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SUMMARY 

CHEMICAL ENGINEERING DIVISION 
SUMMARY REPORT 

I. Chemical -Meta l lurg ica l P rocess ing (pages 25 to 92). 

Two sma l l - s ca l e (7-g) exper iments with highly i r rad ia ted uranium-5 
weight percent f iss ium alloy were performed to investigate the behavior of 
condensable fission products volati l ized during melt refining. In the f i rs t 
exper iment , the fission products that were volatil ized during melting for one 
hour at 1400 C were condensed on a nickel surface. In the second expe r i ­
ment , they were collected on a Fiberf rax bed which simulated the fume t rap 
in the plant equipment. The only significant fission product act ivi t ies co l ­
lected were iodine and ces ium. Over 90 percent of the iodine and 70 percent 
of the ces ium recovered were in a zone between 450 and 700 C on the nickel 
col lector . Over 99 percent of the iodine and cesium recovered in the second 
exper iment were in the F iber f rax , which had a t empera tu re gradient from 
1000 to 450 C. The amounts of bar ium, s t ront ium, ce r ium, te l lur ium, z i r ­
conium, and ruthenium in the condensed volati les were negligible. 

Fur the r exper iments on the ni tr idat ion r a t e s of i r rad ia ted u ran ium-
f iss ium fuel pins in n i t rogen-argon a tmospheres have shown that pr ior ex ­
posure to a ir dec r ea se s the react iv i ty of the alloy toward ni trogen. Pins 
i r r ad ia t ed to 1.18 total atom percent burnup became completely unreactive 
to ni t rogen at 65 0 C after 8 to 1 0 days of exposure to air at 3 0 C. The n i ­
t r idat ion ra te of a sodium-coated, i r r ad ia t ed uran ium-f i ss ium pin at 500 C 
in 100 percent nitrogen was identical with the ra te observed ea r l i e r with an 
uni r rad ia ted pin under the same condit ions. 

The skull r ec lamat ion p r o c e s s is under development for recovery 
of skull m a t e r i a l which r ema ins in a crucible after mel t refining. The 
p rocess present ly involves removal of a mel t refining skull from a crucible 
by oxidation of the skull to convert it to a powder, selective extract ion of 
noble meta l s into zinc from the skull oxides suspended in a molten chloride 
sal t , reduction of uran ium oxides by magnes ium in a zinc solution, two 
uran ium precipi ta t ions to enable removal of various fission products in 
supernatant solut ions, and a re to r t ing step to isolate a uranium meta l 
product . The f i r s t demonst ra t ion run of the skull rec lamat ion p rocess has 
been completed in a recent ly completed iner t atnaosphere glove box, using a 
charge of 1 90 g of oxidized skull . An encouraging overal l uranium recovery 
of about 90 percent was rea l ized , with much of the remaining 10 percent res id 
ing in recoverab le hee l s . The major components have been ordered for p r o c ­
essing 2 2 -kg-uran ium batches of skull oxide in integrated equipment. 

A beryl l ia crucible a s sembly (p res sed-and-s in te red beryl l ia crucible 
in a s ta in less steel secondary with annular space packed with beryl l ia pow­
der) has shown no significant de ter iora t ion through four runs conducted to 



date, each duplicating the sequence of precipi ta t ion steps in the skull r e c ­
lamation p r o c e s s . The uranium product in two runs was ca r r i ed through 
the re tor t ing step and was recovered with essent ia l ly 100 percent yields . 

A study was made of the fates of s ta in less s teel constituents in the 
skull rec lamat ion p r o c e s s and of possible modifications requi red to handle 
s ta in less s t ee l -c lad fuel pins in this p r o c e s s . I ron and nickel were readily 
separa ted from the uranium in the noble me ta l - ex t rac t ion step. However, 
a substant ial extract ion of chromium along with uranium into the flux 
phase occur red during this extract ion. To make this p rocess usable , p r o ­
vision must be made for the separa t ion of chromium, from uranium. 

F u r t h e r data have been obtained on the dis tr ibut ion coefficients of 
uranium, plutoniumi, and r a r e ea r ths between molten magnesium chloride 
and z inc-magnes ium solution at 800 C. Distr ibution coefficients a re now 
available for uranium, plutonium, y t t r ium, cer ium, praseodymium, 
neodymium, and amer i c ium as a function of magnes ium concentrat ion in the 
meta l phase . At 10 weight percent magnes ium, distr ibution coefficients 
[w/o in f lux/w/o in meta l ] a r e as follows: y t t r ium (1.9), cer ium (0.9l) , 
neodymium (0.74), p raseodymium (0.65), amer i c ium (0.3l) , plutonium 
(0.015), and uranium (0.0049). 

Work was continued on the EBR-II blanket p roces s in which pluto­
nium and uranium a r e separa ted by utilizing the high solubility of plutonium 
in m a g n e s i u m - r i c h solutions and the contrast ing low solubility of uranium 
in such solutions. In the blanket p r o c e s s , blanket ma te r i a l is f i r s t dissolved 
in a z inc - r i ch alloy and then magnes ium is added to effect precipi ta t ion of 
the uranium away from the plutonium. Direc t dissolution of s ta in less s t ee l -
clad blanket elenaents would be allowable if the s ta in less s teel e lements did 
not affect plutonium recovery and if they could be separa ted from the plu­
tonium. Resul ts of a demonst ra t ion run indicated that s ta inless s teel and 
fission e lements , which were added in the appropr ia te amounts, would have 
no effect on plutonium behavior . A plutonium recovery of 96 percent was 
obtained by separa t ion of the supernatant phase, and a total recovery of 
99 percent was obtained with the use of a single magnes ium wash. However, 
in another run in which plutonium was not p resen t , it was determined that 
chromium and i ron would be prec ip i ta ted with the uranium and thus be 
separa ted from the plutonium, but that nickel would quantitatively follow the 
plutonium unless the p r o c e s s were modified. 

An important step in the blanket p r o c e s s is the separat ion of the 
plutoniuna-bearing zinc-50 weight percen t magnes ium solution from the 
uranium which has been prec ip i ta ted by magnes ium addition and cooling to 
400 C. In nine such phase separa t ions with 500-g batches of uranium 
(•jgth of full scale) , phase separa t ions of 95 to 97 percent were obtained in 
conical-bot tom cruc ib les with l i t t le en t ra inment of solid uranium. A phase 
separa t ion of 95 percen t would elinainate the necess i ty of a wash of the 
uranium prec ip i ta te . 



Tungsten is one of the mos t promis ing ma te r i a l s for containment of 
flux and metal sys tems of the skull rec lamat ion p r o c e s s . Tes ts continue to 
show good stabili ty of u ran ium-z inc -magnes ium solutions in tungsten c r u ­
cibles in the concentrat ion ranges of in te res t for fuel process ing . Studies 
a r e beginning to determine the effects of flux and z inc-magnes ium solutions 
on p r e s s e d beryl l ia c ruc ib les (about 90 percent of theoret ical density). In 
p re l iminary t e s t s it was found that molten chloride fluxes of the type used 
in the skull rec lamat ion p roces s penet ra ted into the crucible wal ls . 

The addition of uranium oxides to molten lithium chlor ide-magnes ium 
chloride at 650 C produces a species believed to be uranium(v) in solution. 
The absorpt ion spec t ra of uranium(ll l ) and uranium(lV) in molten li thium 
ch lor ide-magnes ium chloride at 650 C were found to have the same general 
cha rac t e r i s t i c s as the spec t ra in other molten chloride media . Approximate 
values for the molar absorpt iv i t ies were de termined. 

Operation of a la rge cadmium-dis t i l la t ion unit was continued to gain 
exper ience on an engineering scale in the disti l lation operation and a s s o ­
ciated liquid metal-handl ing opera t ions . In additional runs in the l a r g e -
scale cadinium-dis t i l la t ion unit, the power input was gradually increased to 
determine the capability of the unit and to uncover problems associa ted with 
high dist i l lat ion r a t e s . The apparent ra te of cadmium evaporation reached 
102 k g / h r , but there was evidence of extensive entrainment of liquid in the 
vapor . A fundamental study has been s ta r ted on the mechanisms of en t ra in ­
ment during boiling of liquid m e t a l s . 

A dynamic loop for study of m a s s t ransfer in flowing ixietal sys tems 
has been completed. P r e l i m i n a r y test ing of the loop components is under ­
way. A s e r i e s of runs for study of m a s s t ransfe r in agitated metal systems 
has also been s tar ted . 

The diffusivity of uran ium in zinc has been determined and was 
found to range from 1.5 x 10"^ sq c m / s e c at 625 C to 2.7 x 1 0"^ sq c in / sec 
at 800 C, with es t imated accu rac i e s of ± 1 5 percent . 

Three additional exper iments were completed on the prepara t ion of 
uran ium monocarbide by addition of carbon to uranium dissolved in molten 
z inc-magnes ium alloy. The use of sodium as a wetting agent does not 
appear to be as effective in enhancing the react ion ra te in the exper iments 
on a l a r g e r scale as it is in sma l l - s ca l e s tudies . Degassing the activated 
charcoal used as the source of carbon appears to reduce the oxygen content 
of the product . Reduction of the ca rbon- to -u ran ium rat io in the charge has 
produced a corresponding reduct ion in the product, although the values a r e 
sti l l high (C/U atomic ra t ios of 1.1 6, 1.20, and 1.12). 

Confirmatory studies indicate that complete reductions of thor ium 
oxide by zinc-five weight percent naagnesium solution in 3 hr at 750 C a re 
obtained with fluxes containing at l eas t 50 mole percent magnesium chloride, 



7 to 1 5 mole percent calcium fluoride, and the balance calcium chlor ide . 
Reproducible r e su l t s a r e obtained when the reductions a re c a r r i e d out in 
tantalum equipment and under an argon a tomosphere . 

Work on the Fuel Cycle Faci l i ty this quar te r was mainly of a 
co r rec t ive na tu re . During construct ion, voids formed in the fill under the 
Air Cell F loor . These ha\^e been filled by p r e s s u r e grouting. Bear ings on 
the c ranes and manipula tors were cleaned to remove abras ive pa r t i c l e s . 
Bearings for the hanging bridge wheels of the c ranes in the Argon Cell were 
redesigned to improve per formance . The cu r ren t collector a s sembl i e s on 
the cell c r anes were modified to e l iminate binding. The control c i rcu i t s of 
the cell c ranes and the crane and manipulator removal hoist were modified 
to reduce excess ive voltage drop. 

