a n y have b e e n t e s t e d . The f i r s t two 
c r u c i b l e s ( N o s . 1 and 2) w e r e f a b r i c a t e d by co ld t a m p i n g and f i r i ng b e r y l l i a 
p o w d e r to about 66 p e r c e n t t h e o r e t i c a l d e n s i t y . S u b s e q u e n t l y , two c r u c i b l e s 
(Nos . 3 and 4) w e r e o b t a i n e d which w e r e f o r m e d by i s o s t a t i c a l l y p r e s s i n g 
and f i r i n g b e r y l l i a p o w d e r to a p p r o x i m a t e l y 90 p e r c e n t t h e o r e t i c a l d e n s i t y . 

C r u c i b l e No . 1 r e m a i n e d i n t a c t t h r o u g h the t h r e e s t e p s of 
one e x p e r i m e n t b e f o r e c r a c k i n g . R e s u l t s of t h i s t e s t w e r e r e p o r t e d in 
A N L - 6 3 7 9 , page 63 , and F i g u r e 14, p a g e 64. C r u c i b l e No . 2 w a s a l s o i n t ac t 
a f t e r one r u n e x c e p t for the i n n e r s u r f a c e w h e r e an i r r e g u l a r - s h a p e d p i e c e 
of b e r y l l i a (about 1 sq in . in a r e a ) b r o k e away f r o m t h e s ide w a l l . The low 
d e n s i t y r e s u l t i n g f r o m the t a m p i n g m e t h o d of c r u c i b l e f a b r i c a t i o n i s b e l i e v e d 
r e s p o n s i b l e for t h i s s p a l l i n g effect . B e c a u s e of t h i s cond i t i on , no a t t e m p t 
w a s m a d e to r e u s e the c r u c i b l e . 

Some l e a k a g e of t h e m e l t t h r o u g h the c r u c i b l e b o t t o m w a s 
no ted at t h e c o m p l e t i o n of t h e f i r s t s t e p ( i n t e r m e t a l l i c p r e c i p i t a t i o n ) of an 
e x p e r i m e n t c o n d u c t e d in c r u c i b l e No. 3, a h i g h - d e n s i t y , i s o s t a t i c a l l y p r e s s e d 
c r u c i b l e . In add i t i on , a h o r i z o n t a l c r a c k d e v e l o p e d in the s ide w a l l . How­
e v e r , the c r u c i b l e r emia ined su f f i c i en t ly i n t ac t so tha t i t w a s p o s s i b l e to 
c o m p l e t e the d e c o m p o s i t i o n and r e t o r t i n g s t e p s of the e x p e r i m e n t . A 
p o s s i b l e e x p l a n a t i o n for the f a i l u r e of t h i s c r u c i b l e , a s s u g g e s t e d by the 
v e n d o r , i s t he u s e of r e l a t i v e l y c o a r s e b e r y l l i a p o w d e r c o m b i n e d with m o l d 
i m p e r f e c t i o n s in the f o r m i n g p r o c e s s . 

In c o n t r a s t wi th t h e r e s u l t s e x p e r i e n c e d with t h e f i r s t t h r e e 
b e r y l l i a c r u c i b l e s t e s t e d , the fou r th c r u c i b l e ( s e e F i g u r e 7) h a s b e e n u s e d 
in four " t h r e e - s t e p " e x p e r i m e n t s wi thou t any e v i d e n c e of d e t e r i o r a t i o n , 
s a v e for a s m a l l d i s c o l o r e d a r e a in t h e c r u c i b l e b o t t o m . T h i s d i s c o l o r a t i o n 
i s a t t r i b u t e d to the p r e s e n c e of i m p u r i t i e s in the b e r y l l i a which w e r e i n ­
t r o d u c e d e i t h e r d u r i n g f a b r i c a t i o n o r u s a g e . 

In a l l of the above t e s t s , the m a j o r p o r t i o n (90 to 99 p e r c e n t ) 
of the r e t o r t e d u r a n i u m d u m p e d f r e e of the c r u c i b l e in a g g l o m e r a t e f o r m . 
The r e m a i n d e r of t h e p r o d u c t d e p o s i t e d on the s i d e w a l l in the f o r m of a th in 
r i n g . R e c o v e r y of t h i s l a t t e r m a t e r i a l by r e c y c l i n g it wi th the c r u c i b l e 
a p p e a r s f e a s i b l e . 
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F i g u r e 7 

ISOSTATICALLY P R E S S E D B E R Y L L I A C R U C I B L E 
A F T E R FOUR SUCCESSIVE R E T O R T I N G RUNS 

(See p r o c e d u r e on page 50 . C r u c i b l e s i z e : 4 in . OD 
by 9 in . h igh . Note d i s c o l o r e d a r e a n e a r b o t t o m . ) 

A l t e r n a t i v e R e t o r t i n g P r o c e d u r e s 

F i g u r e 8 shows a t y p i c a l a g g l o m e r a t e of p r e c i p i t a t e d 
u r a n i u m enve loped in a z i n c - m a g n e s i u m m a t r i x which d u m p e d f r ee f r o m 
a b e r y l l i a c r u c i b l e a f te r the m a g n e s i u m d e c o m p o s i t i o n s t e p of the s k u l l -
r e c l a m a t i o n p r o c e s s . T e s t s a r e be ing m a d e to d e t e r m i n e w h e t h e r the 
r e s i d u a l z inc and m a g n e s i u m can be bo i l ed away f r o m the u r a n i u m at 
a t m o s p h e r i c p r e s s u r e wi thout s ign i f i can t u r a n i u m l o s s e s due to e n t r a i n -
m e n t . If t h e s e t e s t s a r e s u c c e s s f u l , two a l t e r n a t i v e s i m p l i f i c a t i o n s to 
the s k u l l - r e c l a m a t i o n p r o c e s s m a y be p o s s i b l e . One s i m p l i f i c a t i o n would 
be the e l i m i n a t i o n of the r e t o r t i n g s t e p by adding the u r a n i u m a g g l o m e r a t e 
d i r e c t l y to the m e l t re f in ing s t e p ; the z inc and m a g n e s i u m would be r e ­
m o v e d by v a p o r i z a t i o n at a t m o s p h e r i c p r e s s u r e and the u r a n i u m l iqua ted 
with o t h e r fuel m a t e r i a l . Th i s p r o c e s s mod i f i c a t i on would depend upon 
the r e a d y r e m o v a l of the p r e c i p i t a t e d u r a n i u m a g g l o m e r a t e s f r o m the 
d e c o m p o s i t i o n c r u c i b l e a f t e r the d e c o m p o s i t i o n s t e p . 

>^/,iiL • F i g u r e 8 

A P P E A R A N C E OF URANIUM 
A G G L O M E R A T E C O A T E D WITH 

MAGNESIUM-ZINC SYSTEM A F T E R 
MAGNESIUM DECOMPOSITION S T E P 



If t h e s e a g g l o m e r a t e s a r e not r e a d i l y r e m o v a b l e , an a l t e r n a t i v e s inap l i f i ca -
t ion m a y be to r e t o r t at n e a r a t m o s p h e r i c p r e s s u r e in the b e r y l l i a c r u c i b l e . 
Th i s would e l i m i n a t e the n e e d for t igh t c l o s u r e s so t h a t the d e s i g n of r e ­
m o t e l y o p e r a t e d r e t o r t i n g e q u i p m e n t would be s i m p l i f i e d . 

d. D e v e l o p m e n t of A l t e r n a t i v e P r o c e s s i n g P r o c e d u r e s 

(1) D i r e c t D i s s o l u t i o n of Canned E B R - I I F u e l P i n s 
(R. D. P i e r c e , K. R. T o b i a s , R. L . C h r i s t e n s e n ) 

T h r e e s u r v e y r u n s w e r e m a d e to i n v e s t i g a t e a p o s s i b l e 
m e t h o d for t r e a t i n g E B R - I I p ins d i r e c t l y by the p r o p o s e d s k u l l - r e c o v e r y 
p r o c e s s . T h i s t r e a t m e n t could be va luab l e for p ins which a r e too bad ly d i s ­
t o r t e d for d e c a n n i n g o r o t h e r w i s e canno t be hand l ed by d e c a n n i n g and m e l t 
r e f i n i n g . F i s s i u m p ins and s t a i n l e s s s t e e l w e r e d i s s o l v e d in a z i n c - f u s e d 
flux m i x t u r e which c o n t a i n e d zinc c h l o r i d e a s an ox idan t . The in ten t ion of 
t h i s s t e p w a s to d i s s o l v e the s t a i n l e s s s t e e l in the z i n c , ox id ize the u r a n i u m 
to the t r i c h l o r i d e wi th the z inc c h l o r i d e , and e x t r a c t t he u r a n i u m t r i c h l o r i d e 
into the f lux, whi le l eav ing the r e l a t i v e l y noble s t a i n l e s s s t e e l c o n s t i t u e n t s 
in the z inc p h a s e . 

The c h a r g e d a t a and r e s u l t s of t h r e e r u n s a r e s u m ­
m a r i z e d in T a b l e 6. D i s s o l u t i o n w a s s low at 500 C in Run S D - 1 2 3 . 

Table 6 

DIRECT DISSOLUTION OF SIMULATED EBR-II FUEL PINS 
IN FLUX-ZINC SYSTEM USING CHLORIDE OXIDANT 

Charge: 70 g fissium pins 
10 g 304 stainless steel 
1700 g zinc 
500 g flux^. 42 mole % MgCI^, 25 mole % NaCl, 17 mole % KCl, 

4 5 mole % MgF^ and 11 5 mole % ZnCl^ 

Crucible- Unbaffled quartz, S f - m ID 
Agitation Runs SD-I19 and SD-123, l | - i n x ^ - m Ta paddle at 

100 to 180 rpm 
Run SD-124, 2 | - i n x l - m W paddle at 100 rpm 

R u n 

N o 

SD-123 

S D - 1 I 9 

SD-124 

C o n s t i t u e n t 

U r a n i u m 
Nicke l 

U r a n i u m 
I r o n 
C h r o m i u m 
Nicke l 

U r a n i u m 
I r o n 
C h r o m i u m 
Nicke l 

T e m p 
(C) 

5 0 0 

6 0 0 

500 to 600^^ 

P e r c e n t in 
F l u x a f t e r 

1 0 | h r 

- 1 0 0 ^ 
0 45b 

16b 
2 l b 

i h r 

-
9 5 

0 9 

81 5 
- 1 0 0 

P e r c e n t m 

I h r 3 h r 

2 2 0 7 
17 25 

14 

Z m c a f t e r 

7 h r 

0 25 
- 1 0 0 

80 
- 1 0 0 

l O i - h r 

0 24 
99+c 

83 5 
-100 

^Freezing range of flux was found to be 470 to 445 C 

°Entire salt phase dissolved for analysis 

'^Since the zmc was saturated with iron, this number was obtained by difference 

See heating pat tern m Figure 9 



At the end of the r u n ( 3 - h r d u r a t i o n ) , the d i s s o l u t i o n was i n c o m p l e t e but 
s t i l l p r o g r e s s i n g . At 600 C m Run SD-119 d i s s o l u t i o n r a t e s w e r e r a p i d . 
The p a t t e r n of d i s s o l u t i o n of the s t a i n l e s s s t e e l , b a s e d on n i cke l a n a l y s e s , 
m Run SD-124 , m which the t e m p e r a t u r e was g r a d u a l l y i n c r e a s e d f rom 
500 to 600 C, i s shown m F i g u r e 9. 

FIGURE 9 
DISSOLUTION OF STAINLESS STEEL OF SIMULATED 

EBR U FUEL PINS IN FLUX-ZINC SYSTEM 

(Run SD- 124, see conditions in Table 6 
Nickel analysis was used as representative 
of stainless steel dissolution ) 

TEMPERATURE,C 
^00|-|»-525--j | ^ 5 5 0 H I— 

J I I I 
3 4 

TIME, hours 

The d i s t r i b u t i o n of the e l e m e n t s was l a r g e l y as expec ted 
and, t h e r e f o r e , v e r y e n c o u r a g i n g . Uraniuna a p p e a r e d n e a r l y c o m p l e t e l y 
m the flux p h a s e w i thm a r e l a t i v e l y s h o r t p e r i o d of t i m e at 600 C, and only 
about 0.25 p e r c e n t r e m a i n e d beh ind m the zmc p h a s e . N e a r l y a l l of the 
i r o n and n i c k e l r e m a i n e d m the z m c p h a s e , thus m ak i ng p o s s i b l e a good 
s e p a r a t i o n of t h e s e e l e m e n t s f rom u r a n i u m . C h r o m i u m , h o w e v e r , d i s ­
t r i b u t e d p a r t i a l l y into the flux p h a s e (15 to 20 p e r c e n t ) . The s e p a r a t i o n of 
c h r o m i u m f r o m uran iuna should a l m o s t c e r t a i n l y be i m p r o v e d by p r o p e r 
r e d u c t i o n of the z m c c h l o r i d e c o n c e n t r a t i o n . 

The t a n t a l u m a g i t a t o r s u s e d m Runs SD-119 and SD-123 
w e r e bad ly c o r r o d e d , but the t u n g s t e n a g i t a t o r u sed m Run SD-124 a p p e a r e d 
to be unaf fec ted by e x p o s u r e to the f l u x - m e t a l s y s t e m . The q u a r t z c r u c i b l e s 
w e r e not a t t a c k e d but did c r a c k on coo l ing . 



(2) Chlorinat ion of U r a n i u m - F i s s i u m Oxide in Molten 
Salt Media 
(J. P . LaPlan te , D. A. Wenz, H. E. Griffin) 

The chlorinat ion of u ran ium-f i s s ium oxide mix tures 
to form compounds soluble in molten hal ides has rece ived some cons ide ra ­
tion as a potential modification of the sku l l - r ecove ry p r o c e s s by melt 
refining. The possible advantages of such a scheme lie mainly in the 
el imination of insoluble uran ium and magnes ium oxide-mol ten salt s l u r r i e s 
through convers ion of these compounds to chlor ides which a r e soluble in 
chloride m e l t s . 

Chlorine, phosgene, and aluminum chloride have been 
used for the chlorination of uran ium oxides.-^"5 F e r r i c chloride has also 
been mentioned as a ca ta lys t .4 In the p resen t work a two- to three-fold 
excess of a carbon monoxide-chlor ine mix ture (2:1) was passed through 
200 g of a halide flux containing about 20 g of u ran ium-f i s s ium oxide in 
suspension. The sys tem was agitated and maintained at a t e m p e r a t u r e of 
800 to 850 C. During the course of the chlorinat ion, f i l tered flux samples 
were taken per iodical ly in Vycor tubes fitted with graphi te f i l t e r s . It was 
a s sumed that the e lements not p re sen t as soluble species in the flux 
samples had not been chlor inated or had been removed from the sys tem as 
volatile ch lor ides . The pe rcen tages of var ious e lements found in the flux 
samples a re l is ted in Table 7 for var ious chlorinat ion t imes and flux 
composi t ions . 

The f i r s t two exper iments were identical , except for 
a quartz s t i r r e r used in Exper iment 1 and a tantalum s t i r r e r in Exper iment 2 
The quartz was only slightly etched by the mel t , whereas the tantalum suf­
fered severe at tack. It appears that the p resence of tantalum d e c r e a s e s 
the percentage of soluble uran ium, but i n c r e a s e s somewhat the amount of 
ce r ium in solution. Throughout the exper iments substant ia l amounts of 
z i rconium, molybdenum, and ruthenium were removed from the sys tem, 
p resumably through the format ion of volatile ch lor ides .6 In Exper iment 3 
the p resence of f e r r i c chloride (formed by adding i ron to the melt) resul ted 
in a significant i nc rease in the chlorinat ion ra te of uranium oxide. Addition 
of zinc chloride to the flux (Exper iment 4) also inc reased the chlorination 
r a t e s of uranium, molybdenum, pal ladium, z i rconium, and ruthenium, but 
volatil ization of ruthenium chloride appears to have been inhibited. 

Lyon, W. L., and Voiland, E. E., The P repa ra t ion of Uranium Dioxide 
from a Molten Salt Solution of Uranyl Chloride, HW-62431 (1959). 

•^Gibson, A. R., Buddery, J. H., and Har r i son , K. T., Br i t i sh Patent 
No. 843,261 (I960). 

^Blomgren, G. E., and Van Artsdalen , E. R. ,Ann. Rev. Phys . Chem. H , 
273 (I960). 

6Bradley, D., The P repa ra t i on and P r o p e r t i e s of the Chlor ides of Ura-
nium, Plutonium, Thor ium and of the F i s s ion Product Chlor ides , 
AERE-C/R-2215 (1957). 



Table 7 

CHLORINATION OF URANIUM-FISSIUM OXIDE IN MOLTEN CHLORIDE MEDIA 

Oxide 20 g uranium-fissium oxide reconstituted from screen fractions m original proportions 

Flux 200 g, composition as indicated 

Chlorinating 

Agent CO-Clj 2 1 ratio 2-3times the stoichiometric requirement 

Temperature 800 to 850 C 

Stirring 640 rpm 
Materials Vycor sample tubes, porcelain thermocouple well alumina crucible, tantalum or 

quartz stirrer 

Experiment 

Flux 

Time 
(mm) 

30 

60 

90 

120 

180 

Element 

U 
Mo 
Pd 
Ce 
Zr 
Ru 

U 
Mo 
Pd 
Ce 
Zr 
Ru 

U 
Mo 
Pd 
Ce 
Zr 
Ru 

U 
Mo 
Pd 
Ce 
Zr 
Ru 

U 
Mo 
Pd 
Ce 
Zr 
Ru 

1 

NaCI-KCI 
(50, 50 m/o) 

72 
68 

-
22 

-
-

102 
^ 1 

43 
6 

75 

99 
<05 

-
43 

-
56 

100 
<05 

-
47 
7 

38 

-
-

-
-
-

23 

NaCI-KCI 
(50, 50 m/o) 

3 

NaCI-KCI + lOgFe 
(50, 50 m/ol 

Percentage of element orig 

75 
31 
48 

100 
2 

<05 

73 
14 

43 

-
6 

<9 

62 
02 

39 
61 
3 

<4 

57 
01 

38 
89 
4 

<03 

-

-
-
-

96 
61 
59 
29 

<06 
<06 

-
-
-
-

-
94 
52 
59 
34 

<3 
3 

-
-
-
-
-
-
-
-
-
-
-

4 

NaCI-KCI-ZnCl2 
(47 5 47 5, 5 0 m/o) 

nally present found in 

100 
16 
67 
30 
6 

<02 

100 
01 

69 
25 
21 

100 

-
-
-
-
-
-
-
-
-

-
-

100 
<05 
67 
26 
19 
96 

5 

LiCI-MgCl2-MgF 
(47 5, 47 5, 5 0 m/o) 

filtered flux sample 

7 
100 
89 
38 

<10 
<06 

7 
93 
71 
33 

<06 
<03 

7 
72 
51 
34 

<06 
<04 

6 
77 
35 
28 

<06 

-
-
-
-
-
-
-

6 

LiCI-BaCl2-MgF2 
(47 5 47 5 5 0 m/o) 

4 
74 
73 

-
<11 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

100 
13 

59 
51 
5 

79 

^Tantalum stirrer 

U r a n i u m oxide c h l o r i n a t i o n was r e l a t i v e l y inef fec tua l m a l i t h ium 
c h l o r i d e - m a g n e s i u m c h l o r i d e - m a g n e s i u m f luor ide flux ( E x p e r i m e n t 5), 
whi le the c h l o r i n a t i o n of c e r i u m a p p e a r e d to p r o c e e d at about the s a m e 
r a t e as in the o t h e r f l u x e s . In the l i t h ium c h l o r i d e - b a r i u m c h l o r i d e -
m a g n e s i u m f luo r ide flux u s e d m E x p e r i m e n t 6, the u r a n i u m oxide was 
c h l o r i n a t e d s lowly , but conaple te ly a f t e r 3 h r . 

The effects of m a g n e s i u m f luor ide and l i th ium c h l o r i d e 
on the c h l o r i n a t i o n r a t e of u r a n i u m oxide w e r e s tud ied b r i e f ly m a s e p a r a t e 
s e t of e x p e r i m e n t s . The r e s u l t s a r e shown in F i g u r e 10. I n c r e a s i n g the 
m a g n e s i u m f luo r ide c o n c e n t r a t i o n in the flux and subs t i t u t ing l i th ium 
c h l o r i d e for p o t a s s i u m c h l o r i d e both d e c r e a s e d the r a t e of u r a n i u m oxide 
c h l o r i n a t i o n . 



FIGURE 10 

CHLORINATION OF URANIUM OXIDE It is interesting to note that the 
chlorination rates of uranium oxides as 
a function of flux composition show the 
same type of periodic variation as that 
observed in the reduction of uranium 
oxides by zinc-magnesium alloy, but in 
reverse order (see ANL-6287, page 53). 
The rates of reduction decrease while 
the rate of chlorination increases as 
the atomic radii of the Group I and II 
cations in the flux are increased. Simi­
larly, increasing the fluoride ion con­
centration enhances the reduction rate, 
but decreases the chlorination rate. 

No further work on the chlorina­
tion procedure is being planned. The 
fact that the procedure apparently 
offers no significant advantage over the 

method in which uranium oxides are reduced directly is the main reason 
for the discontinuance of work in this area. 

e. Development of Process for Recovery of Plutonium from 
EBR-II Blanket Material 
(I. O. Winsch, T. F. Cannon) 

Plutonium will be generated in the depleted uranium 
blanket material of the EBR-II reactor to a concentration of about one per­
cent before the blanket material is discharged for processing. The blanket 
processes under investigation for the separation of plutonium from uranium 
by pyrometallurgical methods are based on the solubility of plutonium in 
magnesium-rich zinc alloys and the contrasting low solubility of uranium 
in these alloys. 

Additional work was completed in the past quarter on a 
procedure in which uranium blanket material is dissolved in a 12 to 
15 weight percent magnesium-zinc alloy at 800 C to give about a 
14 weight percent uranium solution. On addition of magnesium to a 
50 percent concentration, uranium precipitates from solution while the 
plutonium remains in solution. The uranium solubility in the supernatant 
phase is decreased by cooling to 400 C prior to removal of the plutonium-
bearing supernatant phase. Isolation of the plutonium from the supernatant 
phase will be accomplished by distilling away the magnesium and zinc. 

20 -

OXIDE 20 g reconstituted uranium-fissium oxide 

TEMPERATURE 800 to 850 C 
CHLORINATING AGENT CC 

STIRRER quartz 
STIRRING RATE 

FLUX 200 g 

- o/ 

0 

~ i c/y 
— / / y^ 

^ 

640 rpm 

< / 
^ o 

n 

A 

-CIp 

^ 

^ 

(2 1) 

^ 
y 

^ 

475 m/o KCI-47 5m/o 
NoCI-50m/oMgF2 

45 0 m/o KCI-
NaCI 

45 0 m/o 
-10 0 m/o Mg F2 

475 m/o LiCI 
NoCI 

1 
- 5 0 m/o 

-47 5 m/o 
MgFa 

1 



(1) P r o c e s s D e m o n s t r a t i o n 

A s e c o n d p r o c e s s d e m o n s t r a t i o n run has b e e n c o m ­
p l e t e d in which the p r o c e d u r e ou t l ined above was fol lowed. About 400 g of 
a u r a n i u m - 1 we igh t p e r c e n t p lu ton ium a l loy in the f o r m of j - i n . d i a m e t e r 
by 3- in . r o d s w a s u s e d as c h a r g e m a t e r i a l . All o p e r a t i o n s w e r e conduc ted 
in h e l i u m a t m o s p h e r e s wi th t a n t a l u m v e s s e l s and t a n t a l u m a u x i l i a r i e s 
( a g i t a t o r s , ba f f l e s , and t h e r m o c o u p l e w e l l s ) . R e s u l t s have b e e n s u m m a r i z e 
for e a c h s t e p in Tab le 8. 

Table 8 

SUMMARY OF BLANKET PROCESS DEMONSTRATION RUN NO 2 

340 g Magnesium 
2085 g Zinc 

395 2 g Uranium 
3 94g Plutonium 

Dissolution 
(800 C) 

Time 
(hr) 

U Cone 
(w/o) 

13 9 
14 3 

Percent of 
Theoretical U 
Concentration 

99 
102 

—1745 g Magnesium 

Uranium Pre­
cipitation at 

800 C 
Followed by 
Cooling to 

400 C 

Concentration (w/o) 
Temp 
(C) 

800 
600 
400 

U Pu 

Pu Cone 
(w/o) 

0137 
0142 

Percent of 
Theoretical Pu 
Concentration 

Percent of 
Theoretical Pu 
Concentration 

98 
102 

0 30 
0117 
0 039 

0 086 
0 088 
0 094 

92 
94 

100 

Phase 
Separation 

(400 C) 

J608gMg-Zn-Pu-U 
"87% of Supernatant 

Concentration in Trans­
ferred Supernatant (w/o) 

U Pu 

0 039 
(14g) 

0 0934 
(3 37 g) 

Total Pu Present 
in Transferred 
Supernatant 

(%) 

87 

-2007 g of 50 w/o Magnesium-Zinc 

Wash at 600 C 
Followed by 
Cooling to 

400 C 

Temp 
(C) 

585 
400 

Concentration (w/o) 

Pu 

0 113 
0 045 

0 014 
0 0145 

Percent of 
Theoretical Pu 
Concentration 

66 
69 

Phase 
Separation 

J918gMg-Zn-Pu-U 
77% of Supernatant 

Concentration in Trans­
ferred Supernatant (w/o) 

U Pu 

540 g Magnesium-Zinc 
381 g Uranium 

0 23g Plutonium 

0 015 
(0 29 g) 

Total Pu Present 
in Transferred 
Supernatant 

(%) 

56 

The total plutonium separated m the supernatant solutions was 3 66 g of possible 3 88 g (excludes amount re­
moved in samples) or 95 percent of that available The uranium content is known only for the initial supernatant 
solution in which a total of 1 4 g was found For this solution a plutonium separation factor of 241 was realized 
Because of inadvertent contamination of the wash solution with uranium the uranium content of the wash solu­
tion remains unknown Extrapolating the performance of the first phase separation would give a uranium content 
of 0 77 g and would give an overall separation factor of 169 



A n a l y s e s of s o l u t i o n s anap l e s showed e s s e n t i a l l y 
c o m p l e t e d i s s o l u t i o n a f t e r 4 h r . C o n c e n t r a t i o n s of u r a n i u m and p l u t o n i u m 
r e m a i n e d s t a b l e (in fac t , i n c r e a s e d s l igh t ly ) d u r i n g an a d d i t i o n a l 4 h r a l ­
lowed for t h e d i s s o l u t i o n . T h e s e o b s e r v a t i o n s d u p l i c a t e t h o s e of the f i r s t 
r u n ( A N L - 6 3 7 9 , page 75) and i n d i c a t e t ha t t he d i s s o l u t i o n s t e p shou ld be a 
s t r a i g h t - f o r w a r d o p e r a t i o n . 

On a d d i t i o n of m a g n e s i u m to the so lu t i on to a 50 p e r ­
cen t c o n c e n t r a t i o n and d u r i n g s u b s e q u e n t coo l ing f r o m 800 to 400 C, the 
u r a n i u m c o n c e n t r a t i o n d e c r e a s e d f r o m 0.3 p e r c e n t at 800 C to 0.039 p e r c e n t 
at 400 C. The p l u t o n i u m c o n c e n t r a t i o n s i m u l t a n e o u s l y i n c r e a s e d f r o m 
92 p e r c e n t to 100 p e r c e n t of the t h e o r e t i c a l v a l u e . F a i l u r e to r e a l i z e t h e o ­
r e t i c a l p l u t o n i u m c o n c e n t r a t i o n s i m m e d i a t e l y at 800 C c a n p e r h a p s be 
a t t r i b u t e d to e n t r a p m e n t of p l u t o n i u m wi th in the p r e c i p i t a t e d u r a n i u m and 
the s u b s e q u e n t r e l e a s e of the t r a p p e d p l u t o n i u m upon s t i r r i n g the m i x t u r e 
d u r i n g t h e long coo l ing p e r i o d . A s i m i l a r b e h a v i o r w a s no ted in t h e f i r s t 
r u n excep t t ha t t he u r a n i u m c o n c e n t r a t i o n d e c r e a s e d f u r t h e r on coo l ing 
(to 0 .025 p e r c e n t at 440 C) . Good plutoniuna r e c o v e r y and s e p a r a t i o n f r o m 
u r a n i u m in t h i s s t e p a r e i n d i c a t e d in bo th r u n s . 

The 87 p e r c e n t p h a s e s e p a r a t i o n o b t a i n e d in t h i s r u n 
r e p r e s e n t s an i m p r o v e m e n t o v e r the 70 p e r c e n t s e p a r a t i o n r e a l i z e d in t h e 
f i r s t r u n . The s e p a r a t e d p l u t o n i u m - b e a r i n g p h a s e w a s s u b s e q u e n t l y r e ­
h e a t e d to 800 C and s a m p l e d to d e t e r m i n e the ex t en t of p h y s i c a l c a r r y o v e r 
of u r a n i u m . The c o n c e n t r a t i o n of u r a n i u m w a s 0.0 39 p e r c e n t wh ich i n d i c a t e s 
t ha t e s s e n t i a l l y no p h y s i c a l c a r r y o v e r of u r a n i u m o c c u r r e d . 

In t h e s u b s e q u e n t w a s h s t e p , c a r r i e d out at 600 C wi th 
a 50 p e r c e n t m a g n e s i u m - z i n c so lu t ion , fo l lowed by coo l ing to 400 C p r i o r 
to p h a s e s e p a r a t i o n , an a d d i t i o n a l 8.0 p e r c e n t of the p l u t o n i u m w a s r e ­
c o v e r e d , wh ich b r o u g h t the t o t a l p l u t o n i u m r e c o v e r e d to 95 p e r c e n t . How­
e v e r , the a m o u n t of p l u t o n i u m a p p e a r i n g in s o l u t i o n w a s only about 
70 p e r c e n t of the a v a i l a b l e a m o u n t . While t h i s i s not a s e r i o u s l o s s (and 
would not be a l o s s if the b l a n k e t m a t e r i a l w e r e r e u s e d ) , it i n d i c a t e s t ha t 
a p r o b l e m m a y e x i s t at t h i s po in t . T h i s f inding i s c o n t r a d i c t o r y to t h a t of 
the f i r s t r u n in wh ich 98.5 p e r c e n t of the a v a i l a b l e p l u t o n i u m at t h i s po in t 
w a s found in the w a s h s o l u t i o n . One p o s s i b l e e x p l a n a t i o n for the f a i l u r e to 
r e a l i z e a t h e o r e t i c a l p l u t o n i u m c o n c e n t r a t i o n in t h e w a s h so lu t ion i s t he 
p r e c i p i t a t i o n of the p l u t o n i u m by i m p u r i t i e s i n t r o d u c e d wi th the w a s h a l l oy . 

B e c a u s e of i n a d v e r t e n t c o n t a m i n a t i o n of the w a s h 
so lu t ion wi th u r a n i u m , it b e c a m e i m p o s s i b l e to d e t e r m i n e the p h y s i c a l 
c a r r y o v e r of u r a n i u m in t h i s s t e p . 

In s u m m a r y , 95 p e r c e n t of t h e p l u t o n i u m w a s r e c o v e r e d 
f r o m the i n i t i a l 1 p e r c e n t p l u t o n i u m - u r a n i u m a l l o y . B e c a u s e the u r a n i u m 
con ten t of the w a s h s o l u t i o n could not be d e t e r m i n e d , it i s not p o s s i b l e to 



give an o v e r a l l p l u t o n i u m - u r a n i u m s e p a r a t i o n f ac to r ( p l u t o n i u m - u r a n i u m 
r a t i o in p r o d u c t d iv ided by p l u t o n i u m - u r a n i u m r a t i o in c h a r g e m a t e r i a l ) . 
The s e p a r a t i o n f a c t o r for the f i r s t s u p e r n a t a n t so lu t ion w a s 2 4 1 . If it i s 
a s s u m e d tha t no p h y s i c a l c a r r y o v e r of u r a n i u m in the w a s h so lu t ion o c c u r r e d 
(as w a s the c a s e for the i n i t i a l p h a s e s e p a r a t i o n ) , the o v e r a l l u r a n i u m -
p l u t o n i u m s e p a r a t i o n f a c t o r would be 169. 

(2) P r e c i p i t a t i o n of U r a n i u m wi th C a l c i u m f r o m 
M a g n e s i u m - Z i n c - P l u t o n i u m - U r a n i u m Solu t ions 
(I. O. W i n s c h , T . Cannon) 

A p o s s i b l e f u r t h e r r e d u c t i o n of the u r a n i u m c o n c e n ­
t r a t i o n in the 50 we igh t p e r c e n t m a g n e s i u m - z i n c - p l u t o n i u m - u r a n i u m so lu t ion 
r e s u l t i n g f r o m the p r e c i p i t a t i o n s t e p in the b l anke t p r o c e s s m a y be b r o u g h t 
about by t h e a d d i t i o n of c a l c i u m . R e s u l t s p r e s e n t e d in A N L - 6 3 7 9 , page 66, 
show t h a t the so lub i l i t y of u r a n i u m in z inc d e c r e a s e s with the add i t ion of 
c a l c i u m . 

It b e c a m e of i n t e r e s t , t h e r e f o r e , to d e t e r m i n e the 
effect of c a l c i u m on u r a n i u m and p l u t o n i u m so lub i l i t y in a 50 weight p e r c e n t 
m a g n e s i u m - z i n c so lu t i on . The r e s u l t s of an e x p e r i m e n t showing the effect 
of a 1 7 p e r c e n t c a l c i u m c o n c e n t r a t i o n a r e shown in T a b l e 9. 

T a b l e 9 

E F F E C T OF C A L C I U M ADDITION ON URANIUM AND 
P L U T O N I U M SOLUBILITY IN A 50 WEIGHT P E R C E N T 

M A G N E S I U M - Z I N C SOLUTION 

O r i g i n a l C h a r g e : 1533 g Zn, 1533 g Mg, 2.83 g Pu , 3.4 g U 

U r a n i u m in Solut ion P l u t o n i u m in Solut ion 
T e m p C a l c i u m 

(C) (w/o) (w/o) (% of C h a r g e ) (w/o) (% of C h a r g e ) 

440 0 0.025 22.5 0.092 100 

480^ 16.8 0.002 2.2 0.071 92.5 

^Af te r c a l c i u m add i t i on , m e l t i n g poin t of a l loy w a s r a i s e d to about 
470 C, wh ich n e c e s s i t a t e d the t e m p e r a t u r e c h a n g e . 

The u r a n i u m in so lu t ion at 480 C af te r the add i t ion of 
c a l c i u m w a s r e d u c e d to about t e n p e r c e n t of tha t in so lu t ion at 440 C in the 
o r i g i n a l m e l t . H o w e v e r , the a d d i t i o n of c a l c i u m m a y have r e s u l t e d in p r e ­
c i p i t a t i o n of s o m e p l u t o n i u m wi th t h e u r a n i u m as shown by the 7 . 5 - p e r c e n t 
d e c r e a s e in the p l u t o n i u m c o n c e n t r a t i o n . Th i s a p p a r e n t p r e c i p i t a t i o n of 
p l u t o n i u m shou ld be c h e c k e d if the p r o c e d u r e i s of i n t e r e s t . It i s a l s o 



p o s s i b l e t h a t a l o w e r c a l c i u m c o n c e n t r a t i o n in t h e m a g n e s i u n n - z i n c so lu t ion 
would e f fec t ive ly p r e c i p i t a t e the u r a n i u m f r o m so lu t ion with a l e s s d e l e t e r i o u s 
effect on the p l u t o n i u m c o n c e n t r a t i o n . 

The p r o c e d u r e i n d i c a t e s a p o s s i b l e m e t h o d of i m p r o v i n g 
the s e p a r a t i o n of p l u t o n i u m f r o m uran iumi , bu t , s i n c e an e q u a l l y good s e p a r a ­
t ion can be o b t a i n e d by e v a p o r a t i n g the so lu t i on to c a u s e a d d i t i o n a l u r a n i u m 
p r e c i p i t a t i o n , i t wi l l not be p u r s u e d f u r t h e r at t h i s t i m e . 

f. Developmient of P r o c e s s e s for P l u t o n i u m R e a c t o r F u e l s 

(1) C a l c i u m E x t r a c t i o n S tud ie s 
(M. A d e r , I. O. W i n s c h , T . F . Cannon) 

P r e v i o u s l y r e p o r t e d s t u d i e s ( s ee A N L - 6 3 7 9 , page 65) 
i n d i c a t e d the p o s s i b i l i t y of s e p a r a t i n g r a r e e a r t h s f r o m p l u t o n i u m and 
p l u t o n i u m - u r a n i u m by e x t r a c t i o n with c a l c i u m o r c a l c i u m - r i c h z inc s o l u ­
t i o n s . In a c o n t i n u a t i o n of t h e s e s t u d i e s , the d i s t r i b u t i o n of c e r i u m b e t w e e n 
(a) p l u t o n i u m and c a l c i u m at about 860 C, and b e t w e e n (b) p l u t o n i u m and 
c a l c i u m - r i c h z inc s o l u t i o n s at about 860 C and 705 C, w a s d e t e r m i n e d in 
an e x p e r i m e n t d e s c r i b e d b e l o w . C o n c u r r e n t l y , s o m e d a t a w e r e o b t a i n e d 
for the s o l u b i l i t y of p l u t o n i u m in c a l c i u m and c a l c i u m - z i n c s o l u t i o n s , s m a l l 
a m o u n t s of c e r i u m b e i n g p r e s e n t in bo th c a s e s . 

About 134 g of plutoniuna and 2.82 g of n e u t r o n -
i r r a d i a t e d c e r i u m w e r e a l l oyed by h e a t i n g in a h e l i u m a t m o s p h e r e a t about 
700 C for 3-^ h r in a 3 - i n . - d i a m e t e r t a n t a l u m c r u c i b l e hav ing a t r u n c a t e d 
c o n e - s h a p e d b o t t o m . The a l loy w a s s t i r r e d wi th a t a n t a l u m padd l e for 
about 30 m i n , and a l l owed to s t a n d at r o o m t e m p e r a t u r e o v e r a w e e k e n d . 
Next , a t o t a l of 71 g of c a l c i u m s t i c k s ( n o m i n a l l y 99.5 p e r c e n t ) w a s added 
and the t e m p e r a t u r e w a s r a i s e d to about 860 C. The t w o - p h a s e m i x t u r e 
w a s s t i r r e d for 2-J- h r , a l l owed to s e t t l e about 30 m i n , and s a m p l e d . 
" B u c k e t - t y p e " s a m p l e s ( i . e . , not f i l t e r e d ) of the l igh t , c a l c i u m p h a s e w e r e 
t a k e n by p r e s s u r i z i n g the l iquid in to a " I - - i n . - d i a m e t e r t a n t a l u m t u b e hav ing 
a c l o s e d b o t t o m and a 0 . 0 4 5 - i n . - d i a m e t e r ho le in i t s w a l l . A d u p l i c a t e 
s a m p l e w a s t a k e n wi th in about 15 m i n . S u b s e q u e n t a d d i t i o n s of c a l c i u m 
w e r e m a d e wh ich e n a b l e d the d e t e r m i n a t i o n of the c e r i u m d i s t r i b u t i o n at 
c a l c i u m / p l u t o n i u m weigh t r a t i o s of 0 . 5 3 , 1.0, 1.9, and 3 .8 . I n t e r v a l s of 
a g i t a t i o n ( 3 ^ h r ) , s e t t l i n g (30 m i n to 17 h r ) , and s a m p l i n g at about 860 C 
( c a l c i u m p h a s e on ly )* fol lowed e a c h c a l c i u m a d d i t i o n . 

In the s e c o n d p a r t of the e x p e r i m e n t , the effect of 
z inc d i s s o l v e d in the c a l c i u m p h a s e on t h e c e r i u m d i s t r i b u t i o n w a s m e a s ­
u r e d at about 860 C and 705 C. I n c r e m e n t a l a d d i t i o n s of z inc w e r e m a d e 
to g ive n o m i n a l c o n c e n t r a t i o n s of 11 , 22 , and 35 we igh t p e r c e n t (7 , 15, and 
25 a t o m p e r c e n t ) in the c a l c i u m p h a s e . The e x p e r i m e n t a l p r o c e d u r e w a s 
s i m i l a r to t h a t d e s c r i b e d a b o v e . 

* T h e p l u t o n i u m p h a s e w a s no t s a m p l e d b e c a u s e r e p e a t e d s a m p l i n g would 
h a v e d e p l e t e d the s m a l l v o l u m e of l iqu id p l u t o n i u m (l 34 g = about 8 c c ) . 



S a m p l e s w e r e d i s s o l v e d in c o n c e n t r a t e d n i t r i c ac id 
c o n t a i n i n g about 0.5 M h y d r o c h l o r i c ac id and ana lyzed for (a) zinc by a 
m e t h o d involv ing E D T A t i t r a t i o n and c o m p l e x i n g with p o t a s s i u m cyan ide ; 
(b) p l u t o n i u m by a lpha count ing a f t e r s e p a r a t i o n of c a l c i u m , z inc , and 
a m e r i c i u m - 2 4 1 ; and (c) c e r i u m by f i r s t r e m o v i n g p lu ton ium by m e a n s of 
t r i b u t y l p h o s p h a t e e x t r a c t i o n , and t h e n count ing c e r i u m - 1 4 1 g a m m a 
(145-kev) a c t i v i t y in a s i n g l e - c h a n n e l a n a l y z e r ad jus ted to d i s c r i m i n a t e 
a g a i n s t e n e r g i e s l e s s t h a n 125 k e v (for e x a m p l e , 6 0 - k e v a m e r i c i u m - 2 4 1 
g a m m a a c t i v i t y ) . 

The a n a l y t i c a l da t a , which a r e g iven in Tab le 10, a r e 
a v e r a g e s of d u p l i c a t e s a m p l e s , excep t for the l a s t s a m p l e t a k e n t h rough a 
g r a p h i t e f i l t e r . 

Table 10 

EXTRACTION OF PLUTONIUM AND CERIUM FROM PLUTONIUM 
SOLUTIONS INTO CALCIUM-RICH SOLUTIONS 

E x p e r i m e n t : M A - C a - 9 
Condi t ions: Tan ta lum equipment ; he l ium a t m o s p h e r e 

P r o c e d u r e : I 34 g plutonium al loyed with 2 8Z g i r r a d i a t e d c e r i u m at 700 C, 
then mixed with 71 g ca l c ium at 860 C Subsequent addit ions of 
ca l c ium (Pa r t 1) as indicated below, followed by addit ions of 
zmc ( P a r t Z) 

Sampling: Unf i l te red l iquid s a m p l e s of ca lc ium phase p r e s s u r i z e d into 
"bucke t - type" t an ta lum tubes Data m chronological o r d e r 

Ca lc ium P h a s e 

Temp 
(C) 

P a r t I 

860 ± 3 
866 ± 2 
859 ± 3 
856 ± 3 

P a r t 2 

860 ± 4 
712 ± 4 
860 ± 6 
703 ± 4 
855 ± 3 
704 ± 3 
704 ± 3'= 

Ca P h a s e / P u P h a s e 
Weight Rat io 

0. 
I 
I 
3 

4 
3 
4 
4 
5 
5 
5 

53 

OQ 

95 
85 

3 
ob 
9 
8 

9 
7 
7 

Z n 

eight P e r c e 
Found 

P u 

0 104 
0.106 
0 099 
0 100 

;nt 

C e 

0 86 
0 74 
0 54 
0 35 

P e r c e n t 
Extr , 

P u 

0 056 
0 I I 
0 20 
0 38 

acted 

C e 

22 
36 
51 
66 

D 
Ce 

is t r ibut ion 
Rat io^ 

0 53 
0 55 
0 55 
0 51 

10 7 
14 8^ 
21 8 
22 0 
34 3 
34 8 
35 0 

0 119, 0 ( 
0 060 

0 138, 0 , 
0 085 
0 70 
0 28 
0.023 

387 

247 

0.38 
0 41 
0 36 
0 36 
0 33 
0.33 
0.31 

0 44 
0 19 
0 93 
0 40 
4 0 
I 6 

_ 

79 
63 
87 
87 
94 
95 
_ 

0 89 
0 56 
1 3 
1 4 
2 7 
3 2 

g C e / g Ca p h a s e 
g C e / g Pu phase 

" P r e c i p i t a t i o n of l a r g e amount of c a l c ium meta l indicated by i n c r e a s e m zmc concen t r a ­
tion on lower ing t e m p e r a t u r e f rom 860 to 712 C Liquidus curve of C a - Z n b ina ry phase 
d i ag ram m a y be i n c o r r e c t (see footnote page 62) 

'-Sample f i l t e red through Grade 60 graph i te fri t 

^Dis t r ibu t ion Ratio 



The m a x i m u m d i f f e r e n c e s found b e t w e e n d u p l i c a t e s a m p l e s w e r e : p l u t o ­
n i u m , 10 p e r c e n t , e x c e p t for the two c a s e s w h e r e r e s u l t s of e a c h s a m p l e 
a r e shown; c e r i u m , 2.5 p e r c e n t ; and z i n c , 2.3 p e r c e n t . T h i s i s po in ted out 
to i n d i c a t e the r e l i a b i l i t y of the d a t a and t h e r e b y to s u p p o r t t he c o m p u t e d 
p e r c e n t a g e e x t r a c t i o n s and c e r i u m d i s t r i b u t i o n r a t i o s g iven in T a b l e 10. 
S ince c e r i u m and p l u t o n i u m w e r e d e t e r m i n e d only in t h e c a l c i u m p h a s e , 
the r e m a i n d e r i s a s s u m e d to be in the p l u t o n i u m p h a s e and i s ob t a ined 
by d i f f e r e n c e . T h u s , t he c o m p u t e d c e r i u m d i s t r i b u t i o n r a t i o s a r e sub j ec t 
to c o n s i d e r a b l e e r r o r . T h i s is e s p e c i a l l y t r u e a f t e r t he z inc a d d i t i o n s , 
b e c a u s e of the r e l a t i v e l y s m a l l a m o u n t s of c e r i u m left in t h e p lu ton ium 
p h a s e . 

The c o m p u t a t i o n s a r e b a s e d on the fo l lowing a s s u m p ­
t i o n s : (1) p r e s e n c e of two l iquid p h a s e s and a b s e n c e of so l id p h a s e s ; 
(2) a t t a i n m e n t of e q u i l i b r i u m ; and (3) 100 p e r c e n t m a t e r i a l b a l a n c e for a l l 
c o m p o n e n t s c h a r g e d . The f i r s t a s s u m p t i o n i s r e a s o n a b l e for the fo l lowing 
r e a s o n s . P l u t o n i u m (mp 640 C) and c e r i u m (nap 804 C) a r e c o m p l e t e l y 
m i s c i b l e above about 645 C f r o m 0 to 17.5 a t o m p e r c e n t c e r i u m . ' E x p e r i ­
m e n t a l c o n d i t i o n s of t e m p e r a t u r e and c o n c e n t r a t i o n w e r e s u c h a s to 
p r e c l u d e s a t u r a t i o n of e i t h e r p h a s e by c e r i u m , even a f t e r add i t ion of z i n c . 
F u r t h e r m o r e , no c o m p o u n d s have b e e n r e p o r t e d b e t w e e n p l u t o n i u m and 
c e r i u m , ' p l u t o n i u m and c a l c i u m , ^ and c e r i u m and c a l c i u m . " Al though 
p l u t o n i u m - z i n c c o m p o u n d s e x i s t ^ ^ ( e . g . , PuZn2) , t he f inding of a s m u c h 
z inc in the c a l c i u m p h a s e as n o m i n a l l y added i n d i c a t e s the a b s e n c e of 
so l id p l u t o n i u m - z i n c c o m p o u n d s . It i s a l s o r e a s o n a b l e to p r e s u m e the 
a b s e n c e of so l id c e r i u n a - z i n c c o m p o u n d ( s ) s i n c e the c e r i u m con ten t of the 
c a l c i u m - z i n c p h a s e i n c r e a s e s wi th z inc c o n c e n t r a t i o n . Only in the c a s e 
of the s a m p l e t a k e n at 712 C and c o n t a i n i n g 14.8 p e r c e n t z inc i s t h e r e 
e v i d e n c e of the p r e s e n c e of s o l i d s . P r e c i p i t a t i o n of a l a r g e a m o u n t 
(~157 g) of c a l c i u m i s i n f e r r e d f r o m the i n c r e a s e in z inc c o n c e n t r a t i o n 
f r o m 10.7 to 14.8 we igh t p e r c e n t on l o w e r i n g the t e m p e r a t u r e f r o m 860 C 
to 712 C * 

•7 

E U i n g e r , F . H. , Land , C. C , and C r a m e r , E . M. , E x t r a c t i v e and 
P h y s i c a l M e t a l l u r g y of P l u t o n i u m and Its A l l o y s , W. D. Wi lk inson , 
E d . , I n t e r s c i e n c e P u b l i s h e r s , Inc . , New Y o r k ( i 9 6 0 ) , p . 152. 

" C o f f i n b e r r y , A. S., e t a l . , R e a c t o r Handbook, 2nd E d i t i o n , Vol . I, 
C. R. T ip ton , Ed . , I n t e r s c i e n c e P u b l i s h e r s , Inc . , New York ( i 960 ) , p . 27 3. 

9 Z v e r e v , G. D. , Dok lady Akad. Nauk . SSSR, 104, 242 (1955) 

l O E U i n g e r , F . H., Land , C. C , and C r a m e r , E . M. , o p . c i t . , p . 170. 

*The c a l c i u m - z i n c p h a s e d i a g r a m g iven by H a n s e n and A n d e r k o in Con-
s t i t u t i on of B i n a r y A l l o y s , 2nd E d i t i o n , M c G r a w - H i l l Book Co . , New York 
(1958), p . 412, w a s u s e d a s a guide to s e l e c t i n g t e m p e r a t u r e and c o n ­
c e n t r a t i o n c o n d i t i o n s for the e x p e r i m e n t . It i s fel t t h a t the l i qu idus 
c u r v e , showing the m e l t i n g point of c a l c i u m - 1 1 w / o z inc to be about 
675 C, i s in e r r o r . 



A q u e s t i o n a r o s e a s to w h e t h e r e q u i l i b r i u m w a s a t ­
t a i n e d when it w a s d i s c o v e r e d tha t t he t a n t a l u m a g i t a t o r padd l e had b r o k e n 
a w a y f r o m i t s shaft d u r i n g P a r t 2 of the e x p e r i m e n t . T h u s , the only s t i r ­
r i n g e f fec ted w a s t h a t due to the whip of the r o t a t i n g shaft and convec t ion 
c u r r e n t s . H o w e v e r , the c o n s i s t e n t t r e n d of the d a t a t e n d s to i n d i c a t e t ha t 
t he c o m b i n a t i o n of s t i r r i n g , a l though inef f ic ien t , t inae (4 to 17 h r ) , and t e m ­
p e r a t u r e y i e l d e d n e a r - e q u i l i b r i u m c o n d i t i o n s . The v a r i a t i o n wi th t e m p e r a ­
t u r e of the p l u t o n i u m but not c e r i u m con ten t of the c a l c i u m - z i n c so lu t ions 
s u p p o r t s t h i s v i e w . 

The l a s t a s s u m p t i o n i s s o m e w h a t in e r r o r s i n c e 
we igh ing of the t a n t a l u m c r u c i b l e and c o n t e n t s at t he end of the e x p e r i m e n t 
r e v e a l e d tha t , of the 929 g of m e t a l c h a r g e d , 44 g, o r 4 .8 p e r c e n t , had e v a p ­
o r a t e d . The c o m p u t a t i o n s in T a b l e 10 w e r e not c o r r e c t e d for t h i s l o s s . 
H o w e v e r , c o r r e c t i o n s w e r e m a d e for the r e m o v a l of s a m p l e c o m p o n e n t s 
(54 g) f r o m the s y s t e m . 

In P a r t 1 of the e x p e r i m e n t it w a s found tha t the 
s o l u b i l i t y of p l u t o n i u m in l iqu id calciumi at about 860 C w a s about 0.10 p e r ­
c e n t . S m a l l c o n c e n t r a t i o n s of c e r i u m (<0 .86 p e r c e n t ) did not a p p r e c i a b l y 
affect p l u t o n i u m s o l u b i l i t y . 

The d i s t r i b u t i o n r a t i o of c e r i u m o v e r a sevenfo ld 
r a n g e of c a l c i u m / p l u t o n i u m weigh t r a t i o (0.53 to 3.8) was f a i r l y c o n s t a n t , 
n a m e l y , 0 .53 on a weigh t b a s i s (0.09 on a m o l a r b a s i s ) . The r a t i o of 
c e r i u m to p l u t o n i u m u s e d in the p r e s e n t e x p e r i m e n t was a p p r o x i m a t e l y 
t w i c e t h a t c a l c u l a t e d to be p r e s e n t a f t e r two p e r c e n t b u r n u p of a 20 p e r c e n t 
p l u t o n i u m - u r a n i u m - f i s s i u m a l l o y . 

E x a m i n a t i o n of t h e p e r c e n t a g e s of p l u t o n i u m and 
c e r i u m e x t r a c t e d , g iven in P a r t 1 of T a b l e 10, shows tha t c e r i u m can be 
a d e q u a t e l y r e m o v e d if one i s wi l l ing to t o l e r a t e s o m e p l u t o n i u m l o s s . 
F o r e x a m p l e , two s u c c e s s i v e e x t r a c t i o n s at 860 C of a p l u t o n i u m - c e r i u m 
so lu t ion wi th a p p r o x i m a t e l y four t i m e s i t s we igh t of c a l c i u m wi l l r e m o v e 
about 88 p e r c e n t of the c e r i u m with about 0.8 p e r c e n t p l u t o n i u m l o s s . 

In P a r t 2 of the e x p e r i m e n t it w a s found t h a t the 
p l u t o n i u m s o l u b i l i t y in c a l c i u m w a s s ign i f i can t ly i n c r e a s e d by add i t ion of 
z i n c . At about 860 C, p l u t o n i u m s o l u b i l i t y i n c r e a s e d f r o m 0.1 to 
0.7 weigh t p e r c e n t a s z inc c o n c e n t r a t i o n i n c r e a s e d f r o m 0 to 35 weight p e r ­
cen t . The a d d i t i o n of z inc to c a l c i u m p e r m i t s l i q u i d - l i q u i d con t ac t at 
t e m p e r a t u r e s be low the m e l t i n g poin t (850 C) of c a l c i u m . At about 705 C, 
p l u t o n i u m s o l u b i l i t y in c a l c i u m - z i n c so lu t ion was c o n s i d e r a b l y l o w e r than 
at 860 C. H o w e v e r , c e r i u m d i s t r i b u t i o n into c a l c i u m r e l a t i v e to p lu ton ium 
did not a p p e a r to be a d v e r s e l y a f fec ted by add i t ions of z inc to 35 weight p e r ­
c e n t . In fac t , t h e r e a p p e a r e d to be a s l igh t i m p r o v e m e n t in the c e r i u m -
p l u t o n i u m s e p a r a t i o n f a c t o r a t l o w e r t e m p e r a t u r e s . 



The l a s t s a m p l e t a k e n in E x p e r i m e n t M A - C a - 9 w a s 
f i l t e r e d t h r o u g h G r a d e 60 g r a p h i t e to d e t e r m i n e w h e t h e r g r a p h i t e w a s 
c o m p a t i b l e wi th p l u t o n i u m and c e r i u m in c a l c i u m - r i c h s o l u t i o n s . T h a t 
g r a p h i t e canno t b e u s e d in s u c h s y s t e m s i s s e e n by c o m p a r i s o n of t h e l a s t 
and n e x t - t o - l a s t s o l u b i l i t y v a l u e s of T a b l e 10. T h e s e d a t a showed t h a t at 
704 C m o r e t h a n 90 p e r c e n t of the p l u t o n i u m in c a l c i u m - 3 5 we igh t p e r c e n t 
z inc so lu t i on r e a c t e d wi th g r a p h i t e in the s h o r t t i m e (<1 m i n ) r e q u i r e d 
for a s a m p l e to p a s s t h r o u g h t h e f i l t e r . 

F r o m t h e d a t a o b t a i n e d in t h i s and p r e v i o u s e x p e r i ­
m e n t s ( s e e A N L - 6 3 7 9 , p a g e s 65 to 74), it i s c o n c l u d e d t h a t a p r a c t i c a l 
s e p a r a t i o n of c e r i u n a and p r o b a b l y o t h e r r a r e e a r t h s f r o m p l u t o n i u m -
u r a n i u m a p p e a r s f e a s i b l e . F o r e x a m p l e , the i n t e r m e t a l l i c z inc c o m p o u n d 
r e s u l t i n g f r o m t h e p r e c i p i t a t i o n of u r a n i u m , p l u t o n i u m , and r a r e e a r t h s 
f r o m z inc s o l u t i o n could be d e c o m p o s e d by add i t ion of about t w i c e a s m u c h 
c a l c i u m a s z i n c . R a r e e a r t h s would r e m a i n d i s s o l v e d in l iquid c a l c i u m -
zinc and t h u s cou ld be r e m o v e d f r o m the s o l i d so lu t i on of u r a n i u m - p l u t o n i u m 
tha t p r e c i p i t a t e s . At c o m p a r a b l e t e m p e r a t u r e s , the c o n c e n t r a t i o n of p l u ­
t o n i u m r e m a i n i n g in the l iqu id p h a s e could be e x p e c t e d to be e v e n l o w e r 
t h a n t h a t found in the e x p e r i m e n t d e s c r i b e d a b o v e , s i n c e the a c t i v i t y of 
p l u t o n i u m in u r a n i u m - p l u t o n i u m so l id s o l u t i o n would be l o w e r . In add i t ion , 
l o w e r i n g the t e m p e r a t u r e to about 450 C would be e x p e c t e d to r e d u c e 
p l u t o n i u m s o l u b i l i t y in the c a l c i u m - z i n c so lu t i on even f u r t h e r . E x p e r i m e n t s 
to t e s t t h e s e c o n c e p t s a r e now^ u n d e r w a y . 

g. P r e p a r a t i o n of C o m p o u n d s in Liquid M e t a l M e d i a 
( T . R . J o h n s o n , R. L . C h r i s t e n s e n ) 

P r e l i m i n a r y w o r k on the p r e p a r a t i o n of r e f r a c t o r y a c t i n i d e 
c o m p o u n d s by p r e c i p i t a t i o n f r o m l iqu id m e t a l s o l u t i o n s h a s b e e n r e p o r t e d 
p r e v i o u s l y ( A N L - 6 3 7 9 , page 79) . A few a d d i t i o n a l e x p l o r a t o r y e x p e r i m e n t s 
w e r e p e r f o r m e d to i n v e s t i g a t e t h e f e a s i b i l i t y of p r e c i p i t a t i n g u r a n i u m 
c a r b i d e f r o m z inc and c a d m i u m s o l u t i o n by s p a r g i n g with h y d r o c a r b o n g a s e s 
The p o s s i b i l i t y of c o n t r o l l i n g the c a r b o n c o n t e n t of t h e p r o d u c t by t h i s 
t e c h n i q u e w a s of p a r t i c u l a r i n t e r e s t . 

The r e s u l t s of t h i s s tudy a r e p r e s e n t e d in T a b l e 1 1 . The 
r e a c t i o n of m e t h a n e with u r a n i u m in a z i n c - 1 2 weigh t p e r c e n t m a g n e s i u m 
so lu t ion a t 800 C w a s s l o w . In a c a d m i u m - 2 we igh t p e r c e n t m a g n e s i u m 
so lu t ion t h e r e a c t i o n w a s s o m e w h a t f a s t e r . In e x p e r i m e n t s wi th a c e t y l e n e , 
it w a s found tha t a c e t y l e n e u n d e r w e n t e x t e n s i v e p y r o l y s i s at 600 and 800 C 
with the f o r m a t i o n of e l e m e n t a l c a r b o n . It i s s u s p e c t e d t h a t u n d e r t h e s e 
cond i t i ons the f o r m a t i o n of u r a n i u m c a r b i d e r e s u l t s f r o m a r e a c t i o n of 
e l e m e n t a l c a r b o n wi th the u r a n i u m in s o l u t i o n . F u r t h e r s t u d i e s a r e r e ­
q u i r e d to d e t e r m i n e w h e t h e r u r a n i u m c a r b i d e c a n be p r e c i p i t a t e d s a t i s ­
f a c t o r i l y by t h i s m e t h o d wi thou t t h e d e p o s i t i o n of c a r b o n o r if f r e e c a r b o n 
can be r e m o v e d by a s u i t a b l e p h a s e - s e p a r a t i o n t e c h n i q u e . 



Table 11 

REACTION OF HYDROCARBON GASES WITH URANIUM IN LIQUID METAL SOLUTIONS 

Total wt 
(g) 

375 

100 

1000 

1000 

Liquid Metal Solution 

U 

Iw/o) (moles) 

2 4 0 04 

7 8 013 

10 0 04 

0 75 0 03 

Zn 
(w/o) 

86 

81 

Cd 
(w/o) 

-

-

97 

97 

Mg 
(w/o) 

116 

112 

20 

20 

Type 

CH4 

C2H2 

CH4 

C2H2 

Hydrocarbon Gas 

Flow Rate 
[cc(STP)/min] 

60 

50 

60 

50 

Carbon 
Content^ 
(moles) 

19 

24 

14 

22 

Reaction Conditions 

Time 
(hr) 

12 

9 

85 

8 

Temp Stirring 
(C) (rpm) 

810 500'' 

800 250" 

600 200^ 

500 200c 
and 
600 

U Removed 
from 

Solution 
(%) 

15 

85 

30 

30 

Remarks 

Small amounts of free carbon on 
surface of mgot at end of run 

Large amounts of free carbon 
from pyrolysis of acetylene 

No free carbon found on ingot 

Large amounts of free carbon 

^Carbon content in the total amount of hydrocarbon gas passed into the reaction vessel 

''Paddle stirrer 1 in x 1-1/2 in used without baffles 

•̂ Paddle stirrer 1-1/2 in x 3/4 in used without baffles 

h . M a t e r i a l s and E q u i p m e n t E v a l u a t i o n 
( P . A. Ne l son) 

M a t e r i a l s e v a l u a t i o n s t u d i e s a r e in p r o g r e s s to eva lua te 
the c o m p a t i b i l i t y of v a r i o u s m a t e r i a l s with l iquid m e t a l s y s t e m s of the 
t y p e s c o n t e m p l a t e d for r e p r o c e s s i n g r e a c t o r fue l s . Se lec t ion of m a t e r i a l s 
for E B R - I I p r o c e s s i n g e q u i p m e n t is the m a i n ob j ec t i ve , but da ta of m o r e 
g e n e r a l i n t e r e s t a r e a l s o be ing a c c u m u l a t e d . C o r r o s i o n t e s t s with m e t a l 
coupons and r u n s in a g i t a t e d c r u c i b l e s u n d e r p r o c e s s i n g condi t ions a r e 
be ing u s e d to e v a l u a t e m a t e r i a l s . 

(1) Solut ion S tab i l i ty and M a t e r i a l D e m o n s t r a t i o n Runs 
(G. A. B e n n e t t , P . Ne l son , L . F . D o r s e y ) 

M a t e r i a l s unde r c o n s i d e r a t i o n a s c o n t a i n e r m a t e r i a l s 
in the s k u l l - r e c l a m a t i o n p r o c e s s a r e be ing eva lua t ed , not only on the b a s i s 
of c o r r o s i o n r e s i s t a n c e , but a l s o f rom the s tandpoin t of c o m p a t i b i l i t y 
with v a r i o u s p r o c e s s s o l u t i o n s , a s i n d i c a t e d by so lu t ion s t a b i l i t y . They 
a r e a l s o be ing e v a l u a t e d f r o m the s tandpoin t of g e n e r a l p e r f o r m a n c e 
u n d e r p r o c e s s i n g c o n d i t i o n s , the j u d g m e n t of p e r f o r m a n c e being b a s e d on 
such o b s e r v a t i o n s as e m b r i t t l e m e n t and so lu t ion p e n e t r a t i o n t h rough con­
n e c t e d p o r o s i t y . D u r i n g the l a s t p e r i o d , so lu t ion s t ab i l i t y and m a t e r i a l 
d e m o n s t r a t i o n r u n s w e r e conduc ted in Code 82 i m p r e g n a t e d g r a p h i t e , 
p y r o l y t i c g r a p h i t e , t a n t a l u m , and f l a m e - s p r a y e d - a n d - s i n t e r e d t u n g s t e n 
c r u c i b l e s . The c r u c i b l e s w e r e about 5 in . in d i a m e t e r and 8 to 12 in . in 
he igh t . C h a r g e conapos i t ions v a r i e d f r o m 3 to 12 weight p e r c e n t m a g n e s i u m 
and f r o m 0.5 to 4 weigh t p e r c e n t u r a n i u m , the r e m a i n d e r being z inc . In 
a l l c a s e s a flux w a s u s e d which c o n s i s t e d of 47.5 m o l e p e r c e n t m a g n e s i u m 
c h l o r i d e , 47.5 m o l e p e r c e n t c a l c i u m c h l o r i d e , and 5 m o l e p e r c e n t m a g n e ­
s i u m f l u o r i d e . T e m p e r a t u r e s of the e x p e r i m e n t s w e r e in the r a n g e of 
750 to 850 C. V a p o r i z a t i o n of the z inc was r e d u c e d to a neg l ig ib le amount 



in t h e s e r u n s , a s c o n t r a s t e d with e a r l i e r r u n s ( see A N L - 6 3 7 9 , page 87), by 
the u s e of c r u c i b l e s of l e s s e r p o r o s i t y , by the s u b s t i t u t i o n of a r g o n for 
h e l i u m as the e x p e r i m e n t a l a t m o s p h e r e , and by r e d u c t i o n in the t e m p e r a ­
t u r e of the c r u c i b l e t o p . 

The d e t a i l s and r e s u l t s of the c o m p l e t e d r u n s a r e 
s u m m a r i z e d in T a b l e 12. 

Flame-sprayed and 
sintered Tungsten^ 

Crucible No 1 

Crucible No 2 

Crucible No 2 

Table 12 

SUMMARY OF SOLUTION STABILITY AND MATERIAL DEMONSTRATION RUNS 

Composition Metal as indicated 

Flux CaCl2 - 47 5 mole percent 
MgCl2 - 47 5 mole percent 
MgFj - 5 mole percent 

Agitation Speed 560 rpm 

Crucible 
Material 

Code 82 Impregnated 
Graphite 

Pyrolytic Graphite 

Tantalum Crucible 
No 1 

Crucible No 2 

Charge Weight 
(kg) 

Metal Flux 

1 60 0 15 

7 50 0 22 

4 50 0 22 

Metal 
Composition (%) 
(Zinc by differ­
ence from 100) 

U 

05 

05 

05 

Mg 

48 

30 

12 0 

Test Conditions 

Temp (C) 

750 

750'' 
800 
850 

750'' 
800 
850 

Time(hr) 

24 

24 
24 
24 

24 
24 
24 

Solution Stability 

Poor U concentra­
tion decreased to 
0 43 percent 

Good U concentra­
tion decreased to 
0 47 percent This 
IS readily explained 
by 150 ppm carbon 
content in zinc 

Same as above 

General Observations 

No apparent corrosion 
Graphite wet by both 
phases 

Pyrolytic graphite 
coating separated from 
ATJ crucible base during 
crucible outgassmg 

No apparent corrosion 
but crucible cracked at 
bottom weld on remelting 
of material 

Same as above except 
that crucible withstood 
remelting of charge 

400 

400 

246 

030 

030 

0 50 

35 

35 

47C 

50 

50 

54 

750 

850 

Crucible cracked in 
handling subsequent to 
run Cracking not re­
lated to run but rather 
to crucible fragility 

20 

m 

49 

Good Both Mg and 
U concentrations in­
creased slightly due 
to zinc vaporization ^ 

' 

Crucible appearance 
unchanged 

No apparent effects on 
crucible Total metal loss 
was 2 percent 

^92 percent of theoretical density 

''A slight loss of uranium relative to magnesium was evident which again is probably due to reaction with carbon in original 

zinc (C content ---ISOppm) 

(̂ As uranium oxide 

''Successive temperature changes made in same run 



T h e f o l l o w i n g c o n c l u s i o n s m a y b e d r a w n : 

1) T h e r a t e of r e a c t i o n of u r a n i u m w i t h g r a p h i t e i s s u f f i c i e n t l y 
r a p i d t o e l i m i n a t e g r a p h i t e f r o m f u r t h e r c o n s i d e r a t i o n . T h i s s t a t e m e n t , 
h o w e v e r , m a y n o t a p p l y t o p y r o l y t i c g r a p h i t e , s i n c e t h i s f o r m of g r a p h i t e 
h a s n o t y e t b e e n s a t i s f a c t o r i l y t e s t e d . In a n a t t e m p t to t e s t p y r o l y t i c g r a p h ­
i t e , w h i c h h a d b e e n d e p o s i t e d a s a c o a t i n g o n t h e i n t e r i o r s u r f a c e s of a n 
A T J g r a p h i t e c r u c i b l e , t h e c o a t i n g s e p a r a t e d u p o n o u t g a s s i n g t h e c r u c i b l e . 