Equipment which has been instal led includes two-thi rds of the o i l -
filled tank units of the shielding windows, a jib crane which opera tes through 
the roof hatches of the p rocess ce l l s , and the major components of the locks 
used to t r ans fe r i tems between the Air and the Argon Cel l s . These locks 
were found to leak and a re being r epa i r ed . Fif ty-seven of the requ i red 65 
serv ice feed throughs for the Argon Cell have been del ivered and a r e being 
ins ta l led. 

Two 20-ton fuel - t ransfer coffins a re being designed; the designs 
differ in the method of removing heat from a circulat ing s t r e a m of gas 
coolant. The design of the sampling sys tem for stack gas has been modified, 
two sampling nozzles having been rep laced with a single nozzle . An i m ­
proved s te reo-op t ica l depth perceptor has been designed for use in remote 
cell operat ion. Four r ad i a t ion - re s i s t an t wide-angle v iewers have been 
o rde red and will be instal led through the cell shield. 

A inanipulator tool rack and changer is being built and will be 
shipped to Idaho for tes t ing. A new type of clutch for the operating man ip ­
ulator has been procured and is being tes ted . 

A gas -con t ro l sys tem for the skull oxidation process is being de ­
signed. The sys tem will keep the r a t e at which the skull is oxidized constant 
throughout the reac t ion per iod. The sys tem also pe rmi t s the oxidation of 
meta l s c r a p . 

When the mel t refining furnace was previously used to dis t i l l 
i-nagnesiuna-zinc, appreciable amounts of vapor apparently per ineated through 
the z i rconia crucible and graphite susceptor of the furnace. A l iner of s ta in­
l e s s s teel was instal led to eliixiinate this escape . Because of difficulties 
which were encountered in removing the crucible when the modified furnace 
a s sembly was used, this approach to overcoming the loss of magnes ium-z inc 
vapor has been abandoned. 



Inductive heating and mixing is being examined for use in the skull 
rec lamat ion p r o c e s s . The p resen t power supply proved inadequate, and 
possible modifications and rep lacements of this power supply a re being 
investigated. 

Fundamental studies of the chemis t ry of liquid meta l sys tems a re 
being made in connection with the Division 's work in the field of pyromet -
al lurgical fuel r ep rocess ing . Basic to these prac t ica l p roce s se s is knowl­
edge of the solubil i t ies of f ission product , f issionable, and s t ruc tura l 
e lements in meta l l ic solvents . The solubility of uranium in liquid gallium 
has been m e a s u r e d and may be r ep re sen t ed by the empir ica l equation 

(343 to 649 C) Uranium: log (atom percent) = 6.70 - 8840T"^ + 1.99x10^ T"^ . 

Fu r the r information has been obtained on the phase boundaries in 
the u ran ium-z inc sys tem. At 650 C the epsilon phase field extends from 
24.1 to 28.0 weight percent uranium, and a two-phase (epsilon plus delta) 
field extends from 28.0 to 30.0 weight percent uranium. Previous studies 
have shown that a two-phase (delta plus uraniuna) field extends from 30 to 
about 100 weight percent uranium. 

The solubility of z i rconium in a liquid 48 weight percent zinc-52 
weight percent magnes ium solution has been measu red as a function of 
t empera tu re frona 709 to 422 C. The solubility of zirconium was found to 
vary from about 0.5 weight percent at 709 C to 0.02 weight percent at 422 C. 
A break in the solubility curve suggests a different equil ibrium solid phase 
above and below 610 C. 

The solubility of uranium in liquid magnes ium-z inc solutions has 
been m e a s u r e d as a function of magnes ium concentration at 750, 700, and 
650 C. At 750 C the uranium solubility var ied from 9.7 weight percent at 
17.7 weight percen t magnes ium to 0.09 weight percent at 66.7 weight p e r ­
cent magnes ium. At 700 C the uraniura solubility was 7.1 weight percent 
at 18.9 weight percent magnes ium and 0.1 weight percent at 63.6 weight 
percent magnes ium. At 650 C the uran ium solubility var ied from 3.2 
weight percen t at 25.0 weight percen t magnesium to 0.05 weight percent 
at 65.2 weight percent magnes ium. 

The dis t r ibut ion of zirconiuna between the immiscible liquid meta l s 
lead and zinc has been m e a s u r e d in the p resence of uraniuna, cer ium, and 
ruthenium. The dis tr ibut ion coefficients (zirconium in z inc - r i ch l a y e r / 
z i rconium in the l e ad - r i ch layer) were found to be 530 at 701 C, 350 at 
732 C, and 110 at 757 C. 

By means of analyses of samples of the two liquid layers in the lead-
zinc sys tem, the consolute t e m p e r a t u r e of the sys tem has been found to lie 
between 784 and 789 C. 



The c e r i u m - c a d m i u m s y s t e m h a s b e e n s tud ied 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 . The fo l lowing s e q u e n c e of i n t e r n a e t a l l i c p h a s e s 
w a s found: CeCdj i , CeCd(,^^^^^^, Ce2Cd7, CeCd4.j_3_4, C e C d j , and C e C d . E x ­
cep t for d i f f e r e n c e s in the h o m o g e n e i t y r a n g e s , the c e r i u m - c a d m i u m s y s t e m 
i s the s a m e a s the p r a s e o d y m i u m - c a d m i u m s y s t e m . 

II . F u e l Cyc l e A p p l i c a t i o n s of Vo la 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 93 to 128) 

D e v e l o p m e n t of the D i r e c t F l u o r i n a t i o n P r o c e s s 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 oxide fuels c o n t i n u e d . Th i s p r o c e s s i nvo lves 
f l u o r i n a t i o n of u r a n i u m oxide fuels in a f l u id -bed r e a c t o r . The h e a t p r o ­
duced i s c o n t r o l l e d by u s e of an i n e r t b e d m a t e r i a l (Alundum i s c u r r e n t l y 
be ing u s e d ) a s a naed ium for h e a t t r a n s f e r . The d e v e l o p m e n t of f l uo r ina t i on 
t e c h n i q u e s for the ef fec t ive r e m o v a l of p l u t o n i u m f r o m a so l id so lu t ion of 
o x i d e s of u r a n i u m and p l u t o n i u m m i x e d with g r a n u l a t e d A l u n d u m i s c o n t i n u ­
ing . 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 an i n i t i a l m i l d f l uo r ina t i on s t e p 
employ ing 10 vo lurae p e r c e n t f luor ine a t 450 C. T h i s i n i t i a l s t e p w a s f o l ­
l o w e d by a s e c o n d f l uo r ina t i on a t 550 C and in some e x p e r i m e n t s a t 650 C 
u s i n g 75 v o l u m e p e r c e n t f l u o r i n e . The l o w e s t p lu ton ium c o n c e n t r a t i o n in 
the A l u n d u m r e s i d u e w a s o b t a i n e d for e x p e r i m e n t s in which the s e c o n d f luo-
r i n a t i o n w a s p e r f o r n a e d a t a t e m p e r a t u r e of 650 C for 5 h r . T h i s p r o c e d u r e 
r e s u l t e d in an a v e r a g e 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 r e s i d u e of 0.016 we igh t 
p e r c e n t , c o r r e s p o n d i n g to a r e m o v a l of 98.7 p e r c e n t of the p l u t o n i u m . 

An i m p o r t a n t v a r i a b l e in the r e a c t i o n s c h e m e i s the quan t i ty of 
Alundu3xi u s e d a s the i n e r t s o l i d . With an i n c r e a s e in A lundum f r o m 0.9 to 
1 .5 g (3.42 g of u r a n i u m - p l u t o n i u m o x i d e s u s e d ) t h e r e w a s an i n c r e a s e in 
the r e t e n t i o n of p l u t o n i u m in the A l u n d u m r e s i d u e s f r o m 0.072 to 0,118 
we igh t p e r c e n t . Upon f u r t h e r i n c r e a s i n g the a m o u n t of A l u n d u m to 3 g, the 
p l u t o n i u m con t en t of the r e s i d u e r e m a i n e d r e l a t i v e l y c o n s t a n t a t 0.107 
we igh t p e r c e n t . The p l u t o n i u m r e m o v a l s f r o m the m i x t u r e s con ta in ing 0 .9 , 
1.5, and 3.0 g of A l u n d u m w e r e 94 .9 , 8 7 . 1 , and 77.4 p e r c e n t , r e s p e c t i v e l y . 

Two 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 d e t e r m i n e the f e a s i b i l i t y of 
u s i n g the s a m e ba t ch of Alunduin a s the i n e r t so l id for s e v e r a l f l u o r i n a -
t i ons in which an add i t ion of u r a n i u m - p l u t o n i u m ox ides w a s m a d e p r i o r 
to e a c h f l u o r i n a t i o n . The r e c y c l e u s e of A lundum did not r e s u l t in a g r e a t e r 
r e m o v a l of p l u t o n i u m than tha t which would h a v e r e s u l t e d if t h r e e s e p a r a t e 
b a t c h e s of A l u n d u m h a d b e e n u s e d . 

The d i r e c t f l u o r i n a t i o n of u r a n i u m dioxide p e l l e t fuel i s be ing s tud i ed 
on an e n g i n e e r i n g s c a l e with the a i m of o p t i m i z i n g p r o d u c t i o n r a t e , f l uo r ine 
e f f i c i ency , and f lu id i za t ion q u a l i t y . * The f lu id iza t ion of i n e r t , r e f r a c t o r y 

Fluidization quality includes sufficient fluidization of the inert solids to maintain good heat transfer 
conditions in the reactor. It also includes the criteFion that the bed be freely flowing at all times 
during and at the end of a run. 



alumina in the voids of the pellet bed is used as an aid to heat removal . The 
cu r ren t s e r i e s of "deep-bed" runs has been concluded with two runs made 
during the p resen t per iod in the 3 - in . -d iameter , a i r -cooled reac to r . Both 
runs were made at 500 C with a total fluidization gas velocity of 1.3 f t / sec 
and an initial pellet bed of 18-in. depth. In these runs a par t ia l recycle of 
p rocess gas was employed to promote fluorine utilization efficiency, while 
maintaining a p rede te rmined low concentrat ion of oxygen entering the r e ­
actor . In one run made at a re la t ively low uranium hexafluoride production 
ra te , 17 lb uran ium hexaf luor ide/(hr)(sq ft), the fluorination was c a r r i e d to 
completion in 44 hr with good fluidization and 78 percent overal l fluorine 
efficiency. In another run made at a fluorination ra te about 30 percent 
higher, operat ing ins tabi l i t ies developed with respec t to channelling and 
caking. These resu l t s suggest that the 18-in.-deep charge can be p r a c t i ­
cally fluorinated only at a re la t ively low ra te , corresponding to about 40 hr . 
Since r a t e s of up to 50 lb uran ium hexafluoride/(hr)(sq ft) were s u c c e s s ­
fully c a r r i e d out with 6-in. pellet beds, further study will be given to the 
bed-height va r i ab les , both of the pellet and the inert , fluidized ma te r i a l . 

Construct ion of a plutonium-handling facility for studying volatility 
p rocess ing techniques on a pi lot-plant scale successfully developed in 
l abo ra to ry - sca l e fluorination exper iments was continued. Initially, the 
instal lat ion is to be used for studies of the p rocess var iab les in the fluo­
rination of uranium-plu tonium oxide pel lets in a fluidized-bed reac to r . 
La te r , equipment will be added to study methods for the separat ion of the 
uranium from the plutonium. The facility consis ts of two alpha-containment 
boxes equipped with g lass windows and gloves to allow di rec t naanipulations 
as required, although the p r o c e s s is to be renaotely monitored and controlled. 

Additional development work was c a r r i e d out on a fluidization-
volatility schenae for r ep roces s ing enr iched u ran ium-z i rcon ium alloy fuels. 
This scheme involves separa t ion of volati le z i rconium te t rachlor ide from 
uranium during chlorination with hydrogen chloride^ followed by a f luorina­
tion step to volat i l ize the uraniuna as the hexafluoride. The react ions a r e 
c a r r i e d out in a fluidized bed of ine r t solids (current ly aluminum oxide) 
which se rves as a heat t r ans fe r medium. Work included additional exper i ­
ments in the l - | - - in . -diameter fluid-bed r eac to r in the chlorinat ion-
fluorination react ion sequence, additional studies in the 6- in . -d iameter 
fluid-bed column on the conversion of z i rconium te t rachlor ide to z i rconium 
dioxide by reac t ion with steana, and additional detai l work on the p i lo t - sca le 
facility, the instal lat ion of which is planned for this Fa l l . 

Studies on the chlorinat ion-f luorinat ion react ion sequence were con­
cerned with the effect of hydrogen chloride excess and react ion t empe ra tu r e s 
on overal l re tent ion of u ran ium by the ine r t bed ma te r i a l (Norton Alunduna, 
Type RR) used as a heat t r ans fe r medium during the alloy react ion. Also, 
exploratory work with phosgene as an auxil iary chlorinating agent was 
initiated. 



Results showed the lowest res idua l uraniuna content was associated 
with the uti l ization of g rea t e r amounts of hydrogen chloride and higher 
t e m p e r a t u r e s , although the range of final uranium values extended from 
only 0.03 to 0.06 percent of the final bed. This was equivalent to a retention 
of from 0.8 to 1.9 percent of the init ial uranium charged. Moreover , in­
c r ea sed uranium remova l was achieved by refluorination at a higher t e m ­
p e r a t u r e (500 C). Extended fluorination at a uniform t e m p e r a t u r e did not 
give improved remova l . The use of only four t imes the s to ichiometr ic 
equivalent of hydrogen chloride is believed insufficient (unreacted meta l 
probably r ema ins ) , since res idual z i rconium concentrat ions were relat ively 
high: 0.23 and 0.44 weight percent of the bed as compared with 0.04 weight 
percen t when high hydrogen chloride excesses (11 to 25 timies s to ichiometr ic 
based on init ial alloy charge) were used. 

The use of a phosgene t r ea tmen t after react ion with hydrogen 
chlor ide , both in a boat exper iment and in an exper iment conducted in the 
fluid-bed column, resu l ted in the lowest res idua l uranium values to date, 
l e ss than 0.01 weight percent of the final bed (<0.2 percent of the charge) . 
A spontaneous ignition of halogen gases in the cold t r aps used for uranium 
hexafluoride collection occur red in a subsequent run in which a mix ture of 
hydrogen chloride and phosgene was used as the initial reac tant gas . Causes 
for the ignition a r e being sought. 

For future s tudies , an auxi l iary "set t l ing" chamber is being in­
stal led between the fluid-bed r eac to r and the s ta t ic -bed fil ter sect ion. 
Recent resu l t s indicated that such a unit may be of benefit in easing the 
load on the down-flow filter bed. Apparatus is also being instal led for the 
continuous analysis (by thernaal conductivity m e a s u r e m e n t s ) of off-gas 
s t r e a m s during chlorinat ion and fluorination in o rde r to follow m o r e closely 
the effects of p r o c e s s p a r a m e t e r s . 

Studies continued on the fluid-bed conversion of zirconiuna t e t r a ­
chloride to z i rconium dioxide by reac t ion with s t eam. This work is d i rec ted 
toward a scheme for d isposal of the waste t e t r ach lo r ide produced by 
chlorinat ion of z i rconium fuels . Efforts were d i rec ted at finding operating 
conditions which would be m o r e favorable for the convers ion react ion to 
occur on the surface of the bed p a r t i c l e s . In this way, the problems a s s o c i ­
ated with p r e s s u r e buildup at the f i l t e r s , which is believed to be caused by 
buildup of fines forined in the gas phase , might be el iminated. 

Improved r e su l t s have been obtained with lower bed t e m p e r a t u r e s 
(300 C as compared with 350 and 450 C), that i s , a longer sustained period 
of operat ion without excess ive p r e s s u r e buildup was achieved. For example, 
after 3,5 hr at 300 C, the p r e s s u r e rose to only about 0.4 in. Hg, whereas in 
a previous 3.0-hr run at 450 C, p r e s s u r e rose to 10.3 in, Hg, The quantity 
of fines produced does not appear to be substant ial ly reduced, but the re is 
a posi t ive growth t rend (par t ic le coating) indicated. 



Essent ia l ly all of the equipment for the pilot-plant facility for the 
u ran ium-z i rcon ium alloy fuel r ep roces s ing is in the p rocess of being fabr i ­
cated or on o rde r . Plant Engineering (ANL) will soon negotiate for an in­
stal lat ion contract which will cover all the neces sa ry service work, including 
instal lat ion of a new 100-KVA power t r ans fo rmer . 

P r o c e s s development studies were continued in a 3 - in . -d iameter 
column on a simple d i rec t fluid-bed scheme for prepar ing high-densi ty 
uran ium dioxide pa r t i c l e s . The scheme involves the simultaneous react ion 
of u ran ium hexafluoride with s team and hydrogen (UF^ + H2 + 2H2O -> UOj + 6 H F ) . 
Additional exploratory studies were made this quar ter in which the quantity 
of s team used ranged from 10 to 320 percent of the s to ichiometr ic r equ i r e ­
ment. A value of 9.5 g /cc (86 percent of theore t ica l density) was obtained 
for the density of the u ran ium dioxide. Density measu remen t s on s imi lar 
m a t e r i a l in xylene gave values of 10.5 to 10.7 g /cc , which indicate that the 
solid m a t e r i a l is near theore t ica l density and that the pore s t ruc ture is 
p r ima r i l y open but not penet rable by m e r c u r y under a tmospher ic p r e s s u r e . 
(Fores smal le r than 17 /i a re not penet ra ted by m e r c u r y in the density de­
te rmina t ions by m e r c u r y displacement . ) 

Residual fluoride contents in the recent products have been reduced 
to 200 to 300 ppm in mos t c a s e s . Nickel content has been found to range 
from 1 7 to 30 ppm, thereby indicating that co r ros ion of the r eac to r is low. 
F ines ca r ryove r from the r eac to r section to the filter section has ranged 
from two to nine percent by weight of the hexafluoride feed input. 

Development studies involving fluid-bed calcination in sma l l -
d iameter columns were continued. The technique involves ver t ica l upward 
injection of the aqueous feed into a conical-bot tom reac tor such that the 
feed atomizing and decomposit ion gases make up the fluidizing inediuna. 
This technique pe rmi t s a substant ial reduction in overal l gas volumes 
normal ly assoc ia ted with c a l c i n e r s , and also allows the considerat ion of 
nuc l ea r - c r i t i c a l appl icat ions , for which size is important . Cur ren t work 
invest igated the effect of bed depth (or, in effect, pa r t i c l e - r e s idence t ime) 
on overal l par t ic le size effects, such as par t ic le growth or fines fornaa-
tion. Bed depths of 10 and 15 in. we re used, giving res idence t imes of 
5.2 and 7.8 h r . 

An inc rease in the amount of fines as well as of par t ic le growth was 
evident in the shallow-bed runs , whereas both effects appeared to be halted 
in the runs uti l izing deeper beds . A prob lem remains in that the fines en­
t ra ined and deposited on the f i l t e r s do not appear to be re tu rned to the bed 
uniformly upon blowback. F r o m t ime to t ime , "excess ive" r e tu rn of fines 
has caused column upset and run te rmina t ion . Fu r the r efforts to optimize 
the blowback cycle (varying pulse length and frequency) will be made in 
o rder to re l ieve this "fines" p rob lem. Fu tu re work will also be aimed at 
demonstra t ing rel iabi l i ty of the unit during continuous opera t ions . 



III. Ca lo r imet ry (pages 129 to 135.) 

Two ca lo r ime t r i c s e r i e s of combustions have been completed: one 
is a s e r i e s of nine combustions of cadmium in fluorine; the other is a s e r i e s 
of ten combustions of magnes ium in fluorine. However, the calculation of 
heats of formation from the resu l t s of these two s e r i e s awaits s eve ra l ad­
ditional cal ibrat ion exper imen t s . 