Z) N e i t h e r t a n t a l u m n o r t u n g s t e n s h o w e d e v i d e n c e of c o r r o s i o n i n 
t h e s e t e s t s . H o w e v e r , l o n g e r c o r r o s i o n t e s t s of t a n t a l u m ( 1 0 0 - t o 3 0 0 - h r 
t e s t s a s d e s c r i b e d i n A N L / - 6 2 8 7 , p a g e 76) s h o w e d a s l i g h t a t t a c k (1 to 
5 m i l s in d e p t h ) of t a n t a l u m b y z i n c a n d z i n c - m a g n e s i u m a l l o y s . 

3) S o l u t i o n s t a b i l i t i e s a p p e a r to b e g o o d i n b o t h t a n t a l u m i a n d 
t u n g s t e n c r u c i b l e s . 

4) J u d g e d b y t h e a p p e a r a n c e of t h e w a l l c r o s s s e c t i o n of t h e b r o k e n 
f l a m e - s p r a y e d - a n d - s i n t e r e d t u n g s t e n c r u c i b l e s (92 p e r c e n t of t h e o r e t i c a l 
d e n s i t y ) , s o m e p e n e t r a t i o n of t h e f l ux a n d m i e t a l p h a s e s o c c u r r e d . It i s n o t 
c l e a r t h a t t h e c r u c i b l e w a s c o m p l e t e l y p e n e t r a t e d , b u t c o m p l e t e p e n e t r a t i o n 
m a y h a v e o c c u r r e d i n c e r t a i n a r e a s . F u r t h e r o b s e r v a t i o n s a r e r e q u i r e d 

i n t h i s r e g a r d . 

5) T h e f l a m e - s p r a y e d t u n g s t e n c r u c i b l e s a r e r a t h e r b r i t t l e a t 
r o o m t e m p e r a t u r e . F i g u r e 11 s h o w s t h a t t h e s e c r u c i b l e s h a v e a n e n e v e n 
w a l l t h i c k n e s s . T h i s c o u l d p r o b a b l y b e c o r r e c t e d b y g r e a t e r c a r e in 
f a b r i c a t i o n . 

F i g u r e 11 

F L A M E - S P R A Y E D T U N G S T E N C R U C I B L E S 

( N o t e u n e v e n t h i c k n e s s of c r u c i b l e w a l l ) 



F u t u r e so lu t ion s t a b i l i t y and m a t e r i a l d e m o n s t r a t i o n 
r u n s wi l l be c a r r i e d out in p r e s s e d and s i n t e r e d t u n g s t e n c r u c i b l e s , and in 
c r u c i b l e s f a b r i c a t e d f r o m a 90 we igh t p e r c e n t t a n t a l u m - 1 0 we igh t p e r c e n t 
t u n g s t e n a l loy . 

(2) E t c h a n t s for R e f r a c t o r y M e t a l s 
(M. Ky le , A. S a n d e r s , J. B a r t o s ) * 

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 of the m a t e r i a l s b e f o r e 
and a f t e r e x p o s u r e to the c o r r o d i n g m e d i a , u s u a l l y z i n c - m a g n e s i u m a l loys 
and h a l i d e f l u x e s , h a s b e e n found to be an effect ive m e a n s of d e t e r m i n i n g 
depth of c o r r o s i o n . H o w e v e r , s o m e diff icul ty has b e e n e x p e r i e n c e d in o b ­
t a in ing s u i t a b l e e t c h a n t s for the r e f r a c t o r y m e t a l s , e s p e c i a l l y in the 
p r e s e n c e of the z i n c - m a g n e s i u m m a t r i x . T h e r e f o r e , a s tudy w a s u n d e r ­
t a k e n to e v a l u a t e v a r i o u s e t c h a n t s for u s e in d e t e r m i n i n g dep th of c o r r o s i o n 
The m e t a l s of p r i m a r y i n t e r e s t a r e t a n t a l u m , t a n t a l u m - 1 0 p e r c e n t t u n g s t e n , 
t u n g s t e n , m o l y b d e n u m , m o l y b d e n u m - 3 0 p e r c e n t t u n g s t e n , and m o l y b d e n u m -
0.5 p e r c e n t t i t an iuna . E t c h a n t c o m p o s i t i o n s of p o s s i b l e u t i l i t y w e r e ob ta ined 
f r o m l i t e r a t u r e s o u r c e s . The e t c h a n t s w e r e t e s t e d for s a t i s f a c t o r y e t c h ­
ing of the sub j ec t m e t a l a f t e r e x p o s u r e to a z i n c - 5 p e r c e n t m a g n e s i u m 
a l l o y . Some e t c h a n t s wh ich w e r e use fu l for e t ch ing new m e t a l did not a l ­
ways c l e a r l y r e v e a l the dep th of c o r r o s i o n . T a b l e 13 p r e s e n t s t h o s e 
e t c h a n t s found p a r t i c u l a r l y use fu l for r e v e a l i n g the dep th of c o r r o s i o n . 

Table 13 

EVALUATION OF ETCHANTS FOR METALLOGRAPHIC DETERMINATION OF CORROSION OF 

REFRACTORY METALS BY 2INC-5 PERCENT MAGNESIUM ALLOY 

(V\atenal 

Ta 

Ta, Ta-
10)1. W 

Ta-10% W 

Ta-10% W 

Mo, 
Mo-1/2% Ti 

M o - 3 ( » W 

W 

(11) Tegart, 

Etchant 
Composition 

50 parts H2SO4 
20 parts HNO3 
20 parts HF 

1 part HF 

1 part HNO3 

60 parts glycerine 
20 parts HF 
20 parts HNO3 
20 parts H202 

10 g NH4F 
SOmlHF 
40 ml H2O 

10 g KOH or NaOH 

10gK3Fe(CN)6 

100 ml H2O 

1g NaOH 

35 g K3Fe(CN)6 

600 cc H2O 

9 parts HF 

1 part HNO3 

W J. ,Meta ls-Pol ishmg, Pergar 

Reference 

(11) 

(121 

(12) 

(13) 

(131 

(14) 

(15) 

Method 

and Time 

Immersion 

5-10 sec 

Swabbing 

30-40 sec 

Immersion 

10-15 mm 

Electrolytic 
0 02 amp/ 
sqcm 3-5 mm 

Swabbing at 

50 C 

10-30 sec 

Immersion 

4-10 mm 

Swabbing 

5-10 sec 

Comments 

Good gram boundary 

contrast 

Slight pi t t ing, good gram 

boundary contrast 

Excellent g ram boundary 

contrast 

Good gram boundary 

dist inction 

Fast etch good gram 
boundary contrast 

Gram boundaries dist inct, 
no pitt ing 

Satisfactory gram 

boundary contrast 

(12) A Study of Ternary Phase Diagrams of Tungsten and Tantalum, WADC Technical Report 59-492 
(March 1960), p 5 

(13) Development of Tantalum-Tungsten Propulsion System Components, National Research Corporation 
Quarterly Report covering January 10 - Apri l 9, 1960 NRC Project Number 11-1-032, 

Contract No NOR 0-18787 

(14) Molybdenum Metal, Climax Molybdenum Company (1960) 

(15) Methods and Procedures for Forming and Fabricating Tungsten Technical Data Bul let in 

Dec 13,1950 Fansteel Metal lurgical Corporation 

* C o - o p e r a t i v e s t u d e n t f r o m the I l l ino is Ins t i tu te of T e c h n o l o g y . 



(3) Ine r t Gas Welding F a c i l i t y 
( p . N e l s o n , M. Kyle , A. S a n d e r s ) 

In the p r o g r a m for t e s t i n g the c o r r o s i o n r e s i s t a n c e 
of r e f r a c t o r y m e t a l s and c e r a m i c s to m o l t e n ha l ide f l u x - m e t a l s y s t e m s , 
the m a t e r i a l to be t e s t e d is e n c l o s e d in a l - i n . - O D by 2 - i n . - l o n g tantalumi 
c a p s u l e if the m e t a l p h a s e is z inc o r a z i n c - m a g n e s i u m a l loy . T h i s 
t a n t a l u m c a p s u l e is e n c l o s e d in a s t e e l c a p s u l e to p r o t e c t it f r o m a t m o s ­
p h e r i c a t t a c k . B e c a u s e the ha l ide s a l t s y s t e m s u n d e r s tudy a r e v e r y 
h y g r o s c o p i c and b e c a u s e mio is ture c o n t a m i n a t i o n a p p e a r s to c a u s e t a n ­
t a l u m f a i l u r e s , it i s n e c e s s a r y to d r y the s a l t s y s t e m s and p e r f o r m a l l 
c a p s u l e - l o a d i n g and un load ing o p e r a t i o n s in an i n e r t g a s - f i l l e d d r y box . 
The c o n s t r u c t i o n of a f ac i l i ty which wil l m a k e p o s s i b l e the loading and 
weld ing of c a p s u l e s in a r g o n is n e a r i n g c o m p l e t i o n . 

Th i s fac i l i ty c o n s i s t s e s s e n t i a l l y of ah a r g o n - f i l l e d 
d r y box con ta in ing an automiat ic , r e m o t e l y o p e r a b l e , weld ing a p p a r a t u s 
( see F i g u r e s 12 and 13). The fac i l i ty i nc ludes an a t m o s p h e r e - r e c i r c u l a t i n 
and p u r i f i c a t i o n s y s t e m for r e m o v a l of oxygen, n i t r o g e n , w a t e r v a p o r , and 
h y d r o g e n i m p u r i t i e s f r o m the d r y box a t m o s p h e r e . 

F i g u r e 12 

DRY BOX WELDING F A C I L I T Y 



F i g u r e 13 

AUTOMATIC WELDING POSITIONER 

(4) T a n t a l u m S a m p l e F i l t e r s 
( p . A. N e l s o n , L. D o r s e y ) 

Liquid m e t a l so lu t ions have b e e n s a m p l e d by p r e s ­
s u r i z i n g the so lu t ion into a t a n t a l u m tube f a s t e n e d to a s t e e l r o d . The end 
of the t a n t a l u m tube is u s u a l l y f i t ted wi th a g r a p h i t e f i l t e r to r e m o v e 
s u s p e n d e d s o l i d s . B e c a u s e of the r e a c t i o n of g r a p h i t e wi th u r a n i u m , the 
p o s s i b i l i t y of r e p l a c i n g g r a p h i t e s a m p l e f i l t e r s wi th t a n t a l u m f i l t e r s i s 
be ing i n v e s t i g a t e d . A to t a l of 500 t a n t a l u m f i l t e r s , 100 of e a c h of 5 d i f f e r ­
ent lo t s w e r e ob ta ined ( see T a b l e 14). The lo t s d i f f e red in the s i z e and 
shape of powder u s e d in m a k i n g the f i l t e r s and in the d e n s i t y and 
p e r m e a b i l i t y o b t a i n e d . 



T a b l e 14 

T A N T A L U M S A M P L E F I L T E R ^ C H A R A C T E R I S T I C S 

(Data p r e s e n t e d in t e r m s of p e r m e a b i l i t y i n d e x , wh ich i s 
def ined a s the f l o w r a t e of a r g o n ( c c / m i n ) t h r o u g h f i l t e r 
m e a s u r e d at 70 F with a d i f f e r e n t i a l p r e s s u r e of 15 p s i , 
d i s c h a r g i n g to a t m o s p h e r i c p r e s s u r e . ) 

P o w d e r 
Size 

( m i c r o n s ) 

15 to 40 

20 to 60 

150 to 400 

30 to 100 

100 to 300 

P o w d e r 
Shape 

i r r e g u l a r 

i r r e g u l a r 

i r r e g u l a r 

s p h e r i c a l 

s p h e r i c a l 

G r a d e 60 
g r a p h i t e 

P e r c e n t 
Voids 

49 

52 

62 

4 8 

45 

48 

P e r m e a b i l i t y 
Index 

300 ± 30 

4200 ± 200 

4200 ± 500 

5100 ± 200 

14200 ± 100 

8100 ± 2400 

S ize of f i l t e r s : 0 . 2 2 - i n . d i a m e t e r by 0.25 in . long; 
f i l t e r s m a n u f a c t u r e d by Kaweck i C h e m i c a l C o m p a n y , 
B o y e r t o w n , P e n n s y l v a n i a . 

As d e t e r m i n e d by m i c r o s c o p i c e x a m i n a t i o n of 
s i n t e r e d f i l t e r s . 

The p e r m e a b i l i t y w a s m e a s u r e d by d e t e r m i n i n g the 
flow r a t e of a r g o n t h r o u g h the f i l t e r s . The f i l t e r s w e r e m o u n t e d in Tygon 
tub ing r a t h e r t h a n t a n t a l u m s a m p l e t u b e s in o r d e r to e n s u r e a good s e a l 
b e t w e e n the f i l t e r s and t h e t u b e . The p e r m e a b i l i t y v a l u e s shown in 
T a b l e 14 a r e the a v e r a g e of t h r e e m e a s u r e m e n t s for e a c h type of f i l t e r , 
and the l i m i t s shown a r e one s t a n d a r d d e v i a t i o n f r o m the m e a n . T e s t s 
wi th f i l t e r s m o u n t e d in t a n t a l u m t u b e s s u b s t a n t i a t e d t h e s e v a l u e s . 

The fact t h a t G r a d e 60 p o r o u s g r a p h i t e , the type m o s t 
c o m m o n l y u s e d for s a m p l e f i l t e r s , h a s a p e r m e a b i l i t y wi th in the r a n g e 
o b t a i n e d for the t a n t a l u m f i l t e r s i n d i c a t e s t ha t s o m e of t h e s e f i l t e r s wi l l 
p r o b a b l y be s a t i s f a c t o r y . S a m p l e s of z i n c - m a g n e s i u m so lu t i ons have b e e n 
s u c c e s s f u l l y t a k e n by m e a n s of a l l the f i l t e r s excep t the l e a s t p e r m e a b l e 
o n e . 



i . M e t a l - d i s t i l l a t i o n S tud i e s 

( l) L a r g e - s c a l e C a d m i u m D i s t i l l a t i o n Unit 
( j . DeKany , J . A r n t z e n , J . H e p p e r l y ) 

O p e r a t i o n of the l a r g e - s c a l e c a d m i u m - d i s t i l l a t i o n 
uni t (for d e s c r i p t i o n s e e A N L - 6 3 7 9 , page 95) wi th a p u r e c a d m i u m feed 
w a s con t inued d u r i n g the p a s t q u a r t e r in o r d e r to ga in o p e r a t i o n a l e x ­
p e r i e n c e and to d e t e r m i n e the c a p a b i l i t i e s of the p r e s e n t e q u i p m e n t d e s i g n 
Twe lve d i s t i l l a t i o n r u n s h a v e b e e n p e r f o r m e d , the da ta for which a r e 
g iven in T a b l e 15. As shown in the t a b l e , d i s t i l l a t i o n s w e r e conduc ted at 
t e m p e r a t u r e s r a n g i n g frorn 455 to 620 C. Induct ion h e a t i n g to the s t i l l po t 
was v a r i e d f r o m 10 to 24 kw wi th an o v e r a l l i nduc t ion h e a t i n g e f f ic iency 
v a r y i n g f r o m 31 to 72 p e r c e n t . The l o w e r e f f i c i enc ie s o c c u r r e d at the 
l ower p o w e r inpu ts b e c a u s e h e a t l o s s e s r e p r e s e n t e d a g r e a t e r f r a c t i o n of 
the p o w e r inpu t . As a r e s u l t of the p o w e r input v a r i a t i o n s , d i s t i l l a t i o n 
r a t e s r a n g e d f r o m 12.2 to 67 k g / h r . The l a t t e r f igu re r e p r e s e n t s the 
m a x i m u m a t t a i n a b l e d i s t i l l a t i o n r a t e wi th the p r e s e n t uncoo led induc t ion 
c o i l - s u s c e p t o r d e s i g n , b e c a u s e f u r t h e r i n c r e a s e s in p o w e r input would 
r e s u l t in e x c e s s i v e induc t ion co i l t e m p e r a t u r e s and p o s s i b l e co i l b u r n o u t . 
The u s e of g r a p h i t e a s a s u s c e p t o r and s t i l l po t i n s t e a d of the 304 s t a i n l e s s 
s t e e l p r e s e n t l y u s e d , t o g e t h e r with a d i f fe ren t co i l d e s i g n , would i n c r e a s e 
the p o w e r input c a p a b i l i t i e s of the s y s t e m so t h a t the d e s i g n c a p a c i t y of 
100 k g / h r would be m e t . Such a c o i l - s u s c e p t o r s y s t e m is be ing p r e s e n t l y 
s t u d i e d . 

Table 15 

DISTILLATION OF CADMIUM IN LARGE-SCALE CADMIUM-DISTILLATION UNIT 

(for description of unit see ANL-6379, page 95) 

Run 
No 

13 
5 
6 

14 
7 
8 
9 

10 
4 

15 
11 
12 

Distillation 
Temp 
(C) 

455 
520 
525 
550 
562 
562 
560 
599 
604 

510-610 
618 
620 

Condenser 
Pressure 

(mm) 

5 
17 
20 
30 
42 
42 
40 
74 
80 

10-90 
101 
104 

Induction 
Power Level 

(kw) 

-
10 
23.1 
24 
17.5 
21.2 
20.0 
22.8 
15 
23 
22.0 
19.4 

Distillation 
Rate 

(kg/hr) 

67 
12.2 
65 4 
66 8 
366 
52 2 
41.3 
52.9 
206 
60 5 
53 9 
42 4 

Weight of 
Cd Distillate 

(kg) 

188 
38.0 

104 
323 
127 
107 
233 
178 
48.5 

269 
107 
142 

Power 
Calculated from 
Distillation Rate 

(kw) 

_ 
31 

16.6 
24 
93 

13.3 
10 5 
13.4 
5.3 

23 
13 7 
10 7 

Overall 
Power 

Efficiency 

(%) 
_ 
31 
72 
70 
53 
63 
53 
59 
35 
67 
62 
55 

The uni t h a s func t ioned wel l f r o m an o p e r a t i o n a l 
s t andpo in t excep t for s o m e l ine p lugg ing , d i f f icu l t ies wi th the e l e c t r i c a l 
r e s i s t a n c e - t y p e l iquid m e t a l l e v e l p r o b e s , and the f a i l u r e of a f r e e z e 
v a l v e . The l ine p lugging o c c u r r e d in bo th of the gas b u b b l e r - t y p e l iquid 
l e v e l - m e a s u r e m e n t t u b e s and in the v a p o r t r a p a s s o c i a t e d with the feeding 



It 
73 

a p p a r a t u s . In a l l c a s e s the l ine plugging o c c u r r e d as a r e s u l t of fo r c ing 
c a d m i u m up into the l ine by p r e s s u r e d u r i n g t r a n s f e r o p e r a t i o n s . T h i s 
s i t u a t i o n w a s r e m e d i e d by c h a n g e s in e x t e r n a l piping and o p e r a t i n g 
p r o c e d u r e s . 

The e l e c t r i c a l r e s i s t a n c e l iquid l eve l p r o b e s p r o v e d to 
be u n s a t i s f a c t o r y i n a s m u c h as r e p r o d u c i b l e r e s u l t s could not be ob t a ined . 
R e a d i n g s o s c i l l a t e d c o n s i d e r a b l y b e c a u s e of u n s t a b l e l iquid m e t a l s u r f a c e s , 
r e s u l t i n g f rom e i t h e r boi l ing o r induc t ion mix ing o r bo th . A m e t h o d of 
l iquid l e v e l m e a s u r e i n e n t in the s t i l l po t which p r o v e d to be r e l i a b l e is one 
u t i l i z i ng t h e r m o c o u p l e s at v a r i o u s l e v e l s on the d i s t i l l a t i o n c r u c i b l e i n n e r 
s u r f a c e . Owing to the l a r g e t h e r m a l conduc t iv i ty of the m o l t e n c a d m i u m , 
a d r o p in l iquid l e v e l i s r e a d i l y o b s e r v e d by s h a r p c h a n g e s in s u r f a c e t e m ­
p e r a t u r e of the s u s c e p t o r . 

Dur ing the r e h e a t of the uni t f r o m t o t a l shu tdown, a 
f r e e z e va lve fa i l ed , c aus ing 200 kg of c a d m i u m to be sp i l l ed into a t r a y 
l o c a t e d at the bo t t om of the f u r n a c e . Upon r e m o v a l and e x a m i n a t i o n of the 
va lve it w a s conc luded tha t the va lve body had r u p t u r e d as a r e s u l t of the 
l a r g e t e n s i l e f o r c e g e n e r a t e d by the 4.7 p e r c e n t v o l u m e e x p a n s i o n of the 
c a d m i u m d u r i n g m e l t i n g . F i g u r e 14 shows the r u p t u r e in the d a m a g e d 
v a l v e . 

F i g u r e 14 

P H O T O G R A P H SHOWING R U P T U R E IN F R E E Z E VALVE 
OF CADMIUM DISTILLATION UNIT 

( F r e e z e va lve d e s i g n w a s p r e v i o u s l y r e p o r t e d in 
A N L - 6 1 0 1 , page 54). 



N o r m a l l y , the v o l u m e c o n t r a c t i o n of the cadmiium in t h e va lve a c c o m p a n y i n g 
f r e e z i n g would p r e v e n t s u c h an o c c u r r e n c e . H o w e v e r , t h i s p a r t i c u l a r 
f r e e z e va lve w a s l o c a t e d in a r e c e s s e d w e l l in the f u r n a c e b o t t o m , w h e r e 
a t e m p e r a t u r e g r a d i e n t e x i s t e d tha t c a u s e d the c a d m i u m to f r e e z e p r e f e r ­
e n t i a l l y in the v a l v e f r o m the b o t t o m up . C o n s e q u e n t l y , t he v a l v e when 
f r o z e n w a s f i l l ed c o m p l e t e l y wi th s o l i d c a d m i u m . As the v a l v e w a s c o n ­
s i d e r a b l y s m a l l e r t h a n the v e s s e l s to wh ich it w a s c o n n e c t e d , r e h e a t i n g of 
the f u r n a c e c a u s e d the c a d m i u m in the v a l v e to m e l t e a r l i e r t h a n the c a d ­
m i u m in the v e s s e l . T h e r e f o r e , t he v o l u m e e x p a n s i o n upon m e l t i n g could 
not be r e l i e v e d , t h e r e b y c a u s i n g a g r e a t p r e s s u r e b u i l d u p and s u b s e q u e n t 
va lve f a i l u r e . T h e f r e e z e v a l v e h a s b e e n r e m o v e d and wi l l not be r e p l a c e d . 
The s p i l l e d c a d m i u m h a s b e e n r e c o v e r e d . 

The o t h e r f r e e z e v a l v e s in the un i t a r e l o c a t e d in 
p o s i t i o n s wi th m o r e u n i f o r m t e m p e r a t u r e d i s t r i b u t i o n s , and v o l u m e c o n ­
t r a c t i o n s can , t h e r e f o r e , o c c u r d u r i n g f r e e z i n g . In add i t i on , t h e s e v a l v e s 
m a y b e b lown f r e e of m o s t of t h e l iqu id m e t a l p r i o r to f r e e z i n g . 

In any l iqu id m e t a l p r o c e s s it w i l l be i m p o r t a n t to 
p r e v e n t l iqu id m e t a l v a p o r f r o m diffusing t h r o u g h i n s t r u m e n t and s e r v i c e 
l i n e s . F o r t h i s r e a s o n , v a p o r t r a p s and f i l t e r s a r e b e i n g t e s t e d in the un i t . 
To d a t e , t he v a p o r t r a p s h a v e b e e n v e r y e f fec t ive in the r e m o v a l of v a p o r 
f r o m the i n e r t g a s s t r e a m s and h a v e r e q u i r e d no m a i n t e n a n c e . The v e r y 
s m a l l a m o u n t of v a p o r e s c a p i n g the v a p o r t r a p s w a s c o m p l e t e l y t r a p p e d 
by the s t a n d a r d p a p e r f i l t e r s . 

In the nex t s e r i e s of r u n s the e x t e n t of the e n t r a i n -
naent p r o b l e m and i t s d e p e n d e n c e upon the d i s t i l l a t i o n r a t e wi l l be d e t e r m i n e 

(2) V a p o r - L i q u i d E q u i l i b r i u m S t u d i e s 
( p . A. N e l s o n , H. H e n r y s o n * ) 

E q u i p m e n t to m i e a s u r e v a p o r - l i q u i d e q u i l i b r i u m in 
l iquid m e t a l s y s t e m s h a s b e e n a s s e m b l e d to d e t e r m i n e a c t i v i t y coe f f i c i en t s 
in m i s c i b l e b i n a r y m e t a l s y s t e m s s u c h a s the c a d m i u m - m a g n e s i u m and 
z i n c - m a g n e s i u m s y s t e m s . In a p r e l i m i n a r y t e s t of the e q u i p m e n t , t he 
v a p o r p r e s s u r e of c a d m i u m w a s m e a s u r e d and the r e s u l t s w e r e in good 
a g r e e m e n t wi th l i t e r a t u r e d a t a . 

The e q u i p m e n t u t i l i z e s a m o d i f i e d O t h m e r - t y p e 
e q u i l i b r i u m s t i l l ( F i g u r e 15). The m o d i f i c a t i o n s of the c l a s s i c a l d e s i g n 
w e r e m a d e 1) to r e m o v e a l l v a l v e s in the r e c y c l e l i n e s , 2) to p e r m i t s a m ­
pl ing by i n s e r t i o n of s t r a i g h t s a m p l e t u b e s f r o m a b o v e , 3) to t a k e a d v a n ­
t a g e of the h igh t h e r n a a l c o n d u c t i v i t y of l iqu id m e t a l s by m e a s u r i n g the 
bo i l i ng t e m p e r a t u r e in the l iqu id p h a s e r a t h e r t h a n in the v a p o r p h a s e , and 
4) to ad jus t to the f a b r i c a t i o n t e c h n i q u e s u s e d for t a n t a l u m f r o m which the 
s t i l l w a s f a b r i c a t e d . 

*Student Aide f r o m P r i n c e t o n U n i v e r s i t y . 
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( A N L - 6 1 4 5 , page 58). Supe rhea t in j 
l iquid l e v e l i s a c c o m p l i s h e d by r e 
F i g u r e 15. 

One of the m o s t difficult a c ­
c o m p l i s h m e n t s in v a p o r - l i q u i d 
d e t e r m i n a t i o n s at h igh t e m p e r a t u r e s 
is the m e a s u r e m e n t of the vapor t e m ­
p e r a t u r e without s u p e r h e a t i n g o r 
c o n d e n s i n g the v a p o r . S u p e r h e a t i n g 
would r e s u l t in an i n a c c u r a t e boi l ing 
poin t m e a s u r e m e n t , and p a r t i a l c o n ­
d e n s a t i o n would r e s u l t in s t r i p p i n g of 
the l e s s vo la t i l e componen t f rom the 
v a p o r . B e c a u s e of the high t h e r m a l 
conduc t iv i ty of l iquid m e t a l s , it is 
p o s s i b l e to m e a s u r e the boi l ing t e m ­
p e r a t u r e in the l iquid p h a s e . Th i s 
e l i m i n a t e s the diff iculty of vapo r 
c o n d e n s a t i o n , s i n c e the m e t h o d p e r ­
m i t s the s u p e r h e a t i n g of the v a p o r . 
Tha t a c c u r a t e boi l ing t e m p e r a t u r e s 
can be m e a s u r e d d i r e c t l y in boi l ing 
l iquid m e t a l s was d e m o n s t r a t e d by 
m e a s u r e m e n t s m a d e in boi l ing 
c a d m i u m - m a g n e s i u m so lu t ions 

I of the m e t a l s u r f a c e s above the 
s i s t a n c e e l e m e n t s as shown in 

In o r d e r to r e a c h an e q u i l i b r i u m condi t ion , the s t i l l 
wi l l be o p e r a t e d a t a h igh r a t e for s e v e r a l h o u r s , a f te r which the p o w e r 
wi l l be g r a d u a l l y r e d u c e d un t i l bo i l ing i s b a r e l y m a i n t a i n e d . The t e m p e r a ­
t u r e wil l be m a i n t a i n e d at a c h o s e n va lue by ad jus t ing and con t ro l l i ng the 
p r e s s u r e by m e a n s of a c a r t e s i a n m a n o s t a t . S a m p l e s wil l be t aken when 
e q u i l i b r i u m h a s b e e n r e a c h e d a f te r sudden ly r a i s i n g the p r e s s u r e to 
a r r e s t bo i l i ng . A s a m p l e of the l iquid wi l l be ob ta ined by i n s e r t i n g a 
s a m p l i n g tube into the l iquid via the v a p o r r i s e r , and a s a m p l e of the 
c o n d e n s e d v a p o r wi l l be ob ta ined by i n s e r t i n g a s a m p l i n g tube into the 
c o n d e n s e d v a p o r t r a p . 

The e q u i p m e n t h a s b e e n a s s e m b l e d and given p r e ­
l i m i n a r y t e s t s wi th p r o m i s i n g r e s u l t s . A s t a i n l e s s s t e e l s t i l l was u sed 
for t h e s e p r e l i m i n a r y t e s t s with c a d m i u m in o r d e r to c o n s e r v e the 
t a n t a l u m s t i l l for the z i n c - m a g n e s i u m e x p e r i m e n t s . The bo i l ing point of 
c a d m i u m w a s m e a s u r e d o v e r the p r e s s u r e r a n g e 5 to 760 m m Hg, with 
the r e s u l t s shown in T a b l e 16. 



Table 16 

VAPOR-PRESSURE MEASUREMENTS FOR CADMIUM 

T e m p e r a t u r e 
(C) 

459.9 
519.2 
539.9 
555.2 
578.8 
596.2 
610.9 
637.6 
657.1 
686.8 
709.6 
727.0 
743.1 
763.0 

Vapor 
P r e s s u r e 
(mm Hg) 

5.7^ 
20.9 
31.0 
41.0 
61.0 
80.8 

100.4 
151.1 
200.8 
300.7 
400.8 
497.0 
601.5 
759.6 

Calcu la ted 
Vapor P r e s s u r e ^ 

(mm Hg) 

5.97 
20.8 
30.8 
40.6 
61.0 
81.0 

102.2 
152.4 
201.4 
300.3 
401.6 
496.5 
599.8 
751.6 

Vapor P r e s s u r e 
f rom 

L i t e r a t u r e " 

5.6 
21.3 
31.4 
41.6 
60.9 
79.3 

100 
149 
198 
294 
394 
488 
587 
744 

^Vapor p r e s s u r e s ca lcu la ted by m e a n s of the following equation: 

log P m m = - ^ t,^"^ - 1.07186 log T + 11.5766 

In te rpo la ted f rom compi la t ion by D. R. Stull, Ind. and Eng. Chem. , 
39 (4), 541 (1947). 

*"This point was not u sed in der iv ing the c o r r e l a t i o n equations 
b e c a u s e the p r e s s u r e m e a s u r e m e n t was not sufficiently a c c u r a t e . 

The d a t a w e r e f i t ted to an equa t ion by u t i l i z a t i o n of 
the t h e r m o d y n a m i c r e l a t i o n s h i p 

R l n f = - f ^ dT , 
J T' 

w h e r e R is the gas c o n s t a n t , f the fugac i ty , AH the h e a t of v a p o r i z a t i o n , 
and T the a b s o l u t e t e m p e r a t u r e . 

F o r a p e r f e c t gas and a s s u m i n g tha t the d i f f e r ence in 
the hea t c a p a c i t y of the v a p o r and l iquid is i ndependen t of t e m p e r a t u r e , 

R In P - ACp In T = I - ( A H Q / T ) 

w h e r e I and AHQ a r e i n t e g r a t i o n c o n s t a n t s . 



By l i n e a r r e g r e s s i o n c o r r e l a t i o n of the d a t a in T a b l e 16 

and s u b s t i t u t i n g of the known va lue for ACp [Cp(vapor ) - 4 .97 ; Cp^j^q^j^^) ~ 

7.10, ACp = - 2 . 1 3 c a l / m o l e ] , •'•° t he fol lowing equa t ion w a s d e r i v e d : 

5AA5 A 
log P m m - - I - 1-07186 log T + 11.5766 . 

The s t a n d a r d d e v i a t i o n of the p r e s s u r e m e a s u r e m e n t s 
about t h i s c u r v e i s 0.8 p e r c e n t , which c o r r e s p o n d s to about 0.5 C d e v i a t i o n 
in t e m p e r a t u r e . The t w o - c o n s t a n t equa t i on 

log P = - + 7.9400 
"& -^mm j^ 1 . . /^ 

i s e a s i e r to u s e and i s as a c c u r a t e o v e r the r a n g e of t e m p e r a t u r e for which 
it w a s d e r i v e d (519 to 763 C) a s the t h r e e - c o n s t a n t e q u a t i o n . H o w e v e r , it 
canno t be e x t r a p o l a t e d wi th t h e s a m e a c c u r a c y a s the t h r e e - c o n s t a n t equa t ion . 

(3) Study of E n t r a i n m e n t d u r i n g Boi l ing of Liquid M e t a l s 
( J . Wolkoff) 

The p h e n o m e n o n of e n t r a i n m e n t d u r i n g the bo i l ing of 
a q u e o u s s o l u t i o n s h a s b e e n r e p e a t e d l y s tud i ed on bo th f u n d a m e n t a l and 
a p p l i e d l e v e l s . T h e m e c h a n i s m of d r o p l e t f o r m a t i o n f r o m b u r s t i n g b u b b l e s 
and t h e i r p a r t i c l e s i z e d i s t r i b u t i o n s h a v e b e e n i n v e s t i g a t e d , and r a t i o n a l 
a n a l y s e s h a v e b e e n f o r m u l a t e d . On the app l ied l e v e l , the e n t r a i n m e n t in 
b o i l e r s and e v a p o r a t o r s and m e t h o d s of s e p a r a t i n g the d r o p l e t s f r om the 
v a p o r s t r e a m have r e c e i v e d c o n s i d e r a b l e a t t e n t i o n . 

V e r y few s i m i l a r s t u d i e s have b e e n m a d e for the 
bo i l ing of l iqu id m e t a l s , and no f u n d a m e n t a l e x p e r i n a e n t a l s tudy of the 
n a t u r e and m e c h a n i s m of d r o p l e t f o r m a t i o n app l i ed to l iquid m e t a l s a p p e a r s 
in the l i t e r a t u r e . B e c a u s e of l a r g e d i f f e r e n c e s , a s c o n t r a s t e d wi th w a t e r , in 
s e v e r a l p h y s i c a l p r o p e r t i e s of l iqu id m e t a l s ( e .g . , t h e r m a l conduc t iv i ty , 
s u r f a c e t e n s i o n , and d e n s i t y ) , t he n a t u r e and m a g n i t u d e of the bo i l ing and 
en t r a innaen t p h e n o m e n a m a y dif fer s ign i f i can t ly f r o m t h o s e of w a t e r . 

A s tudy of the e n t r a i n m e n t f r o m bo i l ing l iquid m e t a l s 
h a s b e g u n . T h e w o r k wi l l i n c l u d e the fo l lowing: 

1. p h o t o g r a p h i c s tudy of t h e f o r m a t i o n of d r o p l e t s at the l i qu id -
v a p o r i n t e r f a c e ; 

2. s t udy of n o n t u r b u l e n t bo i l ing cond i t i ons and r a t e s ; and 

Ke l l ey , K. K., C o n t r i b u t i o n s to the Da ta on T h e o r e t i c a l M e t a l l u r g y , 
B u r e a u of M i n e s B u l l e t i n 584 ( i 9 6 0 ) . 



3. s tudy of so lu te c a r r y o v e r by t h e v a p o r s t r e a m . 

M e r c u r y i s be ing u s e d i n i t i a l l y , but the w o r k wi l l be 
e x t e n d e d to i nc lude z i n c , c a d m i u m , and s o d i u m . 

B . F u e l P r o c e s s i n g F a c i l i t i e s for E B R - I I 

1. D e s i g n and C o n s t r u c t i o n 
(J . H. S c h r a i d t , M. L e v e n s o n ) 

a. S ta tus of F u e l C y c l e F a c i l i t y Bu i ld ing D e s i g n and 
C o n s t r u c t i o n 
(E. J. P e t k u s , H. L . S t e t h e r s ) 

The F u e l C y c l e F a c i l i t y w a s abou t 95 p e r c e n t c o m p l e t e on 
Augus t 29, 1961 , a s c o m p a r e d wi th 90 p e r c e n t c o m p l e t e t h r e e m o n t h s e a r l i e r 
T h e c o n t r a c t o r i s now doing f i n i sh ing w o r k , s u c h a s r e p a i r i n g , a d j u s t i n g , 
and t e s t i n g of e q u i p m e n t . O t h e r w o r k i n c l u d e s e l e c t r i c a l and p ip ing i n s t a l l a ­
t ion and p a i n t i n g . P r o g r e s s is e x t r e m e l y s low, and the r e c e n t l y r e s c h e d u l e d 
c o m p l e t i o n da te of O c t o b e r 3 1 , I 9 6 I , is p o s s i b l e only if the c o n t r a c t o r in ­
c r e a s e s h i s w o r k ef for t m a n y fold. 

E l e c t r i c a l and c o n t r o l e q u i p m e n t w a s i n s t a l l e d d u r i n g the 
p a s t q u a r t e r . The i n s t a l l a t i o n of c o n t r o l s for the m o t o r g e n e r a t o r s e t s 
which wi l l be u s e d for the i nduc t i on h e a t i n g of the d e g a s s i n g , m e l t r e f i n i n g , 
and p i n - c a s t i n g f u r n a c e s w a s c o m p l e t e d . M i c r o p h o n e s w e r e i n s t a l l e d on 
the b e a r i n g s of the b l o w e r s wh ich wi l l be u s e d to c i r c u l a t e a r g o n in the 
A r g o n C e l l . The m i c r o p h o n e s wi l l a id in the m o n i t o r i n g of the p e r f o r m a n c e 
of the b e a r i n g s . W i r i n g of the m o t o r c o n t r o l c e n t e r and the i n s t a l l a t i o n of 
h e a t e r s for the s i l v e r t o w e r wh ich wi l l be u s e d for t h e s o r p t i o n of iod ine 
r e s u l t i n g f r o m t h e m e l t r e f i n i n g o p e r a t i o n w e r e a l s o c o m p l e t e d . C o r r e c ­
t ive w o r k i s b e i n g done on v a r i o u s p a n e l b o a r d s . 

The i n s t a l l a t i o n of h e a t i n g and v e n t i l a t i n g c o m p o n e n t s is 
n e a r i n g c o m p l e t i o n . T e s t i n g of e q u i p m e n t and c o n t r o l s , and b a l a n c i n g of 
g r i l l e s and r e g i s t e r s have b e g u n . 

W o r k is p r o c e e d i n g on the s e a l p o t s y s t e m on the roof of 
t h e A r g o n C e l l (the s e a l p o t s y s t e m is a p a r t of the A r g o n Ce l l p r e s s u r e -
r e l i e f s y s t e m ) . R e p a i r s and ad ju s tnaen t s w e r e m a d e on the 2 0 - t o n c r a n e 
in the h i g h - b a y a r e a ; h o w e v e r , the c r a n e i s s t i l l i n a d e q u a t e , s i n c e it wi l l 
not m o v e r e q u i r e d l o a d s a t t he r e q u i r e d l o w e r s p e e d s . L e a k s a r e b e i n g 
r e p a i r e d in the r e f r i g e r a t i o n p ip ing of the a r g o n - c o o l i n g s y s t e m . The c o n ­
t r o l c i r c u i t of the s o d i u m e x h a u s t s y s t e m h a s b e e n t e s t e d and a p r o t e c t i v e 
coa t ing h a s b e e n a p p l i e d to the s o d i u m d i s p o s a l box . 



b . F u e l C y c l e F a c i l i t y E q u i p m e n t 
(G. J. B e r n s t e i n , A. A. C h i l e n s k a s , L . F . C o l e m a n , J. G r a a e , 
R. H. J a h n k e , M. A. S l a w e c k i , T. W. E c k e l s ) 

F a b r i c a t i o n of the two m e l t r e f m m g f u r n a c e s for the F u e l 
C y c l e F a c i l i t y i s n e a r i n g c o m p l e t i o n . The be l l j a r s have b e e n c o m p l e t e d 
and s h i p p e d to Idaho by the v e n d o r . The b a s e p l a t e s and p a r t s for the 
h e a t i n g a s s e m b l y a r e n e a r l y f i n i s h e d and wil l be i n s p e c t e d soon. The con ­
t r o l p a n e l s for the m e l t r e f in ing f u r n a c e have b e e n sh ipped to Idaho by the 
m a n u f a c t u r e r . The p a n e l s wi l l be t e s t e d . 

F a b r i c a t i o n d r a w i n g s of the s e r v i c e s l e e v e feed t h r o u g h s 
w e r e r e c e i v e d f r o m E x - C e l l - O C o r p o r a t i o n The d r a w i n g s have been a p ­
p r o v e d wi th c e r t a i n m o d i f i c a t i o n s and r e t u r n e d to the v e n d o r . F a b r i c a t i o n 
h a s b e e n s t a r t e d . 

A 200 -kw e n a e r g e n c y d i e s e l g e n e r a t o r wi l l be i n s t a l l e d to 
p r o v i d e e m e r g e n c y p o w e r for the F u e l C y c l e F a c i l i t y O r i g i n a l l y , it w a s 
p l a n n e d to l o c a t e the un i t o u t s i d e the F u e l C y c l e F a c i l i t y m a p r o t e c t i v e 
h o u s i n g . The uni t wi l l now be m o u n t e d m the s o u t h w e s t c o r n e r of the F u e l 
C y c l e F a c i l i t y b a s e m e n t . The r e q u i r e d d r a w i n g s for the i n s t a l l a t i o n of the 
un i t a r e be ing m a d e . A p u r c h a s e o r d e r h a s been p l a c e d for the t r a n s f e r 
swi t ch which is r e q u i r e d to t r a n s f e r the load f r o m the n o r m a l c i r c u i t to 
the e m e r g e n c y g e n e r a t o r when the p o w e r f a i l s . 

The p r o t o t y p e w i d e - a n g l e v i e w e r (82y d e g r e e h a l f - a n g l e of 
v iew) i s be ing m o d i f i e d m ANL C e n t r a l Shops for i n s t a l l a t i o n m the wal l 
s l e e v e s p e c i f i e d for the two a l t e r n a t i v e l o c a t i o n s for t h i s uni t . One l o c a ­
t ion is m the south wa l l of the A i r Ce l l and the o the r i s m the n o r t h wal l 
of the A r g o n - t o - A i r Ce l l t r a n s f e r l ock b e n e a t h the Ai r C e l l . 

Some of the d e s i g n d r a w i n g s of the i n t e r b u i l d m g coffin, 
wh ich wi l l be u s e d to t r a n s f e r fuel e l e m e n t s b e t w e e n the r e a c t o r and F u e l 
C y c l e F a c i l i t y , have b e e n r e c e i v e d frona the v e n d o r , bu t a s yet the d e s i g n 
IS not c o m p l e t e . F a b r i c a t i o n of the s c r a p - h a n d l i n g coffin h a s been c o m ­
p l e t e d and the coffin i s now m Idaho 

The a i r l o c k s and a l l m a j o r a s s o c i a t e d p a r t s have b e e n 
o r d e r e d . A d r a w i n g for the l a r g e b a s k e t for u s e m the l a r g e lock h a s been 
c o m p l e t e d and c h e c k e d . A c o n c e p t u a l d r a w i n g for the g a s k e t changing tool 
h a s b e e n m a d e . 

One h u n d r e d s p e c i a l s c r a p - h a n d l i n g p a i l s , which m e a s u r e 
l l - j - m . ID by 6 ft long , have b e e n d e l i v e r e d by the f a b r i c a t o r T h e s e p a i l s 
a r e to be u s e d to can the long p i e c e s of s t a i n l e s s s t e e l s c r a p r e s u l t i n g 
f r o m t h e d i s a s s e m b l y of the fuel s u b a s s e m b l y and a s a s e c o n d a r y c o n t a i n e r 
for the 3 -ga l s c r a p p a i l s . T h e s e p a i l s a r e supp l i ed wi th r u b b e r - g a s k e t e d 



l u g - t y p e l i d s wh ich wi l l be c a p p e d in p l a c e wi th a c l o s i n g too l m a n u f a c t u r e d 
by the G r o t n e s M a c h i n e W o r k s , I nc . , and m o d i f i e d for m a n i p u l a t o r u s e . 
The c l o s i n g too l h a s b e e n t e s t e d in t h e m o c k u p a r e a wi th the m a n i p u l a t o r 
and found to be s a t i s f a c t o r y . The c a p a c i t y of the p a i l is suff ic ient to a c c o m ­
m o d a t e the s c r a p f r o m 12 s u b a s s e m b l i e s , g iv ing a load of about 120 lb . 

F i v e 3 - g a l s c r a p p a i l s h a v e b e e n r e c e i v e d for t e s t p u r p o s e s 
T h e s e a r e s t a n d a r d p a i l s which m e a s u r e 1 0 | i n . ID by 11-j-g in. h igh and a r e 
c o n s t r u c t e d of 2 2 - g a u g e s t e e l . T h e s e p a i l s a r e s u p p l i e d wi th a r u b b e r -
g a s k e t e d l u g - t y p e l id . The p a i l s a r e i n t e n d e d for c a n n i n g w a s t e s s u c h a s 
m e l t r e f i n ing c r u c i b l e s , fume t r a p s , V y c o r p in m o l d s , and m i s c e l l a n e o u s 
s m a l l i t e m s wh ich o r i g i n a t e i n s i d e the A r g o n C e l l . A s l i gh t ly t a l l e r p a i l , 
m e a s u r i n g about 18 in. h igh and of t h e s a m e d i a m e t e r , wi l l be u s e d for the 
d i s p o s a l of the s h r e d d e d f u e l - p i n c a n s . T h e s e p a i l s a r e to be t r a n s f e r r e d 
in to the Ai r C e l l and p l a c e d i n s i d e the 6-ft p a i l for d i s p o s a l to the b u r i a l 
g r o u n d s . 

In the p l a n t , a v a c u u m lock i s e m p l o y e d in the t r a n s f e r of 
the p a i l f r o m the A r g o n C e l l to the A i r C e l l . A m o c k u p t e s t s i m u l a t i n g a 
v a c u u m lock t r a n s f e r h a s shown tha t c o n d i t i o n s m a y a r i s e in wh ich t h e pa i l 
m a y be s u b j e c t e d to a c r u s h i n g p r e s s u r e of one a t m o s p h e r e . T e s t s w e r e 
p e r f o r m e d on the five 3 -ga l p a i l s and showed t h e m c a p a b l e of w i t h s t a n d i n g 
a p r e s s u r e d i f f e r e n t i a l of 30 in. of Hg wi thou t p e r m a n e n t d e f o r m a t i o n o r 
s ign i f i can t l e a k a g e . 

M a g n e t i c l if t ing t o o l s u t i l i z i n g p e r m a n e n t m a g n e t s a r e 
be ing c o n s i d e r e d a s a m e a n s of l i f t ing and m o v i n g t h e l a r g e and s m a l l 
s c r a p p a i l s . Two p e r m a n e n t m a g n e t s , one l a r g e and one s m a l l , h a v e b e e n 
o b t a i n e d and h a v e b e e n t e s t e d for l o a d - h o l d i n g c a p a c i t y . On the b a s i s of 
t e s t s p e r f o r m e d , it a p p e a r s t ha t t he too l u s i n g the l a r g e m a g n e t wi l l h a v e 
an a p p r o x i m a t e c a p a c i t y of 200 lb , w h e r e a s t ha t of the s m a l l m a g n e t i s 
50 lb . In o r d e r to a c h i e v e t h i s ho ld ing c a p a c i t y wi th the 2 2 - g a u g e l i d s s u p ­
p l i e d wi th the p a i l s , t he 6-ft p a i l wi l l r e q u i r e a - I - i n . s t e e l b a c k i n g p l a t e 
w e l d e d to the l id , and the 3 -ga l p a i l w i l l r e q u i r e a - I - in . s t e e l b a c k i n g p l a t e . 
R e l e a s e of the load i s o b t a i n e d by the s q u e e z e m o t i o n of the double hook 
m o u n t e d on the o p e r a t i n g m a n i p u l a t o r . T h i s m o t i o n m o v e s t h e m a g n e t 
away f r o m the l id un t i l t he f o r c e e x e r t e d by the m a g n e t b e c o m e s insuf f i ­
c i en t for ho ld ing the load . D e s i g n of bo th l i f t ing t o o l s i s c u r r e n t l y in 
p r o g r e s s . 

The m e c h a n i c a l and e l e c t r i c a l c o m p o n e n t s for the t r a n s f e r 
c e l l e q u i p m e n t h a v e b e e n sh ipped to Idaho by the f a b r i c a t o r , A M F A t o m i c s . 
Work d e s c r i p t i o n s for i n s t a l l a t i o n of t h i s e q u i p m e n t h a v e b e e n c o m p l e t e d . 
The i n s t a l l a t i o n shou ld b e g i n in N o v e m b e r 1961 . 

E igh t p a i r s of m a n i p u l a t o r s for u s e in the A i r Ce l l of the 
F u e l C y c l e F a c i l i t y h a v e b e e n d e l i v e r e d to Idaho . 



F a b r i c a t i o n of window s h u t t e r s , d r i v e s , and b r a c k e t s i s 
n e a r i n g c o m p l e t i o n . P r e l i m i n a r y i n s p e c t i o n showed s e v e r a l d i s c r e p a n c i e s 
in the d e s i g n and o v e r s i g h t s in p r o c u r e m e n t and p l ann ing by the f a b r i c a t o r . 
T h e s e p r o b l e m s have b e e n r e s o l v e d and the e q u i p m e n t wil l soon be r e a d y 
for f inal i n s p e c t i o n . 

c. C r a n e s and M a n i p u l a t o r s 
(J . G r a a e ) 

The e ight m a n i p u l a t o r c a r r i a g e s and the m a n i p u l a t o r b r i d g e 
p o w e r i n l e t s have b e e n sh ipped to Idaho . I n s t a l l a t i o n of the l a t t e r wil l b e g i n 
a s soon a s the c o n s t r u c t i o n of the F u e l Cyc l e F a c i l i t y is c o m p l e t e d . B r a c k e t s 
and r e c e p t a c l e s for the Model 300 a r t i c u l a t e d m a n i p u l a t o r a r m have b e e n 
c o m p l e t e d and a r e be ing c r a t e d for s h i p m e n t to Idaho , w h e r e t hey wil l be 
m o u n t e d on e a c h of the o p e r a t i n g m a n i p u l a t o r c a r r i a g e s to p r o v i d e p o w e r 
and c o n t r o l for the o c c a s i o n a l u s e of the Model 300 a r t i c u l a t e d a r m . 

An o p e r a t i n g m a n u a l for the c o n t r o l s y s t e m for m a n i p u l a t o r Sj 
c r a n e s , and b l i s t e r h a s b e e n p r e p a r e d . T h i s m a n u a l con t a in s key d r a w i n g s , 
r e f e r e n c e l i s t s of d r a w i n g s , d e s c r i p t i o n of t h e sys tena , o p e r a t i n g i n s t r u c ­
t i o n s , d e s c r i p t i o n of c h e c k - o u t e q u i p m e n t and i t s u s e , and m a n u f a c t u r e r ' s 
e q u i p m e n t da t a . 

The c o l l a p s i b l e s t and for m a n i p u l a t o r c a r r i a g e s h a s b e e n 
c o m p l e t e d and wi l l be t e s t e d wi th the p r o t o t y p e m a n i p u l a t o r c a r r i a g e in 
t h e naockup. 

A m a n i p u l a t o r too l s t o r a g e r a c k and c h a n g e r h a s b e e n 
bu i l t . It h a s s p a c e for a dual hook , a p a r a l l e l jaw hand , and a s h e a r . It 
h a s b e e n t e s t e d and, wi th a few m i n o r m o d i f i c a t i o n s , should be a d e q u a t e . 

A s ing le s h e a r h a s b e e n f a b r i c a t e d and wil l be t e s t e d soon. 
T h i s s h e a r can be a t t a c h e d to the m a n i p u l a t o r f o r e a r m in the s a m e m a n n e r 
t ha t the dual hook and the p a r a l l e l jaw hand a r e a t t a c h e d . 

d. M a t e r i a l s T e s t i n g 
(G. J. B e r n s t e i n , L . F . C o l e m a n , J. G r a a e , M. A. S lawecki ) 

A s e r i e s of e x p e r i m e n t s u t i l i z ing a new p r o c e d u r e to t e s t 
r a d i a t i o n - r e s i s t a n t g r e a s e h a s b e e n s t a r t e d . It i s e x p e c t e d tha t the new 
p r o c e d u r e wi l l be m o r e r e p r e s e n t a t i v e of the o p e r a t i n g cond i t i ons in the 
A i r C e l l than p r e v i o u s t e s t s ( s ee A N L - 6 3 7 9 , page 103). A T i m k e n r o l l e r 
b e a r i n g (432 cup - 438 cone) l u b r i c a t e d with N R R G - 1 5 9 * g r e a s e i s be ing 
a l t e r n a t e l y i r r a d i a t e d and r u n in a t e s t s tand . I r r a d i a t i o n d o s e s of 5 x 10^ r a d 
a r e fo l lowed by o p e r a t i o n of the b e a r i n g at 40 r p m and 8 0 0 - l b ax i a l load 

* P r o d u c t of S t a n d a r d Oil C o m p a n y of Ca l i f o rn i a 



for 38 h r . It i s e s t i m a t e d t h a t e a c h of t h e s e c y c l e s i s e q u i v a l e n t to s ix m o n t h s 
of o p e r a t i o n in the A i r Ce l l of the F u e l C y c l e F a c i l i t y . R e s u l t s f r o m the 
new t e s t s a r e not ye t a v a i l a b l e . 

T h r e e 5 - ton c r a n e s h a v e b e e n p r o c u r e d for u s e in the A i r 
and A r g o n C e l l s of the F u e l C y c l e F a c i l i t y . At t h e t i m e t h a t t h e s e c r a n e s 
w e r e f a b r i c a t e d , a r a d i a t i o n - r e s i s t a n t g r e a s e w a s s p e c i f i e d for the b e a r i n g s ; 
t h i s does not a p p e a r to be a s s u i t a b l e for t h i s u s e a s t h e n e w e r N R R G - 1 5 9 
g r e a s e . It i s a n t i c i p a t e d tha t c o m p l e t e r e m o v a l of t h i s g r e a s e wi l l be dif­
f icul t . A c c o r d i n g l y , t e s t s a r e be ing c o n d u c t e d to d e t e r m i n e w h e t h e r a b l e n d 
of t h i s g r e a s e and N R R G - 1 5 9 wi l l be s u i t a b l e . T h r e e d i f fe ren t m i x t u r e s of 
the two g r e a s e s (1 :3 , 1:1, and 3:1) a r e b e i n g i r r a d i a t e d and t e s t e d with 
T i m k e n r o l l e r b e a r i n g s to d e t e r m i n e t h e use fu l l ife of e a c h b l end . 

The f e a s i b i l i t y of u s i n g p o r o u s b r o n z e b e a r i n g s i m p r e g ­
na t ed wi th r a d i a t i o n - r e s i s t a n t oil i s be ing i n v e s t i g a t e d . A n u m b e r of O i l i t e * 
t h r u s t b e a r i n g s w e r e d e g r e a s e d and i m p r e g n a t e d wi th N R R O - 3 5 9 * * - P r e ­
v ious t e s t s h a v e shown tha t t h i s oil u n d e r g o e s a v e r y g r a d u a l i n c r e a s e in 
v i s c o s i t y u n d e r i r r a d i a t i o n . In i t i a l s a m p l e s i r r a d i a t e d to 1 x 10^ r a d a r e 
be ing p r e p a r e d for m e c h a n i c a l t e s t s . 

S a m p l e s of a s b e s t o s - c o v e r e d w i r e hav ing an in i t i a l i n s u l a ­
t ion r e s i s t a n c e g r e a t e r t h a n 200 m e g o h m s h a v e b e e n i r r a d i a t e d to 
2.28 X 10^° r a d . Two of the s a m p l e s w e r e f i r s t i r r a d i a t e d u n s e a l e d to 
2.0 X 10^° r a d . S ince t hen , t hey h a v e r e c e i v e d an add i t i ona l 2.8 x 10^ r a d 
whi le s e a l e d in a v ia l c o n t a i n i n g a d e s i c c a n t . T h e i r i n s u l a t i o n r e s i s t a n c e 
h a s i n c r e a s e d to g r e a t e r t h a n 200 m e g o h m s f r o m a r e s i s t a n c e b e f o r e s e a l ­
ing of 0.075 and 0.125 m e g o h m , r e s p e c t i v e l y . The t h i r d s a m p l e , s e a l e d in 
a tube c o n t a i n i n g a d e s i c c a n t , h a s r e c e i v e d 9.3 x l O ' r a d whi le in the s e a l e d 
c o n t a i n e r , p l u s 1.35 x 10^ r a d p r i o r to s e a l i n g . I t s i n s u l a t i o n r e s i s t a n c e 
i s g r e a t e r t h a n 200 m e g o h m s . The r e s u l t s of t h e s e t e s t s and t h o s e of p r e ­
v ious t e s t s ( s ee A N L - 6 2 8 7 , p a g e s 88 and 89) i n d i c a t e t h a t the r e d u c t i o n in 
i n s u l a t i o n r e s i s t a n c e which i s o b s e r v e d when t h i s type of i n s u l a t i o n i s i r r a ­
d ia ted u n s e a l e d to h igh d o s a g e s i s p r o b a b l y c a u s e d by the p r e s e n c e of 
m o i s t u r e . It h a s b e e n found, h o w e v e r , t h a t the i n s u l a t i o n r e s i s t a n c e m a y 
be r e s t o r e d to a h igh v a l u e by e i t h e r h e a t i n g o r con t inu ing i r r a d i a t i o n in a 
d r y a t m o s p h e r e . T h u s , t h i s type of i n s u l a t i o n wi l l be qu i t e a d e q u a t e to 
d o s a g e s of a t l e a s t 2 x 1 0 r a d in the A r g o n C e l l w h e r e the a t m o s p h e r e i s 
e x t r e m e l y d r y . The t e s t s did not e s t a b l i s h at wh ich l e v e l m o i s t u r e b e c a m e 
a p r o b l e m ; t h e r e f o r e , no p r e d i c t i o n can be m a d e c o n c e r n i n g c h a n g e s in in ­
su l a t i on r e s i s t a n c e of a s b e s t o s - c o v e r e d w i r e in the Ai r Ce l l w h e r e the r e l a ­
t ive humiidity wi l l r a n g e a s h igh a s 30 p e r c e n t . 

* P r o d u c t of A m p l e x D i v i s i o n of C h r y s l e r C o r p o r a t i o n . 

* * P r o d u c t of S t a n d a r d Oil C o m p a n y of C a l i f o r n i a . 



e. Sh ie ld ing Windows 
(T. W. E c k e l s ) 

R e w o r k i n g of t h e t ank u n i t s of t h e windows i s p r o c e e d i n g 
s a t i s f a c t o r i l y and the P i t t s b u r g h P l a t e G l a s s C o m p a n y e s t i m a t e s tha t in ­
s t a l l a t i o n cou ld be s t a r t e d by O c t o b e r 1, 1961 , and could be c o m p l e t e d 
wi th in two m o n t h s . H o w e v e r , i n s t a l l a t i o n canno t be s t a r t e d un t i l a p p r o x i ­
m a t e l y one m o n t h a f t e r D i v e r s i f i e d B u i l d e r s , Inc . have c o m p l e t e d the F u e l 
C y c l e F a c i l i t y , and it i s h igh ly i m p r o b a b l e tha t t h i s wi l l o c c u r by O c t o ­
b e r 30, 1961 . 

2. E B R - I I F u e l P r o c e s s i n g Mockup 
(J. H. S c h r a i d t ) 

a. M a n i p u l a t o r and M a n i p u l a t o r R e m o v a l B l i s t e r 
( D . C . H a m p s o n , J . G r a a e , R. V r e e ) 

A new type g r i p d r i v e c lu tch h a s been i n s t a l l e d and t e s t e d 
T h i s c l u t ch i s a L E A R t y p e , s e r i e s 900, m a g n e t i c powde r c lu t ch . It o p e r ­
a t e s on the fo l lowing p r i n c i p l e . A s l o t t e d r o t o r i s f r ee to t u r n b e t w e e n the 
p o l e s of an e l e c t r o m a g n e t , e x c e p t for the p r e s e n c e of a f ine ly d iv ided i r o n 
p o w d e r . With the e l e c t r o m a g n e t d e - e n e r g i z e d , v e r y l i t t l e t o r q u e is t r a n s ­
m i t t e d f r o m e l e c t r o m a g n e t to r o t o r . As the e l e c t r o m a g n e t i s e n e r g i z e d , 
m a g n e t i z e d i r o n p o w d e r f o r m s a b r i d g e b e t w e e n the p o l e s on the m a g n e t . 
T h i s b r i d g e h a s to be s h e a r e d by the r o t o r , t h e r e b y r e s u l t i n g in the t r a n s ­
m i t t a l of t o r q u e . 

The c l u t c h i s s m a l l enough to be adap ted , wi th a few 
c h a n g e s , to fit in the a v a i l a b l e s p a c e on the e x i s t i n g g r ip d r i v e u n i t s . It 
is wound for 6 vo l t s but can be wound for the 40 vo l t s now a v a i l a b l e in the 
c o n t r o l s y s t e m for the m a n i p u l a t o r s at Idaho . 

T e s t s wi th t h i s new c l u t c h show a c o n s i d e r a b l y m o r e con ­
s i s t e n t t o r q u e t r a n s m i t t a l for a g iven g r i p - f o r c e c o n t r o l s e t t i ng than the 
f r i c t i o n - d i s c - t y p e c l u t c h e s u s e d in the p a s t . 

The m a x i m u m g r i p f o r c e s e t t i n g h a s r e s u l t e d in g r i p 
f o r c e s v a r y i n g b e t w e e n 265 lb a t low s p e e d to 415 lb at high s p e e d of the 
g r i p d r i v e m o t o r . The v a r i a t i o n m a y be due to i n e r t i a in the d r i v e g e a r s 
and a c e r t a i n a m o u n t of e c c e n t r i c i t y in t h e g r ip d r i v e t u b e s , a s wel l a s 
f r i c t i o n in the m a n y b e a r i n g s and p a r t s invo lved in the g r ip d r i v e . The 
g r i p f o r c e c a n be r e g u l a t e d down to a p p r o x i m a t e l y 10 l b . 

In o r d e r to a c c u m u l a t e a l a r g e a m o u n t of runn ing t i m e in 
a s h o r t e l a p s e d t i m e , t h e g r ip d r i v e w a s o p e r a t e d by an a u t o m a t i c t i m e r . 



The t i m e r , in t u r n , w a s t u r n e d on and off by a t e m p e r a t u r e c o n t r o l l e r 
wh ich l i m i t e d the g r i p d r i v e m o t o r to a safe t e m p e r a t u r e . The fol lowing 
a v e r a g e t i m e c y c l e w a s e s t a b l i s h e d : 

Gr ip D r i v e G r i p D r i v e G r i p D r i v e 
Open ing C l o s i n g S l ipp ing 

12.9 s ec 13.4 s ec 1.0 s ec 

After 38 s ec of r u n n i n g t i m e , the d r i v e w a s off for 86 s ec 
for coo l ing . About 33 h r of r u n n i n g t i m e h a v e b e e n a c c u m u l a t e d . T h i s 
m e a n s tha t the g r i p h a s c y c l e d about 4,350 t i m e s and tha t about 1.2 h r of 
c lu t ch s l i p p a g e h a s t a k e n p l a c e . The s l i p p a g e o c c u r s at t he end of e a c h 
c l o s i n g cyc l e a f t e r the g r i p i s c o m p l e t e l y c l o s e d and the d r i v e h a s not ye t 
r e v e r s e d . T h i s i m p o s e s a m u c h m o r e s e v e r e cond i t i on than e x p e c t e d for 
n o r m a l o p e r a t i o n . R e s p o n s e of g r i p f o r c e w a s c h e c k e d a f t e r t he t e s t and 
w a s found u n c h a n g e d . 

T r u e g r i p f o r c e c o n t r o l , in the s e n s e t h a t a g iven c o n t r o l 
s e t t i ng c o r r e s p o n d s to a c e r t a i n g r i p f o r c e wi th in n a r r o w l i m i t s ove r the 
e n t i r e c o n t r o l r a n g e , h a s not ye t b e e n a t t a i n e d . H o w e v e r , the g r i p d r i v e 
no l o n g e r s t i c k s a f t e r p e r i o d s of s l i p p a g e , a s it d id wi th the f r i c t i o n - d i s c 
c l u t c h e s . T h i s i s , of c o u r s e , of g r e a t i m p o r t a n c e for the p r o p e r o p e r a t i o n 
of the m a n i p u l a t o r s i n s i d e t h e c e l l s at Idaho . 

b . Me l t Ref in ing 

(D. C. H a m p s o n , W. E . M i l l e r ) 

(1) E q u i p m e n t P e r f o r m a n c e 

(a) C r u c i b l e s 

The o r i g i n a l p l a n t - s c a l e N o r t o n c r u c i b l e s , u s e d 
in m e l t r e f i n ing s t u d i e s , had a b o t t o m t h i c k n e s s of-^-in. and an o v e r a l l 
he igh t of 9-| in . After N o r t o n a p p l i e d the i m p r o v e d m e t h o d of m a n u f a c t u r e 
( d i s c u s s e d in A N L - 6 1 8 3 , p a g e 30), the c r u c i b l e b o t t o m t h i c k n e s s w a s in ­
c r e a s e d to 1 in. to a c h i e v e a n o v e r a l l he igh t of 97 in. It w a s b e l i e v e d tha t 
t h i s i n c r e a s e in bottona t h i c k n e s s ( f rom | to 1 in.) h a s b e e n a c o n t r i b u t i n g 
c a u s e of c r a c k s tha t d e v e l o p e d in t h e c r u c i b l e b o t t o m . F i v e c r u c i b l e s 
which w e r e m a n u f a c t u r e d by the new m e t h o d s but which had the old d i m e n ­
s ions w e r e t e s t e d in naelt r e f in ing r u n s . None of t h e s e c r u c i b l e s c r a c k e d 
a c r o s s the b o t t o m . C r u c i b l e s wi th | - i n . - t h i c k b o t t o m s , t h e r e f o r e , h a v e 
b e e n spec i f i ed for p l a n t u s e . 

(b) R e f e r e n c e T h e r m o c o u p l e 

In m e l t r e f i n i n g r u n s in t h e m o c k u p f u r n a c e s , m e l t 
t e m p e r a t u r e s h a v e b e e n m e a s u r e d by s h i e l d e d t h e r m o c o u p l e s i m m e r s e d in 



the m o l t e n u r a n i u m a l loy In the r e m o t e l y o p e r a t e d m e l t r e f in ing f u r n a c e s 
of the F u e l C y c l e F a c i l i t y , it wi l l not be p r a c t i c a l to m e a s u r e m e l t t e m ­
p e r a t u r e s m t h i s d i r e c t m a n n e r T h e r e f o r e , a b o t t o m r e f e r e n c e t h e r m o ­
coup le w a s d e v e l o p e d a s an i n t e g r a l p a r t of the f u r n a c e T h i s t h e r m o c o u p l e 
i s m p r o x i m i t y of the g r a p h i t e s u s c e p t o r which i s t he e x t e r n a l l y c o n t r o l l e d 
h e a t s o u r c e of the i nduc t ion f u r n a c e ( see A N L - 6 3 8 7 , page 94) In the m e l t 
r e f in ing f u r n a c e s of the F u e l Cyc l e F a c i l i t y a n o t h e r hea t s o u r c e wil l be 
p r e s e n t , n a m e l y , t he i r r a d i a t e d fuel p ins i n s ide the c r u c i b l e , which is 
c a l l e d the " i n t e r n a l " h e a t s o u r c e Since two hea t s o u r c e s wi l l be p r e s e n t , 
one of which m a y be an unknown v a r i a b l e , and s ince the t h e r m o c o u p l e is 
l o c a t e d n e a r the o the r h e a t s o u r c e , a s i m p l e c a l i b r a t i o n c u r v e is not suffi­
c i en t to r e l a t e the t e m p e r a t u r e of the b o t t o m r e f e r e n c e t h e r m o c o u p l e to 
the m e l t t e m p e r a t u r e . 