The de terminat ions of the heats of formation of the te t raf luor ides of 
t i tanium and hafnium have been completed. Titanium tet raf luor ide has been 
definitely cha rac t e r i zed as the product of combustion of the titaniuin com­
bustions in f luorine. 

Explora tory nonca lor imet r ic exper iments a r e being c a r r i e d out to 
develop techniques for ca lo r ime t r i c studies with fluorine on seve ra l sub­
s t ances . Adequate techniques have been developed for the study of f luorina­
tion of niobium and tan ta lum. The same techniques as used with si l icon 
appear to be sa t i s fac tory with sulfur. Considerable additional exploratory 
work will be n e c e s s a r y for z irconium diboride and carbon. 

The study of the heat of formation of uran ium hexafluoride has 
developed into a complex problem of chemical ana lys i s . If the problem is 
not solved soon, it may be n e c e s s a r y to set t le for resu l t s considerably l ess 
p r e c i s e than or iginal ly anticipated. 

Work is continuing on the a s sembly of the 1500 C h igh - t empera tu re 
enthalpy c a l o r i m e t e r . Vacuum sys tems for the ca lo r ime te r have been 
assembled and t es ted . Circui ts for the dropping mechan i sms a r e being 
tes ted , 

IV, Reactor Safety (pages 136 to 155.) 

The oxidation, ignition, and combustion p r o c e s s e s of uraniuna and 
zi rconium a re being studied to provide information to aid in minimizing the 
haza rds assoc ia ted with handling these m a t e r i a l s . 

The p r o g r a m of theore t ica l s tudies designed to re la te quantitatively 
ignition re su l t s to i so the rma l oxidation data is continuing. The resu l t s of 
i so the rma l oxidation studies of uran ium in the t empe ra tu r e range from 
300 to 700 C (see ANL-6543, page 168) were expres sed in the form of 
empi r i ca l equations» These equations were used in conjunction with a s imple 
heat balance to s imula te mathemat ica l ly burn ing-curve ignition expe r imen t s . 
In a burn ing-curve ignition exper iment , the uran ium sample is heated uni ­
formly (usually 10 deg rees per minute) in a flowing, oxidizing a tmosphe re . 
The t e m p e r a t u r e at which the sample begins to se l f -heat rapidly and finally 
ignite is then de te rmined by a graphica l method. 



The mathemat ica l p rocedure involved a stepwise computation of the 
amount of reac t ion occurr ing during a snaall t ime in terva l . The amount of 
self-heating and the heat exchange by convection and thermal radiat ion b e ­
tween the sample and the p r o g r a m furnace were also computed. By extension 
of the calculat ions over a s e r i e s of t ime in te rva ls it was possible to generate 
the t e m p e r a t u r e - t i m e h is tory of the naetal specimen. The ignition teiaipera-
tu res of uran ium samples having specific a r e a s of 0.5, 5, and 50 sq c m / g 
were computed in this manner . As par t of the calculat ions, the assumption 
was made that the irietal followed an accelera t ing ra te law up to a t e m p e r a ­
ture of 450 C and a decelera t ing ra t e law above 450 C in accordance with 
the i so the rmal oxidation r e su l t s r epor ted in the previous quar te r ly r epo r t . 
The demonst ra t ion that there was no protect ive oxide formed in the 300 to 
450 C t empe ra tu r e range allowed the assumption that no protect ive oxide 
was involved when the sample reached 450 C. The calculations above 450 C 
were therefore c a r r i e d out as if one were s tar t ing out with unoxidized meta l 
at this t e m p e r a t u r e . 

The computed ignition t e m p e r a t u r e s were in excellent agreement 
with exper imenta l values for samples having specific a r e a s of 0.5 sq c m / g 
( theoret ical t e m p e r a t u r e 608, exper imenta l t empera tu re 575 C) and 5 sq cm/g 
( theoret ical t e m p e r a t u r e 390, exper imenta l t empera tu re 410 C). Calculated 
values for samples having a specific a r e a of 50 sq c m / g , however , were 50 C 
higher than experinaental values , and further attention will be given to this 
p rob lem. The general ag reement between calculated and exper imental igni­
tion t e m p e r a t u r e s indicates that u ran ium ignitions a re purely the rma l 
igni t ions. 

A mathemat ica l theory has been developed to compute the velocity 
of burning propagation along foil s t r ips of uraniuna and z i rconium. Com­
puted r e s u l t s compare favorably with previously repor ted exper imenta l 
va lues . The theory is s imi la r to one used to descr ibe gaseous flanae 
propagat ion. The ra t e of oxygen uptake by foils burning in air is determined 
by the r a t e of gaseous diffusion of oxygen through a b a r r i e r of ni t rogen. 
Propagat ion occurs by heat conduction ahead of the burning zone. 

Studies of the ignition of spher ica l z i rconium powder a re continu­
ing. The effects of specific a r e a and sample size and shape a r e being 
studied. Ignition t e m p e r a t u r e s were found to dec rease uniformly with in ­
c reas ing specific a r e a . Ignition t e m p e r a t u r e was determined as a function 
of sample depth in 1 - c m - d i a m e t e r cojpper crucibles for powders of 
-140 i- 1 70 and -325 + 400 mesh s i ze . Increasing the sample depth from 
0.02 to 0.5 cm dec reased the ignition t e m p e r a t u r e over 200 C. 

The exper imenta l p r o g r a m to determine r a t e s of react ion of molten 
reac to r fuel and cladding me ta l s with water is continuing. Fur the r resu l t s 
of studies of the react ion of u ran ium with s team a re repor ted . In these 
s tudies , s t eam at one a tm is passed over one -cm uranium cubes . Hvdrogen 



generated by meta l -wa te r react ion is collected over water in a graduated 
ve s se l . The sample is heated by an external induction coil and t e m p e r a ­
ture is control led and m e a s u r e d by naeans of a very smal l thermocouple 
located in a hole at the center of the specimen cube. The react ion was 
found to obey the parabol ic r a t e law from 500 to 1200 C (the highest t e m ­
pera tu re studied). The exper imenta l r e su l t s were adequately descr ibed 
by the following ra te law between 600 and 1200 C: 

V2 = 1 .95 x lO^t exp 

where V is the volume of hydrogen generated in cc Kg S T P / ( s q cm), T is 
t e m p e r a t u r e , K, and t is t ime in min . The react ion ra te at 500 C was too 
high to be descr ibed by the above equation. 

The u r a n i u m - s t e a m react ion at 400 C was ent i re ly different in 
c h a r a c t e r . The react ion occur red in two s tages ; the initial slow react ion 
was followed by a rapid l inear reac t ion . The initial react ion or induction 
per iod las ted for about 10 min . The rapid second-s tage reac t ion continued 
for as long as the react ion was followed. A very finely divided oxide s e p ­
a ra t ed from the sainple continuously during the second-s tage react ion at 
400 C. At higher t e m p e r a t u r e s , at which the parabolic ra te law applied, 
the oxide adhered to the sample and re ta ined the glossy appearance of the 
original me t a l . 

In-pile studies of me ta l -wa te r react ions in TREAT a r e continuing. 
In these sttidies, smal l fuel pins a r e placed under water in a h i g h - p r e s s u r e 
autoclave located at the center of the TREAT reac tor in Idaho. They a r e 
then subjected to a vigorous neutron b u r s t . In-pile studies were conducted 
with unclad 89-4 weight percent z i rconium, 10.6 weight percent uranium 
alloy fuel-plate spec imens . The th ree t r ans ien t s resu l ted in 4.0, 7,7, and 
8.5 percen t me ta l -wa te r reac t ion for reac tor energies of 251, 372, and 
458 Mw-sec , respec t ive ly , on a r eac to r period of 80 msec (analytical data 
a r e not yet available to convert the megawat t - seconds f igures to the energy 
absorbed in ca lo r ies per g r a m of sample) . The fuel plates formed molten 
pools of meta l which eventually solidified in the alumina re ta ining crucible 
in the autoc laves . No p r e s s u r e spikes were r eco rded . 

V. Energy Conversion (pages 156 to 159.) 

Operation of a regenera t ive l i thium hydride fuel cel l sys tem for 
converting nuclear energy to e lec t r ic i ty is being studied. This thermal ly 
regenera t ive emf cell sys tem is one in which heat is used to d isassoc 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 apparatus for these exper iments is 
being moved into the new labora tory wing. Systems a re being instal led for 
fused salt purification, for studies of hydrogen diffusion through me ta l s , 
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for control and record ing of heating and cooling of an iner t a tmosphere 
box-furnace combination, and for purification of hel ium. 

Thermoe lec t r i c methods for d i rec t conversion of nuclear reac tor 
heat energy into e lec t r i ca l power a re being investigated. Measurements 
a r e being naade in the a r e a s of liquid thermocouple sys tems and re f rac tory 
solid thermocouple s y s t e m s . Studies on the indium-bismuth liquid sys tem 
have continued. Data taken to date indicate the indium-bismuth sys tem 
shows regions of l inear re la t ion between the Seebeck coefficient and com­
posit ion. Room- tempera tu re Hall coefficient measu remen t s made on a 
s in tered plate of the r e f r ac to ry solid uraniuna monosulfide gave a value 
for the Hall coefficient R of about 6.2 x 10"^ cc /coulomb; for res i s t iv i ty 
p of about 530 x 10~^ ohm-cna,° for Hall naobility U of about 11 .7 sq c m / 
(volt)(sec); and for c a r r i e r density n of about 1 .0 x I O ^ Y C C . Measurenaents 
of the Seebeck coefficient as a function of t empera tu re (150 to 1200 C) were 
also made on the s in tered plate of uran ium monosulfide. 

VI. Determinat ion of Nuclear Constants (pages l60 to l65.) 

The total c r o s s section of dysprosium, for capture of neutrons is b e ­
ing naeasured in the kev energy range for neut rons . The c ro s s sections 
range from 1 5 to 1 0 b in the energy range from 1 0 to 200 kev. Neutron-
energy spreads seen by a sample 1 .0 cin in diameter placed 2.0 cm from a 
l i th ium-7 ta rge t have been calculated for proton energies between 2.1 and 
3.0 Mev. The ra t io of the capture to f ission c ro s s sect ions , alpha, has been 
de termined for u ran ium-233 i r r ad ia t ed in the third loading of EBR-I . The 
resu l t s a r e given as a function of position in the r e a c t o r . Alpha va r i e s 
from 0.06 to 0.13 from core to outer blanket . 

VII. Routine Operat ions (page 166.) 

The operat ion of the radioact ive was te -p rocess ing facility and the 
gamraa - i r r ad ia t ion facility continued without incident. 
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CHEMICAL ENGINEERING DIVISION 
SUMMARY REPORT 

Aprils May, June, 1962 

I. CHEMICAL-METALLURGICAL PROCESSING* 

Pyrometa l lu rg ica l p r o c e s s e s for the recovery of fissionable ma t e ­
r ia l f rom discharged r eac to r fuels offer p romise of achieving a reduction 
in the r ep roces s ing costs assoc ia ted with nuclear power. The principal 
cha r ac t e r i s t i c s of pyrometa l lu rg ica l p r o c e s s e s which are likely to resu l t 
in reduced costs a r e thei r s implici ty, compactness , low-volume dry was tes , 
and capabili ty for handling shor t -cooled fuels, with an attendant reduction 
in fuel inventor ies . Among the pyrometa l lu rg ica l p r o c e s s e s under develop­
ment a r e mel t refining (a simple melt ing procedure for metal l ic fuels) and 
var ious p r o c e s s e s for core and blanket m a t e r i a l s which util ize liquid 
meta l solvents as p rocess ing media . Pyrometa l lu rg ica l techniques also 
show p romise for the p repara t ion of va r ious reac tor - fue l m a t e r i a l s , in­
cluding me ta l s and ca rb ides . The melt refining p roces s is p resen t ly in 
the mtost advanced state of development and will be used for r ecovery of 
enr iched uran ium from the f i rs t core loading of the second Exper imenta l 
Breede r Reactor (EBR-II). 

A. Pyrometa l lu rg ica l Development 

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

The mel t refining p r o c e s s will be used to r ecover uranium 
from the f irs t core loading of EBR-II . The fuel cons is ts of approximately 
50 percent enr iched uran ium alloyed with about five weight percent noble 
meta l f ission product e lements . The fuel pins a r e clad with s ta in less 
s teel , thermLally bonded by a smal l amount of sodium. The pins a re de-
clad mechanical ly , chopped, and charged to a l ime-s tab i l i zed zirconia 
crucible in which they are mel ted and maintained in a liquid state at 
1400 C for a per iod of 3 to 4 h r . Approximately two- th i rds of the fission 
products a r e removed in this p rocedure through volati l ization and se lec­
tive oxidation. The purified meta l product is poured to form an ingot 
from which new pins a re p r epa red by injection cast ing. A mixture of oxi­
dized and unpoured metal reinaining in the crucible as a skull is r ecovered 
by a separa te p r o c e s s employing liquid meta l solvents. Exper imenta l r e ­
sults for the quar t e r a r e repor ted on (1) the behavior of condensable fission 
products volat i l ized during mel t refining, and (2) the ni tr idat ion ra t e s of 
i r r ad ia t ed fuel pins in a rgon-n i t rogen mix tu re s simulating the a tmosphere 
anticipated in the EBR-II Fuel Cycle Faci l i ty . 

*A s u m m a r v of this section is given on pages 1 to 6. 



a. F i s s i o n P r o d u c t V o l a t i l i z a t i o n S tud ies 
(N. R. C h e l l e w , C. C. H o n e s t y , W. H. S p i c e r ) 

The v o l a t i l i z a t i o n of f i s s i o n p r o d u c t e l e m e n t s d u r i n g m e l t 
r e f i n ing w a s o r i g i n a l l y i n v e s t i g a t e d in e x p e r i m e n t s wi th i n a c t i v e and low-
a c t i v i t y syn the t i c f i s s i u m a l l o y s . •'• Subsequen t l y , r e s u l t s w e r e o b t a i n e d 
f r o m s m a l l - s c a l e (300 to 400 g) m e l t r e f in ing e x p e r i m e n t s wi th 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 a l loy ( A N L - 6 4 1 3 , p a g e s 34 to 39; 
A N L - 6 4 7 7 , p a g e s 30 to 33). The p r i n c i p a l f i s s i on p r o d u c t e l e m e n t s r e ­
m o v e d t h r o u g h v o l a t i l i z a t i o n d u r i n g m e l t r e f in ing a r e xenon , k r y p t o n , 
i o d i n e , c e s i u m , and cadmium. . The evo lu t ion of k r y p t o n and xenon w a s 
i n v e s t i g a t e d in d e t a i l in s p e c i a l s u p p l e m e n t a r y e x p e r i m e n t s wi th h igh ly 
i r r a d i a t e d fuel p ins ( A N L - 6 2 8 7 , p a g e s 38 to 42; A N L - 6 3 7 9 , p a g e s 37 to 
40). The p r e s e n t r e p o r t i s c o n c e r n e d m a i n l y wi th add i t i ona l s t u d i e s of 
c e s i u m and iodine v o l a t i l i z a t i o n , a long wi th c o n f i r m a t o r y i n f o r m a t i o n on 
the b e h a v i o r of s e v e r a l t y p i c a l n o n v o l a t i l e f i s s i on p r o d u c t e l e m e n t s . No 
f u r t h e r w o r k h a s b e e n done on c a d m i u m , s ince it a p p e a r s to p r e s e n t no 
p a r t i c u l a r h a n d l i n g p r o b l e m and is a r e l a t i v e l y m i n o r f i s s i o n p r o d u c t . 

Two add i t i ona l s m a l l - s c a l e e x p e r i m e n t s , e a c h invo lv ing 
about 7 g of h igh ly i r r a d i a t e d u r a n i u m - f i s s i u m a l loy , h a v e b e e n c o m p l e t e d . 
In t h e f i r s t . E x p e r i m e n t A, the type and a m o u n t of c o n d e n s a b l e a c t i v i t y 
t h a t v o l a t i l i z e d f r o m the m e l t r e f i n e d c h a r g e and c o l l e c t e d on a n i c k e l 
c o n d e n s e r w e r e d e t e r n a i n e d . In the s e c o n d . E x p e r i m e n t B , the a m o u n t s 
of v o l a t i l i z e d f i s s i on p r o d u c t s t h a t w e r e r e t a i n e d by a F i b e r f r a x * t r a p 
w e r e d e t e r m i n e d . The t e m p e r a t u r e g r a d i e n t of the t r a p (450 to 1000 C) 
s i m u l a t e d t h a t wh ich i s found in the F i b e r f r a x fume t r a p of t h e p l a n t m e l t 
r e f i n ing e q u i p m e n t . 

The fuel p ins t h a t w e r e u s e d in the e x p e r i m e n t s w e r e 
i d e n t i c a l wi th t h o s e p r e p a r e d for the f i r s t E B R - I I c o r e l oad ing excep t for 
a l o w e r u r a n i u m e n r i c h m e n t (9-44 v^ 45.7 p e r c e n t u r a n i u m - 2 3 5 ) . The 
fuel w a s i r r a d i a t e d in the M a t e r i a l s T e s t i n g R e a c t o r to 1.18 ± 0.13 t o t a l 
a t o m p e r c e n t b u r n u p , a s d e t e r m i n e d by m a s s - s p e c t r o m e t r i c a n a l y s i s . 
The coo l ing t i m e of the fuel w a s 25 d a y s . P r i o r to u s e , the p in s e c t i o n s 
w e r e p o l i s h e d l i gh t l y wi th e m e r y p a p e r to r e m o v e s u r f a c e r e a c t i o n 
p r o d u c t s f o r m e d d u r i n g i r r a d i a t i o n and d e c a n n i n g . 

The e x p e r i m e n t s u t i l i z e d an i n d u c t i o n - h e a t e d f u r n a c e 
wh ich w a s l o c a t e d in a c a v e . The a s s e m b l i e s t ha t w e r e u s e d for the 

• ' •Burris , L . , e t a l . . The Mel t Ref in ing of I r r a d i a t e d U r a n i u m : A p p l i c a ­
t ion to E B R - I I F a s t R e a c t o r F u e l . I. I n t r o d u c t i o n , N u c l e a r Sci . and 
Eng . 6, 493 (1959) et seq^ 

^J^' iberfrax i s a m o l d e d p r o d u c t of the C a r b o r u n d u m C o r p o r a t i o n , p r e ­
p a r e d f r o m a m o r p h o u s f i b e r s and co l lo ida l s i l i c a b i n d e r . The r e p o r t e d 
c o m p o s i t i o n of the f i b e r s in we igh t p e r c e n t is* AI2O3 (51.2) , SiO, (47.4) , 
B2O3 (0.7) , and N a , 0 (0.7) . 
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collection of volatile fission products in the two exper iments a re shown in 
F igure 1. In Exper iment A, Assembly A was used for determining the 
deposition of volati l ized activity at var ious t empera tu re zones along a 
nickel tube. In Exper iment B, Assembly B was employed. This assembly 
util ized a 3 .3-cm-deep F iber f rax bed for the collection of the volatile 
fission products . Sodium was vaporized to the fume t rap during this ex­
per iment , since it will compr ise the l a rges t par t of condensable volati les 
in a plant charge . The t empe ra tu r e profile of each assembly was de ter ­
mined pr io r to the experiment . 

REMOVABLE 
NICKEL - U B E A 

EXPANSION 
RING S E A L -

ACTIVATED 
CHARCOAL BED 

CYLINDRICAL FIBERFRAX BED 
, CUT RADIALLY AND LONGITUDINALLY 

IN SIX EQUAL SECTIONS SEPARABLE 
FOR ANALYSIS 

DECREASING 
TEMPERATURE 

CONSTANT 
TEMPERATURE 

ZONE 
( I 4 0 0 C ) 

Figure 1 

EXPERIMENTAL ASSEMBLIES 
FOR COLLECTION OF VOLA­

TILIZED MATERIAL 

ASSEMBLY A 

In each exper iment , the fuel (about 7 g) was charged to a 
l ime-s tab i l i zed zirconia crucible which was inser ted in a fission product 
collector assembly, outgassed at 200 C for 10 min, then heated under 
argon at one a tmosphere to 1400 C for one hour. When the furnace had 
cooled after the experiment , the argon atnaosphere was replaced by air , 
and the a s sembl ie s were dismantled for inspection and analysis . In both 
exper iments , the fuel alloy mel ted completely and formed a button in the 
shape of a sess i le drop. 