All of the v a r i a b l e s c o r r e l a t e wel l on the g r i d -
type p lo t shown m F i g u r e 1 6 m which the t e m p e r a t u r e of the b a s e r e f e r e n c e 
t h e r m o c o u p l e i s p l o t t e d a s o r d i n a t e and the output of the m o t o r g e n e r a t o r 
p o w e r s o u r c e is the a b s c i s s a (Va lues of both q u a n t i t i e s wil l be r e a d i l y 
a v a i l a b l e to the o p e r a t o r s of the A r g o n Cel l m e l t r e f m m g f u r n a c e s ) I m ­
m e r s i o n t e m p e r a t u r e s a p p e a r a s p a r a m e t r i c c u r v e s on the p lo t , a s do 
c u r v e s of c o n s t a n t r a t e of i n t e r n a l h e a t g e n e r a t i o n The l a t t e r is not r e ­
q u i r e d on the p lo t ; and , m fac t , a knowledge of the h e a t - g e n e r a t i o n r a t e of 
the fuel IS not r e q u i r e d to c o n s t r u c t the g r id for i m m e r s i o n t e m p e r a t u r e s 
Once the g r i d h a s b e e n d e t e r m i n e d , the i m m e r s i o n t e m p e r a t u r e is r e a d i l y 
ob ta ined f r o m the g r i d a t the v a l u e s a t which the equ ipmen t i s o p e r a t i n g If 
the c a l i b r a t i o n i n c l u d e s l i n e s of c o n s t a n t i n t e r n a l h e a t g e n e r a t i o n , then the 
o p e r a t o r a l s o h a s a v a i l a b l e i n f o r m a t i o n to check fuel bu rnup 

FIGURE 16 
CALIBRATION OF BASE REFERENCE THERMOCOUPLE IN M-3n MELT 

REFINING FURNACE AT EQUILIBRIUM CONDITIONS 
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In the mel t refining furnace in the mockup, heat 
was added to the crucible by placing r e s i s t ance h e a t e r s within the crucible 
to s imulate the f ission product heat source . Only enough of the ca l ibra t ion 
grid was completed to show that the re is a smooth re la t ionship among the 
var iab les and that naelt t e m p e r a t u r e s could be predic ted . 

To make a s imi la r ca l ibra t ion grid for the Argon 
Cell furnaces it will only be n e c e s s a r y to m e a s u r e accura te ly mel t t e m ­
p e r a t u r e s in three runs . These m e a s u r e m e n t s will be made with a top 
re ference thermocouple desc r ibed in the previous qua r t e r ly (ANL-6379, 
page 109). In the Argon Cell mel t refining furnaces , the t e m p e r a t u r e range 
of in te res t will be from melt ing to a mel t t e m p e r a t u r e of 1400 C. 

A ca l ibra t ion grid s imi la r to F igu re 16 will be 
good only for the same combination of furnace and e lec t r i ca l power t r a n s ­
miss ion sys tem on which the ca l ibra t ion runs were made . Changes in the 
the rmal p rope r t i e s of the furnace would r equ i re the reca l ib ra t ion of the 
sys tem. Exper ience in the mockup has shown that, after an initial b r eak - in 
per iod (one to five runs) , the t he rma l p r o p e r t i e s of the furnace r ema in 
essent ia l ly constant for the next 50 to 75 runs . Although the crucible is 
changed in every run, exper ience has shown that the furnace power r e ­
quired to maintain equi l ibrat ion t e m p e r a t u r e (1400 C mel t t empera tu re ) is 
essent ia l ly constant from run to run during the useful life of the furnace. 
Therefore , the var ia t ion in the thernaal p rope r t i e s among c ruc ib les need 
not be taken into account in the ca l ibra t ion of the base re fe rence t h e r m o ­
couple. Evidently, the var ia t ion between cruc ib les is minimized since the 
crucibles a r e manufactured to mee t specifications as to composit ion and 
dimensions . 

3. Skul l - rec lamat ion P r o c e s s 
(J. H. Schraidt) 

a. Design Considera t ions 
(G. J. Berns te in , A. A. Chi lenskas , T. W. Ecke l s , 
W. E. Mil ler , H. Stethers) 

Development of remote ly operable p l an t - sca l e equipment 
for the sku l l - rec lamat ion p r o c e s s is continuing. The a r e a s p resen t ly under 
study include heating and mixing techniques, and the development of suitable 
ma te r i a l t r ans fe r l ines and sea l s . 

Low-frequency induction heating is being investigated as a 
means of providing heat and s t i r r ing in the p r o c e s s v e s s e l s . Equipment is 
being a s sembled for p r e l i m i n a r y t e s t s with 60-cycle cu r r en t . A graphite 
crucible , 10 in. in d iameter , will be used as the containment vesse l and 
zinc will be used as the p r o c e s s ma te r i a l . This equipment is approximately 
equivalent to half the scale of the proposed plant equipment. The graphite 



c r u c i b l e i s b e i n g u s e d b e c a u s e of c o n v e n i e n c e , and i t s u s e in t h e s e in i t i a l 
t e s t s shou ld not be i n t e r p r e t e d a s i n d i c a t i n g tha t it i s a l i ke ly cand ida t e 
for p r o c e s s u s e . T w o d i f fe ren t i nduc t ion c o i l s have b e e n d e s i g n e d for t h i s 
w o r k . It is a n t i c i p a t e d t h a t i n f o r m a t i o n wi l l be ob ta ined which would i nd i ca t e 
w h e t h e r or not a d e q u a t e h e a t i n g and s t i r r i n g can be deve loped wi th 60~cycle 
c u r r e n t o r o t h e r low f r e q u e n c i e s up to about 1000 c y c l e s . M e c h a n i c a l s t i r ­
r i n g is a l s o b e i n g i n v e s t i g a t e d . 

Two s e a l s h a v e been d e s i g n e d which will be r e m o t e l y o p ­
e r a b l e wi th t h e A r g o n C e l l m a n i p u l a t o r . T h e s e s e a l s wi l l be a d a p t e d for 
u s e wi th t r a n s f e r l i n e s , ven t l i n e s , or m e c h a n i c a l s t i r r e r s . 

A r e s i s t a n c e - h e a t e d l i ne h a s b e e n bu i l t for s tudying the 
p r o b l e m s r e l a t e d to t r a n s f e r of m o l t e n s a l t s and m e t a l s b e t w e e n f u r n a c e s . 
The t r a n s f e r tube m a y be c a l l e d upon to t r a n s p o r t l iqu id m e t a l s , f luxes , 
and v a p o r s b e t w e e n p r o c e s s i n g v e s s e l s . O p e r a t i n g t e m p e r a t u r e s wil l be 
up to 800 C. One of the m a j o r c o n s i d e r a t i o n s in the d e s i g n of the tube i s 
r e m o t e hand l i ng . The tube m u s t be e a s i l y and qu ick ly d e t a c h a b l e frona the 
p r o c e s s i n g v e s s e l s . T h i s r e q u i r e s s u i t a b l e f l a n g e - s e a l s a t t he poin t w h e r e 
the tube e n t e r s the v e s s e l . Rugged c o n s t r u c t i o n i s r e q u i r e d s ince the tube 
wi l l be h a n d l e d by o p e r a t i n g m a n i p u l a t o r s . The d e s i g n c h o s e n for deve lop ­
m e n t c o n s i s t s of two c o n c e n t r i c t u b e s , wi th a s ing le con t inuous r e s i s t a n c e 
h e a t e r h e l i c a l l y wound in the a n n u l u s . T h i s type of c o n s t r u c t i o n h a s b e e n 
c h o s e n s i n c e it p r o v i d e s the n e c e s s a r y s t r e n g t h and r u g g e d n e s s , and the 
o u t e r tube a f fo rds e a s y a t t a c h m e n t of f l a n g e s , b r a c e s , and h a n d l e s to the 
l ine by s i m p l e we ld ing . It h a s the p o s s i b i l i t y of e s s e n t i a l l y o n e - p i e c e con ­
s t r u c t i o n , i . e . , the c o m p l e t e tube m a y be f a b r i c a t e d a s a s t r a i g h t uni t and 
t h e n b e n t , t h u s e l i m i n a t i n g w e l d e d j o i n t s in the tube i tself . T h e f i r s t tube 
h a s b e e n m a d e in t h i s m a n n e r . The i n n e r tube h a s an ID of |- in. and an 
o v e r a l l l eng th of 6 ft 1 0 in. The h e a t e r h e l i x w a s wound at a c o n s t a n t p i t ch 
to p r o d u c e an a p p r o x i m a t e l y u n i f o r m h e a t f lux a long the length of the tube . 
The t e m p e r a t u r e d i s t r i b u t i o n a long the tube (both i n s ide and ou t s ide the 
p r o c e s s i n g v e s s e l ) i s b e i n g d e t e r m i n e d , and t h i s i n f o r m a t i o n wil l be u s e d 
to bu i ld m o r e d e s i r a b l e t u b e s which will h a v e a n o n u n i f o r m h e a t flux but 
a naore u n i f o r m t e m p e r a t u r e a long the t u b e . 

C. P y r o m e t a l l u r g i c a l R e s e a r c h 
(H. M. F e d e r ) 

1. C h e m i s t r y of L iqu id M e t a l S y s t e m s 
(I. Johnson ) 

I n v e s t i g a t i o n s of the c h e m i s t r y of l iqu id m e t a l s y s t e m s a r e 
b e i n g c o n d u c t e d to p r o v i d e b a s i c c o n c e p t s and da ta for the r a t i o n a l de s ign 
of m e t h o d s for the r e p r o c e s s i n g of r e a c t o r fue l s . In add i t ion , the r e s u l t s 
of t h e s e s t u d i e s p r o v i d e i d e a s and da ta for the f o r m u l a t i o n and t e s t i n g of 
t h e o r i e s of l iqu id m e t a l s o l u t i o n s . 



a. S o l u b i l i t i e s in L i q u i d M e t a l s 

The s o l u b i l i t i e s of the nae ta l s w h o s e s e p a r a t i o n s a r e b e i n g 
a t t e m p t e d a r e of p r i m e i m p o r t a n c e in t h e d e s i g n of f u e l - r e p r o c e s s i n g 
m e t h o d s . The d e p e n d e n c e o f the so lub i l i t y on t e m p e r a t u r e and so lven t c o m ­
p o s i t i o n n e e d s to be known. The so lub i l i t y and t e m p e r a t u r e coe f f i c i en t s of 
so lub i l i t y of a m e t a l l i c p h a s e in a l i qu id m e t a l so lven t a r e s t r o n g l y d e p e n d e n t 
on the i n t e r a t o m i c f o r c e s o p e r a t i v e in t h e so lu t ion and , c o n s e q u e n t l y , m a y 
be u s e d to ga in g r e a t e r i n s i g h t into t h e way tha t t h e s e f o r c e s v a r y wi th the 
b a s i c p r o p e r t i e s of the so lu t e and so lven t a t o m s . F o r such f u n d a m e n t a l 
s t u d i e s , it i s n e c e s s a r y to know t h e c o n s t i t u t i o n of t h e so l id p h a s e in e q u i ­
l i b r i u m wi th the s a t u r a t e d l i qu id p h a s e . 

S c a n d i u m - C a d m i u m S y s t e m 
(M. G. C h a s a n o v , P . D. Hunt) 

A s c a l e d - d o w n so lub i l i t y a p p a r a t u s w a s u s e d to d e t e r m i n e 
the so lub i l i t y of s c a n d i u m in c a d m i u m . The t o t a l m e t a l c h a r g e d to t h i s 
a p p a r a t u s w a s 90 g, which w a s about o n e - t e n t h the c h a r g e u s e d in the ful l -
s c a l e e q u i p m e n t . The c h a r g e c o n t a i n e d 3 weight p e r c e n t s c a n d i u m . The 
s a m p l i n g t e c h n i q u e s w e r e i d e n t i c a l wi th t h o s e u s e d wi th the l a r g e r a p p a ­
r a t u s ( see A N L - 5 8 2 0 , p a g e 98). The s c a n d i u m (99.9 p e r c e n t ) w a s n e u t r o n 
i r r a d i a t e d b e f o r e it w a s a d d e d to the c a d m i u m (99-95 p e r c e n t ) . S c a n d i u m 
c o n c e n t r a t i o n s w e r e d e t e r m i n e d by d i s s o l v i n g each s a m p l e and g a m m a -
coun t ing the 8 5 - d a y s c a n d i u m - 4 6 p r e s e n t . 

T h e m e a s u r e d s o l u b i l i t i e s a r e g iven in T a b l e 17 and shown 
g r a p h i c a l l y in F i g u r e 17. O v e r the t e m p e r a t u r e r a n g e f r o m 349 to 422 C, 
the da t a m a y be r e p r e s e n t e d by E q u a t i o n (a), and o v e r the r a n g e f r o m 422 
to 606 C, the da ta m a y be r e p r e s e n t e d by Equa t i on (b): 

(349 to 422 C) s c a n d i u m : log ( a tom p e r c e n t ) = 3.935 - 2434 T " ^ (a) 

(422 to 606 C) s c a n d i u m : log ( a tom p e r c e n t ) = 4 .933 - 5335 T~^ 

+ 1.534 X 10^ T"^ . (b) 

The r e l a t i v e s t a n d a r d d e v i a t i o n s of E q u a t i o n s (a) and (b) a r e 0.4 and 
0.8 p e r c e n t , r e s p e c t i v e l y . T h e i n t e r s e c t i o n of the s o l u b i l i t y c u r v e s a t 
about 422 C i n d i c a t e s a p e r i t e c t i c t r a n s f o r m a t i o n at t h a t t e m p e r a t u r e . 
T h e r m a l a n a l y s i s of a f u r n a c e - c o o l e d , 3 we igh t p e r c e n t s c a n d i u m a l loy 
showed r e p e a t e d a r r e s t s at 414 C on h e a t i n g . 

H e x a g o n a l n e e d l e s w e r e i s o l a t e d f r o m a 5 we igh t p e r ­
cen t a l loy which h a d been i ce q u e n c h e d f r o m 500 C. T h i s m a t e r i a l w a s 
found to con ta in 11.5 p e r c e n t s c a n d i u m and 88.3 p e r c e n t c a d m i u m ; ScCd3 
would have 11.8 p e r c e n t s c a n d i u m . F o r t h i s new p h a s e the h e x a g o n a l 



1 - 7 O O 

l a t t i c e p a r a m e t e r s ! ' ( p r e l i m i n a r y ) a r e aj, = 6. 33 A and CQ = 4.85 A. The 
X - r a y d e n s i t y for e ight a t o m s p e r un i t c e l l is 7.55 g / c c ; the p y c n o m e t r i c 
d e n s i t y w a s 7.7 g / c c . T h i s p h a s e i s t h e s a m e a s the one iden t i f i ed in t h e 
3 we igh t p e r c e n t s c a n d i u m - c a d m i u m ingot f r o m the so lub i l i ty e x p e r i m e n t ; 
i t i s p r e s u m a b l y the so l id p h a s e in e q u i l i b r i u m with the s a t u r a t e d l iquid 
above 422 C. The e q u i l i b r i u m so l id p h a s e below the p e r i t e c t i c t e m p e r a ­
t u r e h a s not ye t b e e n c h a r a c t e r i z e d . 

T a b l e 17 

SOLUBILITY OF SCANDIUM IN LIQUID CADMIUM 

Tempera tu re 
(C) 

606 
578 
558 
523 
502 
475 

Scandium 
(atom %) 

7.04 
6.05 
5.43 
4.52 
3.95 
3.47 

T smpera ture 
(C) 

461 
431 
398 
372 
349 

Scandium 
(atom %) 

3.23 
2.82 
2.02 
1.45 
1.05 

FIGURE 17 
SOLUBILITY OF SCANDIUM IN LIQUID CADtVllUM 
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F i g u r e 18 shows the m i c r o -
s t r u c t u r e of the 3 weight p e r c e n t 
s c a n d i u m - c a d m i u m a l loy quenched 
a t 414 C (cooling cyc l e ) . In the 
p h o t o m i c r o g r a p h the d a r k p h a s e 
which i s c o n t a i n e d in enve lopes of 
l i g h t e r m a t e r i a l is ScCd3. 

The Z i n c - U r a n i u m S y s t e m 
(A. E . M a r t i n , C. Wach) 

As p r e v i o u s l y r e p o r t e d in 
A N L - 6 2 8 7 , p a g e s 102 to 104, a second 
z i n c - u r a n i u m i n t e r m e t a l l i c p h a s e h a s 
b e e n found in the z i n c - u r a n i u m s y s ­
t e m . In c o n f o r m i t y with the u s u a l 
n o m e n c l a t u r e for u r a n i u m p h a s e d ia ­
g r a m s , the p h a s e r i c h e r in u r a n i u m 
is n a m e d the de l ta p h a s e and the 
p h a s e r i c h e r in zinc i s n a m e d the 
eps i l on p h a s e . The de l ta p h a s e 
a p p e a r s to have a f a i r l y n a r r o w 
c o m p o s i t i o n r a n g e and i t s c o m p o s i ­
t ion p r o b a b l y c o r r e s p o n d s to a 

1 ̂ S c h a b l a s k e , R. , and T a n i , B . S., p e r s o n a l c o m m u n i c a t i o n . 



z i n c - u r a n i u m a t o m r a t i o of 8.5. T h e e p s i l o n p h a s e h a s a w i d e r c o m p o s i t i o n 
r a n g e , which h a s not ye t b e e n e s t a b l i s h e d . At t e m p e r a t u r e s n e a r the m e l t ­
ing po in t of z i n c , the z i n c - r i c h s ide of the e p s i l o n f ie ld c o r r e s p o n d s to a 
z i n c - u r a n i u m r a t i o of about 11.5 to 12. 

F i g u r e 18 

SCANDIUM-CADMIUM ALLOY 

[ T h r e e weigh t p e r c e n t s c a n d i u m - c a d m i u m a l loy 
quenched at 414 C (cool ing c y c l e ) ; e t c h e d with 
1 p e r c e n t n i t a l (1 p e r c e n t n i t r i c ac id in e thano l ) ; 
d a r k p h a s e c o n t a i n e d in e n v e l o p e s of l i g h t e r 
m a t e r i a l i s ScCd3. 200 X. ] 

Void h a s r e p o r t e d the e x i s t e n c e of a l o w - t e m p e r a t u r e 
f o r m of the de l t a p h a s e and i n d i c a t e d tha t the t r a n s f o r m a t i o n t e m p e r a t u r e 
w a s p r o b a b l y below 550 C. T h i s l o w - t e m p e r a t u r e p h a s e wil l h e r e a f t e r be 
d e s i g n a t e d a s the d e l t a - p r i m e p h a s e . T h i s p h a s e w a s a l s o o b s e r v e d in t h i s 
L a b o r a t o r y , but i t s c o m p o s i t i o n h a s not ye t b e e n e s t a b l i s h e d . H o w e v e r , 
t h e r e i s no ev idence tha t it i s a p p r e c i a b l y d i f fe ren t f r o m tha t of the de l t a 
p h a s e . The X - r a y p a t t e r n of the d e l t a - p r i m e p h a s e b e a r s r e s e m b l a n c e s to 
the p a t t e r n s of both the de l ta and the e p s i l o n p h a s e s . It i s l i ke ly tha t the 
d e l t a - p r i m e p h a s e m e r e l y c o r r e s p o n d s to the u r a n i u m - r i c h s ide of the 
eps i l on f ield. Th i s p o s s i b i l i t y i s c u r r e n t l y b e i n g e x p l o r e d . 

Void, C. L . , and P e t e r s o n , D. T . , IS-246 (1961). 



The c o n d i t i o n s of f o r m a t i o n of the d e l t a - p r i m e p h a s e have 
b e e n s tud i ed in two d i f fe ren t t y p e s of e x p e r i m e n t s . On the one hand, a t ­
t e m p t s have b e e n m a d e to f o r m the d e l t a - p r i m e p h a s e f r o m the de l ta p h a s e 
by a n n e a l i n g a l l oys c o n t a i n i n g the de l t a and u r a n i u m p h a s e s , wi th the de l ta 
p h a s e be ing the dominan t p h a s e . The e x p e r i m e n t s w e r e of long d u r a t i o n at 
v a r i o u s t e m p e r a t u r e s . In no c a s e w a s the d e l t a - p r i m e p h a s e f o r m e d . The 
a n n e a l i n g cond i t i ons i nc luded 2 w e e k s at 300 C, 3 w e e k s at 400 C, 1 week 
at 450 C, 1 w e e k at 475 C, and 3 w e e k s at 500 C. The a l l oys a n n e a l e d w e r e 
f r o m t h r e e d i f fe ren t p r e p a r a t i o n s . The o the r a p p r o a c h h a s b e e n to s tudy 
the cond i t i ons of f o r m a t i o n of the d e l t a - p r i m e p h a s e by the r e a c t i o n of 
u r a n i u m with the e p s i l o n p h a s e . The e p s i l o n m a t e r i a l u s e d in t h e s e s tud i e s 
w a s f o r m e d by c r y s t a l l i z a t i o n f r o m a z i n c - r i c h m e l t . The c r y s t a l s w e r e 
r e c o v e r e d f r o m the a l loy ingot by e l e c t r o l y t i c e tch ing . The c o m p o s i t i o n 
of the c r y s t a l s c o r r e s p o n d e d to a z i n c - u r a n i u m r a t i o of 11 .65. C o m p a c t s 
w e r e p r e p a r e d f rom t h e s e c r y s t a l s and u r a n i u m by p r e s s i n g the m i x t u r e 
at 64,000 p s i in a ^ - i n . d i e . The c o m p a c t s w e r e s e a l e d in Vycor t u b e s 
u n d e r a hel iuna a t m o s p h e r e and w e r e a n n e a l e d a t t e m p e r a t u r e s r ang ing 
f r o m 500 to 660 C. C o m p o s i t i o n s b e t w e e n the de l ta c o m p o s i t i o n and u r a ­
n i u m w e r e c h o s e n so tha t t h e r e would be s o m e f r e e u r a n i u m in the final 
p r o d u c t s . As shown in T a b l e 18, e x a m i n a t i o n by X - r a y d i f f rac t ion of the 
p r o d u c t s showed tha t the de l t a p h a s e w a s f o r m e d in a n n e a l s above 600 C 
and m a y a l s o have f o r m e d to a m i n o r ex ten t in the annea l at 550 C. The 
d e l t a - p r i m e p h a s e was f o r m e d in the a n n e a l s at 550 and 500 C. 

Table 18 

DATA ON ZINC-URANIUM ALLOY COMPACT ANNEALS 

Intermetallic Phases 
Annealing Conditions Identified in Products 

by X-ray Diffraction 
7inc Uranium Atom 
Ratios of Compacts 

5 70 

4 11 

4 11 

140 

132 

^Compacts were formed by 

Temperature 
(C) 

660 

620 

600 

550 

500 

mixing powdered 

Time 
(weeks) 

07 

0.7 

40 

40 

30 

uranium with the epsi 

Mesh Size Range 
of Uranium^ 

-60, +100 

-140, +270 

-60, +100 

-140, +270 

-100, +270 

Ion intermetallic compound 

Delta 

Present 

Present 

Present 

Possibly 
present 

Absent 

Delta Prime 

Absent 

Absent 

Absent 

Present 

Present 

Mesh size of latter v«as -100, +270 

The c o n c l u s i o n f r o m t h e s e e x p e r i m e n t s is tha t the t r a n s ­
f o r m a t i o n b e t w e e n the h igh - and l o w - t e m p e r a t u r e f o r m s of the de l ta p h a s e 
i s v e r y s l u g g i s h . The t r a n s f o r m a t i o n t e m p e r a t u r e a p p e a r s to be c l o s e 
to 550 C. 

b . L i q u i d - L i q u i d D i s t r i b u t i o n 

S tudies of the d i s t r i b u t i o n of r e p r e s e n t a t i v e f i s s i on p r o d u c t 
e l e m e n t s b e t w e e n i m m i s c i b l e l i qu id m e t a l s a r e be ing m a d e in o r d e r to 
e v a l u a t e l i qu id m e t a l so lven t e x t r a c t i o n p r o c e s s e s . 



The D i s t r i b u t i o n of C e r i u m and St ront iuna b e t w e e n 
L iqu id Zinc and L e a d 
(F . C a f a s s o , J. V incenz i ) 

F o r s o l u t e s wh ich e i t h e r exh ib i t low so lub i l i t y in one of the 
p h a s e s or d i s t r i b u t e v e r y s t r o n g l y into one of the p h a s e s , a n a l y s e s often 
p r o v e diff icul t . T h i s a p p e a r s to be t r u e for bo th c e r i u m , which exh ib i t s 
low so lub i l i t y in l e a d ( A N L - 6 3 3 3 , p a g e 113), and s t r o n t i u m , which d i s t r i b ­
u t e s p r e f e r e n t i a l l y in to l e a d ( A N L - 6 2 3 1 , page 74). To o v e r c o m e the a p ­
p a r e n t a n a l y t i c a l p r o b l e m s , r a d i o c h e m i c a l m e t h o d s tha t w e r e m o r e s e n s i t i v e 
t h a n o t h e r m e t h o d s r e a d i l y a v a i l a b l e w e r e u s e d to m e a s u r e the d i s t r i b u t i o n s 
of e a c h of the s o l u t e s in the r e g i o n f r o m 652 to 740 C. The c o n s o l u t e t e m ­
p e r a t u r e of the so lven t s y s t e m (780 to 800 C) p r e v e n t e d the e x t e n s i o n of 
t h i s s tudy to m u c h h i g h e r t e m p e r a t u r e s . 

L e a d , z inc , and e i t h e r a c t i v a t e d c e r i u m ( c e r i u m - 1 4 1 ) or 
s t r o n t i u m ( s t r o n t i u m - 8 5 ) w e r e m e l t e d t o g e t h e r in an a l u m i n a c r u c i b l e . 
After r e a c h i n g the d e s i r e d t e m p e r a t u r e , the m e l t w a s s t i r r e d for one hour 
and a l l owed to s e t t l e for a p p r o x i m a t e l y 2 h r b e f o r e a s a m p l e w a s t a k e n . 
T h r e e s a m p l e s of the e q u i l i b r i u m m e l t w e r e t a k e n at each of t h r e e t e m ­
p e r a t u r e s : 652, 703 , and 736 C for c e r i u m , and 656, 703, and 740 C for 
s t r o n t i u m . Al l t e m p e r a t u r e s w e r e c o n s t a n t to wi th in ±2 C. Q u a r t z tubing 
equ ipped with g r a p h i t e f i l t e r s and c o a t e d i n t e r n a l l y wi th m a g n e s i u m oxide 
w e r e u s e d a s s a m p l i n g p i p e t s . Bo th c e r i u m and s t r o n t i u m w e r e d e t e r m i n e d 
by g a m m a coun t ing . 

The r e s u l t s a r e r e c o r d e d in T a b l e 19 and a r e shown p lo t t ed 
in F i g u r e 19 a s the l o g a r i t h m of t h e d i s t r i b u t i o n coef f ic ien t v e r s u s the r e ­
c i p r o c a l of the a b s o l u t e t e m p e r a t u r e . The coef f ic ien t K i s def ined a s the 
r a t i o of the p e r c e n t so lu te in the zinc l a y e r to the p e r c e n t so lu te in the l e a d 
l a y e r . When the K v a l u e s for the c e r i u m s y s t e m (K = 18.4 a t 652 C, 7.9 at 
703 C, and 5.0 at 736 C) a r e c o m p a r e d with e a r l i e r r e s u l t s ( see A N L - 6 3 3 3 , 
page 113) ob t a ined for t h i s s y s t e m (K - 24.0 a t 650 C, 11.7 at 700 C, and 
5.7 a t 730 C) , it i s ev iden t t ha t good a g r e e m e n t is ob ta ined only in the 
730 C r e g i o n . At 650 and 700 C the c e r i u m l e v e l s in the l e a d s a m p l e s of 
the e a r l i e r e x p e r i m e n t w e r e in an u n f a v o r a b l e r a n g e for c h e m i c a l a n a l y s i s , 
w h e r e a s at 730 C t h i s w a s no l o n g e r t r u e , s i n c e a t t h i s t e m p e r a t u r e the 
c e r i u m l e v e l w a s n e a r l y four t i m e s g r e a t e r t han the l eve l at 650 C. 

Table 19 

DISTRIBUTION DATA FOR CERIUM AND STRONTIUM IN THE LEAD-ZINC SYSTEM 

Temperature 
(C) 

652 

703 

736 

656 

703 

740 

Solute 

CeMl 

CeMl 

Cel l l 

Sr85 

Sr85 

Sr85 

Concentration 
of Solute in 
Zinc Layer 

(w/o) 

014 

O i l 

0 09 

1 9 X 10"3 

2 3 X 10"3 

3 2 x i r 3 

Concentration 
of Solute in 
Lead Layer 

(w/o) 

7 6 X 10"3 

1 4 X 10"2 

1 8 X 10-2 

2 1 X 10"2 

2 1 X 10-2 

2 1 X 10-2 

Distribution Coefficient 

„ w/o Solute in Zmc Phase 
w/o Solute in Lead Phase 

18 4 

79 

50 

0 09 

O i l 

015 
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FIGURE 19 

DISTRIBUTION OF CERIUM AND STRONTIUM 

BETWEEN LEAD AND ZINC 

AS A FUNCTION OF TEMPERATURE 
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g o I -
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A STRONTIUM 
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It should a l s o be no ted tha t the 
c o n c e n t r a t i o n s of c e r i u m in the two 
e x p e r i m e n t s differ by a f ac to r of two. 
It i s b e l i e v e d , h o w e v e r , tha t the m e a s ­
u r e d d i f f e r e n c e s in the K v a l u e s do not 
r e f l e c t a c o n c e n t r a t i o n effect but r a t h e r 
an i m p r o v e m e n t in the m e t h o d s u s e d 
in the l a t e s t e x p e r i m e n t . 

F o r the s t r o n t i u m s y s t e m , K 
v a l u e s of 0.09 at 656 C, 0.11 at 703 C, 
and 0.15 a t 740 C w e r e found. The 
740 C va lue i s in r e a s o n a b l e a g r e e ­
m e n t wi th the va lue of 0.14 at 736 C 
r e p o r t e d e a r l i e r in A N L - 6 2 3 1 , page 74. 

M e a s u r e m e n t s of the s i m u l t a ­
n e o u s d i s t r i b u t i o n coef f ic ien ts of u r a ­
n i u m , p l u t o n i u m , c e r i u m , r u t h e n i u m , 
z i r c o n i u m , s t r o n t i u m , and c e s i u m , 
which wil l be n e e d e d for an eva lua t ion 
of t h e u t i l i t y of t h i s m e t h o d , a r e 
u n d e r w a y . 

c. T h e r m o d y n a m i c S tud ie s 

T h e r m o d y n a m i c func t ions for key e l e m e n t s in l iquid m e t a l 
s o l v e n t s and for t h e m o r e i m p o r t a n t so l id i n t e r m e t a l l i c p h a s e s a r e be ing 
m e a s u r e d . Two m e t h o d s a r e b e i n g u s e d . Ga lvan ic c e l l s have p r o v e d to be 
e s p e c i a l l y usefu l for the m e a s u r e m e n t of a c t i v i t i e s in l iquid m e t a l so lu t ions 
a s wel l a s for the d e t e r m i n a t i o n of the f r e e e n e r g y of f o r m a t i o n of the 
e q u i l i b r i u m so l id p h a s e in s o l i d - l i q u i d t w o - p h a s e r e g i o n s . On the o the r 
hand , for s y s t e m s con ta in ing s e v e r a l w e l l - d e f i n e d i n t e r m e t a l l i c p h a s e s , 
m e a s u r e m e n t of the d e c o m p o s i t i o n p r e s s u r e by the effusion m e t h o d is 
p r o v i n g to be m o s t use fu l . The two m e t h o d s s u p p l e m e n t e a c h o t h e r . 

T h e r m o d y n a m i c s of U r a n i u m - I n d i u m S y s t e m (Emf Method) 
(I. J o h n s o n and R. M. Yonco) 

A s y s t e m a t i c s tudy i s be ing m a d e of the t h e r m o d y n a m i c s 
of the s y s t e m s c o m p o s e d of u r a n i u m and the l o w - m e l t i n g m e t a l s . S tudies 
of the u r a n i u m - z i n c , u r a n i u m - c a d m i u m , u r a n i u m - l e a d , and u r a n i u m -
t h a l l i u m s y s t e m s h a v e b e e n p r e v i o u s l y r e p o r t e d . * S tudies thus far c o m ­
p l e t e d on the u r a n i u m - i n d i u m s y s t e m a r e r e p o r t e d be low. 

* F o r s t u d i e s of the u r a n i u m - z i n c sys tena , s ee A N L - 5 9 2 4 , page 132; for 
the u r a n i u m - c a d m i u m s y s t e m , s e e A N L - 5 9 9 6 , page 116; for the 
u r a n i u m - l e a d s y s t e m , s e e A N L - 6 1 8 3 , page 71; and for the u r a n i u m -
t h a l l i u m s y s t e m , s e e A N L - 6 2 3 1 , page 76. 



The g a l v a n i c c e l l u s e d in t h e s e s t u d i e s w a s s i m i l a r t o t h e 
c e l l s u s e d in the p r e v i o u s s t u d i e s and m a y be r e p r e s e n t e d by the c o n v e n ­
t i ona l s c h e m e 

U IUCI3, L i C l - K C l ( eu t ec t i c ) | U - I n (two p h a s e a l loy) 

The so l id u r a n i u m e l e c t r o d e c o n s i s t e d of a p i e c e of h i g h - p u r i t y u r a n i u m 
w e l d e d to a t u n g s t e n l e a d w i r e . The t w o - p h a s e ( s a t u r a t e d so lu t ion of u r a ­
n i u m in l i qu id i n d i u m and u r a n i u m - i n d i u m i n t e r m e t a l l i c compound) a l l oy 
w a s p r e p a r e d f r o m h i g h - p u r i t y i n d i u m (99-99 p e r c e n t ) and so l id u r a n i u m 
m e t a l . A t u n g s t e n l e a d w a s u s e d in t h e i n d i u m poo l . The d r i e d l i t h i u m 
c h l o r i d e - p o t a s s i u m c h l o r i d e e u t e c t i c ( con ta in ing 3.9 p e r c e n t u r a n i u m t r i ­
c h l o r i d e ) w a s g e t t e r e d wi th u r a n i u m t u r n i n g s and f i l t e r e d p r i o r to u s e in 
the c e l l . The m o l t e n e l e c t r o l y t e and i n d i u m pool w e r e c o n t a i n e d in 
M o r g a n i t e h i g h - p u r i t y a l u m i n a c r u c i b l e s . A t a n t a l u m p r o t e c t i o n tube for 
the t h e r m o c o u p l e w a s u s e d . 

T h e emf of the c e l l w a s m e a s u r e d o v e r the t e m p e r a t u r e 
r a n g e f r o m 353 to 675 C. The v a l u e s o b t a i n e d a r e g iven in T a b l e 20. T h e s e 
da t a 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 i on 

E (volt) = 0 .3508 - 1.075 x 10"* T - 5.600 x 10"^ T^ 

with an a v e r a g e d e v i a t i o n of 0.5 m v . The da t a a r e shown g r a p h i c a l l y in 
F i g u r e 20. 

T a b l e 20 

E M F O F URANIUM-INDIUM C E L L 

C e l l : U IUCI3, L i C l - K C l ( eu t ec t i c ) | U - I n ( 2 - p h a s e a l loy) 

(Data in C h r o n o l o g i c a l O r d e r ) 

Temp 
(c) 

396 
659 
353 
514 
372 
540 

E m f 
(v) 

0 .2539 
0 .2018 
0 .2613 
0.2317 
0 .2584 
0 .2264 

T e m p 

(c) 

398 
556 
413 
576 
431 
596 

E m f 
(v) 

0 .2536 
0.2232 
0.2510 
0 .2194 
0 .2474 
0 .2152 

T e m p 
(C) 

453 
615 
472 
635 
493 
676 

E m f 
(v) 

0 .2428 
0 .2113 
0.2391 
0.2069 
0.2346 
0.1979 

The l iqu id i nd ium e l e c t r o d e w a s s a t u r a t e d at e a c h t e m p e r ­
a t u r e wi th r e s p e c t to the u r a n i u m - i n d i u m i n t e r m e t a l l i c c o m p o u n d UIn3. Th i s 
c o m p o u n d h a s b e e n c h a r a c t e r i z e d by l a n d e l l i and F e r r o l ^ and a l s o by 

l ^ I a n d e l l i , A. , and F e r r o , R . , Ann. C h i m . (Rome) 42, 5 9 8 - 6 0 8 (1952). 



FIGURE 20 

EMF OF URANIUM-INDIUM CELL 

Cell U| UCIj .L iCI-KCl (eutectic) [ U-ln (2-phase alloy) 
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M a s k r e y and F r o s t ^ ^ a s a f a c e - c e n t e r e d 
O 

cubic c r y s t a l (ag = 4.6013 A) which is 
i s o s t r u c t u r a l wi th UPb3, USn3, UGa3, 
U G e j , USi3, and UAI3 (L 12 type) . The 
so lub i l i t y of u r a n i u m in i nd ium h a s been 
r e p o r t e d by H a y e s and Gordon . ^1 

The f r e e e n e r g y of f o r m a t i o n of 
UIn3, c o m p u t e d f r o m the above equat ion 
is found to be 

AFf = -24 ,280 4-7.441 T + 3 .875x10-3 T^ . 

F r o m th i s equa t ion v a l u e s of the en­
tha lpy and e n t r o p y m a y be c o m p u t e d in 
the u s u a l f a sh ion . At 500 C the fol low­
ing v a l u e s a r e ob ta ined : AFf = -16.2 kca l / 
m o l e , AHf = - 2 6 . 7 k c a l / m o l e , and 
A S . •13.6 c a l / d e g m o l e . 

450 500 550 
TEMPERATURE, C 

The ac t i v i t y coeff ic ient of u r a ­
n i u m in l iquid ind ium h a s been e s t i m a t e d 
The v a l u e s at s e v e r a l t e m p e r a t u r e s a r e 
given in T a b l e 2 1 . 

T a b l e 21 

ACTIVITY C O E F F I C I E N T OF URANIUM 
IN LIQUID INDIUM 

T e m p e r a t u r e 
(C) 

400 
500 
600 
700 

Solubi l i ty U 
(atom%)3-

3.76 X 10-* 
3.42 X 10-2 
1.84 X 10-2 
7.23 X 10-2 

C 
Act iv i ty 
oeff icient 

( 7 ) 

0.55 
0.77 
1.1 
1.4 

^Obta ined by smoo th ing the da ta of H a y e s and 
G o r d o n , J . Me t . and C e r . , T I D - 6 5 , 130-141 (194J 

20 M a s k r e y , J. T . , and F r o s t , B . R. T . , J. Ins t . M e t a l s 8 1 , 171-181 
(1953). 

2 l H a y e s , E . E . , and G o r d o n , P . , J . Met . and C e r . T I D - 6 5 , 130-141 
(1948). 



P r a s e o d y m i u m - Z i n c S y s t e m (Effusion S tud ies ) 
(E. V e l e c k i s and E . Van D e v e n t e r ) 

M e a s u r e m e n t s of the d e c o m p o s i t i o n p r e s s u r e s of a n u m b e r 
of r a r e e a r t h - z i n c a l l o y s a r e be ing m a d e a s a funct ion of a l loy c o m p o s i t i o n 
to a id in the e l u c i d a t i o n of the i n t e r m e d i a t e p h a s e s p r e s e n t in t h e s e s y s ­
t e m s . In add i t ion , f r o m t h e s e m e a s u r e m e n t s it i s p o s s i b l e to ob t a in in fo r ­
m a t i o n on the r e l a t i v e s t a b i l i t y of the d i f fe ren t i n t e r m e t a l l i c p h a s e s . 

Only f r a g m e n t a r y i n f o r m a t i o n about the p h a s e r e l a t i o n s in 
the p r a s e o d y m i u m - z i n c s y s t e m is a v a i l a b l e . The p h a s e s P r Z n and P r Z n ^ 
have b e e n iden t i f i ed by X - r a y m e t h o d s . ^ 2 

FIGURE 21 
PRASEODYMIUM-ZINC SYSTEM 

1 Vapor Pressure-Composition Isotherm 
at 520 C (Crucible B) 

2 Praseodymium-rich Portion of the 
Isotherm at 600C (Crucible C) 

The p h a s e r e l a t i o n s in t h e p r a s e o d y m i u m - z i n c s y s t e m a r e 
be ing i n v e s t i g a t e d by m e a n s of the r e c o r d i n g effusion b a l a n c e ( see A N L - 6 3 3 3 , 

page 115). Two d i f fe ren t effusion c r u ­
c i b l e s w e r e u s e d . L o w - t e m p e r a t u r e 
r u n s in the z i n c - r i c h r e g i o n of the 
s y s t e m w e r e m a d e a t 520 C with a 
c r u c i b l e hav ing an effect ive o r i f i c e 
a r e a of 1.718 x lO- ' ' sq c m . High-
t e m p e r a t u r e r u n s in the z i n c - d e f i c i e n t 
p o r t i o n of the s y s t e m w e r e m a d e at 
600 C with a c r u c i b l e hav ing an e f fec­
t ive o r i f i c e a r e a o f 5.173 x lO"'' sq c m . 

Two t y p i c a l i s o t h e r m s a r e 
shown in F i g u r e 2 1 . The i s o t h e r m s 
s u g g e s t the e x i s t e n c e of the fol lowing 
p h a s e s : P r Z n ^ , P r Z u s . s , P r Z n ^ 9_7 4, 
PrZn3_4_5.6, P r Z n 2 , and P r Z n . The 
c o m p l e x b e h a v i o r of the 600 C i s o t h e r m 
b e t w e e n P r Z n and p r a s e o d y m i u m m a y 
be due to diffusion p r o b l e m s a s s o c i a t e d 
with the f o r m a t i o n of l iqu id s o l u t i o n s . 
T h i s m a y be a n a l o g o u s to the l a n t h a n u m -
zinc s y s t e m , in which a e u t e c t i c i s 
f o r m e d be low 600 C in t h i s r e g i o n of 
the p h a s e d i a g r a m . The p h a s e s found 
in the c e r i u m - z i n c and p r a s e o d y m i u m -
zinc s y s t e m s a r e c o m p a r e d in F i g ­
u r e 22. The p h a s e a s s i g n m e n t s in th i s 
s y s t e m wil l be f u r t h e r v e r i f i e d by 
X - r a y m e t h o d s . The o v e r a l l e x p e r i ­

m e n t a l a c c u r a c y in d e t e r m i n i n g the c o m p o s i t i o n s of the p h a s e s i s e s t i m a t e d 
to be one-f i f th of an a t o m i c r a t i o ( z i n c / p r a s e o d y m i u m ) uni t . 

10 8 6 
ATOMIC RATIO, Zn/Pr 

2? 
' ' ^ H a n s e n , M. , and A n d e r k o , K., C o n s t i t u t i o n of B i n a r y A l l o y s , 

M c G r a w - H i l l Book C o . , Inc . , New Y o r k (1958). 



FIGURE 22 

RESULTS OF EFFUSION STUDIES OF CERIUM ZINC 
AND PRASEODYMIUM -ZINC SYSTEMS 

(Region below atom ratio of I has not yet been investigated) 

Ce-Zn : y///////' 

m V//////A 
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13 12 11 10 9 8 7 6 5 4 3 2 I 0 
ATOM RATIO Zn/M 

T h e l a n t h a n u m - z m c , c e r i u m - c a d m i u m , and l a n t h a n u m -
c a d m i u m s y s t e m s a r e be ing s tud i ed 

2 C a l o r i m e t r y 
(W. N. H u b b a r d ) 

T h e r m o d y n a m i c da ta a r e l a ck ing for m a n y c o m p o u n d s of i n t e r ­
e s t m h i g h - t e m p e r a t u r e c h e m i s t r y b e c a u s e of the e x p e r i m e n t a l d i f f icul t ies 
invo lved m m a k i n g the n e c e s s a r y m e a s u r e m e n t s A p r o g r a m h a s been 
u n d e r t a k e n to he lp fill t h i s gap 

P a r t of the p r o g r a m c o n s i s t s of d e t e r m i n a t i o n s of h e a t s of 
f o r m a t i o n at 25 C by oxygen b o m b c a l o r i m e t r y B e c a u s e s o m e of the c o m ­
pounds of i n t e r e s t a r e difficult to b u r n m oxygen and, consequen t l y , cannot 
be s tud ied by oxygen b o m b c a l o r i m e t r y , the new t echn ique of f luor ine b o m b 
c a l o r i m e t r y h a s been deve loped for t h e i r s tudy. The a c c u m u l a t i o n of b a s i c 
h e a t of f o r m a t i o n da t a for f l u o r i d e s is a n e c e s s a r y p r e l i m i n a r y adjunct to 
f l u o r i n e b o m b c a l o r i m e t r y and is a v a l u a b l e p r o g r a m on i t s own m e r i t 

Some of the c o m p o u n d s of i n t e r e s t a r e b o r i d e s , a l u m i n i d e s , 
c a r b i d e s , s i l i c i d e s , n i t r i d e s , s u l f i d e s , and s e l e n i d e s of m e t a l s such a s u r a ­
n i u m , z i r c o n i u m , m o l y b d e n u m , and t u n g s t e n One m a j o r p r o b l e m m the 
d e t e r n a m a t i o n of the t h e r m o d y n a m i c p r o p e r t i e s of c o m p o u n d s such a s t h e s e 
IS the p r o c u r e m e n t of suf f ic ient ly p u r e s a m p l e s . It is s o m e t i m e s the c a s e , 
even with " h i g h - p u r i t y " s a m p l e s , tha t the to ta l u n c e r t a i n t y a s s i g n e d to the 
f inal e x p e r i m e n t a l r e s u l t is due m o r e to the u n c e r t a i n t y m defining the 
s a m p l e s tud ied t h a n to a l l the o t h e r u n c e r t a i n t i e s of the m e a s u r e m e n t c o m ­
b ined . A p r o g r a m for the p r e p a r a t i o n of u r a n i u m compounds to be u s e d m 
the c a l o r i m e t r i c s t u d i e s at A r g o n n e i s be ing c a r r i e d out by Stanford R e ­
s e a r c h I n s t i t u t e . O the r c o m p o u n d s wil l be ob ta ined f r o m v a r i o u s l a b o r a ­
t o r i e s . B o r o n n i t r i d e , ob ta ined f r o m P r o f e s s o r John M a r g r a v e of the 
U n i v e r s i t y of W i s c o n s i n , z i r c o n i u m d i b o r i d e , ob ta ined f r o m E l m e r J Huber , J 
of L o s A l a m o s Scient i f ic L a b o r a t o r y , and z i r c o n i u m d ihyd r ide and d ideu­
t e r i d e , ob ta ined f r o m H o w a r d F l o t o w of the C h e m i s t r y Div is ion of t h i s 



L a b o r a t o r y , a r e e x a m p l e s . Some of the c o m p o u n d s wi l l be s y n t h e s i z e d 
h e r e . The d i su l f i de s of m o l y b d e n u m and t u n g s t e n a r e e x a m p l e s of such 
c o m p o u n d s a l r e a d y s tud ied . 

The h e a t s of f o r m a t i o n at 25 C f r o m o x y g e n o r f l uo r ine c o m b u s ­
t ion c a l o r i m e t r y wi l l be c o m b i n e d wi th the c h a n g e s in en tha lpy m e a s u r e d 
by a h i g h - t e m p e r a t u r e en tha lpy c a l o r i m e t e r to d e t e r m i n e t h e r m o d y n a m i c 
p r o p e r t i e s a t h igh t e m p e r a t u r e s . A c a l o r i m e t r i c s y s t e m for m e a s u r e ­
m e n t s up to 1500 C h a s b e e n d e s i g n e d and i s now b e i n g f a b r i c a t e d . D e s i g n 
c o n c e p t s for an e l e c t r o n b e a m f u r n a c e to o p e r a t e up to 2500 C a r e be ing 
t e s t e d in the l a b o r a t o r y . 

a. C o m b u s t i o n of Z i r c o n i u m D i h y d r i d e and Z i r c o n i u m 
D i d e u t e r i d e in Oxygen 
(D. R. F r e d r i c k s o n and R. L . Nu t t a l l ) 

Two s e r i e s of c o m b u s t i o n s in the p l a t i n u m - l i n e d b o m b have 
b e e n c o m p l e t e d to d e t e r m i n e the h e a t evo lved f r o m t h e fol lowing r e a c t i o n s : 

ZrH2(c) + 3 /2 0 2 ( g ) — Zr02 (c ) + H20(l) 

ZrD2(c) + 3 /2 02(g) — Zr02(c ) + D20(l) 

A s e r i e s of c a l o r i m e t r i c c o m b u s t i o n s in oxygen h a v e b e e n 
c o m p l e t e d to d e t e r m i n e the h e a t of c o m b u s t i o n of the p l a s t i c p o l y e s t e r 
f i lm (Mylar ) which i s u s e d to e n c a p s u l a t e the z i r c o n i u m d i h y d r i d e and z i r ­
c o n i u m d i d e u t e r i d e . The c a l o r i m e t r i c s y s t e m A N L - R l - P t - 1 * h a s b e e n 
r e c a l i b r a t e d by m e a n s of c o m b u s t i o n s of b e n z o i c ac id . The r e s u l t s of the 
c a l i b r a t i o n e x p e r i m e n t s a r e g iven in T a b l e 22. 

Table 22 

CALIBRATION OF CALORIMETRIC SYSTEM A N L - R l - P t - 1 * 

Heat T rans f e r 
Coefficient Mass of 

a X 10^ Benzoic Acid Temp Rise AT e (ca lo r imete r ) 
( sec- l ) (g) (C) (cal /deg) 

0.3397 0.70081 1.23795 3578.14 
0.3429 0.70135 1.23903 3578.15 
0.3410 0.70133 1.23971 3576.39 
0.3411 0.69990 1.23638 3575.50 
0.3367 0.70157 1.23999 3576.71 

Average = 3577.18 

Std Deviation of Mean = ±0.47 or 0.01% 

* S t a i n l e s s s t e e l b o m b l i ned with p l a t i n u m and u s e d in a r o t a t i n g bomb 
c a l o r i m e t e r . 



P r e v i o u s r e p o r t s ( A N L - 6 2 8 7 , p a g e 124, and A N L - 6 3 7 9 , 
p a g e 127) h a v e d e s c r i b e d c o n d i t i o n s and t e c h n i q u e s for p r e l i m i n a r y c a l o r i ­
m e t r i c c o m b u s t i o n of z i r c o n i u m d i h y d r i d e in oxygen. T e c h n i q u e s for 
z i r c o n i u m d i d e u t e r i d e c o m b u s t i o n s a r e i d e n t i c a l . Som e m o d i f i c a t i o n s in 
the se tup w e r e m a d e p r i o r to the f inal c a l o r i m e t r i c s e r i e s . The u s e of a 
p l a t i n u m d i s h l i n e d wi th z i r c o n i u m d iox ide , in p l a c e of an a l u m i n a d i sh , 
e l i m i n a t e d the f o r m a t i o n of c a r b o n d u r i n g c o m b u s t i o n s by a l lowing the 
d i s h to b e c o m e m u c h h o t t e r . B e c a u s e t h e s u r f a c e e n e r g y of f ine p a r t i c l e s 
m a y be s ign i f i can t , m a t e r i a l of known p a r t i c l e s i z e r a n g e w a s b u r n e d . The 
s a m p l e s w e r e g r o u n d and s i e v e d and p a r t i c l e s b e t w e e n 37 and 53 [j. w e r e 
u s e d so tha t (1) c o m p l e t e c o m b u s t i o n wi th no s p a t t e r i n g could be ob ta ined , 
and (2) the s u r f a c e e n e r g y of the p a r t i c l e s cou ld be i g n o r e d . 

In the f inal c a l o r i m e t r i c s e r i e s , c o m b u s t i o n s of z i r c o n i u m 
d i h y d r i d e w e r e a l t e r n a t e d wi th c o m b u s t i o n s of z i r c o n i u m d i d e u t e r i d e . The 
r e s u l t s a r e be ing c a l c u l a t e d . P r e l i m i n a r y r e s u l t s i nd i ca t e a v e r y defini te 
d i f f e r ence 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 the two c o m p o u n d s . 

B e c a u s e the p o l y e s t e r f i lm (Mylar ) u s e d to e n c a p s u l a t e 
the z i r c o n i u m d i h y d r i d e and z i r c o n i u m d i d e u t e r i d e c o n t r i b u t e s a p p r o x i ­
m a t e l y 7 p e r c e n t of the to t a l h e a t evo lved , an a c c u r a t e va lue for the hea t 
of c o m b u s t i o n of M y l a r w a s d e t e r m i n e d . F i v e sq in. of the 100 -gauge M y l a r 
( a p p r o x i m a t e l y 0.5 g) w a s u s e d for e a c h c o m b u s t i o n . The M y l a r was folded 
s ix t i m e s , giving a p p r o x i m a t e l y a | - i n . s q u a r e . E a c h s a m p l e w a s e q u i l i ­
b r a t e d and w e i g h e d in the d r y box to e l i m i n a t e a c o r r e c t i o n for a b s o r b e d 
m o i s t u r e . The M y l a r w a s b u r n e d at 20 a t m o s oxygen p r e s s u r e in a p l a t i n u m 
c r u c i b l e s u p p o r t e d in a g i m b l e (the c o n v e n t i o n a l b e n z o i c a c i d c a l i b r a t i o n 
s e tup ) . A p l a t i n u m w i r e and co t ton fuse w e r e u s e d for ign i t ion of the 
s a m p l e . One m l of w a t e r w a s a l s o p l a c e d in the b o m b , as i s c u s t o m a r y 
for c o m b u s t i o n s in wh ich w a t e r i s f o r m e d in the r e a c t i o n . A p p r o x i m a t e l y 
3000 c a l w e r e l i b e r a t e d d u r i n g the c o m b u s t i o n . R e s u l t s a r e now be ing 
c a l c u l a t e d . 

b . C o m b u s t i o n of B o r o n and B o r o n N i t r i d e in F l u o r i n e 
(S. Wise) 

(1) C o m b u s t i o n of B o r o n 

E x p e r i m e n t a l w o r k h a s b e e n c o m p l e t e d for the s tudy 
of the h e a t s of f o r m a t i o n of b o r o n t r i f l u o r i d e . A r e v i s e d va lue of 
-270 ± 0.24 k c a l / m o l e h a s b e e n o b t a i n e d for the s t a n d a r d h e a t of f o r m a ­
t ion , AHr (25 C), of b o r o n t r i f l u o r i d e g a s . A m a n u s c r i p t en t i t l ed F l u o r i n e 
Bonab C a l o r i m e t r y : 3. The H e a t of F o r m a t i o n of B o r o n T r i f l u o r i d e , h a s 
been a c c e p t e d for p u b l i c a t i o n in t h e J o u r n a l of P h y s i c a l C h e n a i s t r y . 



(2) C o m b u s t i o n of B o r o n N i t r i d e 

C a l o r i m e t r i c s t u d i e s h a v e b e e n c o m p l e t e d on a s a m ­
p l e of the h e x a g o n a l f o r m of b o r o n n i t r i d e . A p r e l i m i n a r y v a l u e of 
- 2 1 0 . 4 3 ± 0.40 k c a l / m o l e h a s b e e n d e r i v e d for the h e a t of c o m b u s t i o n 
(AHc) of h e x a g o n a l b o r o n n i t r i d e wi th f l u o r i n e a c c o r d i n g to the r e a c t i o n : 

BN(c ,hex) + 3 /2 F 2 ( g ) - * B F 3 ( g ) + 1/2 N2(g) 

Us ing t h e r e v i s e d v a l u e for the h e a t of f o r m a t i o n of 
BF3 , a p r e l i m i n a r y v a l u e of -59 -73 ± 0.45 k c a l / m o l e h a s b e e n d e r i v e d for 
the s t a n d a r d h e a t of f o r m a t i o n of h e x a g o n a l b o r o n n i t r i d e c r y s t a l . 

C o m b u s t i o n s of t h e cubic f o r m of b o r o n n i t r i d e a r e 
a l s o b e i n g c a r r i e d out . B e c a u s e of the s c a r c i t y of t h i s m a t e r i a l , t he n u m ­
b e r of c o m b u s t i o n s in t h i s s e r i e s wi l l be l i m i t e d . 

c . C o m b u s t i o n of T i t a n i u m and Hafn ium in F l u o r i n e 
(E. G r e e n b e r g , M. H. O ' L e a r y * ) 

C a l o r i m e t r i c c o m b u s t i o n s of t i t a n i u m in f l u o r i n e h a v e 
b e e n c o m p l e t e d . The r e s u l t s of the t i t a n i u m e x p e r i m e n t s a r e p r e s e n t e d 
t o g e t h e r wi th the r e s u l t s for the p r e v i o u s l y c o m p l e t e d c o m b u s t i o n s of 
ha fn ium ( see A N L - 6 3 7 9 , p a g e 129). 

The c o m b u s t i o n r e s u l t s for t i t a n i u m and h a f n i u m , in the 
e n e r g y change p e r g r a m of s a m p l e b u r n e d , a r e p r e s e n t e d in T a b l e 23 . 
A n a l y s e s of the t i t a n i u m s a m p l e s a r e not ye t c o m p l e t e and the r e s u l t s a r e , 
t h e r e f o r e , sub jec t to m i n o r r e v i s i o n . F o r e a c h of the s t u d i e s , t h e v a l u e for 
the h e a t of f o r m a t i o n of the t e t r a f l u o r i d e showed a s t a n d a r d d e v i a t i o n of the 
m e a n of about 0.1 k c a l / m o l e . 

T h r e e of the ha fn i um c o m b u s t i o n s w e r e c a r r i e d out wi th 
a h i g h - p u r i t y c o m m e r c i a l f l u o r i n e (99-75 p e r c e n t ) o b t a i n e d f r o m the 
G e n e r a l C h e m i c a l C o m p a n y . Al though t h e da ta a r e s o m e w h a t l i m i t e d , the 
r e s u l t s do no t a p p e a r to differ s i gn i f i can t ly f r o m the v a l u e s o b t a i n e d u s i n g 
f l u o r i n e d i s t i l l e d in o u r own l a b o r a t o r y (99-95 p e r c e n t ) . 

T a b l e 24 s u m m a r i z e s t h e d e r i v e d da t a for the f o r m a t i o n 
of the 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 f r o m the r e s p e c t i v e e l e m e n t s a t 
25 C. G is t he s y m b o l r e c e n t l y a d o p t e d by the I n t e r n a t i o n a l Union of P u r e 
and App l i ed C h e n a i s t r y ( lUPAC) for Gibbs e n e r g y . No v a l u e is g iven for 
HfF4 b e c a u s e of the u n a v a i l a b i l i t y of an e n t r o p y v a l u e a t 25 C for t h i s 
s u b s t a n c e . 

*Student Aide f r o m t h e U n i v e r s i t y of I l l i n o i s . 



T a b l e 23 

R E S U L T S O F COMBUSTIONS O F TITANIUM 
AND H A F N I U M IN F L U O R I N E 

A v e r a g e 
Std. Dev. of M e a n 

Ti tan iumi^ 
A E ° / M 
( c a l / g ) 

- 8 1 9 7 . 2 
- 8 1 9 2 . 7 
- 8 1 9 1 . 1 
- 8 1 9 3 . 4 
- 8 2 0 4 . 0 
- 8 2 0 1 . 4 
- 8 1 9 6 . 3 

8196.6 
± 1.8 
± 0 . 1 k c a l / m o l < 

0.02% 

Hafn ium 
A E ° / M 
( c a l / g ) 

-2590 .5 
-2591-0 
- 2 5 9 2 . l b 
-2594.213 
-2594 .4b 
-2594 .0 
- 2 5 9 3 . 4 
-2593 .1 
-2594 .7 

-2593 .1 
± 0.5 
± 0 . 1 k c a l / m o 

0.02% 

^ I m p u r i t y c o r r e c t i o n s a r e i n c o m p l e t e . 

" H i g h - p u r i t y c o m m e r c i a l f l u o r i n e (99-75 p e r c e n t ) w a s 
u s e d . All o t h e r e x p e r i m e n t s w e r e c a r r i e d out wi th 
ANL d i s t i l l e d f l u o r i n e (99-95 p e r c e n t ) . 

T a b l e 24 

DATA C A L C U L A T E D F R O M COMBUSTIONS OF 
TITANIUM AND H A F N I U M IN F L U O R I N E 

Meta l ( c ) + 2 F 2 ( g ) — M F 4 ( c ) 

A E , 

T i F . 

E c ( k c a l / m o l e ) 

AHf ( k c a l / m o l e ) 

AG£ ( k c a l / m o l e ) 

HfF . 

- 3 9 2 . 6 

- 3 9 3 . 8 

-372 .3 

-462 .9 

-464 .0 

_ 



d. Combust ions of Magnesium, Aluminum, Cadmium, 
and Zinc in F luor ine 
(E. Rudzi t is , R. Te r ry ) 

The techniques of combustion of magnes ium, aluminum, 
cadmium, and zinc have been developed simultaneously because of s imi ­
l a r i t i e s in some of their physical and chemical p r o p e r t i e s . A p re l imina ry 
ca lo r ime t r i c s e r i e s of cadmium combust ions in fluorine descr ibed in the 
previous r epor t (ANL-6379, page 131) had to be d i scarded because of dif­
ficulties encountered in determining the unburned cadmium in the p r e sence 
of a l a rge excess of cadmium fluoride. The technique and appara tus have 
since been improved and sa t is factory r e su l t s have been obtained from 
cal ibrat ion exper iments . 

The de terminat ion of e lec t r ica l ignition energy, which 
introduces an appreciable cor rec t ion to the total heat effect, p resen ted 
another problena. Fo r the above "soft" m e t a l s , th is quantity is difficult 
to de te rmine exper imenta l ly because of the p rac t ica l ly instantaneous and 
s imultaneous melt ing and fluorination of the ignition wire . The ignition 
energy and, therefore , the t he rma l co r rec t ion was great ly dec reased by 
developing a method whereby the meta l sample could be ignited by a very 
fine wire (approximately one mil in d iameter ) . Application of a s imi lar 
method to the ignition of benzoic acid reduced the e lec t r ica l ignition energy 
from the usual 3 cal to approximately 0.01 cal , which is an insignificant 
quantity. The benzoic acid pel let was ignited d i rec t ly (without the use of a 
cotton thread) by a one-mi l plat inum wire . 

A s e r i e s of nine such cal ibra t ion combust ions yielded 
3602.54 c a l / c as the energy equivalent of ANL-Rl-Ni4* ca lo r ime t r i c sys ­
tem. The s tandard deviation from the mean was 0.47 c a l / c or 0.01 3 percent 

Current ly , a ca lo r ime t r i c combustion s e r i e s of magnes ium 
in fluorine is in p r o g r e s s . Magnesium was chosen because the eas ie r r e ­
covery of unburned meta l , as compared with cadmium, will help to es tab­
l ish m o r e f i rmly the r ecove ry technique. 

e. Combustion of Uranium in F luor ine 
(J. Settle) 

The ca lo r ime t r i c combust ions of u ran ium in fluorine 
previously repor ted (see ANL-6333, page 124) were somewhat unsat is fac­
tory because of the formation of considerable amounts of u ran ium fluorides 
other than uran ium hexafluoride. About one- th i rd of the u ran ium pin placed 
in the reac t ion vesse l was recovered , after the combustion, as unreac ted 

*Nickel bomb used in a rotat ing bomb ca lo r ime te r . 



m e t a l . On the s u r f a c e of the r e c o v e r e d m e t a l the fol lowing c o m p o u n d s w e r e 
found: UF3 , UF4, and UF5, and an un iden t i f i ed p h a s e which m a y be U4F17 or 
U2F9 o r bo th . A n a l y s i s of the c o m b u s t i o n r e s i d u e w a s n e c e s s a r y in o r d e r 
to m a k e a p p r o p r i a t e t h e r m o c h e m i c a l c o r r e c t i o n s to the m e a s u r e d hea t . 
H o w e v e r , b e c a u s e of the di f f icul ty of a n a l y z i n g the c o m p l e x m i x t u r e of u r a ­
n i u m m e t a l and i t s l o w e r f l u o r i d e s , a n d b e c a u s e the h e a t s of f o r m a t i o n of 
the l o w e r f l u o r i d e s a r e not w e l l known, an u n c e r t a i n t y of at l e a s t 0.2 p e r c e n t 
w a s i n t r o d u c e d in to the c a l c u l a t i o n of the h e a t of f o r m a t i o n of u r a n i u m 
h e x a f l u o r i d e . 

It w a s r e a l i z e d tha t t he d e t e r m i n a t i o n of the h e a t of f o r ­
m a t i o n of u r a n i u m h e x a f l u o r i d e could be m a d e m o r e p r e c i s e l y if t he 
a m o u n t s of l o w e r u r a n i u m f l u o r i d e s r e m a i n i n g a f te r a c o m b u s t i o n could 
be r e d u c e d . Many e x p l o r a t o r y c o m b u s t i o n s w e r e p e r f o r m e d in an a t t e m p t 
to a c h i e v e t h i s r e d u c t i o n t h r o u g h the a t t a i n m e n t of a c o m p l e t e r e a c t i o n of 
u r a n i u m m e t a l wi th f l u o r i n e . T h e s e i n c l u d e d b u r n i n g a u r a n i u m p in s u p ­
p o r t e d by a c o n s u m a b l e z i r c o n i u m p in , b u r n i n g p e l l e t e d m i x t u r e s of u r a ­
n i u m p o w d e r and Tef lon p o w d e r s u p p o r t e d by n i c k e l , a l u m i n a , or syn the t i c 
s a p p h i r e d i s c s , and b u r n i n g u r a n i u m p o w d e r s p r e a d in a th in l a y e r on 
n i c k e l , m o l y b d e n u m , a l u m i n u m , or s i n t e r e d a l u m i n u m t r i f l u o r i d e d i s c s . 
T h e s e e x p l o r a t o r y e x p e r i m e n t s did not y i e ld c o m p l e t e c o m b u s t i o n of the 
u r a n i u m . T h e y did s e e m to i n d i c a t e , h o w e v e r , t ha t t he d e s i r e d r e s u l t 
m i g h t be o b t a i n e d by u s i n g r e l a t i v e l y h igh f luo r ine p r e s s u r e s to b u r n a 
th in l a y e r of u r a n i u m p o w d e r s u p p o r t e d by a d i sh m a d e of a s u b s t a n c e tha t 
would not be s h a t t e r e d by t h e r m a l shock , would be r e s i s t a n t to a l loy ing 
with l iqu id u r a n i u m , and would have a h igh t h e r m a l conduc t iv i ty . 

A c o m b u s t i o n w a s p e r f o r m e d in which p o w d e r e d u r a n i u m , 
s u p p o r t e d by an a l u m i n u m d i sh , w a s b u r n e d in f luo r ine at about 18 a t m o s 
p r e s s u r e . The r e s u l t w a s an a p p a r e n t l y c o m p l e t e c o n v e r s i o n of u r a n i u m 
to u r a n i u m h e x a f l u o r i d e . H o w e v e r , the a l u m i n u m d ish su f fe red c o n s i d e r ­
a b l e s u r f a c e f l u o r i n a t i o n . It w a s thought tha t the s u r f a c e f l u o r i n a t i o n of 
the s u p p o r t i n g d i sh m i g h t be d e c r e a s e d if t h e d i sh w e r e m a d e of a m e t a l , 
such a s c o p p e r , s i l v e r , or gold, which h a s a h i g h e r t h e r m a l conduc t iv i ty 
t h a n a l u m i n u m . 

S i l v e r , b e c a u s e it does not f o r m c o m p o u n d s with u r a n i u m , 
w a s the f i r s t to be t r i e d a s a s u p p o r t i n g d i sh . The u r a n i u m p o w d e r w a s 
s p r e a d on a sha l low d i sh m a d e f r o m 0 . 0 3 0 - i n . - t h i c k shee t s i l v e r . The 
s i l v e r d i s h w a s s u p p o r t e d by a | - i n . - t h i c k a l u m i n u m d i sc which s e r v e d 
a s a h e a t s ink . The a l u m i n u m d i s c w a s in c o n t a c t with a n i c k e l p l a t e which 
w a s f a s t e n e d to the b o m b cap wi th n icke l s c r e w s . F l u o r i n e w a s a d m i t t e d 
to the b o m b , the u r a n i u m ign i ted , and add i t i ona l f l uo r ine w a s a l lowed to 
e n t e r the b o m b for about 45 s e c , at wh ich t i m e the to ta l p r e s s u r e in the 
b o m b w a s about 9-5 a t m o s . A p r e s s u r e s u r g e up to about 17 a t m o s o c ­
c u r r e d and the supp ly of f l u o r i n e w a s shut off f r o m the b o m b . Within 
about 10 s e c , the cap of the b o m b w a s r u p t u r e d at one s m a l l po in t , and the 



gases contained in the bomb and a smal l amount of molten naater ial were 
ejected from the bomb into the hood in which the experinaent was taking 
place. Subsequent visual exanaination of the contents of the bomb revea led 
that all of the meta l supporting pla tes had melted. It is thought that the 
following chain of events may have o c c u r r e d during the combust ion: 

(1) The burning u ran ium supplied enough heat to mel t and /o r 
ignite the s i lver dish. 

(2) The molten s i lver en tered into an exothermal alloying react ion 
with the aluminum. The heat produced by the alloying reac t ion was suffi­
cient to melt the aluminuna. 

(3) The molten a luminum entered into a fur ther exothermal 
alloying reac t ion with the nickel , thus leading to the rupture of the vesse l . 