Analytical samples were obtained by dissolving various 
port ions of the a s sembl i e s in acid, or by leaching when dissolution was 
imprac t ica l . Standard radiochemical methods were used to separate and 
analyze the act ivi t ies . Iodine, ce r ium, te l lur ium, and strontium were 
counted as beta act ivi t ies , and ba r ium, ces ium, zirconium, and ruthenium 
as gamma act ivi t ies . A control sample was analyzed s imi lar ly andcounted 



at approximately the same t ime . When neces sa ry , appropria te decay cor­
rect ions were made. For the u ran ium analyses , a f luorophotometric 
technique was used. 

Analytical r e su l t s from the two exper iments a r e presen ted 
in Tables 1 and 2. The dis tr ibut ion data for the volat i l ized act ivi t ies a re 
given in Table 3 on a g r a m - a t o m b a s i s . On the bas i s of these data, the 
following comments can be made regarding the fates of individual fission 
products . 

Iodine and Ces ium. In Exper iment A (Table 1), ces ium 
and iodine accounted for near ly all of the gamma activity volati l ized. How­
ever , only about 51 percent of the ces ium and 55 percent of the iodine in the 
charge ma te r i a l were accounted for. These low m a t e r i a l balances prob­
ably resu l ted from los ses that were incur red during remote handling of 
the nickel collection tube. Of the amounts recovered , about 90 percent of 
the iodine and 70 percent of the ces ium had collected in a zone that had 
been at t e m p e r a t u r e s between 450 and 700 C. A dark gray ma te r i a l had de­
posited in the same zone, forming a band about one inch wide on the nickel 
col lector . The small amount of iodine found in the charcoal t r ap and depo­
sition of the bulk of this activity at t empera tures-exceeding 450 C are evi­
dence that iodine was not volati l ized in elenaental form. Compar ison of 
condensate fractions (on a gram-atom bas is ) from the f i r s t exper iment 
(Table 3) shows that the amount of cesiuin p resen t in the individual f r ac ­
tions was well in excess of the quantity n e c e s s a r y to account for the p r e s ­
ence of iodine as cesiuna iodide (melting point, 621 C; boiling point, 1280 C). 

Table 1 

DISTRIBUTION OF MATER lAL PUR INS MELT REFINJ KG OF EBRJPROTOTYPE FUEL: EXPERIMENT A 

Crucible: lime-stabilized zirconia 

Charge: 7.1% g U - about 5 w/o fissium alloy pins; burnup, 1.18 i 0.13 percent of total atoms; 
cooling time, 25 days 

.Apparatus: See Figure 1, Assembly A 

Conditions: Alloy heating, one nour at 1400 C; atmosphere, argor^ 

Initial Element Concentration (mg>̂  

Charge (prior to heating) 

Fraction 

Ingot plus Skull Material'-

Crucible 

Volatil ized^to 

Charcoal Trap 

Nickel Collector 

Nickel Collector 

Mickel Collector 

Tantalum Collector 

Temperature 

1400 

1400 

^ 200 

200-450 

450-700 

700-000 

900-1400 

U 

6790 

U 

1 X 10"3 

1 X 10"3 

1.5xl0"3 

5 X 10"* 

Ru 

170 

Ru 

1 X 1 0 ' ' 

3 X 10'5 

1 X 10 ' -

2 X 10'5 

Zr 

17 

Zr 

-
1 X 10"^ 

2 X 10"* 

1 X !0"5 

5 X 10"'' 

Te 

"o.9 

Ce 

Percent of Starting !«ate 

le Ce 

1X 10"* 

4 x l 0 " 3 

1 X 10" ' 

1 X 10"^ 

94 

1.2 

1 X 10" ' 

! X 10"* 

2 x 10" ' 

S X i C 

Ba-Sr 

6.5 

ial 

Ba-Sr 

1.3 

75^ 

I x l O " ' 

1.5 X W ' 

7 X 10" ' 

4 X 10'^ 

Cs 

9 

Cs 

0.5 

2.5 

<0.1 

0.3 

37 

10 

1.0 

I 

0.5 

I 

1.3 

1.5 

0.1 

0.3 

49 

2.1 

0.4 

^After the furnace had cooled, the argon pressure in the system -MS reduced from about one atmosphere to 10 mm twice and these gases 
stored. Prior to remosa! of the collector assembly, one atmospt̂ ere of air -.vas admitted to the furnace. 

bCalculamd from irradiation data aiil analysis cf constituents of the unirradiaisd alloy. 

'^Vnmwei >got and adhering skull natenal physically separated from crucible. 

^ Separate individual analyses of barium and strcntiuia activities snowed their distribution to this fraction to be 74 and 79 percent cf starting 

material, respectively. 

^Values reported are considered maximum because of probable cross-contaminaiion effects during radicehemical separation; uranium 
concentrations in mlatilized fractions were near the limits of detection for the fluorophotometric analytical method employed. 



Table Z 

DISTRIBUTION OF MATERIAL DURING MELT REFINING OF EBR-II PROTOTYPE FUEL 
EXPERIMENT B 

Crucible: Lime-s tabi l ized zirconia 

Charge: 6.662 g U - about 5 w/o fissium allo-j,' pins plus 
0.43 g Ka; burnup, 1.18 ± 0.13 percent of total atoms; 
cooling t ime, 35 days 

Apparatus: See Figure 1, Assembly B; Fiberfrax outgassed at 
1000 C prior to use . 

Conditions: Alloy heating, one hour at 1400 C; atmosphere, argon'' 

Initial Element Concentration fmg!'^ 

Charge (prior to heating) 

Ce Sr Ba C s I 

0.46 

Fract ion 

Ingot plus Skull Material , 
Oxidized*-' 

Crucible 

Volatilized to 

Fiberf rax Bed Section'^ 
Fiberf rax Bed Section^ 
Fiberfrax Bed Sections-
Tantalum Collector 

I empera ture 
(C) 

1400 
1400 

450-600 
600-800 
800-1000 

1000-1400 

Ce 

lOZ 
1.6 

e 
e 
e 

-

Sr 

2.6 
96 

_ 
-
-
-

Ba 

0.9 
96 

e 
e 
e 

-

C s 

-
0.8 

10.0 
38.0 
40.1 

0.6 

I 

0.25 
-

8.0 
15.0 

8.3 
0.3 

^After the furnace had cooled, the argon p re s su re in the system was reduced from about 
one atmosphere to 10 mm twice and these gases stored. P r io r to removal of the col­
lector assembly, one atmosphere of air was adinitted to the furnace. 

"Calculated from irradiat ion data. 

•-Unpoured ingot and skull mater ia l separated from crucible by oxidation at 700 C for 
9 hr in an argon-25 volume percent oxygen atmosphere. 

•^Total bed depth, i.i cm. 

^Activities not detectable in gamma-spec t romet r ic scan of samples leached from bed 
sections. 

Table 3 

MATERIAL VOIA]ILIZED DURING HEATING OF EBR-H PROTOTYPE FUEL IN STABILIZED ZIRCONIA AT1400 C 

Conditions: Experiment A, see Table 1 
Experiment B, see Table 2 

ExDt 

A -

B J 

Collector 

Charcoal Trap 
"Nickel Tube 
Nickel Tube 
Nickel Tube 
Tantalurr Tube 

'fiberfrax Bert Section 
Fiberfrax Bed Section 
Fiberfrax Bed Section 
Tantalum Tube 

Temperature 
iCi 

-200 
200-450 
450-700 
700-900 
900-1400 

450-bOO 
600-800 
800-1000 

1000-1400 

U 

<2900 

<3800 
<1350 

-

Ru 

2 
5 
2 
3 

b 
b 
b 

7r 

C 

4 
19 
9 

b 
b 
b 

Gra 

Te 

0.1 

3 

0.7 
0.7 

b 
b 
b 

m Atoms 

Ce 

0.1 

0.6 

0.1 

0.5 

6 

b 

b 

xlolO 

Sra 

2 

3 

13 

8 

-

Baa 

1 
2 

8 
4 

b 

b 

b 

Cs 

<700 

2.030 

250,000 

68,000 

6,800 

62,400 

237.000 

250,000 

3,800 

I 

40 

120 

19,300 

830 

160 

2,900 

5.400 

3,000 

100 

^Identical distribution of activities in condensate fractions assumed in calculation of oram atoms froni distribution data reported 

in Table 1. 

''Activities not detectable in gamma spectrometric scan of samples leached from bed sections. 



Prev ious studies^ had indicated that react ions with c r u ­
cible const i tuents , pa r t i cu la r ly calc ium, played a role in the vaporizat ion 
of iodine when u ran ium-f i s s ium alloy spiked with uran ium tr i iodide and/or 
lightly i r r ad ia t ed uranium was mel ted in z i rconia crucib les stabil ized with 
five weight percent calcium oxide. However, ces ium was ei ther absent or 
p resen t in t r a c e amounts (xO.02 ppm) in these exper imenta l cha rges . For 
the exper iments with high-act ivi ty level , it was not possible to determine 
accura te ly the amounts of inactive crucible consti tuents volati l ized. 

In Exper iment B (Table Z), over 99 percent of the ces ium 
and iodine r ecove red was found in the F ibe r f r ax bed, under conditions 
which approximate those anticipated in the fume t r ap of the plant mel t r e ­
fining equipment. In this exper iment , a 3.3-cin bed with a t empe ra tu r e 
gradient from approximately 1000 to 450 C was exposed to sodium vapor. 
The m a t e r i a l ba lances for ces ium and iodine, however, were about 90 and 
30 percent , respect ive ly . In view of the low m a t e r i a l balance for iodine, 
further work is considered n e c e s s a r y . 

As in Exper iment A, the amount of ces ium in each bed 
section was in excess of the quantity requ i red to account for volati l ization 
of the iodine as ces ium iodide. The absence of a definite collection pat­
t e rn of the act ivi t ies suggests that additional effects may lead to incom­
plete retent ion of iodine by F ibe r f r ax during or after mel t refining. Iodine 
analysis of the F ibe r f r ax bed sections as a function of s torage t ime in a i r 
indicated that a loss of iodine from the F ibe r f r ax does occur with t ime. 
The data shown in Table 4 indicate that, of the iodine init ially collected on 
the F ibe r f rax , about 50 percent is lost in about 6 weeks. This loss may 
resu l t f rom the oxidation of iodine by air or from radiodecomposi t ion. The 
g rea te r retent ion shown by the bed section heated to the highest t e m p e r a ­
tu re during the exper iment ve ry likely r e su l t s from entrapiTient of the 
iodine in g lassy m a t e r i a l formed by the react ion of sodium with F iber f rax . 

The exper iments also provided an indication of the extent 
of iodine re tent ion by a mel t refining skull when it is oxidized to separa te 
it f rom the z i rconia c ruc ib le . In the f i r s t exper iment , 1.3 percent of the 
iodine charged to the sys tem was found in the unoxidized ingot and skull, 
whereas in the second exper iment only 0.25 percent was found in the skull 
and ingot after oxidation in an oxygen-argon a tmosphere at 700 C. On the 
b a s i s of these r e s u l t s , it appears that a smal l , but significant, quantity of 
iodine will be p resen t in the skull oxides enter ing the skull rec lamat ion 
p r o c e s s . 

Bar ium, Strontiuna, and Cer ium. Bar ium and s t ront ium 
were both incorpora ted preferent ia l ly into the z i rconia crucible used for 
naelt refining. The concentra t ions of ba r ium and s tront ium in the condensed 

^Chellew, N. R., and Ader , M., The Melt Refining of I r rad ia ted Ura­
nium; Application to EBR-II F a s t Reactor Fue l . XI. Behavior of 
Iodine in Melt Refining, Nuclear Sci. and Eng. , 9, 82 (I96I) . 



31 

volatile ma te r i a l were smal l . Their combined concentrat ions would account 
for l ess than one percent of the iodine p resen t if it were assumed that the 
iodine volati l ized as ba r ium iodide or s t ront ium iodide. 

Table 4 

E F F E C T OF TIME ON IODINE-131 RETENTIOyf IN FIBERFRAX BED SECIIOXS 

EXPERIMENT B 

E x p e r i m e n t a l Condi t ions : See Table 2 

Iodine Retention'* 

Bed 
Section 

Top 
Middle 
Bot tom 

T e m p e r a t u r e 
dur ing 

E x p e r i m e n t 
(C! 

450-600 
600-800 
800-1000 

(percent of s t a r t ing n ia te r i a l j 

Ini t ial Ana lys i s F ina l Analysis 
( s ample s s t o r e d 1 day)" ( samples s to red 42 days ) " 

8.0 2.0 
15.0 5.0 

8.3 7.3 

Tota l 31.3 14.3 

P e r c e n t 
R e l ea sed 

75 
67 
12 

3-Iodine leached f rom one-half sec t ions of F i b e r f r a x beds (see Assembly B, F i g u r e 1) after 
the indica ted s to rage t i m e s ; act ivi ty re ten t ion in each sect ion de t e rmined by weighing 
amount in analy t ica l s a m p l e s acco rd ing to tota l weight of bed in t e m p e r a t u r e zone of 
i n t e r e s t . 

Samples s to red in a i r in s e p a r a t e con t a ine r s p r i o r to ana lys i s . 

Less than two percent of the cer ium was found in the cru­
cible. The remainder appeared in the ingot plus skull fraction, presumably 
as a constituent of the skull. 

Tel lur ium, Zirconium, Ruthenium, and Uranium. Negli­
gible volati l ization of these e lements occur red in both of the exper iments . 

In summary , it appears that the iodine activity volatilized 
during melt refining is la rge ly collected on surfaces between 450 and 
700 C, either as cesium iodide or as the iodide of an inactive element. 
Cesium is also volati l ized in the mel t refining p rocess and is condensed 
in the same tempera ture region. Bar ium and strontium are found mainly 
in the crucible , and ce r ium appears in the skull. Volatilization of te l lur ium, 
zirconium, ruthenium, and uran ium is negligible. 

b. Nitridation Rates of I r rad ia ted Fuel Pins 
(J. P . LaPlan te , C. C. Honesty) 

Some nitr idat ion of i r rad ia ted fuel pins is expected to 
occur in the Argon Cell of the EBR-II Fuel Cycle Faci l i ty , since the argon 
a tmosphere of the Cell may contain up to five percent nitrogen and fission 
product decay heat is expected to r a i s e the tempera ture of the declad fuel 



pins. Since excess ive ni t r ide formation might have an adverse effect on the 
mel t refining p r o c e s s , the ni tr idat ion r a t e s of i r r ad ia t ed fuel pins under 
conditions simulating those expected in the plant a re being investigated. 

Several additional exper iments were per formed at var ious 
t e m p e r a t u r e s and ni t rogen concentrat ions in argon, using the procedure 
outlined previously in ANL-6543, page 30. Exper imenta l r e su l t s were 
lower than those obtained e a r l i e r , but this d iscrepancy was explained when 
it was noted that a cor re la t ion exis ts between ni t r idat ion ra te and the num­
ber of days that i r r ad ia t ed pins had been s tored in the air a tmosphere of 
the cave facility. This effect is shown by the data in Table 5. The uran ium-
fiss ium alloy fuel pins that were i r r ad ia t ed to 1.18 total atom percent 
burnup became completely unreact ive to ni trogen after exposure to a ir 
for approximately 8 days, although they had been polished with e m e r y 
paper immedia te ly before the ni t r idat ion exper iments . The cor re la t ion 
between ni t r idat ion ra te and number of days of p r io r exposure to air ap­
p e a r s to be affected by the percent of burnup and the specific activity of 
the fuel pins . 

Table 5 

E F F E C T OF PRIOR AIR EXPOSURE ON THE NITRIDATION RATES 
OF IRRADIATED URANIUM-FISSIUM FUEL PINS 

Fuel P in s : 95 w/o uran ium (10% enr iched)-5 w/o f iss ium 
alloy pins i r r ad ia t ed and cooled as indicated 

T e m p e r a t u r e : 300 C 

Atmosphere : 100% nitrogen at one a tmosphere p r e s s u r e 

Burnup 
(a/o) 

0.87 

1.20 

1.18 

Cooling 
Time 
(days) 

100 

90 

20 

Specific 
Activity 

(c/g) 

4.3 

4.8 

14.3 

A i r 
P r i o r 
Exposure^ 
(days) 

0 
12 
14 
18 

0 
7 

0 
8 

13 
14 

Nitridation Rate 
(% of original) 

100 
84 
73 
50 

100 
20 

100 
0 
0 
0 

At ambient t empe ra tu r e of the cave facility (~30 C). 
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The n i t r i d a t i o n r a t e of a s o d i u m - c o a t e d u r a n i u m - f i v e p e r ­
cen t f i s s i u r a p in i r r a d i a t e d to 1.18 to t a l a to in p e r c e n t b u r n u p and coo led 
80 days w a s d e t e r m i n e d in a s ing le e x p e r i m e n t at 500 C in a 100 p e r c e n t 
n i t r o g e n a t m o s p h e r e . E x p o s u r e of the p in to a i r p r i o r to the e x p e r i m e n t 
w a s l i m i t e d to l e s s t h a n one h o u r . P r e v i o u s e x p e r i e n c e had shown tha t 
e x p o s u r e u n d e r t h e s e cond i t ions does not affect the n i t r i d a t i o n r a t e s at 
t e m p e r a t u r e s f r o m 300 to 650 C. The r e s u l t i s c o m p a r e d in F i g u r e 2 wi th 
da ta o b t a i n e d p r e v i o u s l y for an u n i r r a d i a t e d sod ium. -coa ted u r a n i u m -
f i s s i u m pin in a five p e r c e n t n i t r o g e n a t m o s p h e r e at 300 C (ANL-6287 , 
page 42). Since it h a s b e e n shown tha t t h e s a m e n i t r i d a t i o n r a t e s a r e o b ­
t a i n e d in f ive p e r c e n t axid 100 p e r c e n t n i t r o g e n a t m o s p h e r e s ( A N L - 6 3 3 3 , 
page 38), it a p p e a r s t h a t i r r a d i a t i o n h a s l i t t l e , if any, effect on the n i t r i d a ­
t ion r a t e of the s o d i u m - c o a t e d fuel p i n s . 

0 6 

1-04 

S 

D-UNIRRADIATED 
URANtUM-FISSIUM FUEL PIN 

O-IRRADIATED 
URANIJM-FiSSIUM 
FUEL PIM 

F i g u r e 2 

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

Atmosphere: 
Temperature: 
Burnup (%): 
Cooling Time: 

Nitrogen 
500 C 
1.18 
80 days 

Specific Activity (c/g)-. 5.37 

In g e n e r a l , t h e n i t r i d a t i o n r a t e d a t a f o r u r a n i u m - f i s s i u m 
a l l o y f u e l p i n s i n d i c a t e t h a t i r r a d i a t i o n h a s n o l a r g e e f f e c t o n t h e r a t e a t 
t e m p e r a t u r e s b e l o w a b o u t 500 C . I t d o e s a p p e a r , h o w e v e r , t h a t , i n o r d e r 
t o p r e v e n t d i f f i c u l t y w i t h n i t r i d e s h e l l s o n t h e p i n s i n t h e m e l t r e f i n i n g 
p r o c e s s , i t m a y b e n e c e s s a r y (1) t o l i m i t t h e e x p o s u r e of fue l p i n s t o t h e 
c e l l a t m o s p h e r e , (2) t o p r e v e n t t h e p i n t e n a p e r a t u r e s f r o m r i s i n g a b o v e 
a b o u t 300 C , o r (3) t o l o w e r t h e n i t r o g e n c o n t e n t of t h e c e l l a t m o s p h e r e 
s i g n i f i c a n t l y . 