This poss ib le s e r i e s of events was deduced in the following 
way. During the exper iment , the bomb contained 0.17 mole f luorine, 
0.01 mole uran ium, 0.19 mole s i lver , 1.48 moles a luminum, and 0.58 mole 
nickel fitt ings. The a luminum-s i lve r eutectic^^ contains about 28 atom per 
cent aluminum and mel t s at 566 C. The n icke l -a luminum eutect ic lS con­
tains about 2.7 atom pe rcen t nickel and mel t s at 640 C. Assuming that 
these eutect ics were formed during the exper iment , it is e s t imated that 
10,000 cal were requ i red to mel t the two eutect ics . In addition, about 
14,000 cal were r equ i red to mel t the 0.55 mole of nickel in the fitting 
which was not requ i red for eutectic formation and an es t imated 0.5 mole 
of nickel from the bonab cap. Thus, the leas t amount of heat r equ i red to 
accomplish the melt ing of the me ta l s was about 24,000 cal . The maximum 
amount of heat that could have been produced by fluorination reac t ions was 
about 35,000 cal , if all of the available fluorine (0.17 mole) r eac ted with 
aluminum to form AIF3. Because the reac t ion was init iated by the spon­
taneous ignition of uraniumi powder when fluorine was admit ted to the 
react ion ves se l , not all the fluorine was available to r eac t with aluminum. 
In addition, because the mel t ing had to proceed from the u ran ium to the 
si lver to the a luminum, it is l ikely that the silver was fluorinated to some 
extent, thus further reducing the amount of fluorine available to r eac t with 
aluminum. When the bomb ruptured , some fluorine was r e l ea sed to the 
a tmosphere . It i s , the re fore , l ikely that l e s s than 20,000 cal were p r o ­
duced by fluorination reac t ions . This es t imate leads to the belief that 
other sources of heat contr ibuted to the extensive melt ing. No values for 
the heats of format ion of a luminum-s i lve r compounds a r e avai lable . The 
heats of formation of alunainum-copper compounds^^ vary from -10,000 to 
-16,000 cal (exo thermal ) /mole . It is quite poss ib le , the re fore , that the 
alloying of aluminum and s i lver may also be an exothermal p r o c e s s . The 

^•^Selected Values of Chemical Thermodynamic P r o p e r t i e s , National 
Bureau of Standards C i rcu la r 500, U. S. Government Pr in t ing Office, 
Washington, D. C. (1952). 



h e a t s of f o r m a t i o n of a l u m i n u m - n i c k e l c o m p o u n d s l 6 v a r y f r o m -34 ,000 to 
- 3 8 , 0 0 0 c a l / m o l e . It i s r e a s o n a b l e to a s s u m e tha t t h e s e e x o t h e r m a l a l l oy ­
ing r e a c t i o n s did supp ly the e x c e s s h e a t p r o d u c e d in the e x p e r i m e n t . 

If a d d i t i o n a l e x p e r i m e n t s of t h i s type a r e p e r f o r m e d , m o r e 
a t t e n t i o n wil l be g iven to the p o s s i b i l i t y of r e a c t i o n s b e t w e e n the m e t a l s 
u s e d m the r e a c t i o n v e s s e l . 

A new b o m b c a p , wi th a b u i l t - i n n i c k e l hea t s ink, h a s been 
f a b r i c a t e d . It is e x p e c t e d tha t m o r e eff ic ient t r a n s f e r of h e a t f r o m the r e ­
a c t i o n zone c a n be a c h i e v e d by p l a c i n g the s a m p l e s u p p o r t d i s h in d i r e c t 
t h e r m a l con t ac t wi th the m o r e m a s s i v e b o m b cap . The A N L - R l - N i - I M * 
c a l o r i m e t r i c s y s t e m , in wh ich the new b o m b cap is u s e d , h a s been c a l i ­
b r a t e d by b u r n i n g N a t i o n a l B u r e a u of S t a n d a r d s ' S a m p l e 39h benzo ic ac id 
in oxygen. P e r t i n e n t da ta a r e p r e s e n t e d in T a b l e 25. The s t a n d a r d e n e r g y 
of c o m b u s t i o n of b e n z o i c a c i d 39h i s 6317.96 c a l / g u n d e r the cond i t ions in 
wh ich it w a s b u r n e d in t h i s c a l o r i m e t r i c s y s t e m . The f i r s t c o l u m n g ives 
the e n e r g y of c o m b u s t i o n of the m a s s of benzo i c ac id u s e d m each e x p e r i ­
m e n t . The e n e r g y of c o m b u s t i o n of the co t ton t h r e a d , which w a s u s e d a s a 
fuse to Igni te the b e n z o i c ac id , i s 4.05 c a l / m g ; C o l u m n 2 l i s t s the e n e r g y 
of c o m b u s t i o n of the s h o r t l eng th of co t ton t h r e a d u s e d in each e x p e r i m e n t . 
In t h r e e of the e x p e r i m e n t s , m i n u t e s p e c k s of c a r b o n w e r e r e c o v e r e d a f te r 
the c o m b u s t i o n s . 

Table 25 

CALIBRATION OF CALORIMETRIC SYSTEM A N L - R l - N i - 1 M''' 

A E e 
Benzoic 
Acid 39h 

(cal) 

6316 51 
6312 72 
6316 51 
6319.03 
6318 78 
6312 97 
6315 50 
6316 00 

AEc 
Cotton 
T h r e a d 

(cal) 

5 91 
5 55 
5 35 
5 79 
6 88 
6 16 
5 87 
5.99 

A E c 
Carbon 
Res idue 

(cal) 

0 32 
0 00 
0 00 
0 08 
0 00 

0 39 ± 0 20 
0.00 
0 00 

A E 
Ignit ion 

(cal) 

1 94 
1 94 
1 94 
1 89 
1 94 
1 94 
I 94 
1 94 

A E t 

Contents 
(cal) 

-24 28 
-24 26 
-24 28 
-24 29 
-24 28 
-24 22 
-24 23 
-24 28 

Std D-

Temp Rise AT 

(c) 

74776 
74666 
74761 
74895 
74809 
74639 
74716 
74768 

e ( c a l o r i m e t e r ) 
(ca l /deg) 

3604 84 
3604 57 
3604 65 
3603 59 
3605 83 

3505 86 ± 0 11 
3605 33 
3604 58 

Average = 3604 91 
c a l / d e g 

eviation of the Mean = ± 0 39 
c a l / d e g 

tAE contents = [cHcont.) - e ^ c o n t . ) ] [25 - T^] - [e^(cont.)] [AT] 

*Nickel b o m b u s e d in a r o t a t i n g b o m b c a l o r i m e t e r . 



A p p r o p r i a t e c o r r e c t i o n s for the e n e r g y of c o m b u s t i o n of c a r b o n a r e g iven 
in C o l u m n 3. The a m o u n t of e l e c t r i c a l e n e r g y u s e d to s t a r t t he c o m b u s t i o n 
is l i s t e d nex t . The c o l u m n h e a d e d by AE c o n t e n t s g i v e s the a m o u n t of 
e n e r g y a b s o r b e d by the c o n t e n t s of the c a l o r i m e t r i c b o m b in r a i s i n g t h e m 
f r o m t h e i n i t i a l t e m p e r a t u r e of about 23 C to the r e f e r e n c e t e m p e r a t u r e of 
25 C. T h e t e m p e r a t u r e r i s e of the c a l o r i m e t r i c s y s t e m , c o r r e c t e d for h e a t 
e x c h a n g e d wi th i t s e n v i r o n m e n t and for s t i r r i n g e n e r g y , i s l i s t e d a s AT. 
The e n e r g y e q u i v a l e n t of the c a l o r i m e t r i c s y s t e m , £ ( c a l o r ) , i s the s u m of 
the e n e r g y t e r m s d iv ided by the c o r r e c t e d t e m p e r a t u r e r i s e . 

Now tha t the new c a l o r i m e t r i c s y s t e m h a s b e e n c a l i b r a t e d , 
the i n v e s t i g a t i o n of the h e a t of c o m b u s t i o n of u r a n i u m in f l u o r i n e wi l l be 
r e s u m e d . 

f. H i g h - t e m p e r a t u r e E n t h a l p y C a l o r i m e t e r 
(D. R. F r e d r i c k s o n , R. L . N u t t a l l , E . D. Wes t* ) 

The c a l o r i m e t r i c s y s t e m to m e a s u r e c h a n g e s in en tha lpy 
up to 1500 C i s b e i n g a s s e m b l e d . 

The v a c u u m sys tena for the f u r n a c e c o m p o n e n t p r o v i d e s a 
v a c u u m of 3.2 x 10"^ m m of Hg at rooiaa t e m p e r a t u r e . F u r t h e r o u t g a s s i n g 
wi l l be done by h e a t i n g the t h r e e s e t s of m o l y b d e n u m f u r n a c e w i n d i n g s . 
While t h i s i s be ing done , the p e r f o r m a n c e of v a r i o u s t h e r m o c o u p l e s wi th in 
the f u r n a c e wi l l a l s o be c h e c k e d . 

A dual v a c u u m s y s t e m h a s b e e n d e s i g n e d to be u s e d for 
bo th the c a l o r i m e t e r and v a c u u m v a l v e . C e r t a i n m a c h i n e d p a r t s and the 
cold t r a p a r e b e i n g f a b r i c a t e d by the s h o p s . O t h e r i t e m s , such a s v a l v e s 
and p ip ing a r e b e i n g c o l l e c t e d and t h e v a c u u m s y s t e m wi l l be a s s e m b l e d 
upon c o m p l e t i o n of m a c h i n e d p a r t s . 

The d r o p m e c h a n i s m h a s j u s t b e e n c o m p l e t e d and t e s t 
d r o p s at v a r i o u s d r o p s p e e d s wi l l be t r i e d wi th t h e uni t b e f o r e i n s t a l l i n g 
it in the c a l o r i m e t r i c s y s t e m . 

* C o n s u l t a n t , Na t iona l B u r e a u of S t a n d a r d s . 



11. F U E L C Y C L E A P P L I C A T I O N S O F VOLATILITY AND 
F L U I D I Z A T I O N T E C H N I Q U 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 a d i r e c t f l u o r i n a t i o n v o l a t i l i t y p r o c e s s p r o p o s e d for the r e c o v e r y 
of u r a n i u m and p l u t o n i u m f r o m i r r a d i a t e d n u c l e a r r e a c t o r fue ls . In t h i s 
p r o c e s s f lu id i za t ion t e c h n i q u e s a r e a l s o u s e d to a d v a n t a g e . P r o g r e s s is 
be ing m a d e in the a p p l i c a t i o n of t h i s p r o c e s s to u r a n i u m oxide and 
z i r c o n i u m - m a t r i x fue l s . 

The p r o p o s e d p r o c e s s for r e c o v e r y of u r a n i u m and p lu ton ium f rom 
s p e n t u r a n i u m oxide i n v o l v e s d e c l a d d i n g by an a p p r o p r i a t e r e a c t i o n in a 
f lu id ized bed . P l u t o n i u m and u r a n i u m h e x a f l u o r i d e s , which r e s u l t f r om the 
r e a c t i o n of the d e c l a d oxide fuel wi th f l uo r ine , m a y be s e p a r a t e d by us ing a 
c o m b i n a t i o n of the v a r i a b i l i t y of the r a t e s of f l uo r ina t i on of the p lu ton ium 
and u r a n i u m c o m p o u n d s and c h e m i c a l r e a c t i v i t i e s of the h e x a f l u o r i d e s . 

The d i r e c t f l u o r i n a t i o n of d e n s e u r a n i u m dioxide p e l l e t s i s be ing 
e x a m i n e d in a 3 - i n . - d i a m e t e r , a i r - c o o l e d r e a c t o r . In o r d e r to obta in 
f u r t h e r i n f o r m a t i o n on the effect of t e m p e r a t u r e unde r p r o c e s s cond i t i ons , 
a f l u o r i n a t i o n of a 6 - i n . - d e e p bed of p e l l e t s was c a r r i e d to c o m p l e t i o n a t 
400 C in the p r e s e n c e of an oxygen d i luen t r e s u l t i n g f rom the r e c y c l e 
p r o c e s s g a s . In 11.0 h r , 86 p e r c e n t of the c h a r g e 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 luor ine u t i l i z a t i on ef f ic iency of 
82 p e r c e n t . A l though th i s b a t c h r e a c t i o n t i m e i s not c o n s i d e r e d e x c e s s i v e , 
e q u i v a l e n t r e a c t i o n h a s b e e n c a r r i e d out a t 500 C in 40 p e r c e n t of the t i m e . 
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 can be ob t a ined a t 400 C by i n c r e a s i n g the 
f luo r ine c o n c e n t r a t i o n , wh ich a v e r a g e d only about 16 p e r c e n t in th i s r u 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 c o n d i t i o n s a r e p lanned a long the l i ne s of 
d e t e r m i n i n g the r o l e of oxygen on o v e r a l l f l uo r ina t ion 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 o p t i m u m f luor ina t ion 
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 e c a u s e of a p r o n o u n c e d effect of the p r e s e n c e of oxygen on the 
f l uo r ina t i on r a t e , a t t e m p t s a r e u n d e r way to m e a s u r e the ox ida t ion r a t e 
a l o n e . In v e r y p r e l i m i n a r y r e s u l t s , ox ida t ion of u r a n i u m dioxide p e l l e t s 
a t 300 C w a s r e a d i l y d e t e c t e d ; the r a t e i n c r e a s e d wi th t e m p e r a t u r e up to 
600 C, the h i g h e s t t e m p e r a t u r e e m p l o y e d . 

S ince in p r a c t i c e the r a t e of f l uo r ina t i on is l i m i t e d by hea t t r a n s f e r 
r a t h e r than r e a c t i o n k i n e t i c s , e f fo r t s have b e e n m a d e to enhance hea t r e ­
m o v a l by u t i l i z a t i o n of a p a c k e d - f l u i d i z e d - b e d s y s t e m . A p a c k e d - f l u i d i z e d -
bed s y s t e m e m p l o y s i n e r t f lu id iz ing m a t e r i a l in the voids of a bed of l a r g e r 
p a r t i c l e s so a s to p r o v i d e b e t t e r h e a t t r a n s f e r c h a r a c t e r i s t i c s . A s tudy 
w a s m a d e of t h i s type of h e a t t r a n s f e r in a m o c k u p s y s t e m , showing the 
effect of d i f f e ren t t y p e s and s i z e s of pack ing and d i f fe ren t s i ze of m a t e r i a l 
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f lu id ized in the v o i d s of the f ixed p a c k i n g . The e f fec t ive r a d i a l t h e r m a l 
c o n d u c t i v i t y w a s found to i n c r e a s e wi th i n c r e a s i n g g a s v e l o c i t y and to be 
h i g h e r for l a r g e r pack ing . The ef fec t ive t h e r m a l c o n d u c t i v i t y of p a c k e d -
f lu id ized b e d s w a s a s h igh a s 10 B t u / ( h r ) ( s q f t ) (F / f t ) c o m p a r e d to t ha t 
for fixed b e d s of abou t 0.4 B t u / ( h r ) ( s q f t ) (F / f t ) . The f i lm coef f i c i en t s for 
the hea t i ng and cool ing s u r f a c e s w e r e found to be a s m u c h a s five t i m e s 
tha t for fixed b e d s . F i l m coe f f i c i en t s fol lowed the s a m e g e n e r a l t r e n d s 
wi th v a r i o u s p a r t i c l e s i z e s a s did the e f fec t ive t h e r m a l c o n d u c t i v i t i e s , 
but the v a r i a t i o n s in f i lm coef f i c ien t s w e r e c o n s i d e r a b l y s m a l l e r o v e r the 
r a n g e s of the v a r i a b l e s . F i l m coef f ic ien t v a l u e s and t h e r m a l c o n d u c t i v i ­
t i e s in the p a c k e d - f l u i d i z e d s y s t e m w e r e s i m i l a r to v a l u e s ob ta ined in 
p r e v i o u s s t u d i e s of p a c k e d - f l u i d i z e d s y s t e m s . 

L a b o r a t o r y - s c a l e e x p e r i m e n t s have b e e n p e r f o r m e d in wh ich 
f l uo r ina t i on r e a c t i o n s have b e e n c a r r i e d out wi th a l u m i n u m oxide a s the 
i n e r t bed m a t e r i a l . It has b e e n conc luded tha t the u s e of h i g h - p u r i t y 
r e f r a c t o r y g r a i n A l u n d u m r e s u l t s in l o w e r v a l u e s of r e s i d u a l p l u t o n i u m 
(~0.02 p e r c e n t ) t han t h o s e ob ta ined wi th e i t h e r z i r c o n i u m or c a l c i u m 
f l u o r i d e . It i s a l s o conc luded tha t the u s e of r e c y c l e d f luo r ine i s f e a s i b l e , 
s i n c e oxygen does no t e x e r t a d e l e t e r i o u s effect on p l u t o n i u m r e t e n t i o n 
in A l u n d u m . The u s e of A l u n d u m for m o r e t han a s i ng l e fuel load ing m a y 
be l i m i t e d not only by the a c c u m u l a t i o n of f i s s i o n p r o d u c t s but a l s o by 
the i n c r e a s e of p l u t o n i u m r e t e n t i o n in the A l u n d u m wi th r e u s e of the bed 
m a t e r i a l . Af te r the r e u s e of A l u n d u m in five s u c c e s s i v e e x p e r i m e n t s , 
the p l u t o n i u m c o n c e n t r a t i o n in the A l u n d u m r o s e to a p p r o x i m a t e l y 
0.1 p e r c e n t . 

S tud ies a r e be ing conduc ted on a f l u i d i z a t i o n - v o l a t i l i t y s c h e m e 
for s e p a r a t i n g and 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 - b a s e fue l s . The 
p r o c e s s i n v o l v e s i n i t i a l s e p a r a t i o n of the z i r c o n i u m by r e a c t i o n of the 
low u r a n i u m - z i r c o n i u m a l l oy wi th h y d r o g e n c h l o r i d e f o r m i n g the v o l a t i l e 
z i r c o n i u m t e t r a c h l o r i d e , wh ich i s a l l o w e d to p a s s out of the s y s t e m . 
U r a n i u m f o r m s the so l id u r a n i u m t r i c h l o r i d e . U r a n i u m is 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 by f l uo r ina t i on of the u r a n i u m c h l o r i d e . 

L a b o r a t o r y s t u d i e s r e p o r t e d in the p r e v i o u s q u a r t e r l y (ANL-6379 , 
page 150) i n d i c a t e d tha t , for o p t i m u m r e c o v e r y of u r a n i u m f rom e n r i c h e d 
u r a n i u m - z i r c o n i u m a l l oy fue l s , it i s b e s t to d e c l a d and r e m o v e the z i r ­
c o n i u m by h y d r o c h l o r i n a t i o n a t o r above 350 C. The h y d r o c h l o r i n a t i o n 
of the z i r c o n i u m and the s u b s e q u e n t f l u o r i n a t i o n of the u r a n i u m c h l o r i d e s 
can be c a r r i e d out in a f lu id ized bed of g r a n u l a r s o l i d s . The u r a n i u m 
p a r t i c u l a t e i s e x p e c t e d to be r e t a i n e d , for the m o s t p a r t , in the i n e r t 
f l u id -bed m e d i u m in wh ich the p r i m a r y r e a c t i o n i s conduc ted . U r a n i u m 
e n t r a i n e d by the v o l a t i l e m a t e r i a l wi l l be f i l t e r e d by s u i t a b l e m e a n s . Of 
t h o s e bed m a t e r i a l s t e s t e d , A l u n d u m , r e f r a c t o r y a l u m i n u m oxide , w a s 
m o s t s a t i s f a c t o r y . In t h i s r e p o r t l a b o r a t o r y t e s t s of t h r e e t ypes of N o r t o n ' s 
r e f r a c t o r y g r a i n A l u n d u m a r e d i s c u s s e d . The p u r e s t g r a d e of e l e c t r i c a l l y 
fused r e f r a c t o r y g r a i n a l u m i n a y i e lded the b e s t r e s u l t s . 



In p r e v i o u s e n g i n e e r i n g - s c a l e s t u d i e s , bo th u r a n i u m - z i r c o n i u m a l loy 
c o n s t i t u e n t s w e r e c o n v e r t e d to f l u o r i d e s and it i s b e l i e v e d the z i r c o n i u m 
inh ib i t ed c o m p l e t e u r a n i u m r e c o v e r y . In i t i a l e n g i n e e r i n g - s c a l e w o r k is d i ­
r e c t e d t o w a r d the e v a l u a t i o n of fixed b e d s of h i g h - f i r e d a l u m i n u m oxide a s 
f i l t e r s for the r e t e n t i o n of e n t r a i n e d u r a n i u m p a r t i c u l a t e . The u r a n i u m is 
r e c o v e r e d f r o m the f ixed bed of a l u m i n u m oxide by f luo r ina t ion . Up-f low 
and down- f low s y s t e m s a r e be ing t e s t e d wi th a 1.5 m . - d i a m e t e r f lu id ized 
r e a c t i o n zone and a 3 . 0 - i n . - d i a m e t e r f i l t e r zone . Both up-f iow and dow^n-
flow e x p e r i m e n t s show l o w e r u r a n i u m l o s s e s m a y be a c h i e v e d by us ing s m a l l 
f i l t e r - b e d p a r t i c l e s (200 m e s h s i z e ) . H i g h e r g a s v e l o c i t i e s (in the r a n g e 
t e s t e d , 0.23 to 0.75 f t / s e c ) gave l ower u r a n i u m l o s s e s in the down-f low c a s e 
w h e r e a s the r e v e r s e w a s t r u e for up- f low. Bed dep th in the r a n g e f r o m 3 to 
12 in. h a s not b e e n found c r i t i c a l . O v e r a l l l o s s e s w e r e in the r a n g e f r o m 
0.1 to 0.6 p e r c e n t of the u r a n i u m r e a c t e d (up to 7.6 g m a x i m u m c h a r g e d a s 
2.7 we igh t p e r c e n t u r a n i u m - z i r c o n i u m a l l o y in the f o r m of l / 4 - i n . , i r r e g u ­
l a r l y s h a p e d c u b e s ) . The h y d r o c h l o r i n a t i o n w a s conduc ted in the r a n g e 
f r o m 550 to 400 C wi th 20 to 70 m o l e p e r c e n t h y d r o g e n c h l o r i d e in n i t r o g e n 

P r e l i m i n a r y c o r r o s i o n t e s t s of 3 5 - and 170-h r d u r a t i o n m a d e to 
e v a l u a t e p o s s i b l e m a t e r i a l s of c o n s t r u c t i o n showed r a t e s of 0.2 m i l / m o n t h 
( d e t e r m i n e d by we igh t l o s s ) for A - n i c k e l and Incone l exposed to z i r c o n i u m 
t e t r a c h l o r i d e v a p o r (2000 m m Hg p r e s s u r e ) a t t e m p e r a t u r e s of 370 C. 
A p p r e c i a b l e d i m i n u t i o n of the r a t e o c c u r s wi th t i m e . S i n t e r e d p o r o u s n i c k e l 
coupons ( p o s s i b l e f i l t e r m a t e r i a l ) showed s ign i f i can t weight l o s s , but 
q u a n t i t a t i v e v a l u e s canno t be a s s i g n e d b e c a u s e of d i f f icul t ies in d e t e r m i n i n g 
t r u e e x p o s e d s u r f a c e a r e a s . 

S tud ie s w e r e e s s e n t i a l l y c o m p l e t e d th i s q u a r t e r on the d e v e l o p m e n t 
of a t w o - s t e p f lu id -bed p r o c e s s for c o n v e r t i n g u r a n i u m hexa f luo r ide to 
u r a n i u m d iox ide . Th i s w o r k h a s b e e n conduc ted in an effort to p rov ide a 
s i m p l e r m e t h o d for p r e p a r a t i o n of c e r a m i c r e a c t o r fuel. E q u i p m e n t m o d i ­
f i ca t i ons for the f i r s t s t e p , s t e a m - h y d r o l y s i s of the hexa f luo r ide to u r a n y l 
f l uo r ide , wh ich p e r m i t t e d e l u t r i a t i o n of f ines f rom the r e a c t i o n zone , have 
a p p a r e n t l y so lved a l l of the p r e v i o u s o p e r a t i n g p r o b l e m s a s s o c i a t e d wi th 
p a r t i c l e s i z e c o n t r o l of the bed, and e x t e n d e d r u n s to 25 hr in d u r a t i o n have 
b e e n m a d e . N o m i n a l o p e r a t i n g cond i t i ons u sed for the 3- in . d i a m e t e r r e a c t o r 
w e r e 100 g / m i n h e x a f l u o r i d e feed (174 !b u r a n i u m / ( h r ) ( s q ft)), 230 C bed 
t e m p e r a t u r e , a p p r o x i m a t e l y 15- in . s t a t i c bed height , 0.75 f t / s e c s u p e r f i c i a l 
f lu id iz ing gas v e l o c i t y , s t e a m e x c e s s e s of 245 p e r c e n t and a r e c y c l e so l id s 
feed r a t e n e a r 15 p e r c e n t . A v e r a g e bed p a r t i c l e s i z e was m a i n t a i n e d n e a r 
3 5 0 ^ . 

The s e c o n d s t ep , r e d u c t i o n of u r a n y l f luor ide to u r a n i u m d iox ide , 
h a s b e e n conduc t ed a s a b a t c h o p e r a t i o n . A 50-50 m i x t u r e of s t e a m and 
h y d r o g e n a t t e m p e r a t u r e s n e a r 650 C a p p e a r s o p t i m u m . Stat ic bed he igh t s 
to 2 1 in . ( L / D = 7) have b e e n u sed . M a t e r i a l con ta in ing l e s s than 200 ppm 
f l u o r i d e has b e e n p r o d u c e d in p e r i o d s of 3 to 4 h r , the t i m e p e r i o d depending 



on reac tan t e x c e s s e s . Conversion r a t e a l so appears to be dependent on 
par t ic le s ize, sma l l e r pa r t i c les giving somewhat be t ter conversion t imes . 
Pa r t i c l e densi t ies as de te rmined by i m m e r s i o n in xylene, water , and m e r ­
cury were 9.68, 9.23, and 6.22 g /ml , respec t ive ly . Reactor (nickel) co r ­
ros ion in 4-hr exper iments resu l ted in nickel content in the product of 
100 to 130 ppm. 

In recen t eng ineer ing-sca le s tudies , components were developed 
which proved valuable in fluoride volati l i ty work. Descr ip t ions a r e given 
of an automat ic , r e m o t e - r e c o r d i n g chain balance for weigh tank appl ica­
tions and an a l l - m e t a l fluorine ana lyzer . In addition, a baffled-cone gas 
d is t r ibutor for fluid-bed r e a c t o r s has been developed and appears p r o m i s ­
ing in mock-up t e s t s . 

Improved operat ion of a sma l l -d i ame te r column for continuous 
fluid-bed calcining where cr i t ica l i ty mus t be considered has been achieved 
in recen t feasibili ty s tudies . A 2-^- in . -diameter column with 1 M aluminum 
ni t ra te feed is cu r ren t ly in use with ve r t i ca l upward spraying of the feed, 
achieved by mounting the feed spray nozzle in the apex of the cone bottom, 
permit t ing use of atomizing and feed decomposit ion gases as the fluidizing 
gas medium. Runs to 6-hr duration at an a i r - to - l iqu id volume ra t io of 
1740 gave modera te fines production (five percent l e ss than 140 mesh) 
using a 325 g bed of -20 4-80 m e s h aluminum oxide. A 3-hr run at an a i r - t o -
liquid ra t io of 1070, achieved by increas ing the feed ra t e from 8.7 to 
14.0 m l / m i n while maintaining the atomizing a i r r a t e constant (0.54 scfm), 
gave the best r e su l t s to date, only one percent less than 140 mesh m a t e r i a l 
being produced. The cu r ren t s e r i e s of runs was c a r r i e d out at bed t em­
p e r a t u r e s near 330 C. The p r i m a r y objective in future work will be to 
demons t ra te re l iabi l i ty of the operat ion. 

A. Labora tory Investigations of Fluoride Volatility P r o c e s s e s 
( j . F i sche r ) 

1. Fluorinat ion of P lu tonium-Uranium Dioxide 
( L . Anastas ia , L. Trevor row, R. J a r r y , T. Baker) 

The Direct Fluorinat ion Volatili ty P r o c e s s for low-enr ichment 
power reac to r fuels uti l izes a s tep in which uranium dioxide fuel is reac ted 
with fluorine at 450 C to remove uranium and plutonium as the volati le 
hexafluorides. The fluorination step can be c a r r i e d out in a r eac to r contain­
ing a fluidized bed of iner t sol ids . Zi rconium te t raf luor ide , calcium fluoride 
and r e f rac to ry aluminum oxide have been tes ted for use as iner t solids. In 
order to minimize the plutonium loss to the iner t bed ma te r i a l , s eve ra l 
batches of fuel might be p rocessed with the same charge of bed ma te r i a l . 
The number of t imes the m a t e r i a l could be reused would depend on the extent 
of uranium and, par t icu lar ly , plutonium retent ion on the iner t solids. Reuse 
would a l so depend on the capaci ty of the iner t solids and the reac t ion v e s s e l 



to d i s s i p a t e the h e a t due to t h e a c c u m u l a t e d f i s s ion p r o d u c t s . F o r e c o n o ­
m y in the u s e of f l u o r i n e , a r e c y c l e s y s t e m would be u sed and the f luor ine 
would becomie d i l u t ed wi th oxygen r e s u l t i n g f r o m the f luo r ina t ion of 
u r a n i u m d iox ide . 

R e s u l t s have b e e n p r e v i o u s l y r e p o r t e d (ANL-6379 , p a g e s 142 
and 143) for the f l u o r i n a t i o n of m i x t u r e s of u r a n i u m and p l u t o n i u m oxides 
in b e d s of z i r c o n i u m t e t r a f l u o r i d e or c a l c i u m f l uo r ide . This r e p o r t p r e ­
s e n t s the r e s u l t s of e x p e r i m e n t s in wh ich f l uo r ina t i on r e a c t i o n s have been 
c a r r i e d out wi th a l u m i n u m oxide a s the i n e r t bed m a t e r i a l . The effects 
of r e u s e of the bed m a t e r i a l and d i lu t ion of f luor ine wi th oxygen on the 
p l u t o n i u m r e t e n t i o n have b e e n i n v e s t i g a t e d . 

A d e s c r i p t i o n of the e x p e r i m e n t a l e q u i p m e n t w a s g iven in a 
p r e v i o u s r e p o r t ( A N L - 6 3 7 9 , page 139). Two g r a d e s of N o r t o n ' s r e f r a c t o r y 
a l u m i n u m oxide (Alundum) w e r e u sed : Type 38, and Blue Labe l , a h ighly 
pu r i f i ed g r a d e . S p e c t r a l a n a l y s e s of bo th g r a d e s of A l u n d u m a r e g iven in 
T a b l e 31 ( see page 118). 

The s a m p l e to be f l u o r i n a t e d w a s p r e p a r e d by m i x i n g g round , 
so l id s o l u t i o n s of p l u t o n i u m - u r a n i u m d i o x i d e s wi th the A l u n d u m . The 
r e s u l t a n t m i x t u r e , c o n t a i n e d in a n i c k e l boa t , was then p l aced in a h o r i ­
z o n t a l tube r e a c t o r . The r e a c t o r w a s b r o u g h t to the r e a c t i o n t e m p e r a t u r e , 
and f l uo r ine w a s r e c y c l e d t h r o u g h the s y s t e m a t a flow r a t e of 800 c c / m i n 
a t a p r e s s u r e of abou t one a t m o s p h e r e . U r a n i u m and p lu ton ium hexa f luo ­
r i d e s f o r m e d by the r e a c t i o n w e r e r e m o v e d f r o m the gas s t r e a m by a 
s e r i e s of two cold t r a p s he ld a t -80 C. At the c o m p l e t i o n of an e x p e r i m e n t , 
the r e s i d u e was w e i g h e d and a n a l y z e d for u r a n i u m and p lu ton ium. 

In a l l of the e x p e r i m e n t s , 10 hr of r e a c t i o n wi th f luor ine 
r e s u l t e d in a r e s i d u e in wh ich the c o n c e n t r a t i o n of u r a n i u m was r e d u c e d to 
a s a t i s f a c t o r y l e v e l {^O.Ol we igh t p e r c e n t ) . T h e r e f o r e , f u r t h e r d i s c u s s i o n 
of the r e s u l t s wi l l d e a l m a i n l y wi th p l u t o n i u m r e t e n t i o n in the A l u n d u m . 

In the f i r s t g r o u p of e x p e r i m e n t s , the effects of i m p u r i t i e s in 
the A l u n d u m and of r e a c t i o n t e m p e r a t u r e w e r e i n v e s t i g a t e d . The r e s u l t s 
of the f l u o r i n a t i o n of u r a n i u m - p l u t o n i u m d iox ides f r o m m i x t u r e s wi th bo th 
g r a d e s of N o r t o n ' s r e f r a c t o r y g r a i n A l u n d u m a r e l i s t e d in Tab le 26. In a l l 
of t h e s e e x p e r i m e n t s , e x c e p t for E x p e r i m e n t s 52 and 53, 60 m e s h , h igh -
p u r i t y , Blue L a b e l A l u n d u m w a s used ; in E x p e r i m e n t s 52 and 53 , 
-60 -I- 100 m e s h . Type 38 A l u n d u m was u s e d . At 350 and 450 C, a r e s i d u a l 
c o n c e n t r a t i o n of abou t 0.03 we igh t p e r c e n t p l u t o n i u m in the h i g h - p u r i t y . 
Blue L a b l e A l u n d u m w a s ob t a ined a f t e r f l uo r ina t ion . R e s i d u a l p lu ton ium 
a t 500 C was abou t 0.05 we igh t p e r c e n t and 0.11 weigh t p e r c e n t a t 550 C. 
Af te r f l u o r i n a t i o n of the ox ides a t 450 C, the r e s i d u a l p lu ton ium c o n c e n ­
t r a t i o n in Type 38 A l u n d u m w a s 0.17 we igh t p e r c e n t ( E x p e r i m e n t 52); wi th 
the u s e of p r e f l u o r i n a t e d Type 38 A l u n d u m ( E x p e r i m e n t 53), r e s i d u a l 
p l u t o n i u m w a s r e d u c e d to 0.11 we igh t p e r c e n t . 



T a b l e 26 

R E A C T I O N O F U R A N I U M - P L U T O N I U M D I O X I D E S , A L U N D U M M I X T U R E S W I T H F L U O R I N E 

F l u o r i n e R e c y c l e R a t e : 800 c c / m i n 
F l u o r i n e P r e s s u r e : ~1 a t m o s 
A l u n d u m P a r t i c l e S i z e : B l u e L a b e l : 60 m e s h 
F l u o r i n a t i o n T i m e ' 10 h r 

i n i t i a l S a m p l e R e s i d u e 

E x p 
No 

47b 

5 4 ^ 

55b 

52^^ 

53b,c 

6 l b 

63b 

49b 

56^ 

T e m p 

(c) 

350 

450 

450 

450 

450 

500 

500 

550 

550 

Wt 
AI2O3 

(g) 

1.99 

0 90 

1.99 

2.04 

2.03 

2.24 

2.26 

2.41 

2.11 

Wt 
U 

(mg) 

810 

0.07 

1025 

825 

822 

800 

808 

9 5 5 

1090 

Wt 
P u 

(mg) 

38.7 

0.32 

43.8 

37.9 

37 8 

37.9 

38.2 

45 7 

46.5 

U 
(w/o) 

27.0 

0.008 

34.2 

27.4 

27.4 

23.9 

23.9 

27.0 

34.2 

P u 
(w/o) 

1.29 

0.035 

1.46 

1.26 

1.26 

1.13 

1.13 

1.29 

1 46 

Wt Solids 
Recovered 

(g) 

1.83 

0.91 

1.98 

2.11 

2.04 

2.31 

2.28 

2.40 

(2.64)^ 

Wt 
U 

(mg) 

0.09 

0.05 

0.13 

0 74 

0.35 

0.21 

0.41 

0.67 

(0.29) 

Wt 
P u 

(mg) 

0.53 

0.18 

0.53 

3.60 

2.24 

1.39 

0.91 

3.24 

(2.38) 

U 
(w/o) 

0.005 

0.0056 

0,0067 

0.035 

0.017 

0.009 

0.018 

0.028 

0.011 

P u 
(w/o) 

0.029 

0.020 

0.027 

0.17 

0.11 

0.060 

0.040 

0.135 

0.090 

See Table 3 1 (page 118) for s p e c t r a l ana lys i s of Alundum. 
The Alundum was pre f luor ina ted 3 hr at 300 C and an addit ional hour at 400 C. 

"̂  Nor ton ' s Type 38 Alundum, -60 -HOO mesh , was used m E x p e r i m e n t s 52 and 53. 

The ini t ial sample for E x p e r i m e n t 54 was the r e s idue from E x p e r i m e n t 48, previousl-y 
f luorinated for 10 hr (see ANL-6379, page 143). 
Residue weight quest ionable because of contaminat ion by nickel fluoride scale from 
r e a c t o r wall 

In E x p e r i m e n t 54, the r e s i d u e f rom a p r e v i o u s ox ide f l uo r ina t i on f rom 
60 m e s h h i g h - p u r i t y A l u n d u m ( E x p e r i m e n t 48, s e e A N L - 6 3 7 9 , page 143) 
was f l u o r i n a t e d for an a d d i t i o n a l 10 h r ; the a d d i t i o n a l f l uo r ina t ion r e d u c e d 
p lu ton ium r e t e n t i o n f r o m 0.035 weight p e r c e n t to 0.02 weigh t p e r c e n t . A 
c o m p a r i s o n of a l l the r e s u l t s is g iven in Tab le 27. 

It is no ted tha t r e s i d u a l p lu ton ium in Type 38 A lundum is 
s o m e w h a t h i g h e r t han v a l u e s ob ta ined wi th the h i g h - p u r i t y m a t e r i a l a t 
450 C. It i s thought tha t the d i f f e rence in p lu ton ium r e t e n t i o n m a y be 
a t t r i b u t e d to bo th the s m a l l e r p a r t i c l e s i z e and the i m p u r i t i e s p r e s e n t 
in Type 38 A l u n d u m . It i s a l s o no ted tha t p lu ton ium r e t e n t i o n in h igh -
p u r i t y A l u n d u m i n c r e a s e s a s the t e m p e r a t u r e of f l uo r ina t i on is i n c r e a s e d . 

The f l u o r i n a t i o n s of u r a n i u m - p l u t o n i u m ox ides f rom Alundum 
have a l l b e e n c a r r i e d out in a r e c y c l e flow s y s t e m . Some di lu t ion of the 
f luor ine wi th oxygen r e s u l t e d a s the u r a n i u m oxide r e a c t e d wi th the f luo r ine . 



Tab le 27 

SUMMARY^ O F P L U T O N I U M FLUORINATIONS F R O M SOLID 
SOLUTIONS O F U R A N I U M - P L U T O N I U M DIOXIDES AND 

P H Y S I C A L M I X T U R E S WITH ALUNDUM 

G a s F l o w R a t e : 
T o t a l P r e s s u r e : 
F l u o r i n a t i o n T i m e : 
A l u n d u m P a r t i c l e S ize : 

800 c c / m i n 
~1 a t m o s 
10 h r 
B lue L a b e l : 60 m e s h 

Type 38: -60-f-lOO m e s h 

E x p 
No. 

40^ 
47 

48C 
54 
55 
65 
70^ 

61 
63 
64^ 

38^ 
49 
56 

52 
53 
59d 

T e m p 

(c) 

N o r t o n 

350 
350 

450 
450 
450 
450 
450 

500 
500 
500 

550 
550 
550 

P l u t o n i u m 
V o l a t i l i z e d 

(%) 

B lue L a b e l A l u n d u m 

99 
99 

98 
100^ 

99 
98 
97 

96 
98 
97 

96 
93 

(95)^ 

N o r t o n Type 38 A l u n d u m 

450 
450 
450 

90 
94 
97 

R e s i d u a l 
P l u t o n i u m 

(w/o) 

0.028 
0.029 

0.035 
0.020 
0.027 
0.029 
0.010 

0.060 
0.040 
0.064 

0.068 
0.135 
0.090 

0.17 
0.11 
0.058 

See T a b l e s 26, 28, and 29 for c o m p l e t e da ta . 

P e r c e n t d e c r e a s e of p l u t o n i u m ove r a m o u n t in 

o r i g i n a l s a m p l e . 

P r e v i o u s l y r e p o r t e d in A N L - 6 3 7 9 , page 143. 

25 v / o oxygen in f l u o r i n e . 

®See no te e. T a b l e 26 . 

B a s e d on a m o u n t of p l u t o n i u m in i n i t i a l s a m p l e 

of E x p e r i m e n t 48; s e e T a b l e 26. 



H o w e v e r , the v o l u m e of the e x p e r i m e n t a l r e a c t o r s y s t e m i s l a r g e c o m ­
p a r e d to the v o l u m e of oxygen r e l e a s e d f rom the ox ides d u r i n g a p a r t i c u ­
l a r e x p e r i m e n t ; t h e r e f o r e , d i lu t ion of the f luor ine wi th oxygen w a s m the 
r a n g e 1 to 3 p e r c e n t . In p l a n t - s i z e f l uo r ina t ion e q u i p m e n t , the r a t i o of 
u r a n i u m d iox ide to the v o l u m e of the s y s t e m wi l l be m u c h l a r g e r than 
tha t u s e d m t h e l a b o r a t o r y f l u o r i n a t i o n s . T h e r e f o r e , to s i m u l a t e the c o n ­
d i t ions tha t m i g h t e x i s t m p l a n t - s i z e f l u o r i n a t i o n s , s e v e r a l e x p e r i m e n t s 
w e r e m a d e wi th f luor ine i n i t i a l l y con ta in ing 25 p e r c e n t oxygen. The 
d e t a i l e d r e s u l t s a r e shown m Tab le 28 and a r e a l s o inc luded m Tab le 27 
for c o m p a r i s o n with the o t h e r f l uo r ina t i on e x p e r i m e n t s . At a f l uo r ina t i on 
t e m p e r a t u r e of 500 C ( E x p e r i m e n t 64), the a d d i t i o n a l oxygen a p p e a r e d to 
have l i t t l e or no effect on the r e s i d u a l p lu ton ium found m Blue L a b e l 
Alundum; the va lue of 0.064 weigh t p e r c e n t ob ta ined m E x p e r i m e n t 64 
c o m p a r e s wi th v a l u e s of 0.060 and 0.040 weight p e r c e n t ob ta ined m 
E x p e r i m e n t s 61 and 63, r e s p e c t i v e l y ( see Table 27). However , a t a 
f luor ina t ion t e m p e r a t u r e of 450 C, wi th both h i g h - p u r i t y and Type 38 
Alundum, ( E x p e r i m e n t s 70 and 59), p lu ton ium r e t e n t i o n m the A lundum 
w a s s l igh t ly lower a f t e r f l uo r ina t i on wi th 25 p e r c e n t oxygen m f luor ine 
than wi th r e c y c l e f l uo r ine . With h i g h - p u r i t y A l u n d u m , the c o m p a r a t i v e 
v a l u e s w e r e 0.010 weigh t p e r c e n t a f t e r f luo r ina t ion by o x y g e n - f l u o r i n e v s . 
0 03 weight p e r c e n t wi th f luo r ine ; s i m i l a r l y , the l e v e l of p lu ton ium r e t e n ­
t ion m Type 38 Alundum w a s 0.058 weigh t p e r c e n t a f t e r f l uo r ina t ion with 
o x y g e n - f l u o r i n e and th i s va lue c o m p a r e s wi th 0.11 we igh t p e r c e n t a f te r 
f luo r ina t ion with f l uo r ine . It is conc luded f rom t h e s e r e s u l t s tha t a d d i ­
t iona l oxygen c a u s e s no d e l e t e r i o u s effects on p l u t o n i u m r e m o v a l f r om 
Alundum 

T a b l e 28 

R E A C T I O N O F U R A N I U M - P L U T O N I U M D I O X I D E S , A L U N D U M M I X T U R E S 
W I T H F L U O R I N E E F F E C T O F O X Y G E N A D D I T I O N T O F L U O R I N E 

G a s F l o u R a t e 800 c c / m i n 
T o t a l P r e s s u r e ~1 a t m o s 
O x y g e n to F l u o r i n e V o l u m e 

R a t i o j -
A l u n d u m P a r t i c l e S i z e B l u e L a b e l 60 m e s h ^ 

T y p e 38 - 6 0 -1-100 
F l u o r i n a t i o n T i m e 10 h r 

I n i t i a l S a m p l e R e s i d u e 

E x p 
No 

5qb 

70^ 

64C 

T e m p 

(c) 

4DO 

450 

500 

Wt 
A l , 0 3 

(g) 

2 05 

1 94 

2 35 

Wt 
U 

( m g ) 

745 

791 

1034 

Wt 
P u 

( m g ) 

36 1 

35 5 

47 1 

U 
( w 0 ) 

24 1 

27 0 

29 1 

P u 
(̂ ^ ' 0 ) 

1 17 

1 21 

1 33 

Wt So l id s 
R e c o v e r e d 

(g) 

2 10 

1 99 

2 36 

Wt 
U 

( m g ) 

0 31 

0 06 

0 38 

Wt 
P u 

( m g ) 

1 22 

0 20 

1 51 

U 
( w / o ) 

0 015 

0 003 

0 016 

P u 

( w 0 ) 

0 058 

0 010 

0 064 

a 
See T a b l e 31 ( p a g e 118) for s p e c t r a l a n a l y s i s of A l u n d u r 

b 
Type 38 Alundum 

c 
Blue Label Alundum 



The p o s s i b l e r e u s e of A l u n d u m for m o r e than one f luor ina t ion 
was i n v e s t i g a t e d by us ing a s ing le s a m p l e of A lundum in a s e r i e s of five 
f l uo r ina t i on e x p e r i m e n t s . The e x p e r i m e n t a l p r o c e d u r e c o n s i s t e d of adding 
the so l id so lu t i ons of u r a n i u m - p l u t o n i u m d iox ides to 4. 63 g of p r e f l u o r i n a t e d 
Blue L a b e l A l u n d u m . The c o n c e n t r a t i o n of p lu ton ium w a s about 1 weight 
p e r c e n t in the s t a r t i n g m i x t u r e . Th i s m i x t u r e was s a m p l e d and then f luo­
r i n a t e d for 10 h r a t 450 C wi th r e c y c l e d f luor ine a t a flow r a t e of 
800 c c / m i n . After the r e a c t i o n r e s i d u e was s a m p l e d , the p lu ton ium con ­
c e n t r a t i o n in the r e m a i n i n g r e s i d u e w a s i n c r e a s e d to 1 weight p e r c e n t by 
the add i t i on of u r a n i u m - p l u t o n i u m o x i d e s . The r e s u l t a n t m i x t u r e fornaed 
the s t a r t i n g m a t e r i a l for the nex t e x p e r i m e n t . This p r o c e d u r e was fol ­
lowed for E x p e r i m e n t s 65 t h r o u g h 69; the r e s u l t s a r e l i s t e d in Table 29. 

T a b l e 29 

R E A C T I O N O F U R A N I U M - P L U T O N I U M D I O X I D E S , A L U N D U M M I X T U R E S W I T H 
F L U O R I N E - E F F E C T O F R E U S E O F N O R T O N ' S B L U E L A B E L A L U N D U M ^ 

A l u n d u m P a r t i c l e S i z e : 60 m e s h 
F l u o r i n e R e c y c l e R a t e : 800 c c / m m 
F l u o r i n e P r e s s u r e : ~1 a t m o s 
T e m p e r a t u r e . 450 C 
F l u o r i n a t i o n T i m e : 10 h r 

E x p 
No 

65^^ 

66 

67 

68 

69 

R e s i d u e 
f r o m 
E x p 

-
6 5 ^ 

66'= 

67b 

6 8 ^ 

I n i t i a l S a m 

Wt 
AI2O3 

(g) 

4 63 

3 76 

2 90 

2 05 

1 25 

Wt 
U 

( m g ) 

1327 

1126 

874 

582 

334 

p ie 

Wt 
P u 

(mg) 

59 8 

52 .2 

43 .2 

28 .7 

16.3 

U 
( w / o ) 

2 1 . 1 

2 2 . 0 

22 .2 

21 1 

2 0 . 5 

P u 
( w / o ) 

0 95 

1.02 

1 10 

1.04 

1.00 

Wt So l id s 
R e c o v e r e d 

(g) 

4 65 

3 77 

2 92 

2 12 

1.20 

R e s i d u e 

Wt 
U 

(mg) 

0.42 

0 72 

0 55 

0 41 

0 19 

Wt 
P u 

(mg) 

1.35 

3.92 

2 .98 

2 .41 

1.08 

U 
( w / o ) 

0 .009 

0 .019 

0 019 

0 .018 

0 016 

P u 
( w / o ) 

0 .029 

0 .104 

0. 102 

0 .106 

0 090 

See T a b l e 31 ( p a g e 118) for s p e c t r a l a n a l y s i s of A l u n d u m . 
b 

U r a n i u m - p l u t o n i u m d i o x i d e s a d d e d to i n c r e a s e i n i t i a l p l u t o n i u m c o n c e n t r a t i o n to 
a b o u t 1 w e i g h t p e r c e n t 

c 
I n i t i a l A l u n d u m s a m p l e w a s p r e f l u o r i n a t e d 3 h r a t 300 C a n d an a d d i t i o n a l h o u r 
a t 400 C. 

A va lue of 0.029 weight p e r c e n t p lu ton ium in the Alundum r e s i d u e a f te r 
the i n i t i a l f l uo r ina t ion is in good a g r e e m e n t wi th r e s u l t s obta ined p r e ­
v i o u s l y a t 450 C. Af ter the s econd u s e of Alundum, the r e s i d u a l p lu ton ium 
c o n c e n t r a t i o n i n c r e a s e d to a va lue of 0. 104 weight p e r c e n t and r e m a i n e d 
a t about tha t l e v e l in the t h r e e s u b s e q u e n t f l uo r ina t ions . A p a r a l l e l p a t ­
t e r n of r e t e n t i o n i s a l s o no ted with u r a n i u m . T h e s e r e s u l t s i nd ica t e tha t 
the p lu ton ium c o n c e n t r a t i o n s in a b a t c h of Alundum used in a f l u id i zed -bed 
r e a c t o r m i g h t be expec t ed to i n c r e a s e to a l eve l of about 0. 1 weight p e r c e n t 
a f t e r the s e c o n d use of A lundum and to r e m a i n a t tha t l e v e l in any s u b s e ­
quent u s e . 



On the bas i s of r e su l t s obtained by fluorination of u ran ium-
plutonium dioxides from mix tu res with z i rconium te t raf luor ide , calcium 
fluoride, and Alundum, it is concluded that the use of high-puri ty r e f r a c ­
tory grain Alundum resu l t s in lower values of r e s idua l plutonium than 
those obtained with ei ther the z i rconium or calcium fluorides. It is a l so 
concluded that the use of a recycled fluorine s t r e a m is feasible in the 
design for a fu l l -scale p r o c e s s f luorinator, since oxygen does not exer t 
a de le ter ious effect on plutonium retent ion in Alundum. However, the 
use of Alundum for m o r e than a single fuel loading may be l imited not 
only by accumulat ion of fission products but a lso by the inc rease of plu­
tonium retent ion in the Alundum with r e u s e of the bed m a t e r i a l . 

2. Direct Fluorinat ion P r o c e s s for Enr iched Uranium-
Zirconium Alloy Fuels 
(C. Johnson, J. Stockbar) 

The Direct Fluorinat ion P r o c e s s for the r ecove ry of uranium 
from enriched u ran ium-z i rcon ium alloy fuels has previously been 
descr ibed (ANL-6379, page 146). Brookhaven National Labora tory is a l so 
investigating this process .^ '* The Direct Fluorinat ion P r o c e s s uti l izes 
g a s - m e t a l reac t ions to convert the consti tuents of the al loy to compounds 
from which the uranium can be recovered by reac t ion with fluorine to 
produce volati le uranium hexafluoride. The fuel is init ial ly reac ted with 
hydrogen chloride in the f i rs t stage (lower zone or f i rs t vesse l ) of a 
fluid-bed r e a c t o r . Uranium r ema ins behind in the f i r s t stage as uranium 
te t rach lor ide while z i rconium te t rach lo r ide is volat i l ized into the second 
stage (upper zone or second vesse l ) of the r eac to r , where it can be reac ted 
with hydrogen fluoride to form zi rconium te t raf luor ide . The uranium 
compound remaining in the f i rs t stage is then reac ted with fluorine to 
produce volat i le uranium hexafluoride, which is dist i l led from the react ion 
vesse l . 

Data previously repor ted (ANL-6379, page 156) indicated that 
the optimum fluorination t e m p e r a t u r e , using fluorine, is 350 C and that 
r e f r ac to ry a luminum oxide (Alundum) is a suitable bed ma te r i a l . There 
a r e a var ie ty of grades of Alundum differing in purity; therefore , further 
exper imenta l work was done to de te rmine what grade would be suitable 
for use . Three types of Norton 's r e f r ac to ry grain Alundum were tested. 
They were (l) r e f rac to ry grain, e lec t r ica l ly fused, c rys ta l l ine , aluminum 
oxide (Blue Label); (2) r e f rac to ry grain, a luminum oxide. Type 38; and 
(3) c o m m e r c i a l Type X, ab ras ive grain, aluminum oxide. 

Reilly, J. J. , Regan, W. H., Wirsing, E., and Hatch, L. P. Status 
Report : Reprocess ing of Reactor Fuels by Volati l ization through 
the Use of Inert Fluidized Beds, BNL-663 (T-217) (May 1961). 



The e x p e r i m e n t a l p r o c e d u r e was a s fol lows: the u r a n i u m -
z i r c o n i u m a l l oy was s u b m e r g e d in a bed of Alundum in the lower zone of 
a l a b o r a t o r y t w o - s t a g e f lu id -bed r e a c t o r (ANL-6379 , page 156). The a l loy 
w a s fir St r e a c t e d wi th h y d r o g e n c h l o r i d e to f o r m vo la t i l e z i r c o n i u m t e t r a ­
c h l o r i d e and n o n v o l a t i l e u r a n i u m c h l o r i d e s . The vo la t i l e z i r c o n i u m t e t r a ­
c h l o r i d e was then c o n v e r t e d to z i r c o n i u m t e t r a f l u o r i d e by r e a c t i o n with 
h y d r o g e n f luo r ide in the upper zone of the r e a c t o r and co l l ec t ed on n i c k e l 
wool which s e p a r a t e d the two s t a g e s . The h y d r o c h l o r i n a t i o n s w e r e run a t 
g a s v e l o c i t i e s s u c h tha t the g r a n u l a r bed in the lower zone r e m a i n e d s t a t i c . 
Af ter the h y d r o c h l o r i n a t i o n was c o m p l e t e d the r e a c t o r was p laced in a d r y 
box and d i s a s s e m b l e d . The g r a n u l a r bed was r e m o v e d , t ho rough ly mixed , 
and then r e p l a c e d in the r e a c t o r . Nonvo la t i l e u r a n i u m c h l o r i d e s , r e m a i n i n g 
in the bed, w e r e s e p a r a t e d f rom the bed m a t e r i a l by f luor ina t ion of the u r a ­
n i u m to u r a n i u m h e x a f l u o r i d e . Dur ing f luo r ina t ion the gas v e l o c i t i e s w e r e 
suff ic ient to f lu id ize the bed . 

The da ta f r o m e x p e r i m e n t s , us ing v a r i o u s g r a d e s of r e f r a c t o r y 
a l u m i n u m oxide a s bed m a t e r i a l s , a r e g iven in Table 30. F r o m t h e s e r e ­
s u l t s it a p p e a r s tha t the e l e c t r i c a l l y fused r e f r a c t o r y g r a i n a l u m i n a ("Blue 
L a b e l " ) i s s u i t a b l e for use a s a bed m a t e r i a l . 

T a b l e 30 

F L U O R I N A T I O N O F URANIUM R E S I D U E F R O M 
H Y D R O C H L O R I N A T I O N O F URANIUM-

Z I R C O N I U M A L L O Y ^ 

T e m p : 350 C 

T w o - s t a g e f l u i d - b e d r e a c t o r ( s e e a b o v e for 
d e s c r i p t i o n of e x p e r i m e n t ) 

U r a n i u m C o n c e n t r a t i o n (%) 

T y p e of A l u m i n a 

Blue L a b e l 

B lue L a b e l 

Blue L a b e l 

Type 38 

Type 38 

Type X 

I n i t i a l 

(1.0) 

z.o 
1.9 

1.5 

(1.5) 

(1.5) 

b 

b 

b 

F i n a l 

5 2 x 
4.0 X 

8 5 X 

6.8 X 

2.7 x 

2.7 x 

8.0 X 

10-^ ' ' 
10-5' ' 
10-3^ 

I0-3d 

10-zd 
10-zd 

10-zd 

M a t e r i a l f l u o r i n a t e d w a s s o l i d s r e m a i n i n g m lower 
zone of r e a c t o r a f t e r h y d r o c h l o r i n a t i o n . 

C a l c u l a t e d v a l u e . 
c 

F l u o r i n a t i o n s of th in b e d s m flat boa t m 
h o r i z o n t a l r e a c t o r . 

F l u o r i n a t i o n m v e r t i c a l r e a c t o r . M a t e r i a l s m i x e d 
m d r y box a f t e r h y d r o c h l o r i n a t i o n and r e t u r n e d to 
l o w e r zone of r e a c t o r t o r r e a c t i o n \<.ith f l u o r i n e . 



Specifications rece ived from the Norton Company indicate that 
"Blue Label" and "Type 38" contain a min imum of 99 percent pure aluminum 
oxide. For the Type X m a t e r i a l , specifications give 94.4 percent a luminum 
oxide. Resul t s of spec t r a l ana lys is of the solids a r e given in Table 31. 

Table 31 

SPECTRAL ANALYSIS OF NORTON'S ALUNDUM 

Element 

F e 
Mg 
Na 
Si 
Ti 
Z r 

Engine er ing - s cale 

Blue Label 
(%) 

0.01 
<0.01 
<0.01 
<0.01 
<0.01 

0.01 

Invest igat ions of Fli 

Type 38 Type X 
(%) (%) 

0.03 0.2 
<0.01 0.08 

0.2 <0.01 
0.08 0.5 

<0.01 0.8 
<0.01 0.03 

aoride Volatili ty P r o c e s s e s B. 
(A. A. Jonke) 

1. Direct Fluorinat ion of Uranium Dioxide Fuel 
( j . D- Gabor,. J. Wehrle, R. Kinzler, D. A r m s t r o n g * and 
W. J. Mecham) 

Pilot p lan t - sca le work has been di rected toward the opt imiza­
tion of p r o c e s s conditions for the fluorination of uranium dioxide pellet 
fuel. In previous work (ANL-6379, pages 159 to 171), the use of oxygen to 
dilute fluorine was shown to give the shor t e s t t ime for complete f luorina­
tion of a batch of pel le ts . Also, in a s e r i e s of runs to show the effect of 
t empe ra tu r e on fluorination r a t e s , under s tandard operat ing conditions, it 
was found that the oxygen-diluent fluorinations proceeded at r a t e s of 
about 5 t imes those for runs without ojcvgen over a range of t empe ra tu r e s 
from 350 to 500 C. P resumab ly the oxygen r eac t s with the uranium dioxide 
to form higher oxides which spal l off the pellet surface and enter the iner t 
fluid bed as fines. These fines a r e expected to p resen t a high surface a r ea 
to the fluorine reagent gas . 

Batch fluorinations c a r r i e d to completion to date have been 
near ly al l at 500 C, This t empe ra tu r e was favored on the bas i s of providing 
a high react ion ra t e but st i l l maintaining a sa t is factory equipment life. 

*Co-op student attending Nor thwestern Universi ty. 



Al though the effect of t e m p e r a t u r e on the r e a c t i o n r a t e unde r p a r t i c u l a r 
cond i t i ons h a s b e e n r e p o r t e d p r e v i o u s l y , it has a p p e a r e d d e s i r a b l e to 
ex tend b a t c h f l uo r ina t i on s t u d i e s to l o w e r t e m p e r a t u r e s in o r d e r to o b ­
s e r v e the t e m p e r a t u r e effect on the c o m p l e t e c o u r s e of f luo r ina t ion of 
u r a n i u m d iox ide p e l l e t c h a r g e s . In the p r e s e n t p e r i o d the f luor ina t ion of 
a 6- in . bed of p e l l e t s w a s c a r r i e d to c o m p l e t i o n at 400 C (Run U O F - 4 2 ) . 

In Run U O F - 4 2 the t e m p e r a t u r e was c o n t r o l l e d a t 400 C by 
a u t o m a t i c r e g u l a t i o n of the f luo r ine input . Off-gas r e c y c l e was used , wi th 
a r e c y c l e p u m p r a t e of 0.6 cu f t / m i n . Thus the f luor ine was d i lu ted with 
oxygen d u r i n g the run . The c h a r g e w a s a 6- in . bed (4.4 kg) of u r a n i u m 
d ioxide p e l l e t s and a 3-ft i n e r t bed of A lundum (fused a l u m i n u m oxide) 
p a r t i c l e s . The r u n was c a r r i e d out for a to t a l of 11 h r , and 86 p e r c e n t of 
the o r i g i n a l u r a n i u m d ioxide c h a r g e w a s f luo r ina t ed . Al though the f luo­
r i n a t i o n r a t e had d r o p p e d to a v e r y low v a l u e in the l a s t hour , an a p p r e c i ­
a b l e a m o u n t of u r a n i u m d iox ide w a s found u n r e a c t e d in the b o t t o m of the 
c o l u m n . Th i s is b e l i e v e d due to the low t e m p e r a t u r e no ted a t the co lumn 
in le t . P r o v i s i o n s for i m p r o v e d hea t ing a t the point is being m a d e for 
fu ture r u n s . 

The u r a n i u m h e x a f l u o r i d e co l l ec t i on du r ing th i s r u n is shown 
in F i g u r e 23, and the f luor ine c o n c e n t r a t i o n s in the in le t and out le t 
s t r e a m s a r e shown in F i g u r e 24. 

FIGURE 23 

URANIUM HEXAFLUORIDE COLLECTION FOR RUN UOF-42 

6-mch Pellet Bed 36-inch Alundum Inert Bed 
4 4-kg Charge of UOj Temperature Control Point 4 0 0 C 

0 6-cfm Recycle Rate 

UFs COLLECTION RATE-

T = ^ 
5 6 7 

RUN TIME, tir 

The v a r i a t i o n s in the u r a n i u m hexa f luo r ide co l l ec t ion r a t e a r e 
due to f luc tua t ions in the r a t e of f luor ine in t roduc t ion . An i n t e r r u p t i o n of 
f luo r ine o c c u r r e d a t 1.5 h r b e c a u s e of a plug in the c o n d e n s e r . Th i s plug 



a p p a r e n t l y w a s the r e s u l t of a l o n g - t e r m a c c u m u l a t i o n of n o n v o l a t i l e 
m a t e r i a l and w a s not an effect of the p r e s e n t r un . O t h e r f l u o r i n e f l uc tua ­
t ions r e s u l t e d f r o m the o p e r a t i o n of the a u t o m a t i c t e m p e r a t u r e - c o n t r o l 
s y s t e m . T e m p e r a t u r e v a r i a t i o n s in the s y s t e m in t h i s r u n w e r e m o r e 
p r o n o u n c e d than expec t ed ; c o m p a r i s o n i s naade be low wi th a p r e v i o u s r u n . 

FIGURE 24 
FLUORINE CONCENTRATIONS IN INLET AND 

OUTLET STREAMS FOR RUN UOF-42 

5 6 
RUN TIME, hours 

The in le t f luor ine c o n c e n t r a t i o n s in F i g u r e 24 follow the v a r y ­
ing f luor ine d e m a n d s s e t by the a u t o m a t i c c o n t r o l l e r . The out le t c o n c e n ­
t r a t i o n shows t y p i c a l b e h a v i o r , wi th a m i n i m u m about h a l f - w a y t h r o u g h 
the r u n . T h i s c o r r e s p o n d s to the p e r i o d of h i g h e s t f luor ine u t i l i z a t i on 
eff ic iency. 

F r o m the da ta in F i g u r e 23, the a v e r a g e f luo r ina t ion r a t e in 
the p e r i o d f r o m 4 . 0 - to 1 0 . 5 - h r r u n t i m e (14 to 85 p e r c e n t r e a c t i o n ) w a s 
490 g / h r . T h i s r a t e is not v e r y m u c h lower than in 500 C r u n s , c o n s i d e r ­
ing tha t in the p r e s e n t c a s e the a v e r a g e in l e t f luor ine c o n c e n t r a t i o n was 
only about 16 p e r c e n t . It i s e x p e c t e d tha t h ighe r r a t e s can be ob ta ined a t 
400 C a t h i g h e r f luor ine c o n c e n t r a t i o n s . D e s p i t e the v a r i a t i o n s of f luor ine 
c o n c e n t r a t i o n shown in F i g u r e 24, the o v e r a l l f luo r ine ef f ic iency in t e r m s 
of f luor ine c h a r g e be ing c o n v e r t e d to u r a n i u m h e x a f l u o r i d e was 82 .4 p e r ­
cent , the h i g h e s t yet ob ta ined in a b a t c h r u n . 

F o r g e n e r a l c o m p a r i s o n , in Run U O F - 3 4 (at 500 C wi th the 
s a m e s i z e u r a n i u m c h a r g e ) , 86 p e r c e n t of the r e a c t i o n was c o m p l e t e in 
4.5 h r and the r e a c t i o n w a s 95 p e r c e n t c o m p l e t e in 6.0 h r . In U O F - 3 4 , the 
a v e r a g e in le t f luor ine c o n c e n t r a t i o n was 42 p e r c e n t and the o v e r a l l 
f luor ine u t i l i z a t i on eff ic iency was 62 p e r c e n t . 

The f luo r ina t ion r a t e s ob ta ined in bo th the r u n s c i ted above a r e 
d e t e r m i n e d by hea t t r a n s f e r c o n d i t i o n s , s i n c e a u t o m a t i c t e m p e r a t u r e con ­
t r o l by f luor ine r e g u l a t i o n w a s u sed . Hea t t r a n s f e r and t e m p e r a t u r e 



c o n t r o l a p p e a r e d to be b e t t e r in Run U O F - 3 4 than in U O F - 4 2 . Al though no 
def in i te i n d i c a t i o n s of cak ing w e r e no ted in U O F - 4 2 , it is p o s s i b l e tha t the 
l o w e r t e m p e r a t u r e f a v o r e d h i g h e r c o n c e n t r a t i o n of u r a n i u m oxide and 
f luo r ide f ines in the bed, wh ich r e s u l t e d in p o o r e r q u a l i t y f lu id iza t ion . In 
the p r e s e n t r u n ( U O F - 4 2 ) , the c o n t r o l point t e m p e r a t u r e on s e v e r a l o c c a ­
s i o n s f l uc tua t ed a s m u c h a s 100 C, a l t h o u g h for e x t e n d e d p e r i o d s the 
c o n t r o l w a s c l o s e to 400 C. T h e s e f luc tua t ions m a r k e d a c o m p a r a t i v e l a c k 
of s m o o t h n e s s in the s y s t e m for t e m p e r a t u r e c o n t r o l . It i s p o s s i b l e t h a t the 
f l u o r i n e - r e g u l a t i o n m e t h o d a s se t up w o r k e d l e s s we l l a t 400 than a t 500 C, 
b e c a u s e of d i f f e r e n c e s in c h e m i c a l k i n e t i c s af fec t ing hea t g e n e r a t i o n or in 
t e m p e r a t u r e g r a d i e n t s d e t e r m i n e d by h e a t l o s s f r o m the r e a c t o r . C o n t r o l 
o p t i m i z a t i o n i s be ing s t u d i e d f u r t h e r . 

In o r d e r to c l a r i f y the r o l e of oxygen in d e t e r m i n i n g the f luo­
r i n a t i o n r a t e u n d e r t h e s e c o n d i t i o n s , two s e r i e s of r u n s ( U O F - 4 3 and 45) 
w e r e m a d e to d e t e r m i n e the r a t e of p e l l e t ox ida t ion in the a b s e n c e of 
f l u o r i n e . A n a l y s e s a r e no t ye t a v a i l a b l e for q u a n t i t a t i v e e v a l u a t i o n of 
t h e s e r u n s , bu t p r e l i m i n a r y da t a show d e t e c t i b l e ox ida t ion a t 300 C and 
i n c r e a s i n g ox ida t i on wi th t e m p e r a t u r e s up to 600 C. The oxide f ines 
a p p e a r to be ch ie f ly m i n u s 325 m e s h in s a m p l e s d e t e r m i n e d thus fa r . Th i s 
a s p e c t of the p r o c e s s s t u d y wi l l be con t inued a long wi th f u r t h e r f l u o r i n a ­
t ion e x p e r i m e n t s . 

2. D e v e l o p m e n t of S p e c i a l E n g i n e e r i n g - s c a l e E q u i p m e n t 

In r e c e n t f u e l - r e p r o c e s s i n g s t u d i e s on the p i l o t - p l a n t s c a l e , 
e q u i p m e n t c o m p o n e n t s w e r e d e v e l o p e d wh ich p r o v e d to be of c o n s i d e r a b l e 
v a l u e . One d e v e l o p m e n t c o n c e r n e d an a u t o m a t i c cha in s c a l e wi th r e m o t e 
r e c o r d i n g for u s e wi th a p r o c e s s w e i g h tank . A n o t h e r d e v e l o p m e n t w a s an 
a l l - m e t a l f l uo r ine a n a l y z e r for u s e wi th p r o c e s s o f f - g a s . The d e s i r a b l e 
f e a t u r e s of t h e s e c o m p o n e n t s r e c o m m e n d t h e m for s i m i l a r u s e on o the r 
a p p l i c a t i o n s . A new b a f f l e d - c o n e g a s d i s t r i b u t o r for f l u id -bed s y s t e m s 
has b e e n d e v e l o p e d and a l s o s e e m s p r o m i s i n g . 

a. R e c o r d i n g Chain S c a l e 
(R. W. K e s s i e ) 

The u l t i m a t e s t a n d a r d of a c c u r a t e m e a s u r e m e n t of weight 
h a s long b e e n p r o v i d e d by b e a m b a l a n c e s . A l s o , b a l a n c e s a r e g e n e r a l l y 
the m o s t c o n v e n i e n t m e t h o d , e s p e c i a l l y w h e r e h igh a c c u r a c y and a wide 
r a n g e of w e i g h t s a r e invo lved . In o r d e r to a c h i e v e the c o n v e n i e n c e of d ia l 
r e a d i n g s and we igh t r e c o r d i n g , c o m m e r c i a l m o d e l s have abandoned the 
m a n i p u l a t i o n of we igh t s r e q u i r e d in the n u l l - b a l a n c e s y s t e m and i n c o r ­
p o r a t e d d i s p l a c e m e n t s y s t e m s , u s ing s p r i n g s or equ iva l en t d e v i c e s . But 
even wi th the m o s t p e r f e c t l y p r o p o r t i o n a l and fully t e m p e r a t u r e -
c o m p e n s a t e d s y s t e m the u s e of d i s p l a c e m e n t has a p o s i t i v e d i s a d v a n t a g e 



for w e i g h - t a n k a p p l i c a t i o n s . Th i s is b e c a u s e the piping a t t a c h e d to the 
weigh t ank i n t r o d u c e s a d d i t i o n a l f o r c e s wi th d i s p l a c e m e n t s y s t e m s , and 
th i s effect i s not p r e s e n t in a t r u e n u l l - b a l a n c e s y s t e m . 

R e c e n t l y , a n a l y t i c a l b a l a n c e s hav ing k e y - o p e r a t e d we igh t s 
and c h a i n s have b e e n m a r k e t e d which go a long way t o w a r d m o r e c o n v e n ­
ient b a l a n c e o p e r a t i o n . But t h e s e p r i n c i p l e s have not b e c o m e c o m m e r c i a l ­
ly s t a n d a r d for b a l a n c e s of l a r g e r c a p a c i t y , and no known m a n u f a c t u r e r 
of fers s u c h a uni t of e n g i n e e r i n g - s c a l e c a p a c i t y wi th a r e m o t e r e a d i n g 
s y s t e m . 

In the fused s a l t p r o c e s s , l a r g e t a n k s con ta in ing abou t 
500 lb of l iquid ( a n h y d r o u s ) h y d r o g e n f luo r ide w e r e u sed for s t o r a g e and 
m e a s u r e m e n t . An o r d i n a r y m a n u a l i n d u s t r i a l s c a l e was p r o v i d e d i n i t i a l l y 
for th i s a p p l i c a t i o n ( F a i r b a n k s - M o r s e , 1000- lb c a p a c i t y ) . The a c c u r a c y 

of th i s s c a l e was 
cos t . 

10 
p e r c e n t or b e t t e r and was a v e r y r u g g e d unit of low 

To p r o v i d e r e m o t e r e a d i n g , an a u t o m a t i c c h a i n - b a l a n c i n g 
s y s t e m was added to the m a n u a l s c a l e . M o v e m e n t of the b e a m f r o m the 
n u l l - b a l a n c e point was m a d e to c l o s e e l e c t r i c a l c o n t a c t s which, in t u r n , 
o p e r a t e d a r e v e r s i b l e e l e c t r i c m o t o r and r e e l e d the cha in in and out by 
m e a n s of a s p r o c k e t w h e e l . The cha in was a t t a c h e d to the end of the b e a m 
and w a s of suff ic ient l eng th to p r o v i d e a u t o m a t i c b a l a n c e ove r a span of 
about 200 lb . The r e m o t e r e a d i n g of the cha in pos i t i on was p r o v i d e d e l e c ­
t r i c a l l y by m e a n s of a he l ipo t e l e c t r i c a l s y s t e m c o n n e c t e d to the cha in 
pul ley d r i v e . The r e m o t e r e a d i n g w a s r e c o r d e d on a s t a n d a r d B r o w n 
p o t e n t i o m e t e r s t r i p c h a r t . The l i n e a r c h a r t r e c o r d was v e r y conven ien t 
in d e t e r m i n i n g r a t e s of add i t ion . S c h e m a t i c d i a g r a m s of c o m p o n e n t s of 
the e l e c t r i c a l s y s t e m a r e shown in F i g u r e s 25 and 26. A p h o t o g r a p h of the 
weigh t ank s y s t e m is shown in F i g u r e 27. 

FIGURE 25 

RECORDING CHAIN BALANCE CIRCUIT SCHEMATIC DIAGRAM 
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FIGURE 26 

SCHEMATIC DIAGRAM OF BALANCING CIRCUIT FOR THE RECORDING CHA.N. BALANCE 
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F i g u r e 27 

A U T O M A T I C CHAIN SCALE ON WEIGH TANK 



The 2 0 0 - l b r a n g e on the cha in w a s s e l e c t e d on the b a s i s 
of c o n v e n i e n c e for the cha in and the a m o u n t of s p a c e a v a i l a b l e in th i s 
i n s t a l l a t i o n . M a n u a l t a r e we igh t s w e r e u s e d for the w i d e r weight r a n g e s . 
The cha in w a s r e a d i l y r e s e t by hand, s i n c e a c l u t c h w a s p r o v i d e d on the 
m o t o r d r i v e . 

An i m p o r t a n t p a r t of the d e s i g n w a s to p r o v i d e c o m p e n s a ­
t ion to the b e a m so t h a t h igh s e n s i t i v i t y is r e t a i n e d when a cha in is added 
to the b a l a n c e b e a m . The l o s s in s e n s i t i v i t y is due to the load change of 
the cha in wi th b e a m d i s p l a c e m e n t . The o r i g i n a l s e n s i t i v i t y was r e c o v e r e d 
by the add i t ion of a weight to the b e a m a b o v e the c e n t e r of g r a v i t y of the 
b e a m . The c o m p e n s a t i o n r e q u i r e d can be d e t e r m i n e d in t e r m s of the 
q u a n t i t i e s shown in the s c h e m a t i c d i a g r a m of F i g u r e 28. 

FIGURE 28 
SCHEMATIC DIAGRAM OF BEAM LOADS: METHOD OF 

RECOVERING BEAM SENSITIVITY 

^ADDED BALANCE WEIGHT 

In the s y s t e m shown in F i g u r e 28, a change in t o r q u e 
a c c o m p a n i e s a c h a n g e d0 in the b e a m ang le 9. The r e l a t e d d i s p l a c e m e n t 
dy r e s u l t s in a l eng th of cha in AY/2. shif t ing i t s load off the b e a m . Since 

dy = LdS 

the t o r q u e change i s 

( W L / 2 ) d 0 = w i d e 

or 

wl = W L / 2 

T h e r e f o r e , a t t a c h i n g a weigh t w to the b e a m at a d i s t a n c e 1 above the 
pivot point wi l l r e c o v e r the o r i g i n a l s c a l e s e n s i t i v i t y . 

The s c a l e c a p a c i t y was s t a t e d by the m a n u f a c t u r e r to be 
1000 lb . The m e a s u r e m e n t c h a r a c t e r i s t i c s , b a s e d on e x p e r i m e n t a l t e s t s , 
w e r e the fol lowing: 



O r i g i n a l S c a l e : 

S e n s i t i v i t y : ~1 l b / i n . 
( load wt p e r inch of b e a m d i s p l a c e m e n t Ay) 

A c c u r a c y : ± 1 lb 
( m a x i m u m e r r o r o v e r full c a p a c i t y ; 0 . 1 % of capac i t y ) 

Modif ied S c a l e : 

S e n s i t i v i t y : ~1 l b / i n . 
(O. 1 lb to g ive -g- - i n . b e a m t r a v e l b e t w e e n e l e c t r i c a l 
c o n t a c t s ) 

A c c u r a c y : ±-j- lb 
( m e a s u r e d o v e r 2 0 0 - l b r a n g e of cha in) 

The a c c u r a c y for the m o d i f i e d s c a l e is l i m i t e d by n o n l i n e a r i t y in the cha in 
u sed , wh ich w a s a c o m m e r c i a l type of the s o r t u sed on b i c y c l e s , e t c . 

A l t h o u g h the s y s t e m a s d e s c r i b e d w o r k e d qu i te s a t i s f a c t o ­
r i l y , t h e r e a r e s o m e f e a t u r e s for wh ich i m p r o v e m e n t s a r e d e s i r a b l e . A 
v a r i a b l e - s p e e d m o t o r d r i v e cou ld be u s e d to a c c o m m o d a t e v a r y i n g r a t e s 
of we igh t c h a n g e . The s y s t e m d e s c r i b e d a b o v e u s e d a fixed s p e e d of abou t 
100 I b / h r , wh ich w a s a d e q u a t e for tha t p a r t i c u l a r w e i g h - t a n k a p p l i c a t i o n . 
A l s o , a cha in of u n i f o r m weigh t p e r uni t l eng th should be u s e d for h i g h e s t 
a c c u r a c y . By p r o v i d i n g suf f ic ien t s p a c e for a long cha in , w ide r r a n g e s of 
we igh t could be a c c o m m o d a t e d by the a u t o m a t i c s y s t e m . 

b . F l u o r i n e A n a l y z e r 
(J . D. G a b o r ) 

The r e a c t i o n of l iqu id n a e r c u r y wi th f luor ine has long b e e n 
u s e d a s a m e t h o d of f luo r ine a n a l y s i s . In the c o m m o n a p p l i c a t i o n of th i s 
m e t h o d a v o l u m e of f l uo r ine in a P y r e x f l a sk is c o n t a c t e d wi th m e r c u r y by 
v i g o r o u s l y s h a k i n g the f l a sk by hand . Without shak ing , a th in f i lm of 
f l uo r ide p r e v e n t s r e a c t i o n . With a s e n s i t i v e m e a n s of p r e s s u r e m e a s u r e ­
m e n t , s u c h a s a m a n o m e t e r , t h i s m e t h o d has b e e n s u c c e s s f u l for a n a l y s i s 
f r o m about 0.5 to 99-5 p e r c e n t f l u o r i n e . 

In o r d e r to i n c r e a s e the s p e e d and sa fe ty of th i s a n a l y s i s , 
the m e t h o d w a s m o d i f i e d by us ing a m e t a l f lask wi th a s t i r r e r to p r o v i d e 
a d e q u a t e c o n t a c t i n g . T h i s unit w a s then p e r m a n e n t l y a t t a c h e d to the 
s a m p l e m a n i f o l d and o p e r a t e d t h r o u g h v a l v e s , so tha t t h e r e was no need 
for uncoupl ing the f l a sk for a g i t a t i o n o r p r e s s u r e m e a s u r e m e n t . In o r d e r 
to e l i m i n a t e p o s s i b l e g a s l e a k a g e a t a s t i r r e r shaft s e a l , a m a g n e t i c a l l y 
d r i v e n s t i r r e r w a s d e s i g n e d . 
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F i g u r e 29. 
A s c h e m a t i c d i a g r a m of the a n a l y z e r a s s e m b l y is shown in 

FIGURE 29 

SCHEMATIC DIAGRAM OF FLUORINE ANALYZER ASSEMBLY 
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F i g u r e 30 shows the p r o c e s s c o n n e c t i o n s s c h e m a t i c a l l y . The n a a n o m e t e r 
and the d i f f e r e n t i a l p r e s s u r e t r a n s m i t t e r a r e a l t e r n a t i v e m e a n s of p r e s ­
s u r e m e a s u r e m e n t . F l u o r o l u b e was used to p r e v e n t f luor ina t ion of the 
m e r c u r y s u r f a c e in the m a n o m e t e r . 

FIGURE 30 
SCHEMATIC DIAGRAM OF FLUORINE ANALYZER SYSTEM 

FLUORINATION 
PROCESS LINE 

VENT 

VACUUM PUMP 

ANALYZER 

DIFFERENTIAL PRESSURE 
TRANSMITTER ( 0 - 5 inches HjO) 

MERCURY 
MANOMETER 



1 

The body of the a n a l y z e r was f a b r i c a t e d f rom a o n e - l i t e r 
s t a i n l e s s s t e e l b e a k e r . A f langed top was p r o v i d e d for a c c e s s , and b e a r ­
ings w e r e p r o v i d e d for a l i gn ing the s t i r r e r shaft . Teflon was used for 
bo th top and b o t t o m b e a r i n g s . 

The r o t a t i n g m a g n e t i c field was p r o v i d e d by the field co i l 
of a s t a n d a r d 3 - p h a s e induc t ion m o t o r . The field coi l used was that f rom 
a 2 -hp m o t o r ( G E S K 204 D130, f r a m e 204). Th i s s i z e of unit a l lowed a 
d e s i r a b l y c l o s e fit a r o u n d the o u t s i d e of the a n a l y z e r body. To avoid o v e r ­
hea t ing , the v o l t a g e s to the co i l s w e r e r e d u c e d with v a r i a b l e a u t o t r a n s f o r m e r s. 

The s t i r r e r d e s i g n was t a i l o r e d to the r e q u i r e m e n t s of th i s 
s y s t e m . S m a l l l i q u i d - s t i r r i n g v a n e s w e r e p r o v i d e d b e c a u s e of the high den ­
s i ty of the m e r c u r y . L a r g e s t i r r i n g v a n e s w e r e p rov ided in the vapor s p a c e , 
to p r o v i d e a d e q u a t e coupl ing to the m a g n e t i c field. 

A s m a l l p o r t a b l e a i r b l o w e r was used to r e m o v e heat g e n ­
e r a t e d d u r i n g o p e r a t i o n . No d i f f icu l t ies have been e n c o u n t e r e d with it in 
about 20 f l uo r ina t i on r u n s . 

It i s r e c o m m e n d e d t h a t in fu ture m o d e l s the top b e a r i n g 
be modi f i ed so tha t s u p p o r t is p r o v i d e d by the body or the lower flange 
r a t h e r than by the top f lange. In th i s v/ay r e - a l i g n m e n t of the shaft can be 
avo ided when the unit is r e - a s s e m b l e d a f te r c l ean ing . 

c. Ba f f l ed -cone Gas D i s t r i b u t o r 
(E. C a r l s ) 

A s e r i o u s d i s a d v a n t a g e to the conven t iona l cone bo t tom 
e m p l o y e d in v a r i o u s f lu id iza t ion uni t s is tha t the g a s - i n l e t l ine a t the a p e x 
of the cone f i l ls wi th powder when gas is not flowing, and subsequen t s t a r t u p 
p r o c e d u r e s u s u a l l y r e q u i r e r a t h e r high p r e s s u r e s and s o m e t i m e s m e c h a n i ­
c a l v i b r a t i o n to a id in fo rc ing powder out of the l ine and c o m m e n c e f lu id iza­
t ion. The ba f f l ed -cone in le t shown in F i g u r e 31 was des igned to o v e r c o m e 
th i s diff icul ty and s t i l l p r o v i d e for a r a t h e r l a r g e so l ids take-off point 

FIGURE 31 
BAFFLED CONE GAS DISTRIBUTOR 

SOLIDS TAKE-OFF 



which would remove all the bed m a t e r i a l frona the unit. A dis t r ibutor of 
this type has been tes ted in the glass mockup column. The s tar tup r equ i r e s 
no noticeable p r e s s u r e drop, the fluidization pa t t e rn is very good, and no 
solids have been detected downs t ream of the baffles. 

3. Heat Trans fe r Tes t s in a 'Packed-F lu id ized ' Bed 
(E. N. Z i e g l e r , * J . D. Gabor) 

The impor tance of heat t r ans fe r in the fluorination of uranium 
dioxide pel le ts has led to the application of fluidization to this sys tem. 
However, d i rec t fluidization of the pel le ts themse lves has not appeared 
p rac t i ca l , and the use of an iner t m a t e r i a l of an appropr ia te par t i c le size 
has been adopted to provide a fluidized phase in the voids of the fixed bed 
of pe l le ts . This type of sy s t em has been r e f e r r e d to as a 'packed-fluidized' 
bed. As a supplement to fluorination s tudies , heat t r ans fe r t e s t s of packed-
fluidized sy s t ems have been studied in mockup configurations s imi la r to 
that in the f luorinator . 

Bed-expansion ra t ios and p r e s s u r e - d r o p behavior have been 
descr ibed in ANL-6101, pages 11 5 to 117. Heat t r ans fe r coefficients at the 
surface of heated pel le ts were repor ted in ANL-62313 pages 112 to 117. 
Initial work on the in t e rna l - and ex terna l -wal l heat t r ans fe r coefficients 
and on the effective rad ia l t he rma l conductivity was r epor t ed in ANL-6287, 
pages 153 to 157. In the p r e s e n t work, mockup t e s t s have been extended to 
give wall coefficients and radia l conductivit ies for a range of fluidized 
pa r t i c l e s s izes and a range of pellet s izes and shapes in the fixed bed. 

Equipment 

A 4-in. column with an in ternal hea te r was used. The col­
umn had as a gas d is t r ibutor a porous plate flanged to i ts bottom. The 
height of the column was only 24 in. to allow hand placement of the heater 
and thermocouples . The hea te r was -|- in. in d iamete r and 16 in. long. The 
smal l hea ter d iameter ( less than packing size) was intended to cut down on 
flow pat tern d is turbance . 

The packing m a t e r i a l s were 

1) Stationary packing 

a. B r a s s cyl inders 0.5 x 0,5 in. and 0.375 x 0.375 in. 

b. Steel spheres 0.5 and 0.25 in. 

*Summer R e s e a r c h Associa te f rom Northwestern Universi ty. 



2) F l u i d i z e d pack ing 

G l a s s b e a d s 0 .0030- , 0 .0080- , and 0 .0110- in . avg 
d i a m e t e r ( c o r r e s p o n d i n g to a p p r o x . 
230, 85, and 65 m e s h , r e s p e c t i v e l y ) . 

The p a c k e d - f l u i d i z e d co lumn i s shown s c h e m a t i c a l l y in 
F i g u r e 32. A i r was u s e d a s the f lu id iz ing m e d i u m . E igh ty r u n s w e r e m a d e 
with v a r i o u s s i z e c o m b i n a t i o n s of s t a t i o n a r y and f lu idized pack ing . S u p e r ­
f ic ia l g a s v e l o c i t i e s up to 0.25 f t / s e c w e r e used , b a s e d on open co lumn 
c r o s s - s e c t i o n a l a r e a and 70 F . 

TOP OF PELLET 
-BED AND 
FLUID BED 

FIGURE 32 „ . , , ^ 

DIAGRAM OF PACKED-FLUIDIZED BED E l e v e n t e m p e r a t u r e s w e r e r e c o r d e d 

for e a c h run a t s t e a d y - s t a t e cond i t i ons . The 
p l a c e m e n t of the 30 -gauge i r o n - c o n s t a n t a n 
t h e r m o c o u p l e s is shown in F i g u r e 32. The 
t h e r m o c o u p l e s w e r e a t t a c h e d in s ide the 
s t a t i o n a r y packing by d r i l l i n g a •r7--in. hole 
a x i a l l y t h r o u g h the c y l i n d e r s and c e m e n t i n g 
the i n s u l a t i o n to the i nne r s u r f a c e . The 
t h e r m o c o u p l e junc t ion did not touch the body 
of the pack ing and the t ip ex tended n e a r l y to 
the ou t e r s u r f a c e . H e a t e r t e m p e r a t u r e was 
m e a s u r e d by a t h e r m o c o u p l e s o l d e r e d to the 
h e a t e r . Bed t e m p e r a t u r e s a t s ix r a d i a l p o s i ­
t i o n s , the h e a t e r t e m p e r a t u r e , and the wal l 
t e m p e r a t u r e w e r e a l l r e c o r d e d a t the s a m e 
v e r t i c a l pos i t ion , at an e l eva t ion 13 in. f rom 
the b o t t o m of the tube . Inlet and out le t a i r 
t e m p e r a t u r e s w e r e r e c o r d e d . P r e s s u r e 

d r o p s w e r e t aken a c r o s s the bed for a l l s y s t e m s , and the m i n i m u m f lu id iz ­
ing gas v e l o c i t y no ted . Hea t input was m e a s u r e d by a c a l i b r a t e d v a r i a b l e 
a u t o t r a n s f o r m e r . 
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Effec t ive T h e r m a l Conduct iv i ty 

R a d i a l hea t t r a n s f e r in a c y l i n d r i c a l annu lus m a y be de­
s c r i b e d in t e r m s of an effect ive t h e r m a l conduc t iv i ty k^; such tha t 

q l n ( r 2 / r i ) 

' E 2 7 T L ( t i - t 2 ) 

w h e r e 

k-r- = ef fec t ive t h e r m a l conduc t iv i ty a long r a d i u s of c y l i n d e r , 
B t u / ( h r ) ( s q f t ) (F/f t ) 

q = to t a l h e a t flow, B t u / h r 



r j , r2 - r ad ia l d is tances of the cyl indrical annulus at the inner 
heating surface and the outer cooling surface, 
respec t ive ly , ft 

L = overa l l height of cylinder, ft 

t j , t2 = t e m p e r a t u r e at the heating surface and cooling surface, 
respec t ive ly , F. 

This equation neglects axial conduction and radiant heat t rans fe r , and con­
s iders the t e m p e r a t u r e s constant along the column length. 

For each packed-fluid bed and each gas velocity in these 
t e s t s , six t e m p e r a t u r e s at different r ad ia l positions were obtained in addi­
tion to the heater and coolant wall t e m p e r a t u r e s . The t empe ra tu r e differ­
ence between t|ie wall and the c loses t radia l position was considered to 
apply to the film coefficient and the six in termedia te r ad ia l t empera tu re s 
to apply to the r ad ia l t e m p e r a t u r e gradient in the bed. Plots of l n ( r 2 / r i ) v s . 
the rad ia l t empe ra tu r e differences (ti-t2) approximated a s t ra ight line, 
although apprec iable sca t t e r was noted. F r o m the above equation, the slope 
of such a s t ra ight line is propor t ional to kj; , which is thereby an average 
constant value along the r ad ius . A l e a s t - s q u a r e s analys is of the data was 
made for a l l s ix r ad ia l t e m p e r a t u r e s and a l so for four of these t e m p e r a ­
tures in the cen t ra l r ad ia l position. The cor re la t ion coefficients (a s t a t i s ­
t ical m e a s u r e of the fit of the data to the corre la t ing equation) for the 
constants de termined by six points were higher, indicating a slightly bet ter 
fit. For the total of 80 runs , only 10 percent of these cor re la t ion coeffi­
cients had values of l e s s than 90 percent , indicating the assumpt ion of a 
constant kg was reasonable with the p resen t data. Values of the effective 
rad ia l t h e r m a l conductivity a r e given in Table 32. The gas veloci t ies 
corresponding to exper imenta l determinat ions of incipient fluidization by 
p r e s s u r e drop a r e marked in the table by a smal l "a." The upper l imit of 
gas veloci t ies was set by ent ra inment of the sma l l e s t s ize of g lass beads . 
As expected, higher effective the rma l conductivities were general ly ob­
tained at higher gas ve loci t ies , especial ly for the l a rge r beads, which a r e 
less eas i ly entrained. The t he rma l conductivity data indicate that in a 
few ins tances local fluidization may have occur red at veloci t ies slightly 
different from that indicated by the symbol "a." 

Heat Transfe r Coefficients at the Wall 

The heat t ransfe r coefficients at the cooling wall surfaces 
were calculated by the equation 

h = q/AAT 

where AT is the t empera tu re difference between the wall and the n e a r e s t 
r ad ia l position. The values of h so de termined a r e given in Table 33. 



Table 32 

EFFECTIVE THERMAL CONDUCTIVITIES, Btu/(hr)(sq ft)(F/ft) 
FOR A 4-INCH-DIAMETER COLUMN 

S u p e r f i c i a l A i r 
V e l o c i t y 
( f t / s e c ) 

0 . 0 1 7 

0 . 0 7 4 

0 . 1 2 8 

0 . 1 8 2 

0 . 2 4 3 

0 . 0 1 7 

0 . 0 7 4 

0 . 1 2 8 

0 . 1 8 2 

0 . 2 4 3 

0 . 0 1 7 

0 . 0 7 4 

0 . 1 2 8 

0 . 1 8 2 

0 . 2 4 3 

0 . 0 1 7 

0 . 0 7 4 

0 . 1 2 8 

0 . 1 8 2 

0 . 2 4 3 

No B e a d 

0 

0 . 2 3 8 

0 . 2 8 1 

0 . 2 4 6 

0 . 2 2 8 

0 . 2 2 5 

0 

0 . 2 8 1 

0 . 3 0 1 

0 . 2 9 0 

0 . 2 9 9 

0 . 2 9 8 

0 . 3 7 5 X 

0 . 5 9 5 

0 . 5 8 6 

0 . 3 3 8 

0 . 5 9 1 

0 . 4 4 9 

0 .50 X 

0 . 2 7 8 

0 . 2 9 0 

0 . 2 9 7 

0 . 3 1 7 

0 . 3 2 9 

s 

. 2 5 - i n , 

. 5 0 - i n , 

0 . 3 7 5 -

0 . 5 0 - ] 

G l a s s B e a d s ( d i a m e t e r s ) 

0 . 0 0 3 0 m . 0 . 0 0 8 0 m . 0 

. S t e e l S p h e r e s 

0 . 3 5 0 .49 

0 .92 0 .39 

0 . 9 2 0 . 4 1 ^ 

0 .39 

1.58 

. S t e e l S p h e r e s 

0 . 9 5 ^ 

1.93 

2 . 5 1 

3 .01 

-

•in. B r a s s C y l i n d e r s 

1 .68^ 0 .72 

2 . 6 2 3 .46 

6 . 0 1 4 . 0 1 ^ 

7 .31 4 . 5 7 

7 .12 5 .44 

m. B r a s s C y l i n d e r s 

1 .92^ 1.21 

4 . 6 5 2 . 9 4 

5 .90 7 . 3 2 ^ 

10 .30 7 . 7 1 

8 .60 9 . 3 6 

. 0110 m . 

0 .42 

0 .40 

0 .51 

0 . 6 0 ^ 

0 .82 

0 .57 

0 .52 

0 .85 

1 .19^ 

1.64 

1.12 

1.13 

2 .02 

3 . 6 0 a 

4 .70 

0 .92 

1.28 

4 . 6 4 

3 . 3 4 ^ 

3 .81 

'•Incipient fluidization. 



Table 33 

COOLING WALL HEAT TRANSFER COEFFICIENTS, Btu/(hr)(sq ft)(F), 
FOR A 4-INCH-DIAMETER COLUMN 

S u p e r f i c i a l A i r 
Ve loc i t y 
( f t / s ec ) 

0.017 

0.074 

0.128 

0.182 

0.243 

0.017 

0.074 

0.128 

0.182 

0 .243 

0.017 

0.074 

0.128 

0.182 

0.243 

0.017 

0.074 

0.128 

0.182 

0.243 

No B e a d s 

0.25 

10.4 

7 . 3 

8.0 

8 .5 

8.0 

0.50 

8.0 

6 .9 

6 .8 

6 .5 

7 .0 

0.375 X 0.; 

8.1 

7 .3 

7 .8 

7 .1 

7 .0 

0.50 X 0. 

9 .5 

9 .1 

9 .2 

9 .8 

9 . 3 

- i n . 

- in , 

375-

5 0 -

G l a s s B e a d s ( d i a m e t e 

0.0030 in. 0.0080 in. 

S tee l S p h e r e s 

13 .2^ 18.4 

18.6 16.9 

18.2 17 .3^ 

17.5 

27.2 

. S t ee l S p h e r e s 

1 2 . 1 ^ 

30.6 

16.4 

22.7 

-

-in. B r a s s C y l i n d e r s 

17 .5^ 10.2 

18.8 15.0 

38.6 15 .6^ 

32.5 17.7 

34.1 21.1 

in. B r a s s C y l i n d e r s 

4 3 . 7 ^ 17.1 

48.0 39.9 

33.8 27 .4^ 

38.3 23.8 

35.8 23.6 

r s ) 

0, .0110 in. 

15.4 

12.2 

22.1 

20 .6^ 

20.9 

13.6 

12.5 

21.9 

2 2 . 5 ^ 

22.0 

9.9 

9.5 

12.8 

16.0^ 

14.4 

24.0 

24.2 

57.9 

31 .8^ 

21.3 

'•Incipient fluidization 



w h e r e 

and 

w h e r e 

^^bed ~ t e m p e r a t u r e d i f f e r e n c e a c r o s s bed, F 

q' = r a t e of hea t g e n e r a t i o n , B t u / ( h r ) ( c u ft) 

k g = ef fec t ive bed t h e r m a l conduc t iv i ty , B t u / ( h r ) ( s q f t ) (F/ f t ) 

r = r a d i u s of bed , ft, 

^^wal l = ^ ^ ' 

"^^wall ~ t e m p e r a t u r e d r o p a t wa l l , F 

q = hea t flux, B t u / h r 

h = h e a t t r a n s f e r coef f ic ien t , B t u / ( h r ) ( s q ft)(F) 

A = a r e a , sq ft. 

T a b l e 35 

COMPARISON O F T E M P E R A T U R E D I F F E R E N T I A L S OBTAINED DURING 
FLUORINATION WITH THOSE C A L C U L A T E D F R O M HEAT 

T R A N S F E R TESTS 

F l u o r i n a t i o n Cond i t i ons : 
6 - i n . - d e e p bed UO2 p e l l e t s c o n t r o l 
t e m p e r a t u r e 500 C 

Run N u m b e r 30 32 34 

F l u i d Bed 

Di luen t Gas 

T o t a l Gas Ve loc i ty , f t / s e c 

UF5 Co l l ec t i on R a t e , k g / h r 

Hea t G e n e r a t i o n , B t u / ( h r ) ( c u ft) 

C a l c u l a t e d k g , B t u / ( h r ) ( s q f t ) (F / f t ) 

C a l c u l a t e d h, B t u / ( h r ) ( s q f t ) (F / f t ) 

C a l c u l a t e d AT bed , C 

C a l c u l a t e d AT wal l , C 

C a l c u l a t e d t o t a l AT, C 

M e a s u r e d AT, C 

no 

N2 

0.31 

0.73 

87,000 

0.55 

7.5 

352 

402 

754 

460 

yes 

N2 

0.63 

0.70 

83,000 

10.0 

40 

18 

73 

91 

30 

yes 

O2 

0.71 

1.25 

149,000 

10.5 

44 

31 

117 

150 

60 



Run UOF-30 was a fluorination of a bed of uranium 
dioxide pellets without an iner t fluidizing medium. The es t imated effec­
tive t h e r m a l conductivity and wall heat t ransfe r coefficient were taken 
from Tables 32 and 33. These values were taken for 0.375-in. cyl inders 
to take into account the reduction of s ize of the or iginal 0.5-in. pellets by 
the react ion. A t empe ra tu r e drop of 754 C was es t imated . The actual 
t empera tu re drop was about 460 C. In est imating the t empera tu re drop, 
axial heat t r ans fe r and conduction through the me ta l bed support plate 
were neglected; this may account for the fact that the calculated t e m ­
pera tu re drop was higher than that obtained exper imental ly . 

Run UOF-32 was a fluorination of a bed of uranium 
dioxide pellets with the p resence of an iner t fluidizing medium of -40 -H40 
calcium fluoride pa r t i c l e s . The reac tan t gas was composed of nitrogen 
and fluorine. The calculated bed t h e r m a l conductivity and wall heat t r a n s ­
fer coefficient were taken from Tables 32 and 33 for the appropr ia te con­
ditions. A t empe ra tu r e difference between the wall and the center of the 
bed was es t imated to be 91 C. The exper imenta l value was about 30 C. 
Because of the p resence of fluid bed above and below the pellet bed, axial 
heat t ransfer was significant and as a r e su l t the actual t empera tu re drop 
was lower than that predicted. 

Run UOF-34 a lso used a fluid-packed bed system. The 
reac tan t gas contained oxygen, which inc reased the react ion ra t e . For 
this case the es t imated t empera tu re drop was 150 C. The exper imenta l 
value was 60 C. 

The t rue t e m p e r a t u r e s of the gas and the pellet surfaces 
differ from the m e a s u r e d bed t empe ra tu r e depending on the values of heat 
t ransfer coefficient under the run conditions. In the two runs with a fluid 
bed these t empe ra tu r e differences a r e smal l , but in the absence of a fluid 
bed they a r e much higher. 

4. P r o c e s s Studies for the Recovery of Uranium from Zi rcon ium-
base Nuclear Fuels 
(N. Levitz) 

Engineering studies on a fluidization-volati l i ty scheme for 
process ing z i r con ium-base nuclear fuels have been re sumed on the basis 
of encouraging r e su l t s from Brookhaven and l abora to ry - sca le exper iments 
conducted at ANL (ANL-6379, pages 175 to 178). Incomplete uranium r e ­
covery from the bed m a t e r i a l s in previous work (ANL-6231, pages 120 to 123) 

Reilly, J. J. , e t a L , Reprocess ing of Reactor Fuels by Volatilization 
Utilizing Iner t Fluidized Beds, BNL-663 (May 196l). 



As with the e f fec t ive t h e r m a l conduc t iv i ty , h ighe r v a l u e s of hea t t r a n s f e r 
coef f ic ien ts would be expec t ed a t gas v e l o c i t i e s f a r t h e r above the m i n i m u m 
f lu id iza t ion v e l o c i t i e s . 

Hea t T r a n s f e r Coef f ic ien ts a t the H e a t e r Sur face 

F o r c o m p a r i s o n , the hea t t r a n s f e r coef f ic ien ts a t the 
s u r f a c e of the h e a t e r w e r e c a l c u l a t e d by the sanae m e t h o d s a s above for 

3 ' 

the cool ing wal l . The h e a t e r was -r- in. in d i a m e t e r and a x i a l l y loca ted . 
I ts hea t ing length , 16 in . , was the s a m e a s the bed height . Va lues of h for 
th i s c a s e a r e shown in Tab le 34. T h e s e v a l u e s a r e h igher than those for 
the cool ing wal l , a s would be e x p e c t e d . 

Table 34 

HEATER WALL HEAT TRANSFER COEFFICIENT Ii, Btu / (hr ) (sq ft){F) 
( 3 / 8 - i n . - d i a m e t e r hea ter axial ly located m a 4 - i n . - d i a m e t e r column) 

Superficial Air 
Velocity 
(f t /sec) 

0.017 

0.074 

0.128 

0.182 

0.243 

0.017 

0.074 

0.128 

0.182 

0.243 

0.017 

0.074 

0.128 

0.182 

0.243 

0.017 

0.074 

0.128 

0.182 

0.243 

No Beads 

0.25 

-

16.6 

17.0 

17.5 

17.5 

0.50 

11.1 

11.2 

11.3 

11.4 

11.2 

0.375 X 0.; 

17.0 

17.3 

24.2 

17.2 

24.1 

0.50 X 0. 

9.8 

9.9 

9 .4 

10.5 

10.6 

- i n . 

- i n . 

575-

5 0 -

Glass Beads (diamel 

0.0030 m. 0.0080 m. 

, Steel Spheres 

36.4^ 40.3 

119.8 

122.6 -a 

54.9 

-

. -Steel Spheres 

32.4^ 

148.3 

76.8 

111.0 

-

-in. B r a s s Cyl inders 

86.6^ 30.8 

76.7 87.3 

116.2 88.4a 

99.2 79.2 

95.6 71.4 

m. B r a s s Cyl inders 

71.8^ 26.8 

64.4 62.7 

114.5 84.Oa 

131.0 69.3 

132 9 58.3 

:ers) 

0.0110 m. 

29.6 

29.5 

52.0 

59.8^ 

65.4 

28.7 

30.0 

45.2 

87.9a 

82.7 

27.5 

31.4 

44.6 

45.8^ 

49.1 

24.3 

25.5 

44.0 

73.5^ 

86.5 

^Incipient fluidization 



In genera l the ranges of kg; and h in this work appear 
s imi lar to those in the previous experinaents cited above. 

Heat Transfer in Fluorinat ion Tests 

Fur ther exper iments have been made to investigate heat 
t ransfer problenas in the d i rec t fluorination p roces s . Studies have been 

c a r r i e d out on a pilot-plant scale in a 3-in.-
d iameter nickel reac to r in which uranium 
dioxide was fluorinated. External fins were 
provided for forced-a i r cooling, and the 
column was heated during s t a r t -up by e l ec ­
t r i ca l r e s i s t ance hea te r s . Thermowells 
were located at var ious heights as shown in 
Figure 33. At each column height one 
thermowel l extended to the center of the 
column and the thermowell on the opposite 
side was flush with the wall. The uranium 
dioxide pellets were supported on a pe r ­
forated nickel disk. 

FIGURE 33 
THERMOWELL LOCATIONS IN FLUORINATOR 

TOP OF FLUIDIZED 
BED 

THERMOWELLS' 

PELLET SUPPORT 
PLATE 

TOP OF PELLET 
BED 

—3 DIAMETER 

GAS INLET 

Tempera tu re control was main­
tained sat isfactor i ly at p rede termined 
levels , even at high fluorination r a t e s , by 
automatic regulation of the fluorine input. 
In genera l , heat t ransfer ra ther than 
react ion kinetics l imited the fluorination 
ra t e . Heat t ransfer r a t e s measu red 
during fluorination runs have been com­
pared with the resu l t s of heat t ransfer 

tes ts descr ibed above in the mockup equipment. 

In Table 35 a r e compared the experinaental t empera tu re 
differences between the center of the bed and the wall of the column dur­
ing a fluorination and those es t imated from the heat t ransfer data. Three 
runs a r e presented in which 6- in . -deep pellet batches were fluorinated 
under varying conditions. The nominal control t empera tu re in each run 
was 500 C as measured by an in ternal thermowell in the pellet bed. 

The following assumpt ions were made in est imating the 
t empera tu re drops from the center of the bed to the column wall: ( l) heat 
t ransfer was al l radial , and (2) heat was generated uniformly in the bed. 
The following equations would then apply: 

q' / r ^ 



was a t t r i b u t e d to the p r e s e n c e of z i r c o n i u m r e t a i n e d a s the t e t r a f l u o r i d e . 
The new a p p r o a c h invo lves i n i t i a l s e p a r a t i o n of the z i r c o n i u m f rom the 
u r a n i u m by a d i r e c t h y d r o c h l o r i n a t i o n r e a c t i o n conduc ted above the s u b ­
l i m a t i o n t e m p e r a t u r e of the z i r c o n i u m t e t r a c h l o r i d e (331 C) in beds of 
i n e r t m a t e r i a l ( c u r r e n t l y Nor t on Co., Type 38 Alundum) . The i n e r t 
m a t e r i a l s e r v e s a s a hea t t r a n s f e r m e d i u m . The u r a n i u m f o r m s the sol id 
t r i c h l o r i d e which wi l l be r e t a i n e d , for the m o s t p a r t , in the f luidized bed 
and the r e m a i n d e r is r e t a i n e d in the s y s t e m by a su i t ab l e f i l t r a t ion s c h e m e . 
U r a n i u m r e c o v e r y wi l l be effected by f luo r ina t ion to the hexa f luo r ide . 

a. H y d r o c h l o r i n a t i o n and F i x e d - b e d F i l t r a t i o n Studies 
(J. T. H o l m e s , C. Schoffs tol l ) 

The in i t i a l e n g i n e e r i n g w o r k is being d i r e c t e d t o w a r d the 
e v a l u a t i o n of fixed b e d s of A lundum a s f i l t e r s for the s e p a r a t i o n of u r a ­
n i u m so l id s e n t r a i n e d by the vo l a t i l e z i r c o n i u m t e t r a c h l o r i d e s t r e a m . 
U r a n i u m r e t a i n e d in t h e s e b e d s wi l l then be r e c o v e r e d by f luor ina t ion to 
the h e x a f l u o r i d e . Both u p - and down-f low f i l t r a t ion , shown s c h e m a t i c a l l y 
in F i g u r e 34, w e r e i n v e s t i g a t e d u t i l i z ing a 1 . 5 - i n . - d i a m e t e r f luidized 
r e a c t i o n zone and a 3 . 0 - i n . - d i a m e t e r f i l te r zone . 

FIGURE 34 

STATIC-BED FILTER EVALUATION APPARATUS 

Reaction Zone 
I l /2- inch diameter nickel, Sctiedule 40 pipe 

Fi l ter Zone 
3-inch diameter nickel, Schedule 40 pipe 
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SCRUB TOWER 

REACTANTS REACTANTS 

G e n e r a l d e s c r i p t i o n s of i m p o r t a n t f i l t r a t i o n m e c h a n i s m s 
? f) 27 

c a n b e found in r e f e r e n c e s b y R a n z a n d W o n g , L a n g m u i r a n d B l o d g e t t , 
a n d S e l l . 2 8 

26 
R a n z , W. E . , a n d W o n g , J . B . , I n a p a c t i o n of D u s t a n d S m o k e P a r t i c l e s 
on S u r f a c e a n d B o d y C o l l e c t o r s , I nd . E n g . C h e m . , 4 4 , 1 3 7 1 - 1 3 8 1 ( 1 9 5 2 ) . 

27 
L a n g m u i r , I . , a n d B l o d g e t t , K. B . , G e n e r a l E l e c t r i c R e s e a r c h L a b o r a ­

t o r y , S c h e n e c t a d y , N e w Y o r k , R L - 2 2 5 , 1 9 4 4 - 1 9 4 5 . 
2 ^ S e l l , W. , F o r s c h . G e b i e t e I n g e n i e u r w , 2, F o r s c h a n g s h e f t , 347 (Aug . 193 l ) . 



Exper imenta l P rocedure 

The u ran ium-Zi rca loy fuel alloy (2.7 weight percent u r a ­
nium) m the form of i r r egu la r ly shaped cubes (~-^in. on a side) was 
charged to a basket which was submerged m Alundum m the react ion zone. 
In the case of up-flow filtration exper iments , more Alundum was charged 
to give the specified f i l ter-bed height m the enlarged (upper) zone of the 
column For down-flow work the procedure was s imi la r except that the 
react ion column and filter column were separa te units connected by a 
horizontal pipe. The react ion and filter beds were heated while ni trogen 
was passed through the column. Sufficient gas was provided to fluidize 
the Alundum m the react ion zone. Hydrogen chloride was added to the gas 
s t r e a m as the bed approached the des i red t empera tu re (350 to 400 C), and 
the exper iment was conducted for a fixed t ime interval . 

Exper iments which investigated the effect of f i l ter-bed 
depth and par t ic le s ize, and gas velocity have been made (see Table 36) 
and evaluated on the bas is of the uranium found m the zirconium t e t r a ­
chloride a i r -coo led condenser, hydrogen chloride scrub tower, and Fi l ter 
Queen a i r sample r located downstream from the bed filter. Negligible 
amounts of uranium were found m the a i r sampler . In all cases the 
exper iments were conducted such that a minimum of 90 percent of the 
meta l charged was reacted. 

Table 36 

URANIUM-ZIRCONIUM ALLOY HYDROCHLORINATIONS 

Reaction Bed Xype 38 Norton Alundum -40 +200 mesh for Runs 3 to 5 
-40+80 mesh for Runs 7 to 11 

Temperature Reaction Bed 350 to 400 C Filter Bed 375 to 425 C 

Reaction Zone 1 61-in diameter Filter Zone 3 07-in diameter 

Fuel Alloy 2 7 weight percent uranium-Zircaloy 

Run No 

3A-Up-flow 

4A-Up-flow 

5A-Up-flow 

6A-Down-flow 

7A-Down-flow 

8A-Down-flow 

9A Down-flow 

13A-Down-flow 

11 A-Down-flow 

F 

Mesh Size 

-40+200 

-40+200 

-20+36^ 

-40+200 

80+200 

-80+200 

-80+200 

-80+200 

-100 +140 

liter Bed 

Depth 
( in) 

9 

9 

9 

9 

3 

8 

12 

3 

3 

Velocity 
(ft/sec) 

014 

028 

018 

0 21 

0 23 

0 25 

0 25 

0 75 

0 25 

Reaction Bed 

Velocity 
(ft/sec) 

0 47 

094 

0 65 

0 70 

0 85 

090 

090 

15 

090 

HCIConc" 
(m/o in Nj) 

72 

65 

61 

42 

48 

48 

43 

18 

50 

Uranium 
Reacted^ 

(g> 

47 

43 

41 

76 

70 

63 

70 

32 

73 

Uranium 

Condenser 
(g) 

0 015 

0 024 

0 011 

0 003 

0 013 

0 005 

0 014 

0 0023 

0 0057 

Downstream of Filter 

Scrub Solution 

(g) 

0 001 

<00001 

0 012 

0 024 

0005 

0006 

OOOl 

0 0033 

0 0019 

Loss 

(%) 

03 

06 

06 

03 

0 26 

018 

020 

017 

010 

3 On a perforated support plate 
''Hydrogen chloride dried with activated charcoal 
'-Represents at least 90 percent of the charge in all cases 
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R e s u l t s 

Up-f low F i l t r a t i o n 

E x p e r i m e n t s 3A and 4A, wh ich showed an effect of v e l o c i t y 
t h r o u g h the f i l t e r bed, w e r e conduc t ed wi th up-f low of the r e a c t a n t s t h r o u g h 
a c o n t i n u o u s r e a c t i o n and f i l t e r bed , t h a t i s , no s u p p o r t p la te was u sed for 
the f i l t e r bed . The gas v e l o c i t y w a s c h o s e n so tha t the m a t e r i a l in the f i l te r 
zone r e m a i n e d s t a t i c whi le the m a t e r i a l in the r e a c t i o n zone , which w a s of 
s m a l l e r c r o s s s e c t i o n , w a s f lu id ized . U r a n i u m l o s s e s w e r e 0.3 p e r c e n t a t 
0 .14 f t / s e c and 0.6 p e r c e n t a t 0.28 f t / s e c . 

E x p e r i m e n t 5A w a s m a d e wi th a c o a r s e r m a t e r i a l in the 
f i l t e r bed than in the fluid bed (-20 + 36 m e s h a s c o m p a r e d to -40 +200 m e s h ) , 
so tha t a s u p p o r t p l a t e for the f i l t e r bed was r e q u i r e d . A p e r f o r a t e d p la t e 
w a s u s e d . U r a n i u m l o s s e s of 0.3 and 0.6 p e r c e n t for the fine and c o a r s e 
f i l t e r bed m a t e r i a l s , r e s p e c t i v e l y , (Run 3A v s . Run 5A) ind ica t ed an effect of 
p a r t i c l e s i z e on f i l t r a t i o n e f f ic iency . P a r t i a l p lugging of the s u p p o r t p l a t e 
w a s e n c o u n t e r e d , but it is not b e l i e v e d tha t th i s a f fec ted f i l t e r - b e d o p e r a t i o n . 
R e d e s i g n of th i s p l a t e wi l l be c o n s i d e r e d in fu ture w o r k . 

Down-f low F i l t r a t i o n 

E x p e r i m e n t s 7A, 8A, and 9A show tha t t h e r e i s no d e t e c t a b l e 
effect of f i l t r a t i o n bed he igh t . The u r a n i u m l o s s e s w e r e 0.26, 0.18, and 
0.20 p e r c e n t for 3 - , 8 - , and 1 2 - i n . - d e e p b e d s of -80 +200 m e s h Alundum. 

A p o s s i b l e effect of f i l t e r - b e d p a r t i c l e s i z e and d i s t r i b u t i o n 
i s shown in R u n s 6A and 8A, and a l s o in 7A and 1 lA. F o r the 8- and 9- in . 
b e d s , the -80 + 200 m e s h A l u n d u m a l l o w e d only 0.18 p e r c e n t l o s s , w h e r e a s 
a 0.3 p e r c e n t l o s s w a s no ted for the c o a r s e r , -40 +200 m e s h bed. E x p e r i ­
m e n t s 7A and 1 lA showed a d e c r e a s e in ef f ic iency wi th b r o a d - s p e c t r u m 
p a r t i c l e s i z e s for 3 - i n . - d e e p b e d s . The l o s s e s w e r e 0.26 and 0.10 p e r c e n t 
for -80 +200 and -100 +140 m e s h f i l t e r b e d s , r e s p e c t i v e l y . 

A s tudy of the effect of gas ve loc i ty t h r o u g h a 3- in . down-
flow^ f i l t e r bed (Runs 7A and 13A) showed lower u r a n i u m l o s s e s w e r e 
a c h i e v e d a t the h igh v e l o c i t y , 0.17 p e r c e n t a t 0.75 f t / s e c a s opposed to 
0.2 6 p e r c e n t a t 0.23 f t / s e c . 

In s u m m a r y , 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 u r a n i u m l o s s e s 
t h r o u g h down- f low p a c k e d - b e d f i l t e r s m a y be r e d u c e d by the u s e of s m a l l e r 
bed p a r t i c l e s and h i g h e r v e l o c i t y , but t h e r e is no a p p a r e n t effect of bed 
dep th . Down flow, in g e n e r a l , gave equa l or b e t t e r r e s u l t s than up-f low 
f i l t r a t i o n . The down- f low t e c h n i q u e i s l i m i t e d to flow r a t e s wh ich do not 
g ive e x c e s s i v e p r e s s u r e d r o p s but i s not l i m i t e d with r e s p e c t to bed 
p a r t i c l e s i z e a s i s up- f low bed f i l t r a t i o n w h e r e the con t inuous s c h e m e is 



used. The up-flow continuous-bed technique is l imited to veloci t ies below 
the incipient fluidization value for the f i l ter -bed pa r t i c l e s . Evaluation of 
an up-flow and down-flow filter in s e r i e s is planned. The up-flow bed will 
be continuous with the reac t ion bed. This s e r i e s technique should reduce 
the par t icu la te load on down-flow beds and may improve the overa l l 
efficiency. 

After evaluation of the filter beds, studies will involve 
hydrochlorinat ion followed di rec t ly by fluorination to a sce r t a in the extent 
to which uranium can be r ecove red from the sys tem. Conditions for fluo­
rination, such as fluidizing gas velocity and bed t e m p e r a t u r e s , will be 
s imi la r to those used during hydrochlorinat ion. Since the m a t e r i a l to be 
fluorinated (uranium and minor consti tuents of Zircaloy) compr i ses such 
a smal l amount of the total m a t e r i a l in the sys tem (being of the order of 
one percent) , fluorine gas efficiencies may be low, but gas recycle can be 
used for economy. The heat load should be low and of little concern. It 
should be possible to use the same beds seve ra l t imes , thus minimizing 
handling of bulk m a t e r i a l s . The uranium hexafluoride concentration in 
the off-gas will be re la t ive ly low and varying with t ime so that efficient 
cold trapping will be n e c e s s a r y . Sat isfactory uranium m a t e r i a l balances 
for consecutive hydrochlorinat ion and fluorination steps will be n e c e s s a r y 
for proper p r o c e s s evaluation. 

b. Corrosion of Metals in Zirconium Tet rachlor ide Vapor 
( j . J. Barghusen, D. Raue) 

A se r i e s of co r ros ion t e s t s has been made to evaluate 
possible m a t e r i a l s of construct ion which would be exposed to z i rconium 
te t rach lor ide vapor at approximate ly 375 C. Tests of 35- and 170-hr 
duration were performed in an a tmosphere (2000 m m Hg p r e s s u r e ) of 
z i rconium te t rach lor ide at 365 to 375 C with coupons of A-nickel , Monel, 
Inconel, 347-s ta in less s teel , and s in tered nickel meta l . The coupons 
were suspended in a nickel bomb which was placed in a tube furnace. 

Corros ion r a t e s , expres sed in mi l s /month , were ca l ­
culated from the a r e a and the observed weight loss of the specimens 
after the cor ros ion films were removed by light rubbing and by washing 
in warm water . Resul ts (see Table 37) were s imi la r for al l four meta l s 
in that, after an init ial period of re la t ive ly high corros ion, the cor ros ion 
ra te levels off. Values of 0.2 mi l /mon th or less were obtained for a l l 
cases for the 170-hr t e s t s . The lower weight losses noted for s ta in less 
s teel and Monel for the l o n g e r - t e r m t e s t s may be at t r ibuted to incom­
plete r emova l of the cor ros ion film. 



T a b l e 37 

CORROSION T E S T S IN ZIRCONIUM T E T R A C H L O R I D E VAPOR 

E q u i p m e n t : 2 - i n . - d i a m e t e r n i c k e l b o m b 
T e m p e r a t u r e : 365 to 375 C 
Z r C l 4 P r e s s u r e : 2000 m m Hg a b s o l u t e 

M e 

A - n i c k e l 

A - n i c k e l 

Incone l 

Incone l 

M o n e l 

M o n e l 

347 s t a i n 

347 s t a i n 

i t a l 

l e s s 

l e s s 

s t e e l 

s t e e l 

D u r a t i o n 
of T e s t 

(hr ) 

35 

170 

35 

170 

35 

170 

35 

170 

S u r f a c e 
A r e a 

(sq in . ) 

2.22 

2.18 

1.40 

1.40 

2.22 

2.20 

2 .24 

2 .24 

Weight L o s s 
( m g / s q in . ) 

1.8 

2 .2 

2 .6 

3 . 4 

9 . 7 

6.8 

6 .3 

5.0 

C o r r o s i o n 
R a t e ^ 

( m i l s / m o ) 

0.3 

0 .1 

0 . 4 

0 .1 

2 .0 

0 .2 

1.0 

0 .2 

3 0 - d a y m o n t h . 

C. 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 
(I. K n u d s e n , H. H o o t m a n , * N. L e v i t z , M. J o n e s , J . K i n c i n a s ) 

A f l u i d - b e d p r o c e s s for the p r e p a r a t i o n of c e r a m i c - g r a d e u r a n i u m 
d iox ide f r o m u r a n i u m h e x a f l u o r i d e is be ing s tud i ed for a p p l i c a t i o n to the 
p r o d u c t i o n of n u c l e a r fuel . U r a n i u m h e x a f l u o r i d e is r e a c t e d wi th s t e a m to 
f o r m u r a n y l f l uo r ide w h i c h i s t hen r e d u c e d to u r a n i u m dioxide wi th m i x ­
t u r e s of h y d r o g e n and s t e a m . The r e a c t i o n s have b e e n c a r r i e d out s i m u l ­
t a n e o u s l y in a s i n g l e r e a c t o r and in s e p a r a t e s t e p s . U r a n i u m l o s s e s f rom 
the s y s t e m have b e e n c o n s i s t e n t l y b e l o w 0.01 p e r c e n t . High s i n t e r e d d e n ­
s i t i e s ( f rom 93 to 97 p e r c e n t of t h e o r e t i c a l : s e e A N L - 6 1 8 3 , page 123, and 
A N L - 6 2 3 1 , page 134) have b e e n o b t a i n e d in p e l l e t - f a b r i c a t i o n t e s t s . The 
t e s t s r e p o r t e d t h i s q u a r t e r c o n c l u d e the w o r k on the t w o - s t e p p r o c e d u r e . 
A t o p i c a l r e p o r t is in p r e p a r a t i o n . 

1. 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 

F i n a l o p e r a b i l i t y t e s t s of the f lu id -bed 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 have b e e n c o m p l e t e d . 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 wi th in a r a n g e of o p e r a t i n g cond i t ions and for con t inuous 

* R e s i d e n t S tudent A s s o c i a t e f r o m M i c h i g a n Col l ege of Mining and 
T e c h n o l o g y . 



p e r i o d s up to 25 h r in d u r a t i o n . A t o t a l of 56 hr of runn ing t i m e 
was a c c u m u l a t e d d u r i n g th i s r e p o r t p e r i o d and 300 kg of u r a n y l f luor ide 
w e r e p r o d u c e d . 

I m p r o v e d o p e r a t i o n s w e r e r e p o r t e d l a s t q u a r t e r ( see 
A N L - 6 3 7 9 , page 182) a s a r e s u l t of m o d i f i c a t i o n s to the 3 - i n . - d i a m e t e r 
Mone l c o l u m n which p e r m i t e n t r a i n m e n t and s e p a r a t e co l l ec t i on of f ines 
p r o d u c e d in the bed . The f i l t e r v e s s e l , p r e v i o u s l y m o u n t e d i n t e g r a l l y 
above the bed , w a s p l aced to the s ide and a 1-in. d i a g o n a l pipe f r o m the 
r e a c t o r c o n n e c t s the two u n i t s . F i n e s d i s c h a r g e d off the f i l t e r s by b low-
b lack , i n s t e a d of r e t u r n i n g to the bed, c o l l e c t in the l ower p a r t of the 
v e s s e l and a r e p e r i o d i c a l l y w i t h d r a w n . 

E x p e r i m e n t s w e r e m a d e to d e t e r m i n e the l a t i t ude of s o m e of 
the v a r i a b l e s one could u s e and s t i l l m a i n t a i n o p e r a b i l i t y of the unit . It 
was found tha t the unit had qu i te s a t i s f a c t o r y s t a b i l i t y and the following 
r e s u l t s w e r e ob ta ined . A s m a l l i n c r e a s e in a v e r a g e bed p a r t i c l e s i z e was 
no ted b e t w e e n Runs 62D and 62E ( see Tab le 38) when s t e a m s u p e r f i c i a l 
v e l o c i t y was i n c r e a s e d f r o m 0.5 to 1.0 f t / s e c . This w a s p r o b a b l y due to 
g r e a t e r e l u t r i a t i o n a t h i g h e r v e l o c i t i e s . A g r e a t e r change in bed p a r t i c l e 
s i z e w a s ef fected by i n c r e a s i n g the r e c y c l e r a t e . In Run 62F , an i n c r e a s e 
in r e c y c l e r a t e of 70 p e r c e n t c a u s e d an a lnaos t 25 p e r c e n t r e d u c t i o n in 
a v e r a g e bed p a r t i c l e s i z e ove r a 10-hr p e r i o d . L o w e r i n g of the r e c y c l e 
r a t e to the n o r m a l va lue ( n e a r l y 14 p e r c e n t by weigh t of the feed r a t e ) 
du r ing the l a s t 1 j hr r e s u l t e d in r a p i d g r o w t h and the s t a r t i n g a v e r a g e 
bed p a r t i c l e s i z e was a g a i n a p p r o a c h e d . 

Tab le 38 

CONDITIONS F O R S T E A M HYDROLYSIS O F URANIUM H E X A F L U O R I D E 

E q u i p m e n t 3 - i n . - d i a m e t e r Mone l r e a c t o r 

T e m p e r a t u r e 200 to ZZ5 C 
UF^ F e e d Ra te 100 g / m m 
Bed Height ( s t a t i c ) 18 m. 

Ran No. 

bZD 

bZK 

b Z F 

b 4 A 

D 

R u n 

u r a t i o n 
(hr) 

7 . S 

IZ.O 

11.S 

25.0 

S tea in 
S u p e r f i c i a l 

Ve loc i ty 
( f t / s e c ) 

0 5 

1,0 

0 5 

0 . 8 

St. earn E x c e ss 

(%) 

U S 

330 

115 

2 4 5 

Recyc le Ra te 
(-60 +200 m e s h ) 

% of UFe F e d 

13.7 

13,7 

2^.7 

15 .6^ 

A \ e r a g e 
Size 

of H o u r l \ 
S a m p l e s 

(^) 

308 

327 

2 7 5 

350 

Size 
Range 

of Hourly 
Sample s 

(,u) 

3 0 3 - 3 1 ^ 

314-346 

252-306 

316 -361 

^ R e c y c l e r a t e h i g h e r due to c o a r s e r seed m a t e r i a l . 

The 2 5 - h r cont inuous r u n (Run 64A) d e m o n s t r a t e d s a t i s f a c t o r y 
r e l i a b i l i t y . Condi t ions w e r e held fixed n e a r 230 C, 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, and a p p r o x i m a t e l y 245 p e r c e n t e x c e s s s t e a m , 



c o r r e s p o n d i n g to a s u p e r f i c i a l f lu id iz ing gas v e l o c i t y of 0.8 f t / s e c . The 
r e c y c l e r a t e w a s s l igh t ly h i g h e r , n e a r l y 15.6 p e r c e n t , b e c a u s e of the use 
of a c o a r s e r s e e d m a t e r i a l . P r o d u c t r e m o v a l was f r o m the b o t t o m 
t h r o u g h the a u t o m a t i c ( b e d - l e v e l c o n t r o l l e d ) v a l v e . 

S e v e r a l i t e m s of o p e r a t i o n a l i n t e r e s t m a y be r e v i e w e d h e r e : 

a. The p ipe s i z e or s e c t i o n connec t ing the p r i m a r y r e a c t o r 
wi th the f i l t e r c h a m b e r shou ld be e n l a r g e d so a s to p r e c l u d e any plugging 
due to d e p o s i t of e n t r a i n e d m a t e r i a l . The o n e - i n c h l ine u sed in th i s w o r k 
r e q u i r e d v i b r a t i o n and r a p p i n g to k e e p i t open . I n s e r t i o n of a s m o o t h 
o n e - i n c h tube (the e x i s t i n g l ine c o n t a i n e d s e v e r a l pipe jo in t s ) r e l i e v e d the 
p r o b l e m a p p r e c i a b l y . 

b . The s i n t e r e d m e t a l f i l t e r s , t h r e e 9 - i n . - l o n g b a y o n e t s 
( M i c r o - m e t a l l i c Co. , G r a d e G ) for m o s t of the work , w e r e o p e r a t e d wi th 
an a u t o m a t i c v e n t u r i b l o w b a c k s y s t e m which d e l i v e r e d a r e v e r s e 
f r a c t i o n a l s e c o n d p u l s e of a i r on a o n e - m i n u t e c y c l e . Add i t i ona l p o s i t i v e 
m a n u a l b l o w b a c k w a s a l s o p r o v i d e d . F i l t e r s w e r e c l e a n e d upon r e m o v a l 
f r o m the c o l u m n by a r e v e r s e s t e a m flow with the f i l t e r i m m e r s e d in hot 
w a t e r . F o r the 2 5 - h r r un , t h r e e 9-2~in.- long c y l i n d r i c a l f i l t e r s (Cuno Co.) 
w e r e u s e d and o p e r a t e d t r o u b l e - f r e e . 

c. The c o a t i n g of u r a n y l f l uo r ide found on the r e a c t o r w a l l s 
would r e q u i r e r e m o v a l , bu t only a f t e r ex t ended p e r i o d s of t i m e . The a c t i o n 
of the fluid b e d a p p a r e n t l y is no t v i g o r o u s enough to m a i n t a i n the wa l l s 
f r e e of th i s d e p o s i t . The o v e r a l l a m o u n t of holdup can be d e t e r m i n e d by 
m a t e r i a l b a l a n c e . 

In c o n c l u s i o n it can be e m p h a s i z e d tha t s u c c e s s f u l o p e r a t i o n 
of a 3 - i n . - d i a m e t e r f l u i d - b e d r e a c t o r for the con t inuous 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 h a s b e e n a c h i e v e d wi th in the r a n g e of cond i t ions 
d i s c u s s e d a b o v e . P r o b l e m s a s s o c i a t e d wi th t h i s unit , s u c h a s coa t ing 
bu i ldup , can be o v e r c o m e by s c h e d u l i n g p e r i o d i c c l e a n - o u t of the r e a c t o r . 
O t h e r p r o b l e m s , c o n s i d e r e d m i n o r , c a n be c i r c u m v e n t e d by p r o p e r d e s i g n . 

2. R e d u c t i o n of U r a n y l F l u o r i d e to U r a n i u m Dioxide 

The s e c o n d s t e p in the 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 d iox ide by the t w o - s t e p m e t h o d invo lves the r e d u c t i o n of u r a n y l 
f l uo r ide to u r a n i u m d iox ide wi th h y d r o g e n - s t e a m m i x t u r e s . P r e v i o u s 
w o r k ( s e e A N L - 6 3 7 9 , page 185) showed the i m p o r t a n c e of gas c o m p o s i t i o n 
and t e m p e r a t u r e , a 50 -50 h y d r o g e n - s t e a m m i x t u r e a p p e a r i n g o p t i m u m 
a long wi th h igh t e m p e r a t u r e s , n e a r 650 C; m a t e r i a l con ta in ing only 200 ppm 
r e s i d u a l f l u o r i d e w a s p r o d u c e d in 4 - h r b a t c h e x p e r i m e n t s . 



The effects of gas v e l o c i t y , bed depth , and feed p a r t i c l e s i z e 
on the r a t e of f luo r ide r e m o v a l (the c r i t e r i o n for d e g r e e of r e d u c t i o n ) 
w e r e s tud ied in c u r r e n t b a t c h f lu id iza t ion e x p e r i m e n t s conduc ted in a 2 - in . 
Mone l r e a c t o r . A l l r u n s w e r e conduc ted a t 650 C wi th the o p t i m i z e d 
r e a c t a n t g a s m i x t u r e , 50 m o l e p e r c e n t h y d r o g e n - 5 0 m o l e p e r c e n t s t e a m . 
U r a n y l f luor ide p r o d u c e d in the u r a n i u m h e x a f l u o r i d e - h y d r o l y s i s s t e p 
was u sed a s feed m a t e r i a l . 

Ef fec t of Gas Ve loc i t y 

The effect of gas v e l o c i t y was s tud i ed in the r a n g e f r o m 0.2 to 
2.0 f t / s e c wi th 3-kg beds of -40 +60 m e s h s i z e ( m i n i m u m f luidizing v e l o c i ­
ty 0.25 f t / s e c ) u r a n y l f luor ide a t 650 C. 

The c o n v e r s i o n t i m e s of the beds w e r e qui te good wi th in the 
f luidizing v e l o c i t y r a n g e , 0.6 f t / s e c or g r e a t e r , r e q u i r i n g 4 hr or l e s s to 
a c h i e v e f luo r ide s p e c i f i c a t i o n s , <250 ppm r e s i d u a l f luor ide ( see T a b l e 39). 
The r u n a t subf lu id iz ing v e l o c i t y (0.2 f t / s e c ) r e s u l t e d in 350 ppm r e s i d u a l 
f luor ide in an e q u i v a l e n t p e r i o d . High v e l o c i t i e s , wh ich i n t r o d u c e d m o r e 
r e a c t a n t s in a g iven p e r i o d , r e s u l t e d in h ighe r r a t e s of f luor ide r e m o v a l 
f rom the ou t se t ; for e x a m p l e , f luor ide con ten t s a f t e r one hour w e r e n e a r 
0.2 p e r c e n t for v e l o c i t i e s n e a r 2.0 f t / s e c and ove r t h r e e p e r c e n t for 
v e l o c i t i e s be low 1.0 f t / s e c . A c c e p t a b l e m a t e r i a l w a s p r o d u c e d in l e s s 
than 3 h r a t the h i g h e r ve loc i ty , d u r i n g which t i m e n e a r l y 15-fold e x c e s s 
h y d r o g e n w a s u sed . 

Table 39 

THE E F F E C T OF GAS VELOCITY ON THE CONVERSION OF 
URANYL FLUORIDE TO URANIUM DIOXIDE 

T e m p e r a t u r e : 650 C 
Bed: 3 kg of u r a n y l f luor ide (12.3 weight 

pe r cent f luor ide) 
P a r t i c l e Size: -40 +60 m e s h 
Gas Compos i t ion : 50-50 h y d r o g e n - s t e a m by vo lume 

Run No. 

28 

33 

30 

21 

32 

31 

Super f ic ia l 
Veloc i ty 
( f t / s ec ) 

0.2^ 

0 .6 

0 8 

1.3 

1.8 

2 .0 

" ^^S' 

60 

-

3 .1 

3.9 

-

0 . 2 1 

0 . 1 8 

T i m e 

120 

-

0 . 0 8 6 

0 . 3 3 

0 . 2 6 

0 . 0 2 6 

0 . 0 3 3 

( m m ) 

180 

-

0 . 0 2 5 

0 . 0 3 

0 , 0 2 8 

0 010 

0 . 0 1 0 

"•'^'K-^^ 

240 

0.035 

0.010 

0.015 

0,015 

0,008 

-

Sta t i c -bed run; m i n i m u m fluidizing ve loc i ty 0.25 f t / s e c . 



Effec t of P a r t i c l e Size 

O v e r a l l f l uo r ide r e m o v a l w a s found to i m p r o v e with d e c r e a s i n g 
p a r t i c l e , s i z e . S e v e r a l r u n s in wh ich 3-kg b e d s of d i f fe ren t a v e r a g e s i z e d 
p a r t i c l e s w e r e u s e d a r e c o m p a r e d in Tab le 40. The a v e r a g e p a r t i c l e 
d i a m e t e r w a s c a l c u l a t e d by the f o r m u l a 

Dvs - w / l ( W I / D I ) , 

w h e r e W and Wj a r e the we igh t of s a m p l e and s i e v e f r ac t ion , r e s p e c t i v e l y , 
and D2 is the m e a n d i a m e t e r of the s i e v e f r ac t ion . Af te r a 4 - h r r e a c t i o n 
t i m e , r e s u l t s showed 200 and 80 p p m r e s i d u a l f luor ide for the 630- and 
335-jU b e d s , r e s p e c t i v e l y . 

T a b l e 40 

THE E F F E C T OF F E E D P A R T I C L E SIZE ON CONVERSION OF 
URANYL F L U O R I D E TO URANIUM DIOXIDE 

T e m p e r a t u r e : 650 C 
Bed: 3 kg of u r a n y l f luor ide (12.3 weight 

p e r c e n t f luo r ide ) 
Gas C o m p o s i t i o n : 50 -50 h y d r o g e n - s t e a m by v o l u m e 

R u n 

N o . 

15 

39 
32 

a 

S u p e r f i c i a l 
V e l o c i t y 
( f t / s e c ) 

2.0 
1.5 

1.8 

A v e r a g e p a r t i c ! 

D v s = w/ X (w 

-

Le 

1 / : 

A v e r a g e P a r t i c l e 
D i a m e t e r ^ 

(M) 

630 

3 8 0 
3 3 5 

3 

d i a m e t e r e x p r e s s e d 
Dj) , w h e r e W and w 

Weig 
i n 

60 

0.50 
0.48 
0.21 

by the fo 
1 a r e the 

;ht P e r c e n t F l u o r i d e 

S a m p l e a f t e r T i m e 
(min) 

120 

0.06 
-

0.03 

r m u l a : 
weigh t 

180 

-

-
0.01 

of s a m p l e 

240 

0,02 
0.01 
0.008 

and we igh t of s i e v e f r a c t i o n , r e s p e c t i v e l y , and Dj i s the a v e r a g e 
d i a m e t e r of the s i e v e f r a c t i o n . 

Ef fec t of Bed Dep th 

The c o n v e r s i o n r a t e w a s found to change wi th bed dep th 
e x p r e s s e d a s the " l e n g t h o v e r d i a m e t e r " ( L / D ) r a t i o . 

Bed w e i g h t s of 3, 6, 7 ,5, and 9 kg of u r a n y l f luor ide gave s t a t i c 
L / D r a t i o s of a p p r o x i m a t e l y 3, 5, 6, a n d 7, A l l b e d s w e r e r e d u c e d to l e s s 
t han s p e c i f i c a t i o n g r a d e (250 p p m ) f l u o r i d e con ten t wi th in 4 h r . The r e s u l t s 



a r e l i s t e d in T a b l e 4 1 . F r o m t h e s e da ta i t would a p p e a r t ha t c o n v e r s i o n 
is not h a m p e r e d by i n c r e a s i n g bed dep th , a t l e a s t not wi th in the L / D r a n g e 
t e s t e d . D e e p e r b e d s w e r e no t t e s t e d b e c a u s e of the l i m i t e d c a p a c i t y of 
the r e a c t o r v e s s e l . 

Table 41 

THE E F F E C T OF BED DEPTH ON CONVERSION OF URANYL FLUORIDE 
TO URANIUM DIOXIDE AND ON PARTICLE BREAKUP 

T e m p e r a t u r e : 650 C 
Bed Composit ion: ~50% -20 +40 sc r een fract ion 

~50% -40 +60 sc r een fract ion 
Superficial Velocity. 1,5 f t / s ec 

Weight P e r c e n t F luor ine m Sample 

Run 
No. 

34 

37 

38 

39 

Static Be 
Depth 
( L / D ) 

7 

6 

5 

3 

d 

120 

O.IO 

O.IO 

0.05 

0.48 

Time 

240 

0.018 

0.022 

0.019 

-

(mm) 

300 

0.008 

0.016 

0.010 

-

360 

0.007 

0.014 

0.014 

0.010 

B re 
(• 

lakup Index^ 
-60 basis) 

0.55 

0.56 

0.56 

0.65 

^Breakup index = weight fraction of final bed below the min imum size 
m the s ta r t ing bed. 

P a r t i c l e b r e a k u p when e x p r e s s e d in t e r m s of " B r e a k u p Index" 
( see Tab le 4 l ) does not a p p e a r to v a r y a p p r e c i a b l y wi th bed depth excep t 
in the m o s t sha l l ow bed. The i n c r e a s e d b r e a k u p m a y be due to i n c r e a s e d 
bed a g i t a t i o n in low " L / D " r a t i o b e d s . Typ i ca l s t a r t i n g and f inal bed 
p a r t i c l e s i z e d i s t r i b u t i o n fo l lows: 

F r a c t i o n in i n d i c a t e d s i z e r a n g e 

M e s h Size 

S t a r t i ng Bed 
F i n a l Bed 

+20 

0.01 
0,01 

+40 

0.55 
0.14 

+60 

0.41 
0.30 

+ 100 

0.03 
0.28 

+200 

0.17 

+325 

0.08 

- 3 2 5 

0.02 

The t ap bulk d e n s i t y of the d ioxide p r o d u c t was found to v a r y 
f rom 4.2 to 4.8 g / m l . Ind iv idua l p a r t i c l e d e n s i t i e s have been d e t e r m i n e d 
a s fo l lows: 9.675 g / m l in xy lene , 9.228 g / m l in w a t e r , and 6.22 g / m l in 
m e r c u r y , the l a s t va lue giving an ind i ca t ion of o v e r a l l i n t e r n a l vo idage . 
R e a c t o r c o r r o s i o n r e s u l t e d in 100 to 130 ppm n i c k e l in the p r o d u c t b e d s . 



D. C a l c i n a t i o n S tud ies in S m a l l - d i a m e t e r Co lumns 
( j . W. Loed ing , J . K i n c i n a s , E . J o h a n s o n * ) 

W o r k con t inued on e s t a b l i s h i n g the feas ib i l i t y of us ing s m a l l -
d i a m e t e r c o l u m n s for con t inuous f lu id -bed ca l c ina t ion o p e r a t i o n s . Th i s 
a p p l i c a t i o n is in tended p r i m a r i l y for t h e s e s y s t e m s involving n u c l e a r 
c r i t i c a l i t y , s u c h a s the p r o c e s s i n g of h ighly e n r i c h e d u r a n i u m or p lu ton i ­
u m s o l u t i o n s and t h o s e s y s t e m s w h e r e a r e d u c t i o n in the to ta l quan t i ty of 
o f f -gas i s d e s i r a b l e . 

The t e chn ique used , pos i t i on ing of the feed a t o m i z i n g nozz l e in the 
b o t t o m of the c a l c i n e r and d i r e c t i n g i t u p w a r d s , thus p e r m i t t i n g the a tona-
iz ing g a s ( toge the r wi th g a s e o u s d e c o m p o s i t i o n p r o d u c t s ) to be used a s the 
f lu id iz ing m e d i u m , r e p r e s e n t s a m a j o r d e p a r t u r e f rom the m o r e u sua l 
p r o c e s s of s p r a y - i n j e c t i n g the feed in to the s ide of a f lu id-bed r e a c t o r . ^ " 

W o r k thus fa r has u t i l i z ed a l u m i n u m oxide g r a n u l e s a s bed m a t e r i a l , 
c a l c i n a t i o n t e m p e r a t u r e s of about 335 C, and 1 M a l u m i n u m n i t r a t e s o l u ­
t ion a s feed a t r a t e s f r o m 8 to 16 m l / m i n . Fol lowing in i t i a l work in g l a s s 
e q u i p m e n t , s t a i n l e s s s t e e l e q u i p m e n t w a s employed a s shown in F i g u r e 35. 

FIGURE 35 
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J o n k e , A. A. , et a l . . The U s e of F l u i d i z e d Beds for the Cont inuous 
Dry ing and Ca l c ina t i on of D i s s o l v e d N i t r a t e Sa l t s , N u c l e a r Sc ience 
and E n g i n e e r i n g 2, 303 -319 , (1957). 



(The dua l f i l t e r s and b l o w b a c k s y s t e m a r e a r e c e n t e q u i p m e n t change and 
have not b e e n used a s ye t . ) The 2—-in. c o l u m n i s t a p e r e d a t the b o t t o m 
to c o r r e s p o n d to the ang le of the feed s p r a y . R e s u l t s f r o m s e v e r a l of the 
r u n s p e r f o r m e d in t h i s e q u i p m e n t a r e shown in T a b l e 42. 

Table 42 

OPERATING CONDITIONS AND RESULTS OF CALCINATION RUNS 

Equipment: 2 1/4-in.-diameter stainless steel calciner 

Nozzle: Modified extended tip. Pressure type. 
Bed Weight: 325 g 
Bed Size: 1(K) percent -20 +80 mesti 
Liquid Feed: 1MAI(N03)3 

Run No, 

SD18 

SD18A 

SD20 

SD21 

SD26 

SD27 

SD28 

Bed Temp 
(C) 

325 

325 

335 

340 

330 

340 

330 

Feed Rate 
(ml/min) 

9,9 

10,3 

8,9 

16,6 

9,7 

8,7 

14,0 

Atomizing 
Air Rate 
(scfm) 

0,72 

0,50 

0,60 

0,60 

0,60 

0,54 

0,54 

Air-to-l iquid 
Rate Ratio 

(v/v) 

2050/1 

1700/1 

1900/1 

1020/1 

1740/1 

1740/1 

1070/1 

Period of 
Operation 

(hr) 

1,3 

1,2 

5.2 

1 

4.3 

6 

3 

Comments 

High air rate produced excessive fines 
(22% < 140 mesh) 

Slight fines production (2% < 140 mesh) 

Moderate fines production (6% < 140 mesh) 

Found small caking at nozzle (2% < 140 mesh) 

Found small agglomerates on nozzle 
(~2% < 140 mesh) 

Moderate fines production (5% < 140 mesh) 

Negligible fines production (1% < 140 mesh) 

Runs 18 and 18A w e r e m a d e to c o m p a r e the effect of a t o m i z i n g 
a i r r a t e s on the p r o d u c t p a r t i c l e s i z e . The h i g h e r r a t e of Run 18 r e s u l t e d 
in the f o r m a t i o n of e x c e s s i v e f ines , ove r 22 p e r c e n t l e s s than 140 m e s h 
in only 1,3 h r of o p e r a t i o n . Run 18A, in an equ iva l en t p e r i o d a t r e d u c e d 
a i r r a t e s , r e s u l t e d in only abou t two p e r c e n t l e s s than 140 m e s h . The 
o the r r u n s r e p o r t e d w e r e m a d e to ve r i f y t h e s e r e s u l t s and to d e t e r m i n e 
w h e t h e r r e d u c e d a i r - t o - l i q u i d r a t e r a t i o s (a m e a s u r e of the d e g r e e of 
s u c c e s s ob ta ined in r e d u c i n g the of f -gas vo lum e) w e r e p r a c t i c a b l e . This 
r a t i o can be r e d u c e d by e i t h e r r e d u c i n g the a t o m i z i n g a i r r a t e or i n c r e a s ­
ing the l iquid feed r a t e or both . The l o n g e s t of t h e s e r u n s (Run 27) u t i ­
l i zed an a i r - t o - l i q u i d r a t e r a t i o of 1740, which i s a p p r o x i m a t e l y equa l to 
the r a t i o u s e d in e a r l i e r w o r k in a 6 - i n . - d i a m e t e r c a l c i n e r wi th h o r i z o n t a l 
s p r a y i n g (ANL-6322) . Run 28 r e p r e s e n t s the b e s t r e s u l t s to da t e , a r a t i o 
of 1070 be ing a c h i e v e d . O p e r a t i o n s w e r e s m o o t h and the a m o u n t of l e s s 
than 140 m e s h p a r t i c l e s p r o d u c e d w a s only 1.1 p e r c e n t . 

T h e r e has b e e n v i r t u a l l y no e v i d e n c e of p a r t i c l e g r o w t h in any of 
the r u n s , and f ines p roduc t i on , a t l e a s t in s h o r t r u n s , a l s o s e e m s to be 
no p r o b l e m . G r e a t e s t c o n c e r n a t the p r e s e n t t i m e is wi th o p e r a t i o n a l 
r e p r o d u c i b i l i t y . S ince s e v e r a l r u n s w e r e i n t e r r u p t e d s h o r t l y a f t e r the 
s w i t c h o v e r f r o m w a t e r (used du r ing s t a r t u p ) to a l u m i n u m n i t r a t e feed 
b e c a u s e of the f o r m a t i o n of a g g l o m e r a t e s in the bed, a r e v i e w of the 
s t a r t u p p r o c e d u r e wi l l be m a d e . F u t u r e w o r k wi l l a l s o a t t e m p t to r e d u c e 
fu r the r the a i r - t o - l i q u i d r a t e r a t i o . 



III. REACTOR SAFETY 

The oxidation, ignition, and combustion p r o c e s s e s of uranium, 
z i rconium, plutonium, and other me ta l s and their compounds a r e being 
studied to provide information to aid in minimizing the hazards associa ted 
with handling these m a t e r i a l s . 

A p r o g r a m of theore t ica l s tudies has been initiated to re la te 
quantitatively ignition re su l t s to i so the rmal oxidation data. I so thermal 
data f rom experinaents with z i rconium, covering the range from 400 to 
900 C, was used to calculate theore t ica l t e m p e r a t u r e - t i m e curves co r ­
responding to shielded ignition t e s t s . Calculations were made by a s tep­
wise method using a s imple heat t r ans fe r model. Theoret ica l ignition 
t e m p e r a t u r e s were obtained for single p ieces of z i rconium having specific 
a r e a s of 5, 50, 500, and 5000 sq c m / g . 

Prev ious exper imenta l s tudies of z i rconium by the shielded igni­
tion method used flowing heliuna to shield the specimen while it was 
brought to t e m p e r a t u r e . Helium flow was then switched to oxygen and it 
was de te rmined visually whether ignition occur red or not. It was not en­
t i re ly c lear how much preoxidat ion of the specimens occur red while the 
sample was heating. A brief exper imenta l study was , therefore , made 
of z i rconium ignition under conditions where no preoxidation could occur. 
Results indicated that preoxidat ion effects encountered in studies by the 
helium flow method were negligible except for the finest foils (highest 
specific a rea) studied. Fu r the r exper imenta l studies were made by the 
helium flow method to tes t the effect of ends or edges exposed to oxygen. 
Edge effects were found to be significant for la rge w i re s (low specific 
a r ea ) . Ignition was able to occur at lower t empera tu re at exposed sharp 
edges . 

Compar ison of theore t ica l ignition t empera tu re s with experinaental 
values was then made after it was ce r ta in that preoxidation and edge'effects 
were not complicating the exper imenta l r e su l t s . Ignition t empera tu re s 
agreed within approximately 100 C. 

Efforts to calculate burning curve ignition t e m p e r a t u r e s with u r a ­
niuna by s imi la r methods failed. Fa i lu re was at t r ibuted to a lack of i so ­
the rma l oxidation data above 300 C. Studies were , therefore , undertaken 
of the i so the rma l oxidation of uranium between 300 and 600 C. The 
studies were made in a meta l "heat sink" react ion cell in which speci ­
mens were p r e s s e d against me ta l heat sinks by a spring. This was ef­
fective in preventing excess ive self-heat ing. P r e l im ina ry data with 
Argonne base uran ium, " |3-quenched," showed that low- tempera tu re r a t e s 
could be extrapolated to 400 C. Reaction ra tes then dec reased slightly 
between 400 and 500 C. Rates began to r i s e rapidly with t empera tu re 
above 500 C. 



Studies of burning propagation along uran ium and zi rconium foil 
s t r ips a r e continuing. Simultaneous m e a s u r e m e n t s of propagation ra t e s 
and burning t e m p e r a t u r e s have been obtained by means of a photoelectr ic 
pyronaeter . Studies were concentra ted on the effects of additions of 
halogenated hydrocarbons to the a i r . Results were obtained for a number 
of halogenated hydrocarbons . The effectiveness of the compounds in r e ­
ducing burning propagation r a t e s and t e m p e r a t u r e s was believed due to 
their tendency to decompose thermal ly at or very near to the oxidizing 
meta l surface . F r a g m e n t s produced in the decomposit ion v/ere able to 
reac t with oxygen in the gaseous diffusion zone near the meta l . This 
oxygen was , the re fore , lost to the meta l and was responsib le for dec reased 
ra t e s and t e m p e r a t u r e s . Carbon te t raf luor ide (CF4) was ineffective in 
decreas ing r a t e s and t e m p e r a t u r e s , p resumably because of insufficient 
t he rma l decomposit ion. Methyl and ethyl iodides were a lso ineffective 
because t h e r m a l decomposit ion occu r r ed at lower t e m p e r a t u r e s at the 
outer edge of the diffusion boundary l ayer . In genera l , those compounds 
having optimum chemical stabil i ty, such as t r i f luorobromomethane 
(CFsBr), methyl chloride (CH3CI), and chloroform (CHCI3), were mos t 
effective. 

Studies were made of the effect of halogenated hydrocarbons on 
burning curve ignition t e m p e r a t u r e s of u ran ium. Ignition t e m p e r a t u r e s 
were unaffected by smal l additions to the a i r of compounds containing 
only carbon, hydrogen, and fluorine a toms . Compounds containing bromine 
or chlorine a toms lowered the ignition t e m p e r a t u r e s significantly. Results 
suggested that the re is an exothermal reac t ion between chlorine or bromine 
compounds and uran ium dioxide. 

Instal lat ion of appara tus in new plutonium glovebox faci l i t ies is 
complete . Apparatus has been a s sembled to study (l) burning propagation, 
(2) ignition, and (3) control led oxidation. Controlled oxidations a re ca r r i ed 
out in a record ing thermobalance which has been equipped with a specimen 
thermocouple . A magnet ic amplif ier is used to provide a r eco rded output 
so that there is not in ter ference with the balance operat ion. 

The exper imenta l p r o g r a m to de te rmine r a t e s of react ion of molten 
reac to r fuel and cladding me ta l s with water is continuing. One method in­
volves the rapid melt ing and d i spers ion of meta l w i r e s in a water environ­
ment by a surge cu r r en t from a bank of condensers . A s e r i e s of runs with 
uranium in heated water was completed. Resul ts showed that considerably 
m o r e react ion occu r r ed in heated water than in r o o m - t e m p e r a t u r e water . 
The uranium re su l t s w e r e , there fore , consis tent with previous r e su l t s with 
z i rconium. The findings added supporting evidence to the theore t ica l a c ­
count of the z i r con ium-wate r reac t ion , which has been p resen ted in previous 
q u a r t e r l i e s . 



W a t e r t e m p e r a t u r e in the u r a n i u m r u n s r a n g e d f r o m 100 to 125 C 
(wa te r v a p o r p r e s s u r e , 15 to 33 p s i a ) . A t t e m p t s to s tudy the r e a c t i o n in 
w a t e r a t 200 C f a i l ed b e c a u s e of v e r y e x t e n s i v e c o r r o s i o n of the s p e c i m e n s 
du r ing the r u n p r e p a r a t i o n p e r i o d . 

P a r t i c l e s i z e s of r e s i d u e f r o m u r a n i u m r u n s by the c o n d e n s e r -
d i s c h a r g e naethod a r e r e p o r t e d . T r a n s i e n t p r e s s u r e t r a c e s f rom u r a n i u m 
i n d i c a t e d tha t the p r o g r e s s i o n of s low r e a c t i o n r a t e s to e x p l o s i v e r a t e s 
o c c u r r e d o v e r the t e m p e r a t u r e r a n g e f r o m 1600 to 2500 C. R e s u l t s w e r e 
c o n s i s t e n t w i th the f indings for z i r c o n i u m tha t p a r t i c l e s s m a l l e r than 
1000/j in h e a t e d w a t e r and 500/J in r o o m t e m p e r a t u r e w a t e r could u n d e r g o 
the e x p l o s i v e r e a c t i o n . A n a l y s e s of the h y d r o g e n r e t a i n e d by the r e s i d u e 
f r o m u r a n i u m r u n s i n d i c a t e d t h a t , a t m o s t , a few p e r c e n t of the h y d r o g e n 
g e n e r a t e d du r ing a run is r e t a i n e d by the p a r t l y ox id ized m e t a l . 

A s e c o n d m e t h o d of s tudy ing m e t a l - w a t e r r e a c t i o n s involves the 
r a p i d c o n t a c t of s t e a m wi th h e a t e d m e t a l . In th is m e t h o d , the m e t a l r e ­
c e i v e s a " p r e s s u r e p u l s e " of w a t e r v a p o r . The a p p a r a t u s i s e n t i r e l y e n ­
c l o s e d in a box h e a t e d to 105 C. Runs wi th 500 m m of w a t e r vapo r r e a c t i n g 
wi th m o l t e n a l u m i n u m at 800, 1000, and 1200 C a r e r e p o r t e d . R a t e s fol lowed 
the cubic r a t e l aw; an a c t i v a t i o n e n e r g y of 21,700 c a l / m o l e d e s c r i b e d the 
effect of t e m p e r a t u r e . A s e r i e s of r u n s wi th a l u m i n u m - 5 p e r c e n t u r a n i u m 
a l loys a t 1200 C gave s l igh t ly l e s s r e a c t i o n than tha t ob ta ined with p u r e 
a l u m i n u m . 

The e x p e r i m e n t a l w o r k on m e t a l - w a t e r r e a c t i o n s dur ing n u c l e a r 
r e a c t o r e x c u r s i o n s w a s con t inued . F o u r t r a n s i e n t s w e r e c o m p l e t e d in 
T R E A T on fuel p ins w i th a u r a n i u m dioxide c o r e (20 p e r c e n t e n r i c h e d ) 
c l ad in 1 8 - m i l - t h i c k s t a i n l e s s s t e e l - 3 0 4 . The da ta ob ta ined f rom t h e s e 
m e l t d o w n s in 25 C w a t e r a r e a s f o l l o w s : 
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Corre la t ion of the data on the exper iments with uran ium dioxide 
core pins indicate a p r o g r e s s i v e inc rease in the amount of cladding (SS-304)-
water reac t ion as the r e a c t o r bu r s t becomes m o r e energe t ic . Fo r per iods 
in the range 48 to 121 m s , the extent of me ta l -wa te r react ion is 1.2, 6.0, 
and 16.0 pe rcen t s ta in less s teel r eac ted for energ ies of 200, 300, and 
400 ca l /g u ran ium dioxide, respec t ive ly . For these uranium dioxide core 
fuel pins , the dividing point between des t ruct ive and nondestruct ive t rans ien ts 
(on fast per iods of 49 to 121 ms) is a bu r s t of about 130 Mw-sec or 174 c a l / 
g of co re . This cor responds to a peak cent ra l core t empera tu re of 2200 C 
for adiabatic heating of the uran ium dioxide. 

An evaluation was made of previous data obtained in TREAT on 
mixed oxide-core fuel p ins ; the r e su l t s indicate a threshold t empera tu re 
of 2300 C (for the cen t ra l core) for incipient des t ruct ion of the fuel pin. 
Thus, both pure and mixed oxide-core fuel pins have s imi la r behavior 
with r ega rd to the max imum allowable t e m p e r a t u r e s in t r ans ien t s on fuel 
e lements submerged in nonflowing, r o o m - t e m p e r a t u r e wate r . 

A. Metal Oxidation and Ignition Kinetics 
(L. Baker) 

1. Theory of Metal Ignition 
(L. Baker , J. D. Single, R. Koonz*) 

Extensive studies of the ignition behavior of z i rconium and 
uranium have been repor ted in previous q u a r t e r l i e s . I so thermal oxida­
tion ra t e s of these me ta l s have also been repor ted . It is the purpose of 
the p resen t study to de te rmine the quantitative re la t ionship between these 
two kinds of data. Such a re la t ionship should exis t if meta l ignitions a r e 
purely t h e r m a l ignitions. A t h e r m a l ignition is m e r e l y an accumulation of 
heat, in which the react ing sys tem is generating m o r e heat than can be d i s ­
sipated by heat loss mechanisnas , leading to a rapidly increas ing t e m p e r a ­
tu re . Ignition behavior , the re fo re , should be p rec i se ly predic table from 
i so thermal r a t e data if a sufficiently accura te heat t r ans fe r model can be 
establ ished. 

Two exper imenta l p rocedure s have been used to study ignition. 
One of these is called the burning curve method and the other the shielded 
ignition method. In the burning curve method, samples a r e heated at a 
uniform ra te (usually 10 deg/min) in a flowing oxidizing a tmosphe re . As 
the ra te of react ion i n c r e a s e s , the sample sel f -heats and finally ignites. 
A graphical in te rsec t ion method is used to de te rmine ignition t e m p e r a ­
tu re . In the shielded ignition method, samples a r e brought to a p rec i se ly 
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control led t empera tu re ei ther in vacuum or in iner t a tmosphere . The 
oxidizing gas is then suddenly admit ted and it is determined visually 
whether ignition occurs or not. A s e r i e s of runs is used to determine 
the ignition t e m p e r a t u r e . 

Efforts a r e underway to formulate mathemat ica l models to d e ­
scr ibe both types of ignition exper iment . P re l imina ry attenapts to compute 
burning curve ignition behavior of uran ium led to the conclusion that the 
existing i so the rmal data for uran ium did not extend into the t empera tu re 
range of in t e re s t , 300 to 600 C, and that extrapolat ion of data from below 
300 C was not sa t i s fac tory . For that reason, exper imenta l studies in the 
h igh - t empera tu re range were begun. These studies will be descr ibed in 
a l a te r sect ion. I so thermal data with zirconium^O covered the range 
from 400 to 900 C and was believed to cover adequately the t empera tu re 
range of in t e re s t in ignition. Mathematical descript ion of shielded igni­
tions of z i rconium was , the re fore , undertaken. 

a. Mathematical Descr ipt ion of Shielded Ignition of 
Zirconium 

The following cubic ra te law was found to apply to z i rconium 
over the t empe ra tu r e range from 400 to 900 C: 

3 _ U^ / 42,700 \ . 
w^ = 5.94 X 10'° t exp 

where w is the oxygen uptake in / ig / sq cm, R is the gas constant, 
1 .987 cal / (mole)(C) , T is meta l t e m p e r a t u r e , K, and t is t ime in min. It 
is more convenient to work in units of thickness of meta l reac ted: 

w = 10^ M02 p X / M z r > (2) 

where M Q , is naolecular weight of O2 (32 g /mole) , MZr is atomic weight 
of Zr (91.22 g / g r a m atom), p is meta l density (6.5 g/cu cm), and X is thick­
ness of meta l reac ted (cm). The ra te law then becomes 

X^ = 0.00501 t exp ( - 1 ^ 1 ^ ) , (3) 

and in differential form 

dX _ 0.00167 / 42,700 

"dT = x̂  "̂̂  r ^ T -
j c m / m i n . (4) 

30 P o r t e , H. A., et a l . , J. E lec t rochemica l Soc. 107, 506 (i960). 



The h e a t b a l a n c e p e r g of m e t a l c a n be e x p r e s s e d a s 
fo l l ows : 

C p ^ = Q p S ^ - h S ( T - T a ) - a £ S ( T ^ - T^) (5) 

Self- Convec t i on R a d i a t i o n 
h e a t i n g Hea t L o s s H e a t L o s s 

w h e r e Cp i s spec i f i c h e a t [0 .0808 c a l / ( g ) ( K ) ] , Q i s h e a t of r e a c t i o n 
(2866 c a l / g ) , S i s spec i f i c a r e a (sq c m / g ) , h i s h e a t t r a n s f e r coef f ic ien t 
[0.0005 c a l / ( s q cna) (sec) (K)] , e i s e m i s s i v i t y (0.75) , a i s t he S te fan -
B o l t z m a n n c o n s t a n t [1.36 x 10"^^ c a l / ( s q cm)(sec)(K'*)] , and 1^ i s a m b i e n t 
t e m p e r a t u r e ( cons t an t for s h i e l d e d i g n i t i o n ) . R e a s o n a b l e v a l u e s for the 
h e a t t r a n s f e r coef f ic ien t h and the e m i s s i v i t y e w e r e c h o s e n a r b i t r a r i l y 
for the i n i t i a l c a l c u l a t i o n s . The v a l u e for h w a s c h e c k e d by m e a s u r i n g 
the d i f f e r e n c e b e t w e e n f u r n a c e t e m p e r a t u r e and s a m p l e t e m p e r a t u r e for 
i n e r t c u b e s in the b u r n i n g c u r v e a p p a r a t u s a t 200 C. The fact t ha t h e a t 
t r a n s f e r coe f f i c i en t s u s u a l l y i n c r e a s e s o m e w h a t wi th t e m p e r a t u r e w a s 
i g n o r e d in the p r e s e n t s t udy . 

S i m u l t a n e o u s so lu t i on of E q u a t i o n s 4 and 5 would y i e ld 
the t e m i p e r a t u r e - t i m e h i s t o r y of a z i r c o n i u m s a m p l e of spec i f i c a r e a S, 
l o c a t e d in a f u r n a c e a t t e m p e r a t u r e T a when s u d d e n l y e x p o s e d to oxygen . 
Hand c a l c u l a t i o n s w e r e m a d e by c h o o s i n g a s m a l l t ime i n t e r v a l , u s u a l l y 
10"^ m i n . 

E q u a t i o n s 3, 4, and 5 w e r e e x p r e s s e d in f ini te d i f f e r ence 
f o r m : 

(AX)^ = 0.00501 At exp ( - i | i ^ ) ( 3 A ) 

( F i r s t I n t e r v a l ) 

, , 0 .00167 / 42 ,700 \ ,,^. 

AX = ^^ At exp ^ ^ ^ ; — j (4A) 

(Succeed ing I n t e r v a l s ) 

AT = - ^ : ^ AX - hS(T - T a ) At - a e S ( T * - T t ) A t . ( 5 A ) 

Cp 
R e a c t i o n o c c u r r i n g d u r i n g the f i r s t i n t e r v a l w a s c a l c u l a t e d f r o m E q u a ­
t ion 3A. The t e m p e r a t u r e AT o c c a s i o n e d by r e a c t i o n A X w a s c o m p u t e d 
f r o m E q u a t i o n 5A. New v a l u e s of r e a c t i o n X and t e m p e r a t u r e T w e r e t hen 
c a l c u l a t e d . The p r o c e s s w a s t hen r e p e a t e d wi th the a l t e r n a t e u s e of E q u a ­
t i ons 4A and 5A. V a l u e s of AX d e c r e a s e d r a p i d l y with t i m e so t h a t l a r g e r 



t ime in terva ls could be used in l a te r s tages of calculation. Time intervals 
were chosen so that no m o r e than a 20-degree t empera tu re r i s e occur red 
in any one in terval . In this way, it was often possible to determine whether 
a theore t ica l ignition ( t empera tu re runaway) occur red or not in 10 time 
in te rva l s . 

Results of calculat ions for specific a r e a s of 5, 50, 500, 
and 5000 a re summar i zed in Table 43 . Examples of the calculated 
t empera ture - t inae curves for specific a r e a s of 5, 50, and 500 a r e plotted 
in F igure 36. Calculations for m a t e r i a l of low specific a rea (S = 5) in­
dicated very l a rge t e m p e r a t u r e r i s e s (up to 500 C) for nonignition runs 
near the ignition t e m p e r a t u r e . Theore t ica l resu l t s will be compared with 
exper imenta l r e su l t s in a la te r sect ion. 

Table 43 

RESULTS OF THEORETICAL CALCULATIONS OF 
ZIRCONIUM IGNITION 

Initial 
Specific 
Area 

(sq cm/g) 

5000 

5000 

500 

500 

50 

50 

5 

5 

5 

5 

5 

5 

Temp 

(K) 

550 

600 

650 

700 

850 

900 

1100 

1150 

1200 

1300 

1350 

1400 

(c) 

277 

327 

377 

427 

577 

627 

827 

877 

927 

1027 

1077 

1127 

Peak 
Temp Rise 

(c) 

26 

00 

37 

00 

137 

00 

96 

132 

187 

343 

502 

00 

Time 
to Peak 
(sec) 

0.009 

-

0.054 

-

0.48 

-

1.20 

1.20 

1.20 

1.20 

1.20 

-

Ignited 

no 

yes 

no 

yes 

no 

yes 

no 

no 

no 

no 

no 

yes 

b. Measurement of Shielded Ignition Tempera tu re of 
Zirconium 

Results of shielded ignition tes t s with z i rconium foils, 
made in a quar tz tube furnace, were given in previous repor t s (see 
ANL-5974, page 94, and ANL-6145, page 154). 



FIGURE 3 6 

RATE OF TEMPERATURE RISE OF OXIDIZING ZIRCONIUM SPECIMENS 
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The f u r n a c e w a s b r o u g h t to the t e s t t e m p e r a t u r e wi th h e l i u m flowing f r o m 
top to b o t t o m t h r o u g h the t u b e . The z i r c o n i u m s a m p l e , m o u n t e d on a 
t h e r m o c o u p l e , w a s then sudden ly i n s e r t e d into the tube . After one to one 
and one -ha l f m i n u t e s , the h e l i u m flow w a s s w i t c h e d to oxygen and it w a s 
d e t e r m i n e d w h e t h e r ign i t ion o c c u r r e d o r not . 

It w a s d e c i d e d to c h e c k t h e s e da t a for two r e a s o n s . It w a s 
not e n t i r e l y c l e a r how m u c h p r e - o x i d a t i o n of the foil s p e c i m e n s o c c u r r e d 
whi le it w a s r e a c h i n g t e m p e r a t u r e e q u i l i b r i u m in flowing h e l i u m . The 
s l i g h t e s t c o n t a m i n a t i o n of the h e l i u m wi th oxygen o r w a t e r v a p o r could 
conce ivab ly p r o d u c e an oxide f i lm on the m e t a l be fo re the ign i t ion t e s t . 
It w a s a l s o p o s s i b l e t ha t the s w i t c h frona the h e l i u m to oxygen w a s not 
suff ic ient ly r a p i d . It w a s c o n s i d e r e d l i ke ly tha t p r e - o x i d a t i o n m i g h t have 
a m a r k e d effect on z i r c o n i u m ign i t ions b e c a u s e of the h ighly p r o t e c t i v e 
n a t u r e of the f i l m s . 

The o the r poin t in q u e s t i o n c o n c e r n e d edge and end e f fec t s . 
The edge o r the f r e e end of a foi l s t r i p , c o n s i d e r e d s e p a r a t e l y f r o m the 
bulk of the foi l , h a s a g r e a t e r ef fect ive spec i f i c a r e a t h a n the foil c o n s i d e r e 



as a w h o l e . It w a s , t h e r e f o r e , of i m p o r t a n c e to d e t e r m i n e w h e t h e r edge 
e f fec t s gave r i s e to a l o w e r e d ign i t ion t e m p e r a t u r e . 

A b r i e f s tudy of z i r c o n i u m ign i t ion w a s , t h e r e f o r e , m a d e 
u n d e r c o n d i t i o n s w h e r e no p r e - o x i d a t i o n could o c c u r . The z i r c o n i u m foil 
s p e c i m e n s w e r e s p o t - w e l d e d to l a r g e z i r c o n i u m w i r e s which , in t u r n , w e r e 
w e l d e d to a p l a t i n u m s u p p o r t s t r u c t u r e . The e n t i r e a s s e m b l y fit into 1 2 - m m 
q u a r t z tubing w h i c h w a s f o r m e d in to v i a l s . The v i a l s w e r e e v a c u a t e d to 
10" m m and s e a l e d off wh i l e in vacuuna. The z i r c o n i u m w i r e s e c t i o n s and 
l a t e r the s p e c i m e n foil w e r e h e a t e d to ca . 1400 C for a few m i n u t e s by 
m a n i p u l a t i n g the v i a l s in the f ie ld of a r a d i o f r e q u e n c y g e n e r a t o r . Th i s 
o p e r a t i o n s e r v e d to e l i m i n a t e r e s i d u a l oxygen in the v i a l and c a u s e d the 
m i n u t e ox ide f i lm p r e s e n t a t r o o m t e m p e r a t u r e to diffuse into the m e t a l . 
F o i l s u r f a c e s had a b r i g h t l u s t e r fo l lowing the induc t ion hea t i ng . The 
e n t i r e v i a l w a s then h e a t e d to 1000 C in a f u r n a c e and it w a s d e t e r m i n e d 
t h a t no d e c r e a s e in the m e t a l l i c l u s t e r o c c u r r e d , the r e s u l t s s u g g e s t i n g 
t h a t no s ign i f i can t ox ide w a s f o r m e d f r o m g a s d e s o r b e d f r o m the q u a r t z 
s u r f a c e s . 

V i a l s con ta in ing the b r i g h t z i r c o n i u m foi ls w e r e l o a d e d 
into a r e a c t i o n ce l l m a d e of 2 - i n . s t a i n l e s s s t e e l tubing , 10 in. long. V i a l s 
w e r e c l a m p e d r i g i d l y in p l a c e w i t h a s b e s t o s - l i n e d s t e e l c l a m p s . P r o v i s i o n 
w a s m a d e for an e x t e r n a l l y o p e r a t e d s c r e w to b r e a k the v i a l s a t one end 
l o c a t e d a w a y f r o m the s p e c i m e n a s s e m b l y . The r e a c t i o n ce l l c o n t a i n e d 
a l a r g e P y r e x window and f i t t i ngs t h r o u g h wh ich a flow of oxygen gas w a s 
p a s s e d . The e n t i r e r e a c t i o n c e l l w a s h e a t e d to the t e s t t e m p e r a t u r e 
d u r i n g a r u n . The v i a l w a s t h e n 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 ign i t ion o c c u r r e d o r not . 

Ign i t ion t e m p e r a t u r e s ob ta ined by the q u a r t z v ia l m e t h o d 
a r e c o m p a r e d in Tab le 44 w i th t h o s e ob t a ined by the h e l i u m s h i e l d e d 
m e t h o d . R e s u l t s s h o w e d tha t a g r e e m e n t b e t w e e n the two m e t h o d s w a s 
e x c e l l e n t e x c e p t for the foil of h i g h e s t spec i f i c a r e a ( th innes t ) t e s t e d . 
Th i s fo i l , 0.007 m m th i ck , i g n i t e d n e a r l y 100 d e g r e e s l o w e r in the q u a r t z 
v i a l a p p a r a t u s . H o w e v e r , t h i s 0 . 0 0 7 - m m foil w a s so th in tha t it w a s i m ­
p o s s i b l e to p o l i s h (us ing 600 g r i t S iC p a p e r ) p r i o r to the h e l i u m flow e x ­
p e r i m e n t a s w e r e the o t h e r f o i l s . T h e s e e x p e r i m e n t s i nd i ca t e t h a t the 
h e l i u m flow m e t h o d i s s a t i s f a c t o r y for a l l but the f ines t fo i l s o b t a i n a b l e . 

S tud ies to d e t e r m i n e the m a g n i t u d e of edge and end ef fec ts 
w e r e m a d e w i t h z i r c o n i u m w i r e s p e c i m e n s by the h e l i u m flow m e t h o d . The 
u s e of w i r e s of c i r c u l a r c r o s s s e c t i o n e l i m i n a t e d the p r e s e n c e of an edge . 
C o n t r o l r u n s w e r e m a d e w i th w i r e s hav ing a f la t end e x p o s e d to the oxygen. 
T h e s e r e s u l t s a r e i n c l u d e d in T a b l e 44 and a g r e e wi th foil da ta for s p e c i ­
m e n s hav ing the s a m e spec i f i c a r e a . Runs w e r e a l s o m a d e wi th w i r e s 
w h o s e e n d s w e r e s h i e l d e d by r o u n d i n g bo th ends of the w i r e and fo rc ing 
t h e m into h o l e s d r i l l e d into -r—in. l e n g t h s of -T- - in . -d iameter s t a i n l e s s s t e e l 
r o d s . The p r e s e n c e of the r o d s a c t e d a s hea t s i n k s a s w e l l a s s h i e l d s to 



p r e v e n t ign i t ion at w i r e e n d s . Suff icient w i r e l eng th ( l e n g t h / d i a m e t e r 
g r e a t e r t h a n 30) a s s u r e d tha t the w i r e m i d p o i n t w a s no t affected by the 
p r e s e n c e of h e a t s inks at the w i r e e n d s . The r e s u l t s a r e g iven in the 
r i g h t - h a n d c o l u m n of T a b l e 44 . R e s u l t s wi th s h i e l d e d and u n s h i e l d e d ends 
d i v e r g e d for the two l a r g e s t w i r e s . C a r e f u l v i s u a l e x a m i n a t i o n of ign i t ion 
of the l a r g e r u n s h i e l d e d w i r e s r e v e a l e d t h a t ign i t ion b e g a n at one end and 
then p r o p a g a t e d r a p i d l y a c r o s s the s p e c i m e n . W i r e s wi th s h i e l d e d ends 
a p p e a r e d to ign i t e u n i f o r m l y o v e r the w i r e l eng th . 

Table 44 

SHIELDED IGNITION TEMPERATURES OF ZIRCONIUM IN OXYGEN 

Ignition Temp (C) by Method 

Specimen 
Dimensions 

Foils 
(2.5 mm wide x 22 mm long) 

0,94 mm thick 
0,27 mm thick 
0,13 mm thick 
0,02 mm thick 
0.007 mm thick 

Specific 
Area 

(sq cm/g) 

4.4 
12.9 
25.2 

155 
441 

Helium Flow 
Method, Ends 

Exposed 

935 
833 
786 
665 
600 

Quartz Vial 
Method, Ends 

Exposed 

-
795 
778^ 
645 
508 

Helium Flow 
Method, Ends 

Shielded 

-
-
-
-
_ 

Wires 
(30 mm long with ends 

exposed and 50 mm long 
with ends shielded) 

1.52-mm diameter 
0.76-mm diameter 
0,38-mm diameter 

4,1 
8,1 
6,2 

953 
896 
847 

1036 
932 
833 

^Underlined values a re plotted in Figure 37, 

C o m p a r i s o n of T h e o r e t i c a l and E x p e r i m e n t a l Igni t ion 
T e m p e r a t u r e s 

The e x p e r i m e n t a l v a l u e s of ign i t ion t e m p e r a t u r e for z i r ­
con ium foi ls and w i r e s in oxygen a r e p lo t t ed in F i g u r e 37. R e s u l t s t ha t 
w e r e af fected e i t h e r by p r e - o x i d a t i o n effects (high spec i f i c a r e a ) o r by 
end effects (low spec i f i c a r e a s ) w e r e e l i m i n a t e d b e f o r e p lo t t i ng . The 
va lues u s e d in the plot a r e u n d e r l i n e d in T a b l e 44. The t h e o r e t i c a l r e ­
su l t s s u m m a r i z e d in T a b l e 43 a r e a l s o p lo t t ed in F i g u r e 37. It i s a p p a r e n t 
f rom the r e s u l t s tha t t h e o r e t i c a l ign i t ion t e m p e r a t u r e s a r e low at h igh 
spec i f ic a r e a s and h igh at low spec i f i c a r e a s a l though both c u r v e s have 
a s o m e w h a t s i m i l a r s h a p e . The u p s w e e p of the t h e o r e t i c a l c u r v e in F i g ­
u r e 37 i s due to the g r e a t l y i n c r e a s e d r a d i a t i o n h e a t l o s s e s at h igh t e m ­
p e r a t u r e s . The c o m p a r i s o n of t h e o r e t i c a l and e x p e r i m e n t a l r e s u l t s 



s u g g e s t s t ha t p e r h a p s the e m i s s i v i t y va lue (0.75) u s e d in the c a l c u l a t i o n s 
w a s too h igh . The low, c a l c u l a t e d t e m p e r a t u r e at h igh spec i f i c a r e a i n ­
d i c a t e s that p e r h a p s the c o n v e c t i o n h e a t t r a n s f e r coeff ic ient [0.0005 c a l / 
( s e c ) ( s q cm)(K)] w a s too low, s i n c e h e a t l o s s e s at l ower t e m p e r a t u r e s 
o c c u r in l a r g e m e a s u r e by c o n v e c t i o n . F u t u r e s t u d i e s m a y inc lude m e a s ­
u r e m e n t s of h e a t l o s s coef f i c ien t s u n d e r condi t ions s i m i l a r to t h o s e u sed 
in s h i e l d e d ign i t ion e x p e r i m e n t s . 

FIGURE 37 
SPECIFIC AREA DEPENDENCE OF ZIRCONIUM IGNITION 
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T h e o r e t i c a l t e m p e r a t u r e - t i m e c u r v e s for s p e c i m e n s of 
low spec i f i c a r e a , shown in F i g u r e 36, i nd ica t ed tha t it r e q u i r e d ove r 
one s econd for the m e t a l to r e a c h a p e a k t e m p e r a t u r e be fo re cooling 
o c c u r r e d in nonigni t ing r u n s . T h e r e f o r e , it a p p e a r e d f ea s ib l e to a t t a c h 
v e r y fine t h e r m o c o u p l e s to the s p e c i m e n w i r e s and to obta in a d i r e c t 
c o m p a r i s o n b e t w e e n c a l c u l a t e d and m e a s u r e d r a t e s of t e m p e r a t u r e r i s e 
for the l a r g e w i r e s . P l a t i n u m , p l a t i n u m - 1 0 % r h o d i u m t h e r m o c o u p l e s 
( 5 - m i l w i r e s ) w e r e s p o t - w e l d e d to the c e n t e r of 1 . 5 2 - m m (60 -mi l ) z i r ­
c o n i u m w i r e s p e c i m e n s . The ends of the s p e c i m e n w e r e sh ie lded by 
s t a i n l e s s s t e e l c a p s . The fine t h e r m o c o u p l e s w e r e connec ted to a 
V i s e c o r d e r h i g h - s p e e d o s c i l l o g r a p h . The r e s u l t i n g t e m p e r a t u r e - t i m e 
c u r v e s a r e c o m p a r e d w i th a t h e o r e t i c a l c u r v e for a s a m p l e of s i m i l a r 
spec i f i c a r e a in F i g u r e 38 . It i s a p p a r e n t that the e x p e r i m e n t a l c u r v e s 
have the s a m e g e n e r a l f e a t u r e s a s the t h e o r e t i c a l c u r v e . It is l ike ly that 
m u c h of the d i f f e r ence b e t w e e n e x p e r i m e n t a l and t h e o r e t i c a l c u r v e s a r e 
due to a l agg ing t h e r m o c o u p l e r e s p o n s e . 

The c o m b i n e d t h e o r e t i c a l and e x p e r i m e n t a l s t ud i e s of z i r ­
c o n i u m s h i e l d e d ign i t ion i n d i c a t e that the c o u r s e of igni t ion can be compu ted 
f r o m i s o t h e r m a l r a t e da t a and a s i m p l e hea t t r a n s f e r m o d e l . Th i s p r o v i d e s 
e v i d e n c e tha t z i r c o n i u m ign i t ions a r e t h e r m a l in c h a r a c t e r . An i m p o r t a n t 
po in t is tha t ign i t ion b e h a v i o r u n d e r cond i t ions o the r than the sh i e lded m e t h o d 
m a y a l s o be p r e d i c t e d f r o m i s o t h e r m a l r a t e da ta if a h e a t t r a n s f e r m o d e l 
can be found w h i c h a d e q u a t e l y d e s c r i b e s the e n v i r o n m e n t a l cond i t i ons . 

0 EXPERIMENTAL 

1 THEORETICAL 



FIGURE 38 

COMPARISON OF THEORETICAL AND EXPERIMENTAL 

TEMPERATURE CURVES FOR ZIRCONIUM IN OXYGEN 

1700 

< 1400 

1300 

1100 

EXPERIMENTAL (SPECIFIC AREA = 4 I sqcm/g) 
THEORETICAL (SPECIFIC AREA = 5 0 sqcm/g) 

EXPERIMENTAL; INITIAL TEMP = I 0 4 4 C -

THEORETICAL, INITIAL TEMP = I027C 

EXPERIMENTAL, INITIAL TEMP = 1027 C 

0 5 10 15 
TIME AFTER OXYGEN ADMITTED,sec 

2 5 

Conditions of the grea tes t p rac t ica l importance involve aggregates of 
meta l , not mere ly single p ieces . Ignition t e m p e r a t u r e s of aggregates or 
powders a re lower than those of single pieces of equal specific a r ea be­
cause of the heat shielding effect of par t i c les on each other. Future studi 
will be made of methods to introduce heat shielding effects into the heat 
t ransfer model . 

2. I so thermal Oxidation of Uranium at High Tempera tu re 
(L. Baker, J . D. Bingle, G. Klepac,* R. Koonz**) 

Efforts a r e underway to descr ibe quantitatively t e m p e r a t u r e -
t ime curves obtained exper imental ly with uranium by the burning curve 
method. This t r ea tmen t should be s imi la r to that r epor ted for zirconium 
in the previous section. I so thermal rate data, covering the t empera tu re 
range from 125 C to 300 C, for uranium were repor ted in ANL-5974, 
page 50. Ignition t e m p e r a t u r e s for single p ieces , however, range from 
325 to 600 C. Attempts to extrapolate the previous data were not s a t i s ­
factory. It was therefore neces sa ry to embark on a p rog ram of studies 
of the i so the rmal oxidation r a t e s of uranium in the t empera tu re range 
from 300 to 600 C. 

*Summer enaployee from Carnegie Institute of Technology. 

**Summer employee from Wabash College. 



Previous studies up to 300 C were cut off because it was ob­
served that the uranium cube specimens were self-heating as nauch as 
25 C during a run at 325 C. It was , therefore , incor rec t to assume that 
the controlled furnace t empe ra tu r e was also the meta l t empera tu re . The 
meta l specimen was contained in a glass boat during these runs . P r e s e n t 
studies were conducted with a mass ive metal "heat sink" react ion cell . 
Details of cel l construct ion a r e shown in Figure 39. The uraniuna speci ­
men, usually a one-cm cube, was compressed between two mass ive pieces 
of ei ther aluminum or s ta in less s teel by a s ta inless steel spring. The 
react ion cell was connected to the same apparatus used to measu re volume 
additions to the sys tem, while maintaining a constant p r e s s u r e , that was 
used for the 125 to 300 C data. This apparatus is descr ibed in ANL-5974, 
page 41 . 

FIGURE 39 
APPARATUS FOR ISOTHERMAL OXIDATION 

STUDIES AT HIGH TEMPERATURE 

TO ISOTHERMAL APPARATUS 

THERMOCOUPLE 

P r e l i m i n a r y studies over the tempera ture range from 300 to 
600 C were made with Argonne-base (j3-quenched) uranium. These runs 
were made with pure oxygen at 200 m m p r e s s u r e . The nature of the oxida­
tion curves is indicated in F igure 40. The curves correspond to the 
second-s tage react ion repor ted previously. The slow, l inear , f i r s t - s t age 
react ion is barely percept ible in most of the h igh- tempera ture runs. 
Rates at 300 C decreased somewhat in la ter stages of the run. Rates a c ­
ce lera ted somewhat as react ion p rog re s sed for runs in the range from 
350 to 450 C. Rates again dec reased with tinae for runs from 500 to 600 C. 
This behavior is apparent in F igure 40. Because of this , it was difficult 
to make p rec i s e compar isons between ra tes at differing t empera tu re s . 
Data repor ted previously at t e m p e r a t u r e s below 300 C were the maximum 



ra tes observed. Rates above 300 C were a r b i t r a r i l y taken as the instan­
taneous ra te occurr ing after 10,000-jUg/sq cm oxidation. These r a t e s a re 
plotted as a function of r ec ip roca l t empera tu re in F igure 41 . 

FIGURE 4 0 
OXIDATION OF URANIUM IN 200 mm 
OXYGEN AT VARIOUS TEMPERATURES 

TIME, mm 1000/T, K 

Figure 41 shows that the low- tempera tu re r a t e s cannot be 
extrapolated beyond 400 C. Rates between 400 and 500 C actually dec rease 
with t e m p e r a t u r e . Rates above 500 C again inc rease rapidly with t emper ­
ature . Fur the r studies will be made with Bat te l le -base ("as cast") meta l 
because of str iking differences noted in the burning curve ignition behavior 
of the two me ta l s . An effort to m e a s u r e the meta l t empera tu re r i se during 
runs in the "heat sink" apparatus is also under way. Data presented in 
F igures 40 and 41 mus t be considered tentative until additional runs can 
be completed, including measu remen t s of self-heating under these 
conditions. 

3. Burning Propagat ion and Ignition Studies - The Effect of 
Halogenated Hydrocarbons 
(L. Leibowitz, L. W. Mishler) 

The burning propagation r a t e , that is the ra te of advance of a 
combustion zone along a wire or foil s t r ip , has been used to compare the 
effects of var ious halogenated hydrocarbons on uranium and zirconium 
combustions in a i r . The dual pyromete r used in this work allow^s s imul­
taneous measu remen t s to be made of burning propagation rate and burning 
t empera tu re (see ANL-6333, page 210). 



It has been found that both the burning propagation velocity and 
the maximum burning t empera tu re a r e lowered by the p resence of a few 
percent in a i r of any one of a nunaber of halogenated hydrocarbons (see 
ANL-6379, page 195). Some tes t s have recent ly been made with z i rconium 
foil s t r ips (0.02 X 3 mm) and additional work has been ca r r i ed out with 
uraniuna (0.013 x 3 m m ) . 

a. Burning Propagat ion Rates and Tempera tu re 

All of the data now available a r e l is ted in Table 45. Each 
value is an average of at leas t two runs , that i s , two velocit ies and four tem­
p e r a t u r e s . F o r convenience, the information is assembled so that compar ­
isons can readi ly be made of the effect of var ia t ion in the constitution 
of the organic molecule . In group l(a) a r e compared four molecules of the 
type CF3-X. Clear ly , CF4 is near ly iner t , producing only a smal l change 
in the burning propagat ion velocity. Note, however, that at the four p e r ­
cent level , an appreciable d e c r e a s e in burning t empera tu re is produced. 
Another significant point is that CHF3 behaves much like the chlorine and 
bromine der iva t ives . The inhibiting effect is thus not caused only by 
halogen a toms . 

Table 45 

E F F E C T OF VARIOUS CONTAMINANTS ON BURNING OF 
URANIUM TySTD ZIRCONIUM FOILS IN AIR 

I. Uranium (foil 0.13 x 3.0 mm) 

Concentrat ion (volume percent) 

Contaminant v^ T 

None 0.52 1335 0.52 1335 

(a) CF3-X 

C F 3 - F 
C F 3 - H 
CF3-C1 
C F 3 - B r 

CH3-CI 
CH3-Br 
CH3-I 

0.51 
0.43 
0.49 
0.39 

0.41 
0.42 
0.47 

(b) 

1220 
1195 
1180 
1170 

CH3-X 

1190 
1250 
1275 

0.49 
0.42 
0.41 
0.38 

0.39 
0.39 
0.49 

1170 
1165 
1130 
1120 

1165 
1175 
1090^ 
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Table 45 (Cont'd.) 

I. Uranium (foil 0.13 x 3.0 mm) (Cont'd.) 

Concentrat ion (volume percent) 

C o n t a m i n a n t 

C2H5-CI 
CzHs-Br 
C2H5-I 

CF3-CI 
CH3-CI 
C2H5-CI 

C F g - B r 
CH3-Br 
CzHs-Br 

CH3-I 
C2H5-I 

CH3CI 
CH2CI2 
CHCI3 
CCI4 

CHF3 
CHF2CI 
CHFCI2 
CHCI3 

CF3CI 
CF2CI2 

He 
A r 

N2 
CHzBrCl 
CH3CHF2 

v a 

0.40 
0.47 
0.53 

0.49 
0.41 
0.40 

0.39 
0.42 
0.47 

0.47 
0.53 

2 

(c) 

(d) 

(e ) 

(f) 

rpb 

C2H5-X 

1170 
1220 
1210^ 

R - C l 

1180 
1190 
1170 

R - B r 

1170 
1250 
1220 

R - I 

1275 
1210^ 

V 

0.39 
0.35 
0.47 

0.41 
0.39 
0.39 

0.38 
0.39 
0.35 

0.49 
0.47 

(g) I n c r e a s i n g C h l o r i n a t i o n 

0.41 
0.36 
0.30 
0.35 

0.43 
0.40 
0.38 
0.30 

0.49 
0.37 

0.48 
0.47 
0.51 
0.39 

(h) 

N. F 

1190 
1160 
1120 
1110^ 

1195 
1065 
1060 
1120 

1180 
1095 

O t h e r s 

1235 
1245 
1320 
1175 

, d 

0.39 
0.33 
0.32 
0.33 

0.42 
0.31 
0.31 
0.32 

0.41 
0.32 

0.49 
0.47 
0.47 
0.31 

4 

T 

1070^ 
IO6OC 
llOOC 

1130 
1165 
1070^ 

1120 
1175 
1060^ 

1090^ 
1100^ 

1165 
1130 
1110 
1025^ 

1165 
1020 

9 7 5 
1110 

1130 
1040 

1260 
1275 
1290 
1120 

N. P . 



Table 45 (Cont'd.) 

II. Zi rconium (foil 0.02 x 3.0 mm) 

Concentration (volume percent) 

Contaminant 

None 

CF3-F 
CF3-H 
CF3-CI 
CFa-Br 

CH3-CI 
CHs-Br 

CF3-CI 
CH3-CI 

CF3-Br 
CH3-Br 

He 
Ar 
CHaBrCl 
CH3CHF2 

V 

2.20 

1.59 
1.22 

2.15 
1.93 

2.15 

1.93 

2.39 
2.53 
1.61 
1.47 

2 

-

(a) 

N. 
N. 

(b) 

(c) 

N. 

(d) 

N. 

(e) 

T 

1540 

CF3-X 

1530 
1380 

P . 
P. 

CH3-X 

1440 
1455 

R-Cl 

P . 
1440 

R-Br 

P . 
1455 

Others 

1530 
1560 
1380 
1295 

V 

2.20 

1,51 
1.17 

2.09 
1.70 

2.09 

1.70 

2.53 
2.35 

1.40 

4 

N. 

N. 

N. 

-

P . 

P . 

P . 

T 

1540 

1535 
1300 

1350 
1330 

1350 

1330 

1525 
1560 

1230 

^ v = Burning propagat ion velocity ( cm/ sec ) . 

b T = Maxinaum burning t empera tu re (C). 

c Tempera tu re uncer ta in due to excessive smoking. 

dN. P . - Burning propagat ion would not occur . 

Set l(b) c lear ly shows the re la t ive ineffectiveness of the 
iodide CH3I, whe reas CH3CI and CH3Br a r e quite s imi la r to each other. 
This ineffectiveness of the iodide is shown also in l(c), where the ethyl 
hal ides a r e compared . 



It is a lso possible to compare the effect of varying the 
radica l R while maintaining the halogen atom X constant. In 1(d) this 
is done for a set of ch lor ides . At the two percent level , CF3CI seems 
strangely ineffective, but there a r e no distinct differences between the 
CF3, CH3, and C2H5 chlor ides . This is t rue a lso of the bromides and 
iodides, as is shown in l(e) and (f). 

It s eems c lear from the compar i sons shown in 1(g) that 
increasing chlorinat ion leads to increas ing effectiveness of the molecule . 
Thus, in going from CHF3 to CHCI3, the burning propagation ra te falls by 
about one- th i rd . 

Because of the effectiveness of CHF3, it was decided to 
examine CH3CHF2, the only other readi ly avai lable , suitable CHF com­
pound. As shown in 1(h), this compound completely inhibited burning 
propagation at the two percent level . 

Burning of u ran ium in a i r is evidently controlled by the 
rate of diffusion of oxygen through a boundary layer of ni trogen around 
the combustion zone. In quali tat ive t e r m s , the genera l inhibition observed 
here may be unders tood as a decomposit ion of the organic molecule in the 
boundary layer and react ion of the fragments with oxygen. The net effect 
is to lower the ra te of diffusion of oxygen and, consequently, the ra te of 
combustion. Some of the differences in effectiveness d i scussed above may 
be clarified if we consider some of the bond dissociat ion energ ies involved. 
Unfortunately, values a r e not available for all the compounds studied. Some 
pert inent va lues , however, a r e tabulated below.^-'• 

R-X Bond Dissociat ion Energ ies 
(kcal /mole) 

X 

R H F CI Br I 

CH3 102 107 81 68 53 
CF3 103 121 65 
C2H5 96 83 65 51 

T h u s , the i n e r t n e s s of CF4 m a y be a t t r i b u t e d to the g r e a t s t a b i l i t y of the 
C - F bond in t ha t c o m p o u n d . B e c a u s e of the w e a k n e s s of the C-I bond, the 
iod ides d e c o m p o s e r e a d i l y o u t s i d e the b o u n d a r y l a y e r and a r e e f fec t ive ly 
lo s t . A s s u m i n g a f r e q u e n c y f a c t o r of 10^^ s e c " ^ , the f i r s t - o r d e r r a t e con ­
s t a n t s for d e c o m p o s i t i o n of the m e t h y l c o m p o u n d s of c h l o r i n e , b r o m i n e , 
and iod ine , and for CF3H a r e of the o r d e r of 1 0 \ 10^, 10^ and 10"^, r e ­
s p e c t i v e l y , a t 1500 K. F o r CF4 the v a l u e is 10~^. E v i d e n t l y CF4 i s too 
s t a b l e to be e f fec t ive wh i l e CH3I i s too u n s t a b l e . 

3 1 C o t t r e l l , T. C , The S t r e n g t h s of C h e m i c a l B o n d s , B u t t e r w o r t h s 
Sc ien t i f i c P u b l i c a t i o n s , London, (1958) . 



Some w o r k w a s a l s o done on z i r c o n i u m c o m b u s t i o n ( s ee 
Tab le 4 5 , Sec t ion II). The g r e a t e f f e c t i v e n e s s of CF3Br and CF3CI i s 
p a r t i c u l a r l y s t r i k i n g . Burn ing p r o p a g a t i o n would not o c c u r wi th t h e s e 
fo i ls even at a c o n c e n t r a t i o n of two pe i ' cen t . The p r e s e n c e of a CF3 g roup 
s e e m s to be m u c h m o r e b e n e f i c i a l w i th z i r c o n i u m than w a s the c a s e wi th 
u r a n i u m . Some rough c o m p a r i s o n s m a y be m a d e by taking the r a t i o r of 
Z r : U of the f r a c t i o n a l b u r n i n g p r o p a g a t i o n r a t e s for a given compound 
and c o n c e n t r a t i o n . T h u s , for e x a m p l e , for CF4 at 2 p e r c e n t we find 
r = ( 1 . 5 9 / 2 . 2 0 ) / ( 0 . 5 1 / 0 . 5 2 ) = 0 .73 . Since r < l , CF4 is r e l a t i v e l y m o r e 
effect ive wi th z i r c o n i u m than w i th u r a n i u m . T h e s e v a l u e s a r e a l m o s t 
i d e n t i c a l for both 2 and 4 p e r c e n t r e s u l t s and t hose tha t could be c a l c u ­
l a t e d a r e l i s t e d be low: 

Compound r 

CF4 0.73 
CHF3 0.66 
CH3CI 1.22 
CH3Br 1.02 

The g r e a t e r r e l a t i v e e f f ec t i venes s of CF3 d e r i v a t i v e s in 
z i r c o n i u m c o m b u s t i o n m a y be due to the h ighe r burn ing t e m p e r a t u r e . At 
1750 K, aga in a s s u m i n g a f r e q u e n c y f a c t o r of 1 Ô '̂  s ec"^ , the f i r s t - o r d e r 
r a t e c o n s t a n t for d i s s o c i a t i o n of CF4 is of the o r d e r 10" . A m o r e e x ­
t e n s i v e q u a n t i t a t i v e t r e a t m e n t of the bu rn ing p r o p a g a t i o n r a t e is being 
p r e p a r e d and wi l l be a v a i l a b l e s h o r t l y . 

b . Igni t ion T e m p e r a t u r e Studies 

In c o n s i d e r i n g p o s s i b l e a p p l i c a t i o n s of ha logena ted 
h y d r o c a r b o n s to p r a c t i c a l c a s e s of m e t a l f i r e s ( see above) , it b e c a m e 
i m p o r t a n t to e x p l o r e the ef fec ts of t h e s e compounds on igni t ion t e m p e r ­
a t u r e . The bu rn ing c u r v e ign i t ion t e m p e r a t u r e of 0.1 3 - m m - t h i c k u r a n i u m 
foil s t r i p s w a s m e a s u r e d in a i r con ta in ing s m a l l add i t ions of v a r i o u s h a l o ­
g e n a t e d h y d r o c a r b o n s . The r e s u l t s ob ta ined a r e l i s t e d in Table 46. The 
i m p o r t a n t poin t to note is tha t CHF3 and CH3CHF2 had v e r y l i t t l e effect on 
ign i t ion t e m p e r a t u r e w h e r e a s a l l the c h l o r i n e - or b r o m i n e - c o n t a i n i n g 
c o m p o u n d s l o w e r e d the ign i t ion t e m p e r a t u r e c o n s i d e r a b l y . The two c o m ­
pounds m e n t i o n e d w e r e qu i t e ef fect ive in lower ing the burn ing p r o p a g a t i o n 
r a t e and burn ing t e m p e r a t u r e . H o w e v e r , the compound CH3CHF2 f o r m s 
f l a m m a b l e m i x t u r e s wi th a i r . Sui table b lending wi th o the r compounds 
m i g h t e l i m i n a t e t h i s h a z a r d . 

The ign i t ion t e m p e r a t u r e r e s u l t s s e e m to ind ica t e an 
e x o t h e r m a l r e a c t i o n b e t w e e n the c h l o r i n e and b r o m i n e compounds 
and p e r h a p s u r a n i u m d i o x i d e , c a u s i n g i n c r e a s e d hea t l i b e r a t i o n and 



lower ignition t e m p e r a t u r e . In any p rac t i ca l use of these agents as fire 
inhibitors a seve re dec rease in ignition tenaperature would not be d e s i r ­
able. Compounds containing only carbon, hydrogen, and fluorine seem 
at t rac t ive from this standpoint. 

Table 46 

BURNING CURVE IGNITION TEMPERATURES OF 
URANIUM FOILS IN AIR CONTAMINATED WITH 

CERTAIN HALOGENATED HYDROCi^RBONS 

(Foil 0.13 X 3 mm) 

Ignition Tempera tu re (C) in Contaminant 
of Indicated Concentration 

(Volume Percen t ) 

Contaminant 

None 
Argon 
CHF3 
CH3CHF2 
CHjBr 
CHzBrCl 
CF3CI 
CH3CI 
CFsBr 
CHCI3 

Plutonium-

2 

380 
380 
395 
350 
340 
320 
310 
305 
285 
270 

•ignition Studies 

4 

380 
350 
400 

-
300 

-
300 
290 
270 

-

4. 
( j . G. Schnizlein, D. F . F i scher ) 

Instal lat ions of equipment in the plutonium glovebox-^'^ facility 
a r e complete . Exper iments have been r e sumed on ignition and burning 
of plutonium samples . 

A view of the three module glovebox to be used for these 
studies is shov/n in F igure 42. Warning systenas a r e provided for fire 
detection, a i r moni tor ing, radiat ion, ventilation, and cr i t ica l i ty . Windows 
a re T- in . laminated safety g la s s . A rec i rcu la t ing sys tem provides dry 
air (< 1% rela t ive humidity). Provis ion is made so that an iner t a t m o s ­
phere can be used on a once- through sys tem. 

•̂  Malecha, R. F . , ^ a l . . Low Cost Gloveboxes, p resen ted at Eighth 
Hot Labora tory Conference in San F r a n c i s c o , Calif., Dec. 13, I960. 



F i g u r e 42 

T H R E E - M O D U L E GLOVEBOX F O R P L U T O N I U M 
IGNITION-OXIDATION STUDIES 

m e n t s ; 

A p p a r a t u s has been a s s e m b l e d to do t h r e e t y p e s of e x p e r i -
1) b u r n i n g p r o p a g a t i o n , (2) igni t ion , and (3) c o n t r o l l e d ox ida t ion . 

The p r o p a g a t i o n ce l l for e n c l o s i n g the s a m p l e in a c o n t r o l l e d 
a tnnosphe re du r ing p r o p a g a t i o n r a t e s t u d i e s i s i l l u s t r a t e d in F i g u r e 4 3 . 
It c o n s i s t s of a 6 - in . l e n g t h of 4 - i n . - I D P y r e x pipe c l o s e d a t one end by a 
c i r c u l a r window of- j - - in . p l a t e g l a s s and a t the o t h e r by a m e t a l p l a t e f i t ted 
wi th s u p p o r t s for the s a m p l e , g a s - i n l e t and ou t le t t u b e s , and i n s u l a t e d 
e l e c t r i c a l l e a d s . The a p p a r a t u s is e a s i l y d i s m a n t l e d , and the s a m p l e s u p ­
p o r t s and o t h e r p a r t s a r e s u c h tha t s a m p l e moun t ing and a l i g n m e n t can be 
a c c o m p l i s h e d r e a d i l y . 



F i g u r e 43 

BURNING P R O P A G A T I O N C E L L 
( A s s e m b l e d ) 

P h o t o g r a p h i c r e c o r d s of the bu rn ing p r o p a g a t i o n of the foil 
s p e c i m e n s wi l l be m a d e wi th a F a s t a x h i g h - s p e e d c a m e r a wh ich of fe rs 
s p e e d r a n g e s f r o m 100 to 16,000 f r a m e s / s e c o n d . The p h o t o - b e a m l a m p s 
ou t s ide the m o d u l e p r o v i d e the n e c e s s a r y l igh t ing . P r e c a u t i o n s a r e t a k e n 
to p r e v e n t g l a s s b r e a k a g e on the g lovebox . The newly d e s i g n e d and 
deve loped t w o - c o l o r p h o t o e l e c t r i c p y r o m e t e r m a y a l s o be u s e d to r e c o r d 
the b u r n i n g p r o p a g a t i o n . T h i s a p p a r a t u s wi l l s i m u l t a n e o u s l y r e c o r d the 
p r o p a g a t i o n r a t e and the b u r n i n g t e m p e r a t u r e . 

The s a m p l e s for t h e s e e x p e r i m e n t s a r e ob ta ined f r o m fo i l s . 
The foi ls a r e cut wi th a s h e a r s p e c i a l l y d e s i g n e d for th i s p u r p o s e . Th i s 
s a m e s h e a r m a y be h e a t e d in c a s e s o m e foi ls a r e too b r i t t l e to cut a t r o o m 



t e m p e r a t u r e . The s t r ips a re usually severa l cen t imete r s long, 1 to 5 m m 
wide, and less than 1 m m thick. In the burning propagation appara tus , 
one end of a plutonium foil s t r ip is at tached to the nuts of the sample sup­
port . The other end of the specimen is touching a platinum ignition wi re . 
This ignition wi re is control led by a switch and var iac on the outside of 
the module. The cell is then a s sembled with gas- in le t and gas-exhaus t 
l ines in p lace . The control led a tmosphere (usually air or oxygen) gas line 
is turned on at the solenoid control panel underneath the module. The 
Fas tax c a m e r a and beam lamps a r e mounted and positioned outside the 
module. After a t ime lapse of 1 0 min to flush the cell , the beam lamps 
a r e turned on, the ignition switch is t r iggered , and the camera is s ta r ted 
as the sample igni tes . After the sample ignites, the ignition switch is 
turned off. Upon completion of the run, the flowing controlled a tmosphere 
is stopped and hel ium admit ted if nece s sa ry . 

Ignition experinaents a r e conducted in 700-watt furnaces with 
wa te r -coo led she l l s . A z i rconia tube will be used as an inner pro tec tor 
l iner for the r eac to r in both burning curve and shielded ignition expe r i ­
men t s . The r eac to r is made of quar tz and has a quartz optical flat window 
on top for observat ion pu rposes . The oxidizing gas will enter the bottom 
center , pass through the tube, pas t the sample , and out the top. The West 
p r o g r a m m e r to be used for the programnaing of the burning curve exper i ­
ments with plutonium and controlling furnace t empera tu re s for shielded 
ignition studies p resen t ly has one programming cam to obtain the des i red 
l inear heating r a t e s and control led t e m p e r a t u r e s . F rom this one p r o g r a m ­
ming cam, l inear heating ra t e s from 1 deg/min to 15 deg /min (with 
seven in te rmedia te r a t e s ) can be obtained by increasing or decreas ing the 
gear ra t io of the cam cycle. P re sen t ly the maximum p rog rammed t em­
pe ra tu re and controll ing t e m p e r a t u r e is 725 C. 

In burning curve exper iments the sample is heated in a con­
t rol led oxidizing a tmosphere at a uniforna ra te of t empera tu re inc rease . 
Thermocouples indicate the degree of self-heating of the sample over that 
of the surrounding gas s t r e a m . Ignition is observed visually and the igni­
tion t empera tu re is obtained graphical ly from the t i m e - t e m p e r a t u r e t r ace . 

In shielded ignitions the sample is inser ted into a controlled 
tenaperature environment . Helium is used to protec t the sample from 
oxidation when the thermocouple assembly is inser ted into the hot reac tor 
and until the sample equi l ibr ium t empera tu re is reached in approximately 
7 to 1 0 min. At that t ime the helium is turned off and the oxidizing a tmos ­
phere is introduced. If the sample does not ignite after a minute or two, 
the oxidizing a tmosphere is turned off and the helium readmit ted . If the 
sample igni tes , the helium is readmi t ted to quench the react ion. The 
thermocouple a s sembly is removed from the reac tor and furnace and 
allowed to cool to roona t e m p e r a t u r e before further dismantling. P r o ­
cedures have been es tabl ished so that is not necessa ry to have one 's hands 



m ^ 

in the boxes du r ing the b u r n i n g , ign i t ion , or p r o p a g a t i o n e x p e r i m e n t . 
Solenoid v a l v e s , c o n t r o l l e d f r o m ou t s ide the box, pernni t r a p i d swi tch ing 
f r o m h e l i u m to a i r (or oxygen) and b a c k to h e l i u m . Th i s a r r a n g e m e n t is 
e s s e n t i a l for s h i e l d e d ign i t ions and wi l l be an added safe ty f e a t u r e to p e r ­
m i t quench ing and ex t ingu i sh ing r a p i d r e a c t i o n s qu ick ly in the a p p a r a t u s . 
A l s o , the g a s e s a d m i t t e d to the g lovebox p a s s t h r o u g h g a s m a s k c a n i s t e r 
f i l t e r s to p r e v e n t c o n t a m i n a t i o n of the l i n e s ou t s ide the box. 

C o n t r o l l e d ox ida t ion b e h a v i o r of p lu ton ium and i t s a l l o y s wi l l 
be d e t e r m i n e d by g r a v i m e t r i c s t u d i e s . A p p a r a t u s for t h e s e s t u d i e s con ­
s i s t s of an A i n s w o r t h r e c o r d i n g b a l a n c e m o u n t e d o v e r a w a t e r - j a c k e t e d , 
h inged , 1400 -wa t t " h e a v y - d u t y " f u r n a c e ( see F i g u r e 44) . The g a s e s a r e 
c o n t r o l l e d wi th the so leno id v a l v e s . S a m p l e s wi l l be s u p p o r t e d i n s ide the 
f u r n a c e tube in a p l a t i n u m b a s k e t hung f r o m the b a l a n c e pan . He l ium or 
a r g o n and an ox id iz ing gas wi l l be a v a i l a b l e for the f u r n a c e tube a p p a r a t u s . 

F i g u r e 44 

P L U T O N I U M T H E R M O G R A V I M E T R I C A P P A R A T U S 



A baffle sys tem min imizes the contamination of the glovebox a tmosphere . 
Ei ther burning curve exper iments or isothernaal oxidations can be pe r ­
formed, and weight gains m e a s u r e d . 

This appara tus has been equipped with a Thermocouple t r a n s ­
ducer (visible in left side of balance case in Figure 44) which does not 
in ter fere with the balance operat ion. The t empera tu re of the sample is 
converted to an e lec t r i c signal which is recorded on a potent iometer 
r e c o r d e r ex te r ior to the glovebox. The movable port ion consis ts of a 
thermocouple , a p rec i s ion r e s i s t o r , and a coil in s e r i e s . The coil is 
inter locked with a toroidal magnet ic amplif ier . The the rmoe lec t r i c out­
put of the thermocouple causes cu r r en t through the coil. The magnetic 
amplif ier provides a potential propor t ional to the t empera tu r e . Cal ibra­
tion has demons t ra ted a p rec i s ion of approxinaately 2 degrees . 

With this added feature both t empera tu re and weight of sample 
a r e continuously r ecorded . This will allow rapid appra i sa l s of oxidation 
ra t e s over a la rge range of t e m p e r a t u r e s . 

B. Meta l -Water Reactions 
(L. Baker) 

1. Condenser -d i scharge Method 
(L. Baker , R. Warchal , R. Koonz*) 

The condense r -d i scha rge experiment is an at tempt to obtain 
fundamental ra te data under exper imenta l conditions s imi la r to those en­
countered during a se r ious accident in a nuclear r eac to r . Ei ther a nuclear 
runaway or a sudden loss of coolant during operat ion of a water -cooled 
reac to r could r e su l t in contact between very hot fuel and cladding meta l s 
with water or s team and might involve fine pa r t i c l e s . The condenser-
d ischarge exper iment s imula tes the limiting case of a nuclear incident in 
that the heating t ime is ve ry shor t and very fine meta l par t ic les a re 
produced. 

In the condense r -d i scha rge exper iment , meta l wi res a re rapidly 
mel ted and d i spe r sed in a water - f i l led cell by a surge cur ren t from a bank 
of condensers . The energy input to the wire is used to calculate the initial 
react ion t e m p e r a t u r e . The t rans ien t p r e s s u r e m e a s u r e s react ion ra t e , the 
amount of hydrogen genera ted gives the extent of react ion, and the par t ic le 
size of res idue indicates the surface a r ea exposed to react ion. 

Analysis of r e su l t s is based on one of the usual laws of meta l 
oxidation (parabolic ra te law) and on the laws of gaseous diffusion and heat 
t r ans fe r . In this way an a t tempt is made to in te rpre t exper imental work 
as it p roceeds . 

*Summer employee f rom Wabash College. 



a. Uranium Runs in Heated Water 

A s e r i e s of runs with 30-nail uranium wi re s in the high-
p r e s s u r e reac t ion cell has been completed. The mean par t ic le size of 
res idue from the runs has a lso been determined. Water t empera tu re 
ranged from 100 to 125 C (water vapor p r e s s u r e 15 to 33 psia) in these 
runs . Resul ts of the runs a r e given in Table 47. The new resu l t s in 
heated water a r e compared with previous r e su l t s of runs in room t e m ­
pera tu re water in F igure 45. Runs in r o o m - t e m p e r a t u r e water were r e ­
ported in previous qua r t e r l y r epo r t s (see ANL-6145, page 161, and 
ANL-6183, page 141). The re su l t s show that considerably more react ion 
occur red in heated water than in r o o m - t e m p e r a t u r e wate r . The uranium 
resu l t s a r e , the re fo re , consis tent with previous r e su l t s with z i rconium. 

Table 47 

URANIUM-WATER REACTION DATA FROM HIGH-PRESSURE 
CONDENSER-DISCHARGE APPARATUS 

(Uranium used: 30-nail wi res ) 

R u n 

244^ 
2 4 7 
246 

2 5 3 
251 
2 4 5 
2 5 6 
252 

2 6 0 
2 5 7 
262 

2 5 8 

2 5 9 

Calc M e t a l 
Tf 

a n d 

300, 
1000, 
1133 , 
1400, 
1600, 
1900, 
1900, 
2200 , 
2300 , 
2700 , 
3000, 
3500, 
4100 , 

2mp (C) 
P h y s i c a l 
S ta te 

so l id 
so l id 
75% l iqu id 
l iqu id 
l iqu id 
l iqu id 
l iqu id 
l iqu id 
l iqu id 
l iqu id 
l iqu id 
l iqu id 
l iqu id 

A m b i e n t 
W a t e r 

T e m p (C) 

119 
1 1 3 
116 

117 
106 
116 

124 

109 
1 0 4 
110 
104 
102 
1 0 4 

P e r c e n t 
R e a c t i o n 

1.9 
2 . 5 
6 .7 

27.5 
32.4 
61.4 
51.8 
57.0 
71.9 
70.4 

103.7 
100.0 

94.7 

Saute r 
M e a n 

P a r t i c l e 
Size (/i) 

2 3 7 0 ^ ' ^ 
1230b 
1230b 

5 0 0 
370 
5 3 0 
4 2 0 

3 5 0 
4 8 0 
3 0 0 
140 

180 
2 0 0 

A p p e a r a n c e 
of R e s i d u e 

In tac t 
B r o k e n 
L a r g e p i e c e s 
P a r t i c l e s 
P a r t i c l e s 
P a r t i c l e s 
P a r t i c l e s 
P a r t i c l e s 
P a r t i c l e s 
P a r t i c l e s 
P a r t i c l e s 
P a r t i c l e s 
P a r t i c l e s 

a60-mi l w i re . 

bsize of spheres that would have same surface to volume ra t io as 
original wi re . 



FIGURE 45 
RESULTS OF CONDENSER-DISCHARGE RUNS WITH URANIUM WIRES 
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The m o r e e x t e n s i v e r e a c t i o n ob ta ined in hea t ed w a t e r w a s 
e x p l a i n e d on the b a s i s of a m o r e r a p i d r a t e of g a s e o u s diffusion of w a t e r 
v a p o r t h r o u g h the s t e a m - h y d r o g e n f i lm in the c a s e of z i r c o n i u m . The 
s a m e r e a s o n i n g should apply to the u r a n i u m c a s e . The fact tha t g r e a t e r 
r e a c t i o n in h e a t e d w a t e r a l s o o c c u r r e d wi th u r a n i u m f u r t h e r v e r i f i e s the 
t h e o r e t i c a l a c c o u n t of the z i r c o n i u m - w a t e r r e a c t i o n . 

A t t e m p t s w e r e m a d e to s tudy the u r a n i u m - w a t e r r e a c t i o n 
in 200 C w a t e r . S p e c i m e n w i r e s w e r e a p p r o x i m a t e l y one-hal f c o r r o d e d 
du r ing the one -ha l f to o n e - h o u r p e r i o d in which the w a t e r in the r e a c t i o n 
c e l l i s h e a t e d and f inal r u n p r e p a r a t i o n s a r e m a d e . It w a s , t h e r e f o r e , not 
p o s s i b l e to conduc t c o n d e n s e r - d i s c h a r g e r u n s in the u sua l way. The c o r ­
r o s i o n r a t e s of b a r e u r a n i u m and the a p p r o x i m a t e t i m e r e q u i r e d to con­
s u m e a s p e c i m e n of 3 0 - m i l w i r e a r e shown in Tab le 48 . C o r r o s i o n da ta 
in Tab le 48 show tha t only 2.6 h r a r e r e q u i r e d to c o n s u m e c o m p l e t e l y a 
s p e c i m e n w i r e in w a t e r a t 183 C. The c o r r o s i o n da ta a l s o ind ica te tha t 
l e s s than one p e r c e n t r e a c t i o n o c c u r r e d dur ing the p r e p a r a t i o n p e r i o d for 
r u n s in w a t e r at 100 C. 

L a r g e r p a r t i c l e s f o r m e d in u r a n i u m r u n s w e r e i r r e g u l a r 
in shape whi le the f ine r p a r t i c l e s had a m o r e n e a r l y s p h e r i c a l shape . 
M e a s u r e d p a r t i c l e s i z e s w e r e a v e r a g e s of the l o n g e s t and s h o r t e s t d i m e n ­
s ions of e a c h p a r t i c l e coun ted . The a v e r a g e p a r t i c l e s i z e s r e p o r t e d in 
Tab le 47 and F i g u r e 45 a r e t h e r e f o r e r e p r e s e n t a t i v e of the d i a m e t e r of 
p a r t i c l e s p r e s e n t whi le the m e t a l w a s m o l t e n dur ing the p e r i o d of r e a c t i o n , 
s i n c e p r e s u m a b l y m o l t e n m e t a l p a r t i c l e s would have a n e a r l y s p h e r i c a l 
s h a p e . M e a s u r e d a v e r a g e p a r t i c l e s i z e s a r e p r o b a b l y s o m e w h a t low for 
r u n s in w h i c h v e r y e x t e n s i v e r e a c t i o n o c c u r r e d b e c a u s e of oxide f laking 
s u b s e q u e n t to r e a c t i o n . 



Table 48 

RATES OF BARE URANIUM AQUEOUS CORROSION^ 

Time to Consume 
Temp Corros ion Rate^ 30-mi l Wireb 

(C) [mg/(sq cm)(hr)] (hr) 

50 0.066 5400 
100 2.7 130 
183 139 2.6 

^Reactor Handbook, 2nd Edition, Vol. 1, page 129. 

"Approximate weight and surface a r e a of 30-mil 
w i r e , one inch long = 250 mg and 0.7 sq cm. 

Trans ien t p r e s s u r e t r a c e s were s imi la r to those obtained 
with z i rconium (see ANL-6333, page 214) in that they appeared to be 
composi tes of two reac t ions , one very fast and one much slower. This 
was in te rpre ted to mean that some of the par t i c les produced were capable 
of a very rapid react ion and some underwent only a slow react ion. A 
detectable fract ion of the specimen underwent an explosive p r e s s u r e r i s e 
when the initial me ta l t empera tu re reached about 1600 C in ei ther room-
tempera tu re or heated wa te r . The ent i re samples showed the explosive 
p r e s s u r e r i s e s when initial t e m p e r a t u r e s reached about 2500 C. About 
one-half of the pa r t i c l e s were capable of rapid react ion at initial metal 
t empe ra tu r e s of 1900 C. This behavior indicated that par t ic le size and 
not meta l t empera tu re p r i m a r i l y de termine the reac t ion ra t e . The r e su l t s 
with uranium a re consis tent with the findings for z i rconium that pa r t i c l e s 
sma l l e r than ca. 1000/i in heated water and 500/i in r o o m - t e m p e r a t u r e 
water can undergo a very rapid react ion. The rapid reac t ion was postulated 
to occur by a hydrodynamic mechan i sm whereby the pa r t i c l e s a r e dr iven 
through the water at high velocity by the evolving hydrogen. The high­
speed motion causes an inc rease in the ra te of gaseous diffusion of water 
vapor to the me ta l surface. 

b. Studies of Residue from the Uraniuna-Water Reaction 

Samples of res idue from uranium runs were studied by 
X-ray diffraction* and meta l lographic techniques .** Analyses for re ta ined 
hydrogen were perfornaed by vacuum fusion ana lys i s . ' X- ray diffraction 
analyses of res idue from six runs indicated the p re sence of only UO2 and 

• P e r f o r m e d by M, Homa and R. Schablaske. 

• • P e r f o r m e d by D. Anthes and M. Deerwes te r . 

' P e r f o r m e d by Chemis t ry Division of ANL. 



a - u r a n i u m . The r e s i d u e i nc luded r u n s in h e a t e d w a t e r and r o o m -
t e m p e r a t u r e w a t e r , and c o v e r e d the r a n g e of in i t i a l m e t a l t e m p e r a t u r e s 
f r o m 1400 to 4100 C. T h e r e w a s no e v i d e n c e of h i g h e r ox ides of u r a n i u m . 

A p h o t o m i c r o g r a p h of a u r a n i u m p a r t i c l e is shown in 
F i g u r e 46 . The c e n t r a l p o r t i o n is u r a n i u m m e t a l and the o u t e r f i lm is 
UO2. The r e s u l t s of the d e t e r m i n a t i o n of r e t a i n e d h y d r o g e n a r e g iven in 
Table 49 . The quan t i ty of h y d r o g e n tha t would be p r e s e n t if the s a m p l e 
r e t a i n e d a l l of the h y d r o g e n g e n e r a t e d by r e a c t i o n is i n d i c a t e d in p a r e n ­
t h e s i s in the t a b l e . The r e s u l t s i nd i ca t e tha t only a few p e r c e n t of the t o t a l 
h y d r o g e n is r e t a i n e d by the r e s i d u e . Th i s f inding j u s t i f i e s a p r e v i o u s con­
c l u s i o n tha t the p r o c e d u r e for co l l e c t i ng g a s e o u s h y d r o g e n can be u s e d to 
d e t e r m i n e the ex t en t of m e t a l r e a c t e d . The r e s u l t s i n d i c a t e t ha t s o m e , but 
not a l l , of the e q u i l i b r i u m quan t i ty of h y d r o g e n i s t r a p p e d in the m e t a l 
d u r i n g the r a p i d cool ing p r o c e s s . The e q u i l i b r i u m so lub i l i ty of h y d r o g e n 
in u r a n i u m at one a t m o s goes f r o m 17 to 28 p p m on m e l t i n g at 1133 C.^^ 
The t e n d e n c y of h y d r o g e n to e s c a p e d u r i n g cool ing could e x p l a i n the i r ­
r e g u l a r shape of the l a r g e r p a r t i c l e s g e n e r a t e d du r ing the r e a c t i o n . 

F i g u r e 46 

P H O T O M I C R O G R A P H O F OXIDIZED URANIUM 
P A R T I C L E F R O M CONDENSER-DISCHARGE RUNS 

In i t ia l m e t a l t e m p e r a t u r e I6OO C 
E x t e n t of r e a c t i o n by h y d r o g e n a n a l y s i s 10.7% 

^ ^ H a n s e n , M. , Cons t i tu t ion of B i n a r y A l loys , M c G r a w - H i l l Book Co. , 
New York , (1958), page 803 . 



Table 49 

RESULTS OF ANALYSIS FOR DISSOLVED HYDROGEN IN 
THE RESIDUE FROM URANIUM RUNS 

Run 

165 
155 
153 
172 

Calc Temp 
(c) 

1133, 40% Liquid 
1650, Liquid 
1980, Liquid 
3220, Liquid 

% Reaction 
(and total ppm)^ 

2.3 (390) 
10.9 (1820) 
16.8 (2780) 
40.9 (6550) 

ppm Hydrogen 
(2 Det'n.) 

16-5 
19-12 
30-24 
98-61 

^Total ppm is the p a r t s per mil l ion of H that would be 
p re sen t if the solid res idue (U -I- UO2) re ta ined the ent i re 
quantity of hydrogen generated. 

2. P r e s s u r e - p u l s e Method 
(D. Mason, P. Martin) 

The p r e s su re -pu l se technique is a method of studying the 
kinet ics of react ion of molten me ta l s with water vapor under i so thermal 
conditions. The r e su l t s of this study should aid in the in terpre ta t ion of 
data obtained from other naetal-water s tudies , such as the condenser-
d ischarge and TREAT exper iments . 

The me ta l is heated initially under high vacuum to outgas it. 
Depending on the t e m p e r a t u r e and the me ta l , argon may be introduced to 
a p r e s s u r e between 3 and 16 m m to reduce vaporizat ion of the sample . 
Heating is accompl ished by an induction hea te r . When the sample is at 
the des i r ed t e m p e r a t u r e , e lect ronical ly controlled valves a re operated 
in proper sequence to contact the molten meta l with water vapor of known 
p r e s s u r e for a specified per iod of t ime . A m o r e complete descr ipt ion of 
the appara tus and operating p rocedure appears in a previous r epor t (see 
ANL-6287, page 190). 

a. Aluminum Runs 

The r e su l t s of the react ion of a luminum at 800, 1000, and 
1200 C with water vapor (500 m m p r e s s u r e ) a r e shown in Table 50 and a r e 
plotted in F igure 47. It is apparent that the situation is quite different for 
aluminum than for the uran ium and sodium re su l t s r epor t ed previously 
(see ANL-6379, pages 206 to 208). The react ion of s t eam with molten 
uranium and with mol ten sodium was control led by diffusion and mixing 
p r o c e s s e s within the react ion cell . It will be reca l led that no tenapera­
ture effects on the react ion ra te were found (within exper imenta l e r r o r ) . 
Since the r a t e s were a lso much higher for sodium and uranium than those 
present ly repor ted for a luminum, the aluminum r a t e s cannot be controlled 
by the diffusion of water vapor to the surface . 



T a b l e 50 

R E S U L T S O F THE R E A C T I O N O F ALUMINUM AT 800 TO 1200 C WITH 
STEAM A T 500 m m P R E S S U R E BY T H E P R E S S U R E - P U L S E M E T H O D 

R e a c t i o n 
T i m e 
( sec ) 

0.11 
0.11 
0.11 
0.11 
0.11 
0.11 
0.11 
0.11 
0.11 
0.11 

1.04 
1.04 
1.04 
1.04 
1.04 
1.04 

V 

8 0 0 

_ 

-
-
-
-
-
-
-
-

-

_ 

-
-
-
-
_ 

o l u m e H2 Evo l ved 
P e 

( c c 

C 

r Unit A r e a 
S T P / s q 

1000 C 

0.018 
0.021 
0.021 
0.024 
0.032 
0.043 
0.049 
0.051 
0.059 
0.067 

0.034 
0.075 
0.082 
0.102 

-
_ 

c m ) 

1200 C 

0.020 
0.033 
0.035 
0.059 
0.070 
0.074 

-
-
-

-

0.18 
0.18 
0.30 
0.36 
0.37 
0.45 

R e a c t i o n 
T i m e 
( sec) 

9.2 
9.2 
9.2 
9.2 

100 
100 
100 
100 
100 
100 
100 
100 

1000 
1000 
1000 

Volume H2 Evo lved 
P e r Unit A r e a 

(cc S T P / s q cm) 

800 C 1000 C 1200 C 

0.018 

0.043 
0.062 

0.091 
0.116 

0.104 
0.16 
0.20 
0.25 

0.14 
0.17 
0.20 
0.24 
0.26 
0.27 
0.34 
0.38 

0.71 
0.76 
0.91 

0.35 
0.38 
0.59 

1.03 
1.16 

1.82 

100 

001 

FIGURE 4 7 
HYDROGEN EVOLUTION IN THE REACTION OF STEAM 

at 5 0 0 mm PRESSURE WITH ALUMINUM 

1000 

TIME OF REACTION, sec 



On F i g u r e 47 , the a v e r a g e v a l u e s fo r e a c h t ime and 
t e m p e r a t u r e a r e i n d i c a t e d by a h o r i z o n t a l l i ne . The s l o p e s of the s t r a i g h t 
l i ne s wh ich b e s t fit the da ta w e r e d e t e r m i n e d by l e a s t s q u a r e s . The da ta 
for a c o n t a c t t i m e of 0.1 s e c w e r e s o m e w h a t s c a t t e r e d , so that t h e s e w e r e 
not c o n s i d e r e d in the l e a s t - s q u a r e s c a l c u l a t i o n . The l e a s t - s q u a r e s s l o p e s 
w e r e 0.27 for 1200 C r u n s , 0.34 for 1000 C r u n s , and 0.36 for 800 C r u n s . 
T h e s e s l o p e s c o r r e s p o n d to n in the equa t i on V ( c c / s q cm) a t^ (t in s e c ) . 
The a v e r a g e of the n v a l u e s is 0 .32 . A va lue of n = y (cubic r a t e law) w a s , 
t h e r e f o r e , c o n s i d e r e d to r e p r e s e n t the da t a a d e q u a t e l y , and the l i n e s on 
F i g u r e 47 w e r e d r a w n wi th a s lope of —-

On F i g u r e 48 , the a m o u n t of h y d r o g e n evo lved is p lo t t ed 
v s . the cubic r o o t of the t i m e . The l o g a r i t h m s of the r e s u l t i n g s l o p e s w e r e 
p lo t t ed v£ . 1 / T in F i g u r e 49 . The s lope of t h i s p lo t c o r r e s p o n d s to an a c t i ­
va t i on e n e r g y of 21,700 c a l / m o l e . 

FIGURE 48 
HYDROGEN EVOLVED vs. (REACTION TIME)'^^ FOR THE REACTION 

OF STEAM AT 500 mm PRESSURE WITH ALUMINUM 

I 0 

0 5 

NOTE THE VERTICAL LINES GIVE THE 
RANGE OF RESULTS OBTAINED 

4 5 6 
(TIME OF REACTION)'^^ s e c ' ' ' 



FIGURE 4 9 
EFFECT OF TEMPERATURE ON THE RATE OF HYDROGEN 

EVOLUTION FOR THE REACTION OF STEAM 
AT 5 0 0 mm PRESSURE WITH ALUMINUM 

IO'VT.K 

b . A l u m i n u m - U r a n i u m 
Alloy Runs 

Shown in Tab le 51 a r e the 
r e s u l t s of the r e a c t i o n of s t e a m at 
500 nana p r e s s u r e with a l l oys of a p ­
p r o x i m a t e c o m p o s i t i o n 95 p e r c e n t 
a l u m i n u m and 5 p e r c e n t u r a n i u m . The 
da t a r e p o r t e d to date a r e at 1200 C. 
T h e s e r e s u l t s a r e a l s o shown in F i g ­
u r e 50 ( toge the r with the a v e r a g e p u r e 
a l u m i n u m - s t e a m da ta ) and ind ica te that 
the s m a l l a m o u n t of u r a n i u m p r e s e n t 
h a s l i t t l e effect on the r e a c t i o n . The 
l o g - l o g plot for p r e l i m i n a r y da ta with 
the a l loy is b e s t d e s c r i b e d by a c u r v e d 
l i n e . 

The a l loys w e r e p r e p a r e d 
by m e l t i n g weighed s a m p l e s of a lunainum 
and u r a n i u m ju s t p r i o r to e a c h r u n . 

Tab le 51 

REACTION O F A L U M I N U M - 5 P E R C E N T URANIUM ALLOY 
AT 1200 C WITH STEAM AT 500 m m PRESSURE 

R e a c t i o n 
T i m e 
( sec ) 

1.04 
1.04 

9.2 
9 .2 

Vol H2 P e r 
Unit A r e a 

(cc S T P / s q cm) 

0.26 
0.25 

0.28 
0.31 

Reac t i on 
T i m e 
(sec) 

100 
100 

1000 
1000 

Vol H2 P e r 
Unit A r e a 

(cc S T P / s q cm) 

0.42 
0.50 

0.84 
1.14 

FIGURE 50 

HYDROGEN EVOLUTION IN THE REACTION OF STEAM AT 500 mm 

PRESSURE WITH ALUMINUM- 5 % URANIUM ALLOYS AT I200C 

-

c ^ ^ - - ^ = = = ^ 

1 1 

PURE ALUMINUM \ZQQZ„^'^'''^ 

^•"^— T 

^^^^^"^ ^^-^\ 

^-^^'^^^^ ^-^^^'^^^^^ 
' ' ' ^ __^ '•'ALUMINUM-URANIUM 1200 C 

1 1 1 1 1 1 1 1 1 1 1 1 

TIME, sec 



T h r e e s a m p l e s w e r e l a t e r s e c t i o n e d and the s u r f a c e s s c a n n e d by X - r a y 
f l u o r e s c e n c e s p e c t r o m e t r y to d e t e r m i n e the u n i f o r m i t y of the a l l o y s p r o ­
duced . The g r e a t e s t dev ia t ion of any p a r t of any s a m p l e f r o m the a v e r a g e 
va lue of a l l s a m p l e s was 12.6 p e r c e n t . 

3 . I n - p i l e T e s t i n g in the T R E A T R e a c t o r * 
(R. C. L i i m a t a i n e n , R. O. Iv in s , M. D e e r w e s t e r , F . T e s t a ) 

The p r o g r a m of s tudying m e t a l - w a t e r r e a c t i o n s i n i t i a t e d by a 
n u c l e a r r e a c t o r b u r s t is con t inu ing . The t e c h n i q u e c o n s i s t s of expos ing 
fuel s p e c i m e n s i m m e r s e d in w a t e r to a n e u t r o n p u l s e in the T R E A T r e a c ­
t o r . The p u r p o s e of t h i s e x p e r i m e n t a l w o r k i s t h r e e f o l d : 

1. to d e t e r m i n e the f r a c t i o n of m e t a l t ha t r e a c t s wi th w a t e r ; 

2. to d e t e r m i n e the t e m p e r a t u r e s and p r e s s u r e s p r o d u c e d 
du r ing the e x c u r s i o n ; and 

3. t o - d e t e r m i n e the s t r u c t u r a l c h a n g e s tha t t ake p l ace in the 
fuel a s a r e s u l t of the r u p t u r e o r m e l t d o w n ; th i s i n c l u d e s 
m e t a l l o g r a p h i c and p a r t i c l e s i z e e v a l u a t i o n s . 

a. R e s u l t s of R e c e n t T r a n s i e n t s wi th U r a n i u m D i o x i d e - c o r e , 
S t a i n l e s s S t e e l - 3 0 4 - c l a d F u e l P i n s 

Dur ing the p r e s e n t q u a r t e r , four t r a n s i e n t s w e r e p e r f o r m e d 
on u r a n i u m d i o x i d e - c o r e , s t a i n l e s s s t e e l - 3 0 4 - c l a d fuel p i n s . Tab le 52 g ives 
a s u m n a a r y of the e x p e r i m e n t a l c o n d i t i o n s , the c h a r a c t e r i s t i c s of the r e a c ­
to r p u l s e s , and the da t a ob ta ined ; the r u n s a r e a r r a n g e d in i n c r e a s i n g o r d e r 
of the e n e r g y of the r e a c t o r p u l s e . A p h o t o m i c r o g r a p h of u n i r r a d i a t e d 
u r a n i u m d ioxide c o r e m a t e r i a l is g iven in F i g u r e 5 1 . P o s t - i r r a d i a t i o n 
o b s e r v a t i o n s a r e p r e s e n t e d in F i g u r e s 52 t h r o u g h 55 a s m a c r o and m i c r o 
p h o t o g r a p h s . P a r t i c l e s i z e d i s t r i b u t i o n for Runs C E N - 6 5 and C E N - 6 6 in 
wh ich p a r t i c l e s w e r e f o r m e d a r e i nc luded in F i g u r e s 54 and 55 . A t y p i c a l 
o s c i l l o g r a p h r e c o r d of a r u n is i nc luded in F i g u r e 55. 

*The c o o p e r a t i o n of the ANL M e t a l l u r g y Div i s ion (for fu rn i sh ing the 
fuel p ins ) and of the ANL Idaho Div i s ion (for o p e r a t i o n of T R E A T ) is 
g r a t e f u l l y acknowledged . 
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Table 52 

SUMMARY OF IN-PILE DATA ON STAINLESS STEEL-WATER REACTIONS, URANIA-CORE FUEL PINS 

Test conditions: Water initially at 25 C under 20 psia of tielium pressure; 
fuel pins submerged in water 

Composition of core: UOj, 20% enriched 
Core size: C.33-in. diam x 0.50 in. long 
Reaction: Fe + H2O —FeO+ Hj 
Cladding: 18-mil wall thickness of SS-304 

CEN Transient Experiment Number 

65 

Reactor Characteristics 
megawatt-second burst: 
megawatt peak power: 
millisecond period: 

Description of UOp Core 
% of theoretical density: 

Thermal Neutron Dose 
nvt by gold toll activation; 

Fission Energy Input to Pin 
cal/g core (Zr95|: 

Peak Temp of Clad, C: 
Peak Pressure Rise, psh 
Percent of Metal Reacted with Water: 
Appearance of Fuel after Transient: 

clad: 

140 
147 
115 

89 
(water logged) 

185 
83 

290 

98 

190 
1640 

50 

SO 
690 
97 

2.6 X 10" 1.6 X 10" 1 .8x10" 1.2 X 10^'* 

760 

0.8 

Darkened zone in center, 
small ruptures in one end 
and in the center of jacket 

Distorted, cracked, but UOj 
confined within Jacket 

F i g u r e 51 

P H O T O M I C R O G R A P H O F UNIRRADIATED URANIUM DIOXIDE CORE 

0.3 

Intact, darkened zone 
around central area of jacket 

Some radial cracking 

244 

5.2 

Fragmented, 
partially 
melted 

Fragmented into 
fine particles 

260 
820 
60 

9.0 

Fragmented, 
partially 
melted 

Fragmented into 
coarse particles 

Scale 
0.005 

e t c h e d with H2O2, H2SO4 10/1 

inch 



Figure 52 

TRANSIENT CEN-64: URANIA-CORE, STAINLESS STEEL-304-CLAD 
FUEL PIN 

(Water Logged) 

SECTION I 

0 I inch 
I ) 

SCALE 

MACROGRAPH OF CROSS SECTION 

-it-. 

PHOTOGRAPH OF FUEL PIN 

£^-; 4-;v/ °:fr- |fc^.«*<^^^"-^^Ll 

HjSO^.HjOjETCH 

PHOTOMICROGRAPHS 

140 m w - s e c burs t 
147 mw peak power 
115 ms period 
0.8% SS-H2O react ion 



Figure 53 
TRANSIENT CEN-67: URANIA-CORE, STAINLESS 

STEEL-304-CLAD FUEL PIN 

I-
0 I inch 

H 
SCALE 

MACROGRAPH OF CROSS SECTION 

jm 

PHOTOGRAPH OF FUEL PIN 

185 m w - s e c burs t 
83 mw peak power 
290 ms period 
0 3% SS-H2O react ion 

0 5 nch 

SCALE SECTION 2 

PHOTOMICROGRAPHS 
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Figure 54 

TRANSIENT-CEN 65: URANIA-CORE, STAINLESS 
STEEL-304-CLAD FUEL PIN 

3 6 12 
DIAMETER, mils 

PARTICLE SIZE DISTRIBUTION 
(Core and Cladding) 

(Sieve Analysis) 

OXIDATION 
LAYER 
FORMED ON 
SS-304 
CLAD 

ETCHED WITH H202, H2S04 10/ REGION OF UO2 
GRAIN GROWTH 

PHOTOMICROGRAPHS 

190 mw-sec BURST 

1640 mw PEAK POWER 

50 ms PERIOD 

5 2 % SS-HgO REACTION 

0 5 inch 
SCALE 

PHOTOGRAPH OF FUEL PIN 



Figure 55 

TRANSIENT CEN-66: URANIA-CORE, STAINLESS 
STEEL-304-CLAD F U E L PIN 

187 

DIAMETER, mils 

PARTICLE SIZE DISTRIBUTION 
(Core and Cladding) 

(Sieve Analysis) 

1 250 
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50 
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r 
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'7 \ 
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! \ / \ 

I , , , , 1 . , , , 1 

-̂ — 
/ —1 / / 

AUTOCLAVE PRESSURE 
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-

-

, , < 1 , , < , 1 , . 1 . 

TIME seconds 

OSCILLOGRAPH RECORD OF RUN 

'St •̂ 

230 mw-sec BURST 
690 mw PEAK POWER 
97 ms PERIOD 
9 0 % SS-HsO REACTIOtiJ 

SCALE 

OXIDATION 
LAYER FROM 
REACTION 
VKITH WATER 

SS-304 
CLAD 

PHOTOGRAPH OF FUEL PIN 
ETCHED WITH H j O j , H2SO4 lO / l REGION OF UO2 

GRAIN GROWTH 

PHOTOMICROGRAPHS 



Run CEN-64 was made with a wa te r - logged core for 
compar ison with a previous t r ans ien t CEN-63. Run CEN-67 demons t ra tes 
the effect of a long (or "slow") per iod. Trans ien t s CEN-65 and 66 were 
made to obtain data on the meltdown behavior in water of uranium dioxide-
core , s ta in less s t ee l -304-c lad fuel pins at energ ies in termedia te to those 
obtained in the previous s e r i e s . 

An impor tant phase of these in-pi le studies is the d e t e r ­
mination of the par t i c le size dis t r ibut ion which r e su l t s when a fuel pin is 
fragmented and mel ted under wa te r . F ragmenta t ion occur red in Runs 
CEN-65 and CEN-66. In CEN-65 (see F igure 54), the 190 Mw-sec t rans ien t 
on a 50-ms per iod gave 5.2 pe rcen t s ta in less s t ee l -wa te r react ion with a 
peak in the dis t r ibut ion curve of from 3 to 28 m i l s . Run CEN-66 (see 
Figure 55), however, with 230 Mw-sec on a 97-ms per iod, gave a peak 
frequency (by weight) of from 64 to 132 m i l s . Thus, the shor te r per iod 
appears to produce a l a r g e r fract ion of fine p a r t i c l e s . In CEN-65, 
58.2 pe rcen t of the or iginal weight of the fuel pin (core plus clad) was 
converted into p a r t i c l e s . In CEN-66, 48.8 pe rcen t convers ion into p a r ­
t icles resu l ted . Before the t r ans ien t , approximately 60 percen t of the 
total weight of the fuel pin is the urania core . 

By dissolving a sample of each size fract ion (about one-
half of the total was dissolved) and performing a uran ium analysis the 
following r e s u l t s were obtained: 

P a r t i c l e s 
Size F rac t ion , 

m i l s 

0.25-1.5 
1.5 -3 

3-6 
6-12 

12-28 
28-64 
64-132 

F o r 

UO2 

CEN 

62 
55 
81 
81 
85 
72 
_ 

Concentrat ion, 
Wei 

-65 

•ght % 

F o r CEN-66 

_ 

88 
78 
80 
74 
69 
76 

F r o m these r e s u l t s , it appear s that the var ious fract ions 
of pa r t i c l e s contain a slightly higher ra t io of uran ia to s ta in less s teel 
than the or iginal fuel pin. It a lso appears that there is no t rend in the 
uranium dioxide concentra t ion with par t ic le s ize . Evidently, the shape 
of the par t ic le size dis t r ibut ion curve for the total population of pa r t i c l e s 
(core plus cladding) applies as well to e i ther the oxide core or me ta l 
clad. 



Various techniques a r e used to document the p a r a m e t e r s 
of i n t e re s t in this p r o g r a m . During the reac tor burs t itself, a r eco rd of 
the t rans ien t is obtained with an osci l lograph. Figure 55 includes the o s ­
ci l lograph r eco rd from CEN-66; the integrated power curve shows that 
f ission heating from the r eac to r pulse occur red within 0.6 sec . The peak 
jacket t e m p e r a t u r e m e a s u r e d by the thermocouple was 820 C; however, in 
view of the l a te r visual observat ion of the extensive melt ing, the t rue 
meta l t empe ra tu r e was m o r e probably about 1450 C. 

A compar i son of the degree of des t ruct ion which resul ted 
in CEN-65 and CEN-67 is of in te res t . Runs CEN-65 and 67 have very 
near ly the same energy input but per iods of 50 and 290 m s , respect ively . 
The 50-ms per iod gave rupture and pa r t i a l melting of the clad with 5.2 p e r ­
cent s ta in less s t ee l -wa te r react ion, whereas with the 290-ms per iod the 
clad remained intact with only 0.3 percen t me ta l -wa te r react ion. This 
compar ison shows the effect of a r a the r la rge change of r eac to r period. 

Metal lographic examination of the high-density urania core 
of the fuel pins (from Runs CEN-66 and 67) after t rans ien t i r rad ia t ion 
showed radia l and c i rcumferen t ia l cracking. In Trans ien t s CEN-65 and 
66 considerable gra in growth in the cen t ra l portion was apparent . A 
mac rog raph of the fuel pin after Trans ien t I r radia t ion CEN-67 showed 
genera l ized cracking of the co re . A compar ison of Figure 51 with F ig ­
u re 53 show the detai ls of the cracking that occur red during a few seconds 
of heating and quenching in wa te r . 

K a ce r amic core fuel element in a wate r -coo led reac to r 
develops a defect, the po re s and annular gaps can become par t ia l ly filled 
with wate r . If such a fuel rod were then subjected to a power excurs ion, 
there could be an in terna l source of s t eam p r e s s u r e which might promote 
d i spers ion of the core and cladding. To simulate such an event, two holes 
were dr i l led in the s ta in less s tee l -304 cladding (one on each end of the fuel 
pin) of the u ran ium dioxide-core fuel pin in Run CEN-64 (see Figure 52). 
The holes w e r e each 0.035 in. in d i ame te r . The pin was weighed, soaked 
overnight in wa te r , and then weighed again. This water- logging t r ea tmen t 
caused an inc rease in weight from 10.4066 to 10.4217 g. The fuel pin, with 
the punctured cladding, was then inanaersed in water inside the autoclave. 
A 140 Mw-sec r eac to r pulse on a 115-ms per iod caused a smal l rupture 
in the cen t ra l pa r t of the jacket ; a smal l rupture also developed in one end 
of the fuel pin. There was no m e a s u r a b l e inc rease in the d iameter of the 
fuel pin (to within iO.OOl in.); however, there was a darkened cent ra l zone 
in the jacket indicating a h igh - t empera tu r e a r ea which was oxidized by the 
wa te r . F r o m the m e a s u r e d amount of hydrogen produced, 0.8 percent of 
the s ta in less s tee l -304 cladding had r eac ted with the water . Observat ion 
of the core showed that cracking had occur red , as shown in the mac rog raph 
in F igure 52. A photomicrograph is a lso presen ted in F igure 52, which 
shows the g ra in s t r uc tu r e of the oxide core at the edge of the pin. 



The previously repor ted Trans ient CEN-63 with the sanae 
type of fuel pin, except that the core was not water logged, gave the follow­
ing for a 120 Mw-sec t r ans i en t on a 121-ms per iod: 

(1) evidence for hot cen t ra l zone (darkening); 

(2) jacket remained intact, but showed a 7 pe rcen t inc rease in 
d i ame te r ; 

(3) 0.3 percent m e t a l - w a t e r react ion; and 

(4) some cracking of co re . 

Thus, the r e su l t s frona CEN-63 and 64 a r e s imi la r except 
for the behavior of the jacket . Evidently, when the jacket is completely 
sealed, swelling occurs f rom in terna l gas p r e s s u r e ; however , when the 
jacket is punctured, the holes p e r m i t the core to be vented and expansion 
of the jacket does not take p lace . It is possible that the rupture and slight 
inc rease in reac t ion for the case of the water - logged fuel could be caused 
by bet ter heat t r ans fe r between the core and clad, which would c rea te 
higher me ta l t e m p e r a t u r e s and, the re fore , m o r e reac t ion and a weakening 
of the meta l . It is planned to conduct another s imi la r exper iment with a 
water - logged co re , with the holes welded shut after the core has been 
sa tura ted with wa te r , and then subject the fuel pin to the r eac to r burs t . 

b. Summary of Resul ts of Trans ien t s with Uraniuna Dioxide-
co re . Stainless Steel -304-clad Fuel P ins 

F igure 56 s u m m a r i z e s the data that have been obtained to 
date on the in-pi le studies of m e t a l - w a t e r reac t ions for u r a n i a - c o r e , s ta in­
less s t ee l -304-c lad fuel p ins . F r o m these r e s u l t s , the following tentative 
conclusions can be made . 

1. There is a p r o g r e s s i v e i nc rease in the amount of cladding-
water reac t ion as the r e a c t o r bu r s t becomes m o r e ene rge t i c . 

2. F o r r eac to r per iods in the range from 48 to 121 m s , the per iod 
does not appear to be as impor tant a p a r a m e t e r as the energy input in 
determining the amount of c ladding-water react ion. HoAvever, with a very 
slow t rans ien t (such as a 290-ms per iod) , there is l e s s damage and less 
react ion re la t ive to a fas te r t r ans ien t . 

3. F o r the 20 pe rcen t enr iched u r a n i a - c o r e fuel p ins , clad in 
18-mi l - th ick s ta in less s tee l -304 , there is a threshold energy beyond which 
par t ia l or total des t ruc t ion of the fuel occurs depending on the energy input. 
For r eac to r per iods frona 48 to 121 nas, this dividing point is approximately 
130 Mw-sec (or a specific energy input of 174 ca l /g of core) . This energy 
input co r responds to peak, adiabatic core t empe ra tu r e during the t rans ien t 
of 2200 C. This is to be conapared with the naelting point of uran ium dioxide, 
which is 2730 C. 
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FIGURE 56 

EXTENT OF STAINLESS STEEL-WATER REACTION 

RESULTING FROM IN-PILE 

MELTDOWNS OF URANIA CORE FUEL PINS 

U02 Core, 20 percent Enriched 
SS-304 Clad, 18-mil Wall Thickness 
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ENERGY OF REACTOR TRANSIENT, cal/g UO2 core 

c. E v a l u a t i o n of S t r u c t u r a l D a m a g e f r o m P r e v i o u s E x p e r i -
m e n t s on C e r a m i c - c o r e . M e t a l - c l a d F u e l P i n s 

C o r r e l a t i o n s have b e e n p r e s e n t e d in an e a r l i e r r e p o r t 
( A N L - 6 3 3 3 , page 236) on the c h e m i c a l b e h a v i o r of c e r a m i c (mixed ox ide ) -
c o r e fuel p i n s in w a t e r . T h e s e da ta w e r e given as the ex ten t of m e t a l -
w a t e r r e a c t i o n a s a funct ion of the e n e r g y input . Tab le 53 p r e s e n t s a 
s u m m a r y w h i c h e m p h a s i z e s the p h y s i c a l a s p e c t s of the r e s u l t s , which can 
be of u s e to r e a c t o r d e s i g n e r s in m a k i n g e s t i m a t e s of the a l lowable t r a n ­
s i e n t s tha t a p a r t i c u l a r r e a c t o r can t o l e r a t e wi thout d e s t r o y i n g the i n t e g r i t y 
of the c e r a m i c - c o r e fuel . Th i s s u m m a r y b r i n g s out the i n t e r e s t i n g point 
tha t r e a c t o r t r a n s i e n t s w h i c h c a u s e p e a k c o r e t e m p e r a t u r e s g r e a t e r than 
2300 C give r i s e to r u p t u r e o r m e l t i n g of the c o r e o r c lad (or both at v e r y 
high e n e r g i e s ) . L e s s e n e r g e t i c t r a n s i e n t s (on p e r i o d s f r o m 60 to 105 m s ) 
c a u s e only c r a c k i n g in the c o r e , but no r u p t u r e of the c ladding . Hence , for 
t h o s e t r a n s i e n t s w h i c h p r o d u c e c e n t r a l c o r e t e m p e r a t u r e s of f r o m about 
1000 to 2000 C, the c o r e is s t i l l con t a ined wi th in the m e t a l c ladding even 
though s t r u c t u r a l c h a n g e s have o c c u r r e d in the c o r e . L e s s e n e r g e t i c 
t r a n s i e n t s have no t b e e n i n v e s t i g a t e d in th i s p r o g r a m s ince they a r e of 
no i n t e r e s t to the a p p l i c a t i o n of m e t a l - w a t e r r e a c t i o n s to r e a c t o r safe ty ; 
h o w e v e r , t h e r e i s p r e s u m a b l y s o m e p e a k t r a n s i e n t t e m p e r a t u r e l e s s than 
1000 C a t w h i c h no c h a n g e s ( such a s c r a c k i n g ) o c c u r even in the c o r e . 



Table 53 

SUMMARY OF SOME TREAT REACTOR TRANSIENTS PERTINENT TO THE BEHAVIOR OF CERAMIC-CORE^ FUEL PINS IN WATER 

Characteristics of Neutron Pulse Results 

Transient 
Number 

19 

56 

40 

29 

21 

48 

23 

30 

49 

Fission 
Energy Input, 

cal/g'' 

159 

254 

296 

362 

395 

432 

474 

517 

609 

Reactor 
Period, ms 

101 

105 

60 

63 

78 

72 

60 

62 

50 

Rate of Energy 
Input at Peak 

of Reactor Burst, 
cal/(g)(sec)': 

558 

592 

1753 

1504 

719 

1321 

1607 

1589 

2538 

Cladding 
Metal Around 

Pellet 

Al 

Zr-2 

SS-304 

Zr-2 

SS-304 

SS-304 

Al 

Zr-2 

Zr-2 

Appearance 
of Cladding 

after 
Transient 

no change 

no change 

no change 

hole in center 

no change 

ruptured, 
partly melted 

ruptured, 
partly melted 

hole melted 
in center 

ruptured, 
melted 

Calculated'' 
Peak Core 

Pellet 
Temp(C) and 
Physical State 

1050 Solid 

1650 Solid 

1930 Solid 

2360 Solid 

2550 Solid 
and Liquid 

2550 Solid 
and Liquid 

2550 Liqu'd 
and Solid 

-2750 Liquid 

~3100 Liquid 

Observations 
on Ceramic 
Pellet after 
Transient 

1 ntact with a few 
fine cracks 

Cracked 

Extensive cracking 

Extensive cracking; 
some fragments 

Central melting, 
radial and circum­
ferential cracking 

Fragmented into 
particles 

Partially fused 
and fragmented 
into fine particles 

Melting, fine 
particles 

Completely 
pulverized 

^Composition of ceramic (mixed oxide) core: 81.5 w/o ZrOo, 9.1 w/o CaO, 8.7 w/o U3Gg, 0.7 w/o AI2O3, 93%enriched. 
tiCalculated from the correlation: (cal/g of oxide core) - (t)94)(Mw-sec). 
'-Calculated from the relationship cal/(g)(sec) = (Mw peak power) (cal/g)/(Mw-sec) 

d Adiabatic temp (no heat loss) from the equation: Q (cal/g) 
•^25 

F i n a l l y , i t is a p p r o p r i a t e to e m p h a s i z e (to avoid confusion 
in i n t e r p r e t i n g o r apply ing the r e s u l t s s u m m a r i z e d in T a b l e 53) t ha t t e m ­
p e r a t u r e s g iven a r e t hose c a l c u l a t e d for the oxide c o r e for a d i a b a t i c h e a t ­
ing. Dur ing the a c t u a l t r a n s i e n t e x p e r i m e n t s , the m e t a l c ladding 
t e m p e r a t u r e s have b e e n m e a s u r e d (to da te no t h e r m o c o u p l e s have been 
i n s e r t e d into the oxide c o r e ) and t h e s e have c o m m o n l y b e e n about 1200 C. 
Thus if one a s k s , for e x a m p l e , would a fuel t e m p e r a t u r e of I6OO C du r ing 
a f a s t t r a n s i e n t in an o x i d e - c o r e fuel p in in w a t e r r e s u l t in a h a z a r d o u s 
condi t ion ( a s s u m i n g a s t a i n l e s s s t e e l - 3 0 4 c lad) , the a n s w e r would be ' no ' 
if t h i s t e m p e r a t u r e r e f e r s to tha t of the oxide c o r e . H, h o w e v e r , the 
t e m p e r a t u r e in q u e s t i o n r e f e r s to the c l add ing , then the s t a i n l e s s s t e e l 
would have m e l t e d and p a r t i a l l y r e a c t e d wi th the w a t e r . 

It i s a l s o of i n t e r e s t to c o m p a r e the m i x e d o x i d e - c o r e 
fuel p ins wi th the p u r e u r a n i u m d i o x i d e - c o r e fuel p i n s f r o m the po in t of 
view of p e a k t r a n s i e n t t e m p e r a t u r e s w h i c h beg in to p r o d u c e d e s t r u c t i o n 
of the fuel e l e m e n t . In the p r e v i o u s s e c t i o n on u r a n i u m d i o x i d e - c o r e fuel 
p i n s , it w a s noted tha t t r a n s i e n t s wh ich c a u s e d the u r a n i a c o r e to r i s e to 
2200 C or l e s s did not r e s u l t in r u p t u r e or m e l t i n g of the c lad . The s u m ­
m a r y in Tab le 53 wi th m i x e d o x i d e - c o r e fuel p ins i n d i c a t e d tha t 2300 C 
w a s a p e a k t h r e s h o l d t e m p e r a t u r e for the c e n t r a l c o r e . T h u s , both the 
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pure and mixed oxide-core fuel pins appear to have substantial ly the same 
allowable t empera tu re l imit in a fast t rans ien t with the fuel pin init ially at 
room t empe ra tu r e and submerged in wa te r . 

With r e g a r d to the application of these r e su l t s , it is pert inent 
to note that the meltdown exper iments were conducted in nonflowing water 
with a bulk t e m p e r a t u r e of ambient surroundings (~25 C). With other con­
ditions (such as flow turbulence) it is possible that more heat could be d i s ­
sipated and thus higher peak cen t ra l t e m p e r a t u r e s to lera ted without mel t ing. 



IV. REACTOR CHEMISTRY 

The neutron capture c r o s s sections of neptunium-23 7, e rb ium-170 , 
gadoliniuna-1 58, lu te t ium-1 75, y t te rb ium-1 76, and molybdenum-98, a r e b e ­
ing de te rmined in the fast neutron energy range . P r epa ra t i ons have begun 
for the determinat ion of the yields of f ission products in the region of m a s s 
100 when the f issi le isotopes u ran ium-233 , u ran ium-235 , and plutonium-239 
a re exposed to a fast neutron (fission spec t rum) flux. 

Operation of a r egenera t ive l i thium hydride fuel cell sys tem for con­
vert ing nuclear energy to e lec t r i c i ty is being studied. The the rmal ly r e g e n ­
era t ive emf cel l sys t em is one in which heat is used to d i sassoc ia te l i thium 
hydr ide , which is then r e - f o r m e d in an e l ec t rochemica l cell with the p r o ­
duction of e l ec t r i c power. 

The p r o g r a m of r e s e a r c h in t he rmoe lec t r i c i t y methods for d i rec t 
conversion of nuc lear r eac to r heat energy into e l ec t r i ca l power ini t iated 
las t qua r t e r (see ANL-63 79, page 242) was continued. Measurements will 
be made in two l imi ted a r e a s , namely , liquid thermocouple sys t ems and r e ­
f rac tory solid t he rma l couple s y s t e m s . Seebeck coefficients, e l ec t r i ca l 
conduct ivi t ies , t h e r m a l conduct ivi t ies , and Hall coefficients of we l l -
cha rac t e r i zed m a t e r i a l s may be de te rmined . Cur ren t efforts a r e concerned 
with design, const ruct ion, and test ing of equipment, and w îth some exp lo ra ­
tory m e a s u r e m e n t s . 

The Reactor Decontamination P r o g r a m is d i rec ted toward d e t e r m i ­
nation of the s e r i o u s n e s s of fuel e lement rup tu res in boiling water r e a c t o r s 
and the de terminat ion of methods of decontamination of contaminated s u r ­
faces . Additional data have been obtained from a 1 6-day run made to d e t e r ­
mine whether z i rconium-niobium content would reach an equi l ibr ium value 
in a s ta in less s teel loop which s imula tes the action of a boiling water r e a c t o r . 
The data indicated that the concentra t ions of all f ission produc ts , except 
rutheniuna-1 03, reached a near equi l ibr ium level after about 100 hr of loop 
operat ion. The concentra t ion of ru then ium- l 03 continued to dec rea se to 
nondetectable l eve l s . Cur ren t l abora to ry experinaents on the decontamination 
of s t a in less s tee l 304 a r e being conducted using oxalic ac id -base solutions 
containing hydrogen peroxide . 

A. Determinat ion of Nuclear Constants 
(C. E. Crouthamel) 

Fas t neutron c r o s s sect ions a r e being studied as a function of neutron 
energy for the nuclides e rb ium-170 , gadolinium-1 58, lu te t ium-1 75, 
y t te rb ium-1 76, molybdenum-98, and neptunium-237. In the previous r epo r t , 
ANL-63 79, the use and proposed uses of sonae of the r a r e ea r th s as r eac to r 
control m a t e r i a l s were d i scussed , and fur ther detai ls of the i n t e r e s t in all 
of the above nucl ides a r e given t h e r e . 
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P r e p a r a t i o n s h a v e b e e n m a d e for m e a s u r e m e n t s of the f a s t f i s s i on 
n e u t r o n s p e c t r u m . The p r e l i m i n a r y e x p e r i m e n t a l w o r k h a s b e e n done in 
p r e p a r a t i o n for the d e t e r m i n a t i o n of the y i e ld s of s e v e r a l f i s s i o n p r o d u c t s 
in the r e g i o n of m a s s 100 for the f i s s i l e i s o t o p e s u r a n i u m - 2 3 3 , - 2 3 5 , and 
p l u t o n i u m - 2 3 9 . D e t a i l s of t h i s w o r k a r e g iven be low. 

1 . F a s t C a p t u r e C r o s s S e c t i o n s 
( D . C . S tupeg ia , E . H. Dewe l l , A . A. Madson ) 

F a s t c a p t u r e c r o s s s e c t i o n s a r e be ing m e a s u r e d a s a funct ion 
of n e u t r o n e n e r g y by d e t e r m i n i n g the a b s o l u t e d i s i n t e g r a t i o n r a t e of the 
c a p t u r e p r o d u c t when a t a r g e t of known m a s s i s i r r a d i a t e d in a known n e u ­
t r o n f lux. The n e u t r o n s o u r c e i s the r e a c t i o n Li (p ,n ) Be , f r o m the b o m ­
b a r d m e n t of a l i t h i u m t a r g e t with p r o t o n s f r o m the Van de Graaff a c c e l e r a t o r . 
The a v a i l a b l e n e u t r o n e n e r g i e s r a n g e f r o m about 0.3 to 2.2 Mev . The r a d i o ­
a c t i v i t y of the a c t i v a t e d s a m p l e s i s a s s a y e d with the m u l t i c h a n n e l s c i n t i l l a ­
t i o n s p e c t r o m e t e r . D e t a i l s of the e x p e r i m e n t a l m e t h o d s w e r e g iven in the 
p r e v i o u s r e p o r t ( A N L - 6 3 7 9 , p a g e s 224 to 229)-

E r b i u m - 1 7 0 

The n e u t r o n i r r a d i a t i o n of t h i s nuc l ide y i e l d s the 7 . 8 - h r b e t a 
and g a m m a e m i t t e r , e r b i u m - 1 7 1 . Twe lve i r r a d i a t i o n s have been c o m p l e t e d , 
c o v e r i n g the n e u t r o n e n e r g y r a n g e f r o m 0.35 to 1.81 Mev. G a m m a a n a l y s e s 
of the t a r g e t s have b e e n t a k e n and the d e c a y c u r v e s fo l lowed. 

G a d o l i n i u m -158 

Two m o r e i r r a d i a t i o n s of the oxide t a r g e t s have b r o u g h t the 
t o t a l to n i n e , c o v e r i n g the n e u t r o n e n e r g y r a n g e f r o m 0.46 to 1.91 Mev . The 
a c t i v i t y m e a s u r e d i s the 1 8 - h r g a d o l i n i u m - 1 59, a be t a and g a m m a e m i t t e r , 
and the g a m m a s p e c t r a h a v e been r e c o r d e d . 

Y t t e r b i u m - 1 76 

Of the s e v e n s t a b l e i s o t o p e s of y t t e r b i u m , t h r e e y ie ld r a d i o a c ­
t ive n e u t r o n c a p t u r e p r o d u c t s . The r e a c t i o n s a r e : 

Yh''' JLLI^ Yh''' -^fU Lu^^Ms tab l e ) 
101 h r 

Yb^^^ n . 7 , Yb^^^ / ' ^ , L u ^ ^ ^ - ^ ^ H f ' ^ M s t a b l e ) 
1 .9 h r D.8 d 

Y b i 6 8 ^ 0 ^ Y b ^ 6 9 ^ ^ ^ P , T m ^ 6 9 ( s t ab le ) . 
32 d 



In the s e r i e s of i r r a d i a t i o n s c o m p l e t e d at t h i s point , only the s e c o n d r e a c t i o n 
above w a s su i t ab l e for the m e a s u r e m e n t of the c a p t u r e a c t i v i t y , s ince the 
h a l f - l i v e s of the o t h e r two c a p t u r e p r o d u c t s a r e too l o n g . The p r e s e n t da t a , 
t h e r e f o r e , y ie ld only the c a p t u r e c r o s s s e c t i o n of y t t e r b i u m - 1 76. 

Nine m o n o e n e r g e t i c n e u t r o n i r r a d i a t i o n s h a v e been c a r r i e d out 
on y t t e r b i u m oxide t a r g e t s in the e n e r g y r a n g e f r o m 0.35 to 1 .91 Mev, and 
the r e s u l t i n g g a m m a r a y s p e c t r a have been a n a l y z e d . 

L u t e t i u m - 1 75 

When n a t u r a l l u t e t i u m , con ta in ing 97.4 p e r c e n t of l u t e t i u m - 1 75 
and 2.6 p e r c e n t l u t e t i u m - 1 76, i s i r r a d i a t e d with n e u t r o n s , the fol lowing 
c a p t u r e p r o c e s s e s o c c u r : 

L^i75 n ^ Lu^^^"^ 

X I n t e r n a l T r a n s i t i o n 3.7 h r 

Lu^''^ ( s t ab l e ) 

L ^ 1 7 6 _ n ^ Lul77 ^ ^ Hfl77 ( s t ab l e ) 
6.8 d 

L u t e t i u m - 1 75 y i e ld s two p r o d u c t s ; s t ab l e l u t e t i u m - 1 76, and the 3.7-hr i s o ­
m e r i c s t a t e of the l a t t e r . The a c t i v a t i o n of l u t e t i u m - 1 76 y i e l d s the 6 .8 -day 
s p e c i e s , whose a c t i v i t y i s too low to m e a s u r e unde r the p r e s e n t c o n d i t i o n s . 

E igh t i r r a d i a t i o n s of about 2 h r e a c h have b e e n c a r r i e d out , 
c o v e r i n g the n e u t r o n e n e r g y r a n g e f r o m 0.35 to 1 .61 Mev, and the g a m m a 
r a y s p e c t r a have b e e n a n a l y z e d . 

M o l y b d e n u m - 9 8 

Eight i r r a d i a t i o n s of about 4 h r e a c h have b e e n c o m p l e t e d with 
m e t a l l i c m o l y b d e n u m t a r g e t s u s i n g n e u t r o n e n e r g i e s b e t w e e n 0.46 and 
2.12 Mev . N a t u r a l m o l y b d e n u m c o n t a i n s 7 s t ab l e i s o t o p e s , of which t h r e e , 
m o l y b d e n u m - 9 2 , - 9 8 , and -100 , y i e ld r a d i o a c t i v e c a p t u r e p r o d u c t s , which 
a r e 6.9-hr Mo'^^^, 6 7 - h r Mo^' , and 1 5 - m i n Mo'°^. In the g a m m a - r a y a n a l ­
y s e s fol lowing i r r a d i a t i o n s , the 6 7 - h r and the 1 5 - m i n a c t i v i t i e s w e r e 
c l e a r l y a p p a r e n t , but the 6 . 9 - h r a c t i v i t y , a r i s i n g f rom m o l y b d e n u m - 9 2 , a 
s p e c i e s wi th an e x c e p t i o n a l l y low c a p t u r e c r o s s s e c t i o n , w a s a p p a r e n t l y 
not found. Data a r e a v a i l a b l e , t h e r e f o r e , to m e a s u r e the c r o s s s e c t i o n s 
of m o l y b d e n u m - 9 8 and -100 . The l a t t e r v a l u e s a r e a l r e a d y a v a i l a b l e in 
the l i t e r a t u r e ; t h e r e f o r e , t h e s e da ta wil l not be p u r s u e d , and a t t en t i on wil l 
be g iven only to m o l y b d e n u m - 9 8 . 
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Ne p t u n i u m - 2 3 7 

N e u t r o n a c t i v a t i o n of t h i s n u c l i d e g i v e s the 2.1 -day b e t a and 
g a m m a e m i t t e r , n e p t u n i u m - 2 3 8 . Nine n e u t r o n i r r a d i a t i o n s have been c o m ­
p l e t e d , c o v e r i n g the n e u t r o n e n e r g y r a n g e b e t w e e n 0.46 and 1.30 Mev . 
G a m m a a n a l y s e s of the i r r a d i a t e d t a r g e t s h a v e b e e n m a d e and the da t a a r e 
be ing a n a l y z e d . 

A b s o l u t e B e t a Count ing 

In the d e t e r m i n a t i o n of the c a p t u r e c r o s s s e c t i o n of each nuc l ide 
d i s c u s s e d a b o v e , it i s n e c e s s a r y to know the a b s o l u t e d i s i n t e g r a t i o n r a t e of 
the a c t i v a t i o n p r o d u c t . Af ter i r r a d i a t i o n , in e a c h c a s e , the i r r a d i a t e d t a r g e t 
i s a n a l y z e d for the g a m m a - r a y s p e c t r u m of the a c t i v a t i o n p r o d u c t by m e a n s 
of the s o d i u m iod ide c r y s t a l and the 2 5 6 - c h a n n e l a n a l y z e r . The a b s o l u t e d i s ­
i n t e g r a t i o n r a t e c o r r e s p o n d i n g to the o b s e r v e d ganama s p e c t r u m , o r a c o n ­
v e n i e n t p a r t of i t , i s d e t e r m i n e d by c o m p a r i n g t h i s s p e c t r u m with tha t of a 
known a c t i v i t y of the s a m e s p e c i e s c o u n t e d in the s a m e g e o m e t r y . It i s n e c ­
e s s a r y , t h e r e f o r e , t o d e t e r m i n e the a b s o l u t e d i s i n t e g r a t i o n r a t e of the s p e c i e s 
of i n t e r e s t . T h i s h a s b e e n done and wi l l be done by one o r both of two m e t h o d 
of 4Tr b e t a c o u n t i n g . The f i r s t and o l d e r m e t h o d u s e d h e r e i s the p r o p o r t i o n a l 
coun t ing t e c h n i q u e , w h e r e i n a s a m p l e of the a c t i v i t y in so lu t ion i s e v a p o r a t e d 
onto a th in m o u n t i n g , and i d e a l l y 100 p e r c e n t of the b e t a r a y s a r e coun t ed . 
Th i s a p p a r a t u s h a s b e e n u s e d s u c c e s s f u l l y for a b s o l u t e be t a count ing in the 
p r e s e n t p r o g r a m . A n o t h e r 47T b e t a - c o u n t i n g s y s t e m h a s now b e e n put in to 
o p e r a t i o n . T h i s i s a l iqu id s c i n t i l l a t i o n s y s t e m , in which a so lu t ion of the 
r a d i o a c t i v e s a m p l e i s i n t r o d u c e d d i r e c t l y in to a l iqu id s c i n t i l l a t o r so lu t i on , 
wh ich i s c o u p l e d with a p h o t o e l e c t r i c tube and an ampl i fy ing s y s t e m . Th i s 
m e t h o d i s f a s t e r , m o r e c o n v e n i e n t , and s u b j e c t to f ewer c o r r e c t i o n s than the 
p r o p o r t i o n a l nae thod . The l i qu id s c i n t i l l a t i o n c o u n t e r i s now be ing u s e d for 
a b s o l u t e b e t a coun t ing of a c t i v a t i o n p r o d u c t s a s s o c i a t e d with the i s o t o p e s 
w h o s e c r o s s s e c t i o n s a r e be ing m e a s u r e d . 

2. N e u t r o n To ta l C r o s s Sec t ion of U r a n i u m - 2 3 3 
( D . C . S tupeg ia ) 

A r e p o r t of t h i s w o r k , d e t a i l e d in the p r e v i o u s r e p o r t (ANL-6379 , 
p a g e s 228 to 229) , h a s b e e n a c c e p t e d for p u b l i c a t i o n in the J o u r n a l of N u c l e a r 
E n e r g y ( R e a c t o r S c i e n c e ) . 

3 . F a s t F i s s i o n Y ie ld s in the Reg ion of M a s s 100 
(D. C. S tupeg ia , E, H. D e w e l l , A. A . M a d s o n ) 

A c o m m o n m e t h o d of d e t e r m i n i n g the d e g r e e to which a r e a c t o r 
fuel h a s u n d e r g o n e f i s s i o n i s to a s s a y a f i s s i o n p r o d u c t of w e l l - k n o w n y i e l d . 
F o r t h e r n a a l f i s s i o n of the m a j o r r e a c t o r f u e l s , the y i e l d s a r e we l l kno-wn a s 
a funct ion of f i s s i o n f r a g m e n t m a s s . With the i n c r e a s e d a t t e n t i o n be ing 
d i r e c t e d to s t u d i e s of fas t r e a c t o r s , i t h a s b e c o m e n e c e s s a r y to know c e r t a i n 



f i s s i o n y i e l d s in f a s t n e u t r o n s p e c t r a in the a n t i c i p a t i o n of t h e i r u s e in b u r n -
up d e t e r m i n a t i o n . T h e s e d a t a , h o w e v e r , a r e not w e l l known, and a r e not , in 
g e n e r a l , e x p e c t e d to be the s a m e a s the t h e r m a l v a l u e s . 

A f a s t r e a c t o r , s u c h a s E B R - I o r E B R - I I , h a s a n e u t r o n s p e c t r u m 
with a m o s t p r o b a b l e n e u t r o n e n e r g y of about 0.3 M e v . If one w i s h e d to u s e 
f i s s i o n - y i e l d da t a a s a b u r n u p s t a n d a r d , one would wan t da t a for a s p e c t r u m 
c l o s e l y a p p r o x i m a t i n g t h a t of the r e a c t o r in q u e s t i o n . H o w e v e r , i t i s not 
p r a c t i c a l to d e t e r m i n e f i s s i o n y i e l d s in a l l p o s s i b l e f a s t s p e c t r a . A c o n v e n ­
ien t f a s t n e u t r o n s p e c t r u m i s the u n m o d e r a t e d f i s s i o n s p e c t r u m , which h a s 
a m o s t p r o b a b l e n e u t r o n e n e r g y of abou t 0.7 Mev . The f i s s i o n y i e l d of 
c e s i u m - 1 3 7 w a s de t e rmined-^^ in a f i s s i o n s p e c t r u m and the v a l u e w a s s u b ­
s e q u e n t l y u s e d to c a l c u l a t e , on the b a s i s of c e s i u m - 1 3 7 a n a l y s i s , the d e g r e e 
of b u r n u p in f i s s i l e s a m p l e s i r r a d i a t e d in E B R - I . In t h i s f i s s i o n - y i e l d w o r k 
on c e s i u m - 1 3 7 , i t w a s found tha t the y i e l d in u r a n i u m - 2 3 5 f i s s i o n r i s e s f r o m 
5.9 p e r c e n t wi th t h e r m a l n e u t r o n s to 6.3 p e r c e n t wi th f i s s i o n n e u t r o n s ( m o s t 
p r o b a b l e e n e r g y , 0.7 M e v ) . T h e r e f o r e , if one a s s u m e s tha t the r i s e f r o m 
the t h e r m a l to the fas t v a l u e i s m o n o t o n i c , one c o n c l u d e s tha t t h e r e i s l i t t l e 
d i f f e r e n c e b e t w e e n the y i e l d s in the f i s s i o n n e u t r o n s p e c t r u m and the fas t 
r e a c t o r s p e c t r u m (mos t p r o b a b l e e n e r g y 0.3 Mev) . 

R e c e n t p l a n s h a v e b e e n m a d e to m e a s u r e b u r n u p by the a s s a y of 
f i s s i o n p r o d u c t s o t h e r t h a n c e s i u m - 1 3 7 . In s a m p l e s of h igh b u r n u p , an a t t r a c ­
t ive p r o c e d u r e i s t he c o l o r i m e t r i c d e t e r m i n a t i o n of t e c h n e t i u m ( T C ). F o r 
v e r y s h o r t i r r a d i a t i o n s , a u se fu l m o n i t o r i s 6 7 - h r m o l y b d e n u m - 9 9 . In t h i s 
m a s s r e g i o n of the f i s s i o n p r o d u c t d i s t r i b u t i o n , it i s e x p e c t e d tha t the f i s s i o n 
y i e l d s wi l l v a r y a p p r e c i a b l y wi th n e u t r o n e n e r g y and wi th m a s s of the f i s s i o n ­
ing s p e c i e s , b e c a u s e of the p r e s e n c e of a fine s t r u c t u r e p e a k in t h i s p a r t of the 
c u r v e . In the p r e s e n t w o r k i t i s p l a n n e d to m e a s u r e the f i s s i o n y i e l d s of 
z i r c o n i u m - 9 5 and -97 , n i o b i u m - 9 7 , t e c h n e t i u m - 9 9 , and m o l y b d e n u m - 9 9 . 

The a p p a r a t u s u s e d i s a n e u t r o n flux c o n v e r t e r and a s s o c i a t e d 
f i s s i o n c h a m b e r . The flux c o n v e r t e r i s a cup of e n r i c h e d u r a n i u m which 
c o m p l e t e l y s u r r o u n d s (l ) the f i s s i l e s a m p l e be ing s t u d i e d , (2) a th in f i s s i o n 
m o n i t o r i n g s a m p l e of the s a m e s p e c i e s , and (3) a f i s s i o n c h a m b e r , which 
c o u n t s f i s s i o n s in the th in s a m p l e . S ince the e n r i c h e d u r a n i u m cup i s t h i ck 
enough to be b l a c k to the r e a c t o r t h e r m a l n e u t r o n s , in wh ich the a p p a r a t u s 
i s i m m e r s e d , and the u r a n i u m i t s e l f a p o o r m o d e r a t o r , the s a m p l e s i n s i d e 
the cup a r e e x p o s e d to an e s s e n t i a l l y u n m o d e r a t e d f i s s i o n n e u t r o n s p e c t r u m . 
The n u m b e r s of f i s s i o n s in the h e a v y and l igh t s a m p l e s a r e p r o p o r t i o n a l to 
t h e i r r e s p e c t i v e m a s s e s . T h e n , h a v i n g c o u n t e d the n u m b e r of f i s s i o n s in the 
l igh t s a m p l e , and hav ing s e p a r a t e d the g iven f i s s i o n p r o d u c t f r o m the h e a v y 
s a m p l e , and m e a s u r e d i t s d i s i n t e g r a t i o n r a t e , the y i e l d of the f i s s i o n p r o d u c t 
i s t h e r e b y d e t e r m i n e d . 

K a f a l a s , P . , and C r o u t h a m e l , C. E . , J , I n o r . a n d N u c l e a r C h e m , 4 , 
N o s . 5 and 6, 239 (1957) . 
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Light and h e a v y s a m p l e s of u r a n i u m - 2 3 3 have b e e n p r e p a r e d for 
the f i r s t i r r a d i a t i o n s . The l ight s a m p l e s con ta in about 4 ^g p l a t ed on a c i r c l e 
of 1 - c m d i a m e t e r . The h e a v y s a m p l e s c o n s i s t of 1 - c m - d i a m e t e r d i s c s of 
about 0.2 g u r a n i u m d i o x i d e . P r o c e d u r e s for the s e p a r a t i o n of f i s s ion p r o d ­
uc t m o l y b d e n u m , n i o b i u m , and z i r c o n i u m have been p r e p a r e d , and wil l be u s e d 
fol lowing the u r a n i u m - 2 3 3 i r r a d i a t i o n s . 

B . T h e r m a l l y R e g e n e r a t i v e Emf Ce l l 
(C, E . C r o u t h a m e l , M. F o s t e r , R. H e i n r i c h , R. Epp ley) 

S tud i e s a r e be ing d i r e c t e d t o w a r d the d e v e l o p m e n t of a r e g e n e r a t i v e 
c e l l to c o n v e r t h e a t in to e l e c t r i c i t y . T h i s cyc le r e q u i r e s r e g e n e r a t i o n of 
the ce l l p r o d u c t , t ha t i s , the p h y s i c a l s e p a r a t i o n and r e t u r n of the anode and 
ca thode r e a c t a n t s to c o m p l e t e the c y c l e . The p r o d u c t of the p a r t i c u l a r c e l l 
be ing i n v e s t i g a t e d i s l i t h i u m h y d r i d e , which i s d i s s o l v e d in m o l t e n l i t h i u m 
c h l o r i d e - p o t a s s i u m c h l o r i d e . L i t h i u m ions a r e f o r m e d at a m o l t e n l i t h i u m 
m e t a l anode f loa t ing on the s u r f a c e of the m o l t e n sa l t e l e c t r o l y t e and c o n ­
t a i n e d in an A r m c o i r o n r i n g . H y d r i d e ions a r e f o r m e d at the m e l t - A r m c o 
i r o n d i a p h r a g m i n t e r f a c e in the b a s e of the c e l l . H y d r o g e n e n t e r s the ce l l 
by dif fusing t h r o u g h the so l id A r m c o i r o n d i a p h r a g m . 

The p o l a r i z a t i o n of a c e l l wi th a l i t h i u m e l e c t r o d e , c o n s i s t i n g of a 
pool of l i qu id l i t h i u m i n e t a l , and a h y d r o g e n e l e c t r o d e , c o n s i s t i n g of a 1 0 - m i l 
A r m c o i r o n d i a p h r a g m , h a s b e e n i n v e s t i g a t e d a s a funct ion of app l i ed load 
by m e a n s of a s m a l l r e f e r e n c e l i t h i u m e l e c t r o d e . The h y d r o g e n p r e s s u r e 
w a s m a i n t a i n e d a t 75 7 m m Hg; no s t i r r i n g of the m e l t was done d u r i n g t h e s e 
m e a s u r e m e n t s . The d a t a a r e shown in F i g u r e s 57 and 58 for both f o r w a r d 
and r e v e r s e ( d i s c h a r g e and c h a r g e ) o p e r a t i o n of the c e l l . It i s c l e a r l y i n d i ­
c a t e d t h a t the m a j o r i t y of the v o l t a g e p o l a r i z a t i o n i s due to the h y d r o g e n 
e l e c t r o d e . F o r e x a m p l e , at a c u r r e n t d e n s i t y of 2 a m p s / s q ft on the h y d r o ­
gen e l e c t r o d e , a p o l a r i z a t i o n of about 275 m v w a s m e a s u r e d d u r i n g c e l l d i s ­
c h a r g e , v/hile a t the s a m e c u r r e n t d e n s i t y m e a s u r e d at the l i t h i u m e l e c t r o d e 
u n d e r the s a m e c o n d i t i o n s about 10 m v i s m e a s u r e d . 

The c e l l , when o p e r a t e d a s a b a t t e r y , can be c o n s i d e r e d a s an i d e a l 
b a t t e r y in s e r i e s with a f ixed r e s i s t a n c e (due, e .g . , to l e a d r e s i s t a n c e ) and 
a v a r i a b l e r e s i s t a n c e (due to the p a s s a g e of c u r r e n t ) . The l a t t e r r e s i s t a n c e 
t e n d s to z e r o a s the r a t e of c u r r e n t flow^ t e n d s to z e r o . The fixed r e s i s t a n c e 
of the c e l l ( lead r e s i s t a n c e p lus any f ixed i n t e r n a l r e s i s t a n c e ) w a s e s t i m a t e d 
a s 0.4 o h m . T h i s v a l u e w a s u s e d to e s t i m a t e the e f f ic iency of the ce l l o p e r ­
a t ing a s a b a t t e r y and i s g iven by 

e f f i c i ency = ( E / E ° ) ( R T o t a l A L o a d ) 

w h e r e : E = v o l t a g e d r o p a c r o s s e x t e r n a l l e a d r e s i s t a n c e R L o a d > 
E = open c i r c u i t v o l t a g e , and 

R T o t a l = R-Load p l ^ s 0.4 

A g r a p h of c e l l e f f i c i ency v s . R T o t a l i^ g iven in F i g u r e 59-



FIGURE 57 

POLARIZATION OF HYDROGEN ELECTRODE OF THE 
THERMALLY REGENERATIVE LITHIUM HYDRIDE CELL 
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FIGURE 58 
POLARIZATION OF LITHIUM ELECTRODE OF THE 

THERMALLY REGENERATIVE LITHIUM HYDRIDE CELL 
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FIGURE 59 
CELL EFFICIENCY AS A FUNCTION OF R 
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P o l a r i z a t i o n of the h y d r o g e n gas e l e c t r o d e in the l i t h ium h y d r i d e 
r e g e n e r a t i v e ce l l i s s u b s t a n t i a l , and i t h a s been shown that the d e g r e e of 
p o l a r i z a t i o n i s dependen t upon the a m o u n t of h y d r o g e n gas diffusing th rough 
the h y d r o g e n d i a p h r a g m - e l e c t r o d e . Independent s t ud i e s of h y d r o g e n dif­
fusion a r e now be ing conduc t ed to p r o v i d e a su i tab le m e t a l d i a p h r a g m which 
wil l supply h y d r o g e n to the ce l l at h i g h e r r a t e s and which will a l s o be c o m ­
pa t ib le with the ce l l e n v i r o n m e n t . 

Since h y d r o g e n diffusion r a t e s of the o r d e r of 1 to 25 cu c m / 
( s ec ) ( sq ft) of d i a p h r a g m a r e a a r e d e s i r e d , the r a t e s of d i f ferent m a t e r i a l s 
c o m p a t i b l e with the ce l l wil l be m e a s u r e d by m e a n s of a c o n s t a n t - p r e s s u r e 
a p p a r a t u s . Th i s a p p a r a t u s d i f fe rs f r o m that of e a r l i e r i n v e s t i g a t o r s in 
tha t the a c t u a l v o l u m e of h y d r o g e n g a s diffused th rough the d i a p h r a g m is 
o b s e r v e d a t c o n s t a n t p r e s s u r e . P r e v i o u s i n v e s t i g a t o r s w e r e c o n c e r n e d 
p r i m a r i l y with s l o w e r diffusion r a t e s and o b s e r v e d s m a l l p r e s s u r e changes 
a t c o n s t a n t v o l u m e . The a p p a r a t u s for t h i s m e a s u r e m e n t i s no'w c o m p l e t e 
and diffusion da ta ^vill be r e p o r t e d in the next q u a r t e r l y r e p o r t . 

C. T h e r m o e l e c t r i c i t y R e s e a r c h 
(R, K. E d w a r d s ) 

A p r o g r a m of fundamen ta l r e s e a r c h in t h e r m o e l e c t r i c i t y h a s been 
i n i t i a t e d to c o n t r i b u t e to the fu ture t e c h n o l o g i c a l d e v e l o p m e n t of d i r e c t 
c o n v e r s i o n of n u c l e a r r e a c t o r h e a t e n e r g y into e l e c t r i c a l power by m e a n s 



of the t h e r m o c o u p l e ef fec t . Two l i m i t e d a r e a s of r e s e a r c h have b e e n 
s e l e c t e d a s of s p e c i a l i n t e r e s t . L iqu id t h e r m o c o u p l e s a r e u n d e r i n v e s t i g a ­
t ion b e c a u s e of f a v o r a b l e e x p e r i m e n t a l f a c t o r s and b e c a u s e v e r y l i t t l e w o r k 
h a s b e e n and i s be ing c a r r i e d out wi th s u c h m a t e r i a l s . R e f r a c t o r y so l id 
t h e r m o c o u p l e s y s t e m s forna the o t h e r m a j o r a r e a , s i n c e t hey a r e c o n s i d ­
e r e d to be of p a r t i c u l a r i n t e r e s t to r e a c t o r e n e r g y c o n v e r s i o n . 

The e x p e r i m e n t a l p r o g r a m c o n s i s t s of m e a s u r e m e n t s of Seebeck 
c o e f f i c i e n t s , e l e c t r i c a l c o n d u c t i v i t i e s , t h e r m a l c o n d u c t i v i t i e s , and Hal l c o ­
e f f i c ien t s of w e l l - c h a r a c t e r i z e d m a t e r i a l s . T h e s e m e a s u r e m e n t s a r e n e c e s 
s a r y for the e l u c i d a t i o n of t r a n s p o r t m e c h a n i s m s for the c h a r g e c a r r i e r and 
for e v a l u a t i o n of n a a t e r i a l e f f i c i e n c i e s . C u r r e n t e f fo r t s a r e c o n c e r n e d with 
e q u i p m e n t d e s i g n , c o n s t r u c t i o n , t e s t i n g , and with s o m e e x p l o r a t o r y 
m e a s u r e m e n t s . 

1 . L iqu id T h e r m o c o u p l e S y s t e m s 
( R . K . E d w a r d s and P , D a n i e l s o n ) 

L iqu id s y s t e m s con ta in ing e l e m e n t s in the a r e a of the p e r i o d i c 
s y s t e m c e n t e r i n g about the e l e m e n t t in -will be i n v e s t i g a t e d . The p a r t i c u l a r 
a r e a c h o s e n i s t ha t for -which so l id s t a t e i n v e s t i g a t i o n s have shown m a n y 
s e m i c o n d u c t i n g c o m p o u n d s of p r o m i s i n g t h e r m o e l e c t r i c e f f i c i e n c i e s . An 
e x a m p l e i s the c o m p o u n d i n d i u m a n t i m o n i d e , which h a s b e e n e x t e n s i v e l y 
s tud ied in the so l id s t a t e and , to a l i m i t e d e x t e n t , above i t s m e l t i n g po in t . 
The so l id s t a t e i n v e s t i g a t i o n s w e r e n e c e s s a r i l y l i m i t e d to the v e r y n a r r o w 
c o m p o s i t i o n r a n g e of the c o m p o u n d . The p r e s e n t i n v e s t i g a t i o n wil l s tudy 
the S e e b e c k coe f f i c i en t s t h r o u g h o u t the c o m p l e t e c o m p o s i t i o n r a n g e of the 
i n d i u m - a n t i m o n y s y s t e m in the l iqu id s t a t e . The e q u i p m e n t i s a s s e m b l e d 
and r e a d y for the i n i t i a l m e a s u r e m e n t s . 

2. R e f r a c t o r y Solid T h e r m o c o u p l e S y s t e m s 
( M . T e t e n b a u m ) 

F o r h i g h - t e m p e r a t u r e u s e , a r e f r a c t o r y , b r o a d - b a n d s e m i c o n ­
d u c t o r i s r e q u i r e d if the t h e r m o e l e c t r i c p r o p e r t i e s a r e to be f a v o r a b l e o v e r 
a l a r g e t e m p e r a t u r e i n t e r v a l . The l a n t h a n i d e and a c t i n i d e sulf ide s y s t e m s 
a r e h igh ly r e f r a c t o r y and h a v e p h a s e s wi th e l e c t r o n c o n c e n t r a t i o n s in the 
s e m i c o n d u c t i n g r a n g e . The u r a n i u m and t h o r i u m sul f ide s y s t e m s and t h e i r 
so l id s o l u t i o n s have b e e n s e l e c t e d for the i n i t i a l s t u d i e s . 

Al though a s m a l l a m o u n t of e x p e r i m e n t a l w o r k on r e f r a c t o r y 
su l f ides h a s b e e n r e p o r t e d , i t a p p e a r s t ha t m e a s u r e m e n t s of t h e r m o e l e c t r i c 
p a r a n a e t e r s h a v e b e e n m a d e on m a t e r i a l s which w e r e p o o r l y def ined a s to 
s t o i c h i o m e t r y . It w a s d e c i d e d , t h e r e f o r e , t ha t the p r e s e n t p r o g r a m would 
p l ace s t r o n g e m p h a s i s on a p r e p a r a t i o n of su l f ides of w e l l - d e f i n e d 
c o m p o s i t i o n s . 



a. P r e p a r a t i o n of U r a n i u m Monosul f ide 

A s m a l l q u a n t i t y of u r a n i u m monosu l f i de h a s been p r e p a r e d 
wi th the e q u i p m e n t a v a i l a b l e in the C h e m i s t r y D iv i s ion . The d e s i g n of the 
e q u i p m e n t w a s e s s e n t i a l l y t h a t of E a s t m a n et a l .35 U r a n i u m in the f o r m or 
a s m a l l b a r ( in i t i a l ly c l e a n e d in c o n c e n t r a t e d n i t r i c ac id and s u b s e q u e n t l y 
e l e c t r o p o l i s h e d in a su l fu r i c a c i d - g l y c e r i n e ba th ) w a s c o n v e r t e d to the 
p o w d e r e d h y d r i d e by r e a c t i o n with p u r i f i e d h y d r o g e n at a p p r o x i m a t e l y 200 
to 250 C for s e v e r a l h o u r s . The s y s t e m w a s then e v a c u a t e d and the h y d r i d e 
d e c o m p o s e d at a r e l a t i v e l y low d e c o m p o s i t i o n t e m p e r a t u r e (250 C) in o r d e r 
to avo id s i n t e r i n g of the f ine ly d iv ided p r o d u c t . The p r o d u c t w a s sul f ided 
by r e a c t i o n with h y d r o g e n sul f ide g a s o v e r n i g h t a t a p p r o x i m a t e l y 500 to 
600 C, The c r u d e sul f ide w a s t r a n s f e r r e d (via a d r y box) to a t u n g s t e n c r u ­
c ib l e and h o m o g e n i z a t i o n w a s e f fec ted by h e a t i n g the c h a r g e s lowly to 2100 C 
u n d e r h igh v a c u u m . X - r a y a n a l y s i s of the s i n t e r e d p r o d u c t f r o m the h o m o g ­
e n i z a t i o n p r o c e d u r e shov/ed u r a n i u m m o n o s u l f i d e (cubic s t r u c t u r e , s o d i u m 
c h l o r i d e t y p e ) a s the m a j o r p h a s e and u r a n i u m oxysul f ide ( t e t r a g o n a l ) a s the 
m i n o r c o m p o n e n t . 

An a t t e m p t w a s m a d e to pur i fy and , at the s a m e t ime , to 
s i n t e r t h i s m a t e r i a l in to a u s a b l e s h a p e for s u b s e q u e n t m e a s u r e n a e n t s of 
t h e r m o e l e c t r i c p a r a m e t e r s . The p r o d u c t f r o m the h o m o g e n i z a t i o n p r o c e d u r e 
w a s g r o u n d and cold p r e s s e d in to a s m a l l p e l l e t , i n s e r t e d into a c l o s e - f i t t i n g 
t a n t a l u m c r u c i b l e , and h e a t e d i n d u c t i v e l y in v a c u u m for s e v e r a l h o u r s at 
a p p r o x i m a t e l y 2000 C. Af te r coo l ing , i t was found tha t the m a t e r i a l in the 
c r u c i b l e could not be c o n v e n i e n t l y r e m o v e d in one p i e c e , and i t was n e c e s ­
s a r y , t h e r e f o r e , to s a c r i f i c e the c r u c i b l e in o r d e r to r e m o v e the m a t e r i a l , 
which w a s then in the f o r m of s m a l l , i r r e g u l a r p i e c e s . 

The m a t e r i a l r e c o v e r e d f r o m the t a n t a l u m c r u c i b l e w a s 
r e g r o u n d , co ld p r e s s e d in to a p e l l e t , p l a c e d in a t u n g s t e n c r u c i b l e ( l a rge 
c o m p a r e d to the d i a m e t e r of the p e l l e t ) and s lowly h e a t e d u n d e r high v a c u u m 
to a t e m p e r a t u r e of a p p r o x i m a t e l y 2200 C The c r u c i b l e w a s h e l d at t h i s 
t e m p e r a t u r e for a p p r o x i m a t e l y 1 — h r . 

C h e m i c a l a n a l y s i s of the s i n t e r e d m a s s gave a sulfur con ten t 
c o r r e s p o n d i n g to USI.QB- U r a n i u m oxysu l f ide ( inso luble in 3 .6 N su l fu r i c ac id ) 
w a s not d e t e c t e d . X - r a y a n a l y s e s and r e s i s t i v i t y m e a s u r e n a e n t s a r e in 
p r o g r e s s . 

* The a s s i s t a n c e and g u i d a n c e of R o b e r t W a l t e r s of the C h e m i s t r y 
Div i s ion in the p r e p a r a t i o n of t h i s m a t e r i a l i s g r a t e fu l l y a c k n o w l e d g e d . 

^ E a s t m a n , E . D. , B r e w e r , L . , B r o m l e y , L, A. , G i l l e s , P . W., and 
Lofg ren , N. L . , J . A m . C h e m . Soc . 72, 4019 (1950). 



D. R e a c t o r D e c o n t a m i n a t i o n 
(W. B . Seefe ld t ) 

The R e a c t o r D e c o n t a m i n a t i o n P r o g r a m h a s two p r i n c i p a l o b j e c t i v e s : 
l ) to d e t e r m i n e e x p e r i m e n t a l l y in p i l o t - p l a n t e q u i p m e n t the d e g r e e of c o n ­
t a m i n a t i o n to be e x p e c t e d in the s t e a m p h a s e s of a bo i l ing w a t e r r e a c t o r 
s y s t e m in the even t of f u e l - c l a d d i n g f a i l u r e , and 2) to find su i t ab l e m e t h o d s 
of r e m o v i n g d e p o s i t e d a c t i v i t y f r o m i n t e r n a l s u r f a c e s , should it be n e c e s s a r y 
b e c a u s e of e x c e s s i v e r a d i a t i o n l e v e l s . The p i l o t - p l a n t e q u i p m e n t u s e d for 
the f i r s t ob j ec t ive c o n s i s t s of a s t a i n l e s s s t e e l type 304 loop tha t s i m u l a t e s 
the a c t i o n of a bo i l ing w a t e r r e a c t o r . F u e l r u p t u r e s a r e s i m u l a t e d by i n s e r t ­
ing t r a c e r a c t i v i t i e s of i r r a d i a t e d m e t a l l i c u r a n i u m . In a p a r a l l e l e f for t , 
s t u d i e s a r e be ing m a d e in the l a b o r a t o r y to find s u i t a b l e m e a n s of r e m o v i n g 
d e p o s i t e d a c t i v i t i e s . 

Add i t i ona l da t a f r o m a 1 6 - d a y loop r u n show^ t h a t the c o n c e n t r a t i o n s 
of a l l f i s s i o n p r o d u c t s , e x c e p t r u t h e n i u m - l 0 3 , r e a c h e d a n e a r e q u i l i b r i u m 
l e v e l a f t e r about 1 00 h r of loop o p e r a t i o n . The c o n c e n t r a t i o n of r u t h e n i u m - l 03 
con t inued to d e c r e a s e to n o n d e t e c t a b l e l e v e l s . The spec i f i c d e p o s i t i o n s of 
f i s s i o n p r o d u c t s r e l a t e d to v a p o r ( m i c r o c u r i e s of f i s s i o n p r o d u c t d e p o s i t e d 
p e r m i c r o c u r i e in v a p o r , jdc/sq c m t / i c / c u c m ) v a r i e d f r o m 34 to 100 for 
c e r i u m , z i r c o n i u m - n i o b i u m , and r u t h e n i u m , a n d f r o m 4 to 8 for i o d i n e , 
c e s i u m , and b a r i u m - l a n t h a n u m . E x t r a p o l a t i o n of t h e s e r e s u l t s to a r e a c t o r 
s y s t e m u n d e r spec i f i ed c o n d i t i o n s i n d i c a t e s tha t c o n t a m i n a t i o n of a 6 - in . 
s t e a m l ine would no t r e s u l t in suf f ic ient d e p o s i t i o n to j e o p a r d i z e a p p r o a c h 
to the l ine for m a i n t e n a n c e p u r p o s e s . 

The r e s u l t s of the d e c o n t a m i n a t i o n of the l iqu id p h a s e of the loop 
a r e p r e s e n t e d . T h e s e inc lude r a d i a t i o n m e a s u r e m e n t s , m a t e r i a l b a l a n c e s , 
and d e c o n t a m i n a t i o n f a c t o r s . 

C u r r e n t l a b o r a t o r y e f fo r t s a r e be ing d i r e c t e d at the mod i f i c a t i on of 
an oxa l i c a c i d - h y d r o g e n p e r o x i d e r e a g e n t s y s t e m d e v e l o p e d by Oak Ridge 
Na t iona l L a b o r a t o r y ; the m o d i f i c a t i o n i s d i r e c t e d tow^ard u s e in the v a p o r 
p h a s e s of bo i l ing w a t e r r e a c t o r s y s t e m s . E a r l y d a t a d e v e l o p e d o n l a b o r a t o r y 
c o n t a m i n a t e d s t a i n l e s s s t e e l type 304 s u r f a c e s i n d i c a t e d tha t the d e c o n t a n a i -
n a t i o n s f r o m z i r c o n i u m - n i o b i u m - 9 5 and c e r i u m - 1 4 1 w e r e g e n e r a l l y good 
( d e c o n t a m i n a t i o n f a c t o r s in e x c e s s of lOO). D e c o n t a m i n a t i o n of r u t h e n i u m - l 03 
was e r r a t i c . In r e c e n t e x p e r i m e n t s , the d e c o n t a m i n a t i o n c a p a b i l i t y of t h i s 
r e a g e n t on loop c o n t a m i n a t e d s p e c i m e n s w a s found to be c o n s i d e r a b l y l e s s 
(2.5 to 7), and e f fo r t s a r e be ing m a d e to d e t e r m i n e the c a u s e of th i s r e d u c t i o n . 
S igni f icant i m p r o v e m e n t s w e r e not ob t a ined by v a r y i n g the p e r o x i d e - o x a l i c 
ac id r a t i o s b e t w e e n 0.5 and 6.0. 

S tud ies of the s t a b i l i t y of oxa l i c a c i d - h y d r o g e n p e r o x i d e m i x t u r e s 
w e r e e x t e n d e d to inc lude m e a s u r e m e n t s a t r o o m t e m p e r a t u r e . Good s t a b i l i t y 
w a s i n d i c a t e d in t ha t the g r e a t e s t pH change o b s e r v e d in one week w a s f r o m 
4.0 to 4 . 8 . 



1 . Loop S tud ie s 
( D . G r o s v e n o r , C . Ba l ly ) 

A s t a i n l e s s s t e e l type 304 loop which s i m u l a t e s the ac t ion of a 
bo i l ing w a t e r r e a c t o r h a s b e e n i n s t a l l e d in a s h i e l d e d ce l l in o r d e r to s tudy 
the e f fec t s of s i m u l a t e d r u p t u r e s of fuel e l e m e n t s . It i s of i n t e r e s t to know 
how m u c h and what k ind of f i s s i o n p r o d u c t s wi l l d i s t r i b u t e t h r o u g h the 
s y s t e m in o r d e r to a s c e r t a i n the d e g r e e to which m a i n t e n a n c e m i g h t be i m ­
p a i r e d in a p r a c t i c a l s y s t e m shou ld f a i l u r e of fuel c l add ing o c c u r . F u e l 
r u p t u r e s a r e s i m u l a t e d in the loop by i n t r o d u c i n g i r r a d i a t e d m e t a l l i c u r a ­
n i u m . F i s s i o n p r o d u c t s a r e r e l e a s e d a s the u r a n i u m c o r r o d e s in the c i r c u ­
l a t i ng w a t e r . D e p o s i t i o n of a c t i v i t y in the s t e a m d i s e n g a g i n g space i s 
m o n i t o r e d by i n s e r t i n g a m e t a l l i c s a m p l e s t r i p . Th i s i s r e m o v e d following 
a r u n , cu t into conven i en t l e n g t h s , and coun ted in a 2 5 6 - c h a n n e l g a m m a 
s c i n t i l l a t i o n s p e c t r o m e t e r . T h i s i s c o r r e l a t e d with s i m i l a r i n f o r m a t i o n 
ob t a ined f r o m l iqu id and c o n d e n s e d s t e a m s a m p l e s . 

In the p r e c e d i n g r e p o r t p e r i o d , p a r t i a l r e s u l t s of a 1 6 -day loop 
r u n (U4) ,were r e p o r t e d ( see A N L - 6 3 7 9 , page 245). The p r i n c i p a l i ncen t ive 
for the r u n w a s to d e t e r m i n e w h e t h e r the f i s s ion p r o d u c t c o m p o s i t i o n s of 
the c i r c u l a t i n g l iqu id r e a c h e d what m i g h t be c o n s i d e r e d e q u i l i b r i u m l e v e l s . 
T h i s i s i m p o r t a n t s i n c e the ob jec t ive of the loop e x p e r i m e n t s i s to r e l a t e 
f i s s i o n p r o d u c t d e p o s i t i o n on m e t a l s a m p l e s in the v a p o r p h a s e with the 
e n t r a i n e d f i s s i o n p r o d u c t c o n t e n t of the s t e a m , which , in t u r n , i s a function 
of f i s s i o n p r o d u c t con ten t of loop w a t e r . The f i s s ion p r o d u c t p a t t e r n s (as a 
funct ion of t inae) o b t a i n e d and p r e s e n t e d in A N L - 6 3 7 9 s u g g e s t e d tha t for a l l 
f i s s i o n p r o d u c t s m o n i t o r e d , e x c e p t r u t h e n i u m , c o r r e l a t a b l e depos i t i on da ta 
cou ld be o b t a i n e d . T h i s i s p o s s i b l e if v a r i a t i o n s of c o n c e n t r a t i o n by a fac to r 
of five a r o u n d s o m e c e n t r a l va lue w e r e a c c e p t a b l e and p r o v i d e d that the loop 
w a s o p e r a t e d for 100 h r p r i o r to i n c r e a s i n g the s t e a m v e l o c i t y of the d e s i r e d 
v a l u e . The f i r s t 100 h r n e e d to be e x c l u d e d b e c a u s e m o s t of the c o n c e n t r a ­
t i ons d e c r e a s e d by one to tw^o o r d e r s of m a g n i t u d e du r ing tha t p e r i o d . Good 
r u t h e n i u m da t a a p p e a r diff icul t to ob t a in , for i t s c o n c e n t r a t i o n con t inued to 
d e c r e a s e t h r o u g h the e n t i r e r u n . The f i s s i on p r o d u c t c o n c e n t r a t i o n of the 
loop l iqu id a r e p r e s e n t e d a g a i n in F i g u r e 60. The c u r v e s p r e s e n t e d in th i s 
r e p o r t differ f r o m t h o s e in the p r e c e d i n g r e p o r t in tha t the new c u r v e s a r e 
the r e s u l t of a s t a t i s t i c a l l e a s t - s q u a r e s t r e a t n a e n t . The c u r v e s w e r e m a t c h e d 
to p o l y n o m i n a l s of the four th p o w e r and poin ts dev ia t ing by m o r e than t h r e e 
s t a n d a r d d e v i a t i o n s w e r e d i s c a r d e d . 

Data p r e s e n t e d be low on f i s s i on p r o d u c t con ten t of the s t e a m , 
r e s u l t i n g d i s e n g a g i n g f a c t o r s , and f i s s i o n p r o d u c t depos i t i on on the m e t a l 
s a m p l e s t r i p s a r e new i n f o r m a t i o n . Dur ing the l a s t half of the run , a f t e r 
s o m e r e a s o n a b l e s o r t of e q u i l i b r i u m of l iquid content had b e e n a c h i e v e d , 
c o n d e n s e d s teana s a m p l e s w e r e t a k e n at r e g u l a r i n t e r v a l s . T h e s e s a m p l e s 
w e r e s i m i l a r l y s c a n n e d on the 2 5 6 - c h a n n e l g a m m a s c i n t i l l a t i o n s p e c t r o m ­
e t e r and the r e s u l t s p r o c e s s e d t h r o u g h the IBM 650 c o m p u t e r . P l o t s of the 
f i s s i o n p r o d u c t con ten t of the v a p o r a s a function of t i m e (not i n c l u d e d h e r e ) 
showed a r e a s o n a b l y c o n s i s t e n t c o m p o s i t i o n . Follow^ing the c o m p l e t i o n of 



FIGURE 6 0 the run, the sample strip of stainless 
FISSION PRODUCT CONTENT OF LOOP LIQUID 

AS A FUNCTION OF TIME steel type 304 was removed, and several 
(Curves are result of least squares to fourth 

power polynomial; points exceeding 3 a s e c t l O n S f r o m t h e U p p e r p o r t i o n s o f t h e 
have been discarded {<I0% of data)) . _ , , , . 

vapor phase were scanned. Table 54 
and Figures 61 and 62 contain the re­
sults obtained from the analyses of 
liquid and condensed steana samples as 
well as of the metal sample strip. It 
is evident that cerium was the predom­
inant activity contained in the liquid and 
steam. The disengaging factors for 
three of the fission products, iodine, 
cesium, and zirconium, ranged from 
4 to 7 X 1 0 . The corresponding 
ruthenium factor was depressed while 
those of cerium and barium-lanthanum 
were high. The data thus suggest that 
some small enrichment of ruthenium 
occurred in the vapor while a depletion 
•was observed for cerium and barium-
lanthanum. Similar observations regard­
ing cerium and ruthenium were made in 
Run U-3. The deposition data for fission 
products on stainless steel shown in 
Figure 62 indicate that the predominant 
activities deposited were those of cerium, 
ruthenium, and zirconium. To normalize 

the data, a ratio, termed specific deposition, was calculated. This was ob­
tained by dividing the actual deposition, measured as jdc/sq cm, by either 
the liquid or the vapor content, measured in /Lic/cu cm. The specific depo­
sition related to vapor is the more significant insofar as it is the vapor 
content that determined deposition. However, the specific deposition for 
the liquid has been calculated for extrapolation to systems where the vapor 
content may be unknown. The much greater adsorption of cerium, ruthenium, 
and zirconium over that of iodine, cesium, and barium is immediately evident 

Specific deposition data such as have been calculated are useful, 
with limitations, for extrapolation to reactor systems. In a following section 
these data have been used to calculate radiation levels from a hypothetical 
6-in. pipe line under specified reactor conditions. 

In the preceding report period, the progress of the loop decon­
tamination (liquid phase) as monitored by radiation measurements was given. 
It was shown that this series of solution treatments reduced the original 
radiation level of 5 to 30 r/hr to levels between 50 and 250 mr/hr. 
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Table 54 

STEAM DISENGAGING FACTORS AND SPECIFIC DEPOSITION ON 
STAINLESS S T E E L T Y P E 304 FOR RUN U4 

Cond i t ions : 

S t eam P r e s s u r e : 200 ps i 
S t e a m Veloc i ty : 0,8 f t / s e c 
Run Length : 16 days 

Specific Depos i t ions (cm) 

F i s s i o n 
P r o d u c t 

C e 
1 
R u 
C s 
Z r 

B a - L a 

1 
1 
1 
8 
8 

Liquid 
Content 
( m c / c c ) 

1,0 
,1 X 10" ' 
,0 X lO"^'^ 
75 X 10" ' 

,0 X 10-2 
,6 X 10"^ 

Vapor 
Content 
( m c / c c ) 

8,8 X 10"= 
2,5 X 10"5 
2.0 X 10"= 
2,8 X 10"= 
1 ,1 X 10"= 
3.9 X 10"^ 

Meta l 
Depos i t ion 

( m c / s q c m ) 

3,0 X 10-3 
1.1 X 10"* 
2,0 X 10"^ 
1,5 X 10"* 
8.0 X 10"* 
3.0 X 10"= 

oceam 
D i s e n ­
gaging 

F a c t o r " 

1,13 X 10* 
4,4 X 10 ' 
0,5 X 10^ 
6.25 X 10 ' 
7.3 X 10 ' 
2.2 X 10* 

Liquid 
Rela ted 

x l O ' 

3,0 
1.0 

80 

0,86 
10 

0,35 

Vapor 
Rela ted 

34 
4 , 4 

100 
5.4 

73 
7,7 

Depos i t ion ( ^ c / s q c m ) - l iquid or vapor f i s s ion p roduc t content ( ^ c / c c ) . 

Disengaging fac tor is defined as the r a t i o of ac t iv i ty m the l iquid phase to 
that m the s t e a m p h a s e . 

*" This value of the r u t h e n i u m content of the l iquid is about the lowes t good 
value obta ined before data began to s c a t t e r because an insufficient quant i ty 
was p r e s e n t . 

F I G U R E 61 

S T E A M DISENGAGING FACTORS AND FISSION PRODUCT 
CONTENT OF LIQUID AND VAPOR FOR RUN U4 

CONDITIONS 
STEAM PRESSURE 2 0 0 psi 
STEAM VELOCITY 0 8 ft/sec 

RUN LEMGTH 16 days 

FIGURE 6 2 
DEPOSITION OF VARIOUS FISSION PRODUCTS 
ON STAINLESS STEEL TYPE 3 0 4 IN RUN U4 

CONDITIONS 
STEAM PRESSURE 200 psi 

STEAM VELOCITY OBft /sec 
RUN LENGTH 16 days 

I 0-

; 05-

"71 
/ 
/ 
/ 
/ 

/ 

/ 

/ 

IOxlO"5 

mm 
Ce Ru Zr 

I Cs Ba 
LIQUID ACTIVITY 

CONTENT 

Ix lO 

Ce Ru Zr 
I Cs Ba 

VAPOR ACTIVITY 
CONTENT, 
jxc/cc OF 

CONDENSED 
STEAM 

Ce Ru Zr 
I Cs Ba 

DISENGAGING 
FACTOR 

Ce Ru Zr 
I Cs Ba 

DEPOSITION 

Ce Ru Zr Ce Ru Zr 
I Cs Ba I Cs Ba 

SPECIFIC DEPOSITION 

RELATED TO 
LIQUID 

RELATED TO 
VAPOR 



The l o w e s t d e c o n t a m i n a t i o n f a c t o r s ob ta ined w e r e on the h e a t e d t e s t s e c t i o n . 
In g e n e r a l , f a c t o r s w e r e low in the p o r t i o n s of the loop in which u r a n i u m 
was not l i ke ly to s e t t l e . B e s t r e s u l t s w e r e ob ta ined on the l o w e r h o r i z o n t a l 
c r o s s o v e r . The bulk of the d e c o n t a m i n a t i o n o b s e r v e d o c c u r r e d with the f i r s t 
so lu t ion which r e m o v e d a p p r o x i m a t e l y 54 p e r c e n t of the c o n t a i n e d u r a n i u m . 
Since the f i r s t so lu t ion w a s i n t e n d e d p r i m a r i l y a s a u r a n i u m d i s s o l v e n t , the 
p o s s i b l e c o n c l u s i o n tha t it i s a good d e c o n t a m i n a n t i s not w a r r a n t e d . 

Add i t iona l da ta f r o m the d e c o n t a m i n a t i o n a r e now a v a i l a b l e and 
a r e r e p o r t e d be low. 

Fo l lowing the run , the l iqu id p o r t i o n of the loop w a s d e c o n t a m i ­
na ted by a s e r i e s of four so lu t ion t r e a t m e n t s . The f i r s t two c o n s i s t e d of 
c a r b o n a t e - b i c a r b o n a t e - p e r o x i d e so lu t ions c i r c u l a t e d for 7 h r and 5 h r , r e ­
s p e c t i v e l y , at 50 C. The p u r p o s e of c i r c u l a t i n g th i s so lu t ion was to d i s s o l v e 
the con ta ined u ran iuna . The t h i r d t r e a t m e n t was with an o x a l a t e - p e r o x i d e 
so lu t ion which w a s c i r c u l a t e d for 7 h r at r o o m t e m p e r a t u r e . Th i s so lu t ion 
was in t ended to r e m o v e d e p o s i t e d f i s s i on p r o d u c t s f r o m the m e t a l l i c s u r ­
f a c e s . The four th t r e a t m e n t , 72 h r with 12 p e r c e n t n i t r i c a c i d , w a s u s e d 
to d i s s o l v e u r a n i u m f u r t h e r and to d e c o n t a m i n a t e in the even t tha t the f i r s t 
so lu t ions w e r e e f f ec t ive . The n i t r i c a c id , though not s e r i o u s l y c o n s i d e r e d 
for p lan t u s e , i s c o n s i d e r e d effect ive for such p u r p o s e s . The c o m p o s i t i o n s 
of the so lu t ions a r e l i s t e d at the top of Tab le 55 . The f i s s ion p r o d u c t c o n ­
tent and u r a n i u m con ten t of e a c h of the d e c o n t a m i n a t i n g so lu t i ons w e r e o b ­
t a i n e d . F r o m t h e s e da ta it w a s p o s s i b l e to c a l c u l a t e the a m o u n t of e a c h 
i so tope r e m o v e d by e a c h so lu t ion . T h e s e in t u r n w e r e c o n v e r t e d to p e r ­
c e n t a g e s , which a r e shown in Tab le 55 . 

Table 55 

ACTIVITY AND URANIUM RECOVERY DATA DURING DECONTAMINATION OF LOOP FOLLOWING RUN U4 

Solution 1: Solution 2: Solution 3 

Solution 

0 25 M NaHC03 
0.25 M Na2C03 
0 5 M H2O2 
3.4 g/l EDTA 
1 g/l 8-hydroxyquinoline 

Loop Drammgs, Acidified 

Solution 1 

Solution 1, Fresfi Batch 

Solution 2 

Solution 3 

Total Recovered 

Percent of Amount Cfiarged 

Treatment 
Time 
(hr) 

0 

7 (50 C) 

5 (50 CI 

7 (Room Temp) 

72 (Room Temp) 

CeWl 

1.0 

39 

27 

21 

12 

5.6xl05^C 

76 

0.5 K2C2O4 
3 M H2O2 
1 M Acetic Acid 
0.18 M K Ac 

12% Nitric Acid 

Percent of Total Activity or Uranium 

Rul03 

1.3 

56 

14 

6.5 

22 

4.45x10^^0 

25 

Ndl17 

1.6 

30 

36 

29 

3 

2.66xl05/iC 

-

Csl37 

0.9 

54 

23 

12 

9.9 

5 49xlO<»;iC 

49 

Recovered in Each Solution^ 

Zr95 

0,4 

50 

25 

14 

9.8 

4.12xl05/iC 

72 

BaWO 

34 

26 

28 

30 

11.8 

3.41xl04^c 

56 

U 

0.5 

54 

26 

3.5 

15 

22 g 

65 

3 Quantities of lodme m solution were too low to be analyzed. 



In add i t i on , a c t i v i t y to u r a n i u m r a t i o s w e r e ob ta ined for each so lu t ion to 
d e t e r m i n e w h e t h e r the d e c o n t a m i n a t i o n o b s e r v e d w a s due so l e ly to the d i s ­
so lu t ion of u r a n i u m o r w h e t h e r i n d e p e n d e n t r e m o v a l of a c t i v i t i e s had b e e n 
a c h i e v e d ( see Tab le 56) . E igh ty p e r c e n t of the u r a n i u m tha t was r e c o v e r e d 
was r e m o v e d wi th the c a r b o n a t e - p e r o x i d e d i s s o l v e n t whi le s o m e w h a t l e s s 
than four p e r c e n t w a s r e m o v e d by the o x a l a t e - p e r o x i d e d e c o n t a m i n a n t . As 
e x p e c t e d , the p e r c e n t a g e of f i s s i o n p r o d u c t s r e m o v e d by the o x a l a t e -
p e r o x i d e d e c o n t a m i n a n t e x c e e d e d the p e r c e n t a g e of u r a n i u m r e m o v e d , but 
not by a s l a r g e a f a c t o r a s m i g h t be d e s i r e d . Add i t iona l s u b s t a n t i a l u r a n i u m 
r e c o v e r y w a s e f fec ted by the n i t r i c a c i d . M a t e r i a l b a l a n c e s w e r e in g e n e r a l 
p o o r , r a n g i n g f r o m 49 to 76 p e r c e n t for a l l f i s s i on p r o d u c t s excep t 
r u t h e n i u m - l 03 , for which it was 25 p e r c e n t . 

T a b l e 5 6 

ACTIVITY TO URANIUM RATIOS IN DECONTAMINATING 
SOLUTIONS F R O M RUN U4 

F i s s i o n P r o d u c t Ac t iv i t y to 
U r a n i u m Conten t , / i c / m g ^ 

Iden t i f i ca t ion 

Solut ion 1 
( c a r b o n a t e - p e r o x i d e ) 

Solut ion 1, f r e s h b a t c h 
( c a r b o n a t e - p e r o x i d e ) 

A v e r a g e of Solut ion 1 

Solut ion 2 
(oxala te - p e r o x i d e ) 

Solut ion 3 

(n i t r i c a c i d ) 

U r a n i u m c h a r g e to loop 

Ac id i f i ed loop d r a i n i n g s 

Ce 

18 

26 

22 

130 

Ru 

2.1 

1.1 

1.6 

3.3 

Nd 

6.7 

17 

12 

90 

Cs 

2.5 

2.2 

2.3 

7.5 

Zr 

17 

18 

17.5 

69 

Ba 

0.75 

1.6 

1.2 

12 

22 

42 

50 

3.1 

9.0 

5.5 

2.6 1.8 

3.3 

4.6 

13 

23 

16 

1.4 

9.0 

11 

Insuf f ic ien t iod ine found in s o l u t i o n s to c a l c u l a t e mean ing fu l r a t i o s . 

See T a b l e 55 for c o m p o s i t i o n s . 

To ga in a b e t t e r i n s i g h t in to the c h a r a c t e r of the s e v e r a l d e c o n ­
t a m i n a t i o n t r e a t m e n t s , a c t i v i t y to u r a n i u m r a t i o s (/uc/nag) w e r e c a l c u l a t e d ; 
t h e s e a r e p r e s e n t e d in Tab le 56 . The r a t i o s for ac id i f ied loop d r a i n i n g s and 
and for the u r a n i u m c h a r g e d to the loop a r e a l s o inc luded for g e n e r a l i n t e r e s t . 
If one a s s u m e s tha t the a c t i v i t y in the c a r b o n a t e - p e r o x i d e d i s s o l v e n t i s 
s o l e l y f r o m the d i s s o l v e d u r a n i u m oxide and tha t the r a t i o s shown a r e , a s a 



resu l t , cha rac t e r i s t i c of this oxide, a bas is exis ts for evaluating how much 
of the activi ty in the oxala te-peroxide decontaminant is f rom deposited 
activity and how much from uran ium oxide. For example , the average 
ac t iv i ty /u ran ium ra t io for z i rconium is 17.5 in the carbonate -peroxide d i s ­
solvent. If the oxala te-peroxide decontaminant had dissolved only uranium, 
its ra t io also would be expected to be 17.5. The difference between the 69 
shown and 17.5 is then in te rp re ted to r ep resen t activi ty removed from s u r ­
faces independently of u ran ium. When proper ly weighed for the amount of 
uranium actually contained in the decontaminant, the amount of z i rconium 
removed independently of u ran ium is 77 percent . Similar analyses of ce r ium, 
ruthenium, neodymium, ces ium, and ba r ium resu l t in the following pe rcen t ­
ages : 85, 56, 88, 72, and 91 percen t . These r e su l t s indicate that the oxa la te -
peroxide decontaminant is not as effective with ruthenium as compared with 
the other f ission produc ts . The ra t ios for n i t r ic acid suggest that its ability 
to dissolve uran ium is g r ea t e r than i ts abili ty to decontaminate su r faces . 

When the ra t ios given in Table 56 for the u ran ium charged and 
for the acidified loop drainings a r e compared with the ra t ios for the decon­
taminating solut ions, it is evident that some preferent ia l leaching of fission 
products occur red during the loop run. The evidence is quite marked for 
ce r ium and bar ium, l e s s so for ces ium and z i rconium. 

Extrapolat ion of Deposition Data to Radiation Level in Hypo­
thet ical 6-in. Vapor Space Pipe 

The specific deposit ions re la ted to liquid contents obtained 
above were used to de te rmine radiat ion levels in a hypothetical situation 
by investigating the occu r r ences in a 6-in. s team l ine. (This line of n e c e s ­
sity must be of s ta in less steel type 304 since it was on this kind of sample 
s t r ip that the data were obtained.) The Dresden r eac to r was used as a ref­
erence for calculation of l iquid-phase act ivi t ies which might be assoc ia ted 
with a fuel rup tu re . The assumpt ions used for the calculation a re l is ted in 
Table 5 7. Time was not used as a p a r a m e t e r for the calculation for the 
variat ion of specific deposition has not been obtained in loop runs as a 
function of exposure t ime . The assumpt ion which is most open to question 
is the 0.1 percent of the total r eac to r fission products in the r eac to r wate r . 
It should also be emphasized that the values of p r e s s u r e and s team velocity 
a re at var iance w îth Dresden condition (lOOO psi , 0.4 f t / sec vapor velocity 
in the s team drum) . The re su l t s indicate that ruthenium and z i rconium a re 
the pr incipal contr ibutors to the radiat ion level . These two species a re 
responsible for radiat ion levels of 8.5 and 11.6 m r / h r , respec t ive ly . The 
values a r e not high and would not jeopardize approach for maintenance pu r ­
poses . It is perhaps significant that bar ium-140 with its high gamma energy 
of 1.6 Mev contr ibutes only a smal l fraction to the total . Cer ium, iodine, and 
ces ium a re l ikewise re la t ively insignificant. 



Table 5 7 

CALCULATED DEPOSITION IN HYPOTHETICAL VAPOR PHASE 
6-IN. STEAM LINE BASED ON LOOP RUN U4 

Conditions Assumed: 

Pow^er Level: 

F i s s i o n s / s e c : 

Dresden Reactor , equi l ibr ium 
fission product content 

626 Mw 

1 .95 X 10 19 

System Water Volume: 70,000 gal 

Percen tage Fiss ion 
Produc ts in r eac to r 
water : 0.1 

Specific F iss ion 
Product Deposition: as de termined in loop run U4 

Physica l Geometry: 

Radiation: 

6-in. pipe (SS304) 

Calculated for line source at 
distance of 1 ft 

F i s s i o n 
P r o d u c t 

Ce^^^ 

j l31 

Rui°3 

Cs^^^ 

Zr^5 

Bai^° 

S t e a m Vel 

P r e s s u r e : 

F i s s i o n 
P r o d u c t 
F i s s i o n 

Yield 

(%) 

6 .0 

3.1 

3 .0 

6.15 

6 .2 

6.35 

o c i t y : 

Specif ic 
Depos i t i on 
R e l a t e d to 

Liquid 
(cm) 

3 X 

1 X 

8 X 

8 . 6 X 

1 X 

3 . 5 X 

10-^ 

10-^ 

10-2 

10-^ 

1 0 - 2 

1 0 - 4 

0 .8 

200 

f t / s e c 

p s i 

G a m m a 
E n e r g y 

Used 
(Mev) 

0.145 

0.364 

0.50 

0.661 

0.75 

1.6 

G a m m a 
Yield 

(%) 

70 

87.2 

90 

82 

200^ 

100^ 

Rad ia t ion 
Leve l 

( m r / h r ) 

0.14 

0.08 

8.5 

0.25 

12 

0.28 

,95 ^100 percent for Zr^^ and 100 percent for Nb'̂ ^ daughter. 

"100 percent for La^*° daughter. 



2. Labora tory Invest igat ions 
(S. Vogler, H. Tyler) 

The pr incipal objective of the l abora to ry invest igat ions is to 
study and evaluate decontamination or f i lm- remova l p rocedures by decon­
taminating reagents for r eac to r s y s t e m s . In genera l , decontamination p r o ­
cedures developed at other s i tes a r e applicable to the p r i m a r y c i rcu i t s of 
p r e s s u r i z e d water r e a c t o r s . Investigations at this l abora to ry a re di rected 
toward the use of such reagents in the vapor space of boiling water r e a c t o r s . 

A cu r ren t reagent under investigation is a solution of potass ium 
oxalate and hydrogen peroxide at a pH of 4. This reagent was f i rs t suggested 
by the Oak Ridge National Labora to ry for potential application in the Gas 
Cooled Reactor . 

a. Decontamination of Stainless Steel with Oxala te-Peroxide 
Solution 

In the past , decontamination exper iments were usually p e r ­
formed with meta l spec imens which had been contaminated in labora tory 
equipment. The usual p rocedure consis ted of heating a smal l piece (2 to 3 g) 
of i r r ad ia t ed natura l u ran ium in deionized water in a s ta in less s teel l iner 
which was placed inside an autoclave. The water p r e s s u r e was maintained 
at 600 psi for approximate ly one week. At this t empe ra tu r e the uran ium r e ­
acted with the water to produce uran ium dioxide and dis t r ibuted the fission 
products into the water . The vaporizing water thus c a r r i e d fission products 
up through the autoclave, in which deposition on the meta l occur red . At the 
completion of an exper iment , the contents of the l iner were d iscarded and the 
l iner r insed clean. The l iner was then cut into approximately one- in . square 
Squares obtained from the vapor space of the l iner were then used as spec i ­
mens for the decontamination expe r imen t s . Exper iments with such samples 
had indicated good decontamination for ce r ium and z i rconium (decontamina­
tion factors of approximately 200 and 1 OOO) with poorer decontamination of 
about 5 to 1 0 for ruthenium (see ANL-6379, page 247). 

Very few decontamination exper iments had been done with 
loop-contaminated samples because only recent ly has the activity level been 
ra i sed sufficiently high that vapor space samples of adequate contamination 
were obtained. The f i rs t exper iments on loop-contaminated samples were 
on samples from Run U4. The decontamination factor obtained with these 
samples by means of the oxala te-peroxide reagent at 90 C was a r a the r 
poor 3 to 4, with li t t le difference in this value from one fission product to 
another . The low decontamination obtained as compared with the higher r e ­
sults obtained on labora to ry-con tamina ted samples was at t r ibuted at f i rs t 
to the low level of activi ty original ly p resen t on the loop samples , but is 
now believed to be a more complicated problem. 



C u r r e n t l y , c o n t a m i n a t e d s a m p l e s f r o m Loop Run U5 have 
b e c o m e a v a i l a b l e ; t h e s e a r e the m o s t a c t i v e loop s a m p l e s yet ob ta ined . The 
f i r s t two e x p e r i m e n t s ( see Tab le 58) w e r e for the p u r p o s e of c o m p a r i n g the 
d e c o n t a m i n a t i o n o b t a i n e d with t h e s e m o r e ac t i ve s a m p l e s with the r e s u l t s 
o b t a i n e d wi th s a m p l e s f r o m Run U4 and with the r e s u l t s f r o m a u t o c l a v e -
c o n t a m i n a t e d s p e c i m e n s . 

T a b l e 58 

D E C O N T A M I N A T I O N O F STAINLESS S T E E L WITH 
O X A L A T E - P E R O X I D E SOLUTIONS 

S a m p l e s : 304 SS C o n t a m i n a t e d f r o m Loop Run U5^ 
•a 

A c t i v i t y : Ce ~3 x 10 c p m 

T i m e : 

T e m p : 

Ru - 6 x 1 0 ^ c p m 
Z r ~6 X 10^ c p m 

ihr 
90 C 

R e a g e n t C o n c e n t r a t i o n s ^ 
( m o l s / l i t e r ) D e c o n t a m i n a t i o n F a c t o r 

n^xp 
No. 

1 
2 
3 
4 

5 

K2C2O4 

0 .5 
0 .5 
0 .5 
0 .5 
0 .5 

H2O2 

3.0 
3 .0 
2 .5 
1.25 
0.25 

C e 

4 . 9 
4 . 4 
8.1 

10 

3 .3 

R u 

7.1 
5 .6 

11.0 
8.5 
4 . 2 

Z r 

3 . 9 
2 .5 
4 . 7 
5 .0 
2 .1 

^ S a m p l e s c o n t a m i n a t e d in the v a p o r p h a s e of the loop 
whi le o p e r a t i n g at 200 p s i p r e s s u r e and a s t e a m 
v e l o c i t y of 0.8 f t / s e c . 

t> In a l l c a s e s the r e a g e n t w a s o r i g i n a l l y a t a pH of 4 . 
In E x p e r i m e n t 1 t h i s w a s a c h i e v e d by the u s e of an 
a c e t a t e - a c e t i c ac id bu f fe r . In the r e m a i n i n g e x p e r i ­
naents oxa l i c a c i d w a s u s e d . 

The d e c o n t a m i n a t i o n r e s u l t s a r e in r e a s o n a b l e a g r e e m e n t wi th the r e s u l t s 
of the e a r l i e r loop r u n . In add i t i on , d e c o n t a m i n a t i o n e x p e r i m e n t s with the 
o x a l a t e - p e r o x i d e r e a g e n t a p p l i e d to l o o p - c o n t a m i n a t e d s p e c i m e n s f r o m the 
l i qu id p h a s e gave a d e c o n t a m i n a t i o n f a c t o r of 4 to 5. F r o m t h e s e da t a , i t 
a p p e a r s t h a t an e x p l a n a t i o n for the p o o r e r d e c o n t a m i n a t i o n for loop s a m p l e s 
shou ld be sought in the d i f f e r e n c e in s a m p l e p r e p a r a t i o n and t r e a t m e n t 
d u r i n g c o n t a m i n a t i o n of loop s p e c i m e n s and a u t o c l a v e s p e c i m e n s . 



These factors will be examined and c o r r e l a t e d with the decontamination 
data in an effort to explain differences in the decontamination.* 

It has been repor ted by Hickling and Rostron36 that oxalic 
acid solutions containing hydrogen peroxide a r e excel lent polishing agents 
for mild s tee l . In the i r work they show that the activity of the reagent is 
l a rge ly affected by the re la t ive concentra t ions of the r eagen t s . For example , 
with 0.1 to 0.3 molar oxalic acid in which the hydrogen peroxide is so low 
that the peroxide to oxalate ra t io is l e s s than 0.25, the meta l appears to d i s ­
solve ve ry slowly. When the hydrogen peroxide concentrat ion is i nc reased , 
so that the peroxide- to-oxala te ra t io becomes g rea t e r than one, the r a t e of 
metal dissolution i n c r e a s e s rapidly. Above a peroxide to oxalate ra t io of 
3.5, the meta l appea r s pas s ive . 

It appeared in teres t ing to examine whether such changes in 
the peroxide concentrat ion would effect the react ions with s ta in less s teel and 
hence the decontaminat ion. Accordingly, Exper iments 3 to 5 ( resul ts shown 
in Table 58) were pe r fo rmed . The r e su l t s show essen t ia l ly the same decon­
tamination or at best a slight improvement over Exper iments 1 and 2 in 
which the peroxide- to-oxa la te ra t ios were six. 

Quali tat ively, the meta l spec imens at the completion of an 
exper iment appeared to be l i t t le changed, and the brown oxide film was 
vi r tual ly unchanged. 

The explanation of the differences in the ability to decon­
taminate loop specimens and labora tory-contamina ted specimens may lie 
in the differences of p r e t r ea tmen t or of exposure conditions during con tam­
ination. The loop spec imens a r e p re - f i lmed and contaminated in s t eam that 
is reasonably free of m o i s t u r e ; l abora to ry specimens probably "see" more 
liquid. A significant additional difference is the p r e s s u r e (and hence also 
t empera tu re during contamination). Loop specimens were contaminated at 
200 psi , l abora to ry at 600 ps i . This would suggest that act ivi t ies deposited 
at high t e m p e r a t u r e s a r e more eas i ly removed than those deposited at low 
t e m p e r a t u r e s . This is not consis tent with exper ience at other s i tes with 
liquid s y s t e m s . Additional exper iments a r e requ i red for c lar i f icat ion. 

The laboratory specimens were prepared by first carefully washing and degreasing the 304 stainless steel. 
The metal was placed in an autoclave containing water and maintained at a pressure of 600 psi for one 
week. This was termed preoxidation. The water in the autoclave was replaced and a small piece 
(^•5 g) of irradiated natural uranium was added, and the autoclave was again heated to maintain a pres­
sure of 600 psi for one week. Only the metal that was exclusively in the vapor space was used for decon­
tamination experiments. 

The loop specimens were degreased and preoxidized at 600 psi for 24 hr. Then, before the active run, 
the complete loop including the metal specimens was kept at 200 psi for 4 days with no vapor flow. 
Then„without interruption, the active run was begun and continued for 10 days at 200 psi and a vapor 
velocity of 0. 8 ft/sec. 

Hickling, A. , and Rostron, A. J. , The Chemical Polishing of Mild Steel by Hydrogen Peroxide-Oxalic 
Acid Mixtures, Transactions Institute of Metal Finishing, 32, 229-261 (1955). 



Stability of Oxala te -Peroxide Solutions 

Previous exper ience with oxalate-peroxide solutions had 
indicated that at 90 C the stabil i ty of such solutions was approximately 
one hour . The de te r iora t ion of such a solution is marked by a r is ing pH 
due to the react ion of the oxalic acid with the peroxide. When the pH 
approached six, the hydrogen peroxide decomposed a lmost completely. 
When such a solution was buffered with acetic ac id-ace ta te ion, the 
stabil i ty was inc reased . 

The stabili ty of such solutions at room tempera tu re was 
also de termined, and it was observed that standing for a period of over a 
week produced no significant changes in pH or hydrogen peroxide concen­
t ra t ion (see Table 59)-

Table 5 9 

ROOM-TEMPERATURE STABILITY OF 
OXALATE-PEROXIDE SOLUTIONS 

Solutions 

1 2 

0.5 M K2C2O4 0.5 M K2C2O4 
3.0 M H2O2 3.0 M H2O2 
1 .0 M HC2H3O2 H2C2O4 added to m a k e pH = 4 
0.175 M NaC2H302 

pH H2O2 ( M / L ) 

T i m e 
(hr ) 

0 
4 

48 
77 

196 

1 

4.0 
3.9 

-
-

4.1 

2 

4.0 
4.1 

-
-

4 .8 

1 

2.43 
2.41 
2.40 
2.38 
2.36 

2 

2.43 
2.41 
2.39 
2.40 
2.32 



V. ROUTINE O P E R A T I O N S 
(H. G. Swope) 

A. W a s t e P r o c e s s i n g 
( H . G . Swope, J . H a r a s t , K. B r e m e r , G. T e a t s and R. J a r r e t t ) 

The t o t a l a m o u n t of l iquid r a d i o a c t i v e w a s t e s p r o c e s s e d d u r i n g 
Ju ly , Augus t , S e p t e m b e r , 1961 w a s 39,735 ga l . The p r o c e s s i n g m e t h o d s 
and quan t i ty of w a s t e s w e r e a s fo l lows: 

P r o c e s s 

E v a p o r a t i o n and C o n c e n t r a t i o n 

F i l t r a t i o n 

I o n - E x c h a n g e (Cat ion, only) 

F l o c c u l a t i o n 

N e u t r a l i z a t i o n of H F W a s t e s 

A b s o r p t i o n on V e r m i c u l i t e 

Vo] 

(i 

22, 

11, 

2, 

2, 

Lume 
:ai) 

,745 

,160 

,750 

,490 

76 

514 

To ta l 39,735 

B. H i g h - l e v e l G a m m a - i r r a d i a t i o n F a c i l i t y 
(H. G. Swope, J . H a r a s t , N. O n d r a c e k , B. KuUen, R. Juv ina l l and 
V. L e m k e ) 

A s u m m a r y of i r r a d i a t i o n s p e r f o r m e d in R a c k s M - 1 and M-2 for 
Ju ly t h r o u g h S e p t e m b e r 1961 is g iven in Tab le 60. 

Table 60 

SUMMARY OF IRRADIATIONS PERFORMED IN RACKS M-1 AND M-2 DURING JULY THROUGH SEPTEMBER, 1961 

Rack M-1 Rack M-2 

Month 

July 

August 

September 

Totals 

No of 
Samples^ 

413 

714 

554 

1681 

No of 
Special 

Dosimetry 
Samples 

122 

56 

493 

671 

Total Urn 

Day 

790 

1556 

1755 

4101 

Units'' 

Nigtit 

1951 

2572 

2785 

7308 

No of 
Urns 

0 

1 

1 

2 

No of 
Special 

Dosimetry 
Samples 

84 

334 

48 

466 

Total Urn 
UnitsC 

0 

4 

5 

9 

Dosimetry 
Units 

3 

11 

2 

16 

3Equivalent to a No 2 sized can (3 7/16-in d iamx49/16 in tiigtil 
*>l urn unit in Rack M-1 • 2 x 10* rad 
c 1 urn unit in Rack M-2 = 200,000 rad 