2 . P r o c e s s e s U t i l i z i n g L i q u i d M e t a l S o l v e n t s 
( L . B u r r i s , J r . , R . K. S t e u n e n b e r g ) 

E n g i n e e r i n g a n d l a b o r a t o r y d e v e l o p m e n t of l i q u i d m e t a l 
p r o c e s s e s f o r r e c o v e r i n g t h e f i s s i o n a b l e m a t e r i a l r e m a i n i n g a s a s k u l l i n 
t h e m e l t r e f i n i n g c r u c i b l e a n d f o r t h e i s o l a t i o n of p l u t o n i u m b r e d i n t h e 
E B R - I I b l a n k e t m a t e r i a l w a s c o n t i n u e d . L a b o r a t o r y w o r k i s i n p r o g r e s s 
t o d e v e l o p p r o c e s s e s f o r o t h e r f u e l m a t e r i a l s , e s p e c i a l l y f u t u r e E B R - I I 



c o r e s , which will contain plutoniuna as a fissionable ma te r i a l . In p r o g r e s s , 
a lso , a re fundamental studies in which molten salt and metal media a re 
ut i l ized and studies of var ious unit operat ions (distil lation, m a s s t r ans fe r , 
and mixing) in liquid ixietal sy s t ems . 

a. Demonstra t ion of Skull Recovery P r o c e s s 
(R. D. P i e r c e , K. R. Tobias) 

An exper imenta l p r o g r a m is underway to demons t ra te the 
p r o c e s s for recover ing mel t refining crucible res idues (skull ma te r i a l ) 
on a 1 30-g-uran ium scale in the recent ly completed iner t a tmosphere 
glovebox descr ibed in ANL-6543, page 32. These exper iments a re intended 
to t es t p r o c e s s var iab les and to de te rmine optimum p roces s conditions 
pr ior to the operat ion of l a r g e r , in tegra ted p r o c e s s equipment. 

During this repor t ing period, equipment shakedown was 
completed and the f i r s t denaonstration run was made in accordance with 
the flowsheet p resen ted in ANL-6477, page 36. General ly , the equipnaent 
operated sa t is factor i ly , but minor changes in both equipment and operating 
technique were shown to be n e c e s s a r y . A p r e s s e d - a n d - s i n t e r e d tungsten 
crucible was ut i l ized for noble metal extract ion and uran ium oxide r educ­
tion; a bery l l ia crucible was used .for the uran ium precipi ta t ions and for 
the re to r t ing step. 

Only data re la t ing to uraniuna recovery a r e available; 
analyses a re sti l l to be made to de termine the behavior of f ission product 
e lements . The r e su l t s of this exper iment will be r epor t ed when the ana­
lyt ical data become avai lable . 

The design of in tegra ted equipment for l a r g e - s c a l e r e ­
covery of f issionable m a t e r i a l ( 2 | kg of skull oxide) is near ing completion. 
Many of the major equipment i tems have been ordered . 

b . Retor t ing of Uranium Concent ra tes 
(J. F . Lenc, M. A. Bowden) 

A final re to r t ing step is requ i red in the cu r ren t skull 
rec lamat ion p r o c e s s (flowsheet previous ly given in ANL-6477, page 36) to 
isolate the u ran ium prec ip i ta ted in the in te rmeta l l ic -compound-
decomposit ion step f rom res idual zinc and magnes ium. Exper imenta l 
work on the re tor t ing operat ion has been d i rec ted at achieving easy , high-
yield removal of the isolated u ran ium product from the re to r t ing crucible 
in a form suitable for remote recyc le to the mel t - re f in ing p r o c e s s . 

The feasibil i ty of uti l izing the uran ium concentra te from 
the magnes ium decomposit ion step (i .e. , prec ip i ta ted uran ium enveloped 
in the z inc -magnes ium alloy) as the end product of the skull rec lamat ion 



p r o c e s s is a l s o be ing i n v e s t i g a t e d . The s u c c e s s of t h i s p r o c e s s m o d i f i c a ­
t i on i s dependen t upon two c o n d i t i o n s : (1) the ab i l i ty to r e m o v e the u r a n i u m 
c o n c e n t r a t e f r o m the decom.pos i t ion c r u c i b l e , and (2) the ab i l i ty to h a n d l e 
such a p r o d u c t in s u b s e q u e n t p r o c e s s s t e p s ; for e x a m p l e , in s u b s e q u e n t 
m e l t r e f in ing o p e r a t i o n s , it would b e n e c e s s a r y to m a k e su i t ab l e p r o v i s i o n s 
for the c o l l e c t i o n of z inc and m a g n e s i u m v a p o r s . 

P e r f o r m a n c e of a M e t a l - j a c k e t e d B e r y l l i a C r u c i b l e . To 
d a t e , r e t o r t i n g e x p e r i m e n t s have b e e n c o n d u c t e d in a v a r i e t y of c r u c i b l e 
m a t e r i a l s . H o w e v e r , e a s y r e m o v a l of the u r a n i u m in h igh y i e ld , e i t h e r 
a s an i s o l a t e d p r o d u c t a f t e r r e t o r t i n g or a s a c o n c e n t r a t e a f te r t he 
i n t e r m e t a l l i c - d e c o m p o s i t i o n s t e p , h a s b e e n a c c o m p l i s h e d only in b e r y l l i a 
c r u c i b l e s ( i s o s t a t i c a l l y p r e s s e d and s i n t e r e d ) . S i m i l a r r e s u l t s m a y be 
r e a l i z e d wi th o the r c e r a m i c c r u c i b l e s , bu t b e r y l l i a o f f e r s the fol lowing 
t h r e e a d v a n t a g e s : (1) h igh t h e r m a l c o n d u c t i v i t y ( consequen t l y , low s u s ­
c e p t i b i l i t y to t h e r m a l shock ) , (2) h igh c h e m i c a l s t a b i l i t y , and (3) nonwe t t i ng 
by z i n c - m a g n e s i u i a a - u r a n i u r a s y s t e m s . R e g a r d l e s s of the m e t h o d ( p r e s s i n g 
and s i n t e r i n g , t h i x o t r o p i c c a s t i n g , o r a s s e m b l y f r o m b l o c k s - s e e A N L - 6 5 4 3 , 
page 44) t h a t e v e n t u a l l y wi l l be s e l e c t e d for f a b r i c a t i o n of b e r y l l i a c r u ­
c i b l e s , m e t a l j a c k e t i n g i s c o n s i d e r e d n e c e s s a r y to m i n i m i z e the c o n s e ­
q u e n c e s of any m e t a l l e a k a g e t h r o u g h c r a c k s in the c r u c i b l e . 

T e s t i n g of a m e t a l - j a c k e t e d b e r y l l i a c r u c i b l e a s s e m b l y 
w a s b e g u n d u r i n g t h e p a s t q u a r t e r . B e r y l l i a p o w d e r w a s p a c k e d in the 
annu lu s b e t w e e n the b e r y l l i a c r u c i b l e and the s t a i n l e s s s t e e l s e c o n d a r y 
c r u c i b l e . F o u r 1 2 0 - g - u r a n i u n a s c a l e r u n s w e r e c o n d u c t e d in the s t a i n l e s s 
s t e e l - j a c k e t e d , i s o s t a t i c a l l y p r e s s e d b e r y l l i a c r u c i b l e a s s e m b l y (4- in . OD 
by 9-^ in . h igh) in a c c o r d a n c e wi th the " t h r e e - s t e p " p r o c e d u r e * d e s c r i b e d 
in A N L - 6 3 7 9 , page 62. The u r a n i u m c o n c e n t r a t e ( u r a n i u m enve loped in 
z inc and m a g n e s i u m ) did not a d h e r e to the b e r y l l i a c r u c i b l e a f t e r the i n t e r ­
m e t a l l i c d e c o m p o s i t i o n s t e p in any of the four r u n s . The r e t o r t i n g s t ep 
for d i s t i l l i n g off the r e s i d u a l z inc and magnes iu i a i w a s c a r r i e d out in only 
two of t h e r u n s . N e a r l y 100 p e r c e n t of t h e u ran iuna p r e s e n t in the c r u c i b l e 
w a s e a s i l y remioved f r o m the c r u c i b l e in e a c h of t h e s e . The u r a n i u m c o n ­
c e n t r a t e s r e c o v e r e d frona the o t h e r two r u n s wi l l be u s e d in fu tu re e x p e r i ­
m e n t s to d e t e r m i n e w h e t h e r t h e u r a n i u m can be s a t i s f a c t o r i l y nae l ted u n d e r 
c o n d i t i o n s in wh ich the z inc and m a g n e s i u m a r e b o i l e d off at p r e s s u r e s 
n e a r a t m o s p h e r i c . No v i s i b l e d e t e r i o r a t i o n of the s t a i n l e s s s t e e l - j a c k e t e d 
b e r y l l i a c r u c i b l e a s s e m b l y w a s d e t e c t e d a f t e r any of the above t e s t s . 

E x p e r i m e n t s wi l l be c o n t i n u e d in t h i s s a m e a s s e m b l y to 
d e t e r m i n e i t s use fu l l i fe . On t h e b a s i s of t e s t s p e r f o r m e d to d a t e , no 
s e r i o u s p r o b l e m s a r e a n t i c i p a t e d in u s i n g a m e t a l - j a c k e t e d c e r a m i c c r u ­
c ib l e a s s e m b l y for f u l l - s c a l e p r o c e s s a p p l i c a t i o n . 

*The three steps are the last three steps of the skull reclamation processj all of which are conducted 
in the same crucible. The steps ares (1) precipitation of uranium-zinc intermetallic compound 
and removal of the supernatant liquid, (2) decomposition of this compound with magnesium to pre­
cipitate uranium, and, following removal of the supernatant liquid, (3) retorting to drive off residual 
zinc and magnesium. 



c. Application of the Skull Reclamation P r o c e s s to the 
Recovery of Uranium from Stainless Steel-c lad Fuel Pins 
(V. Tr i ce , W. Spicer) 

The f i rs t core loading of the EBR-II reac to r will be 
p roces sed by the laaelt refining p r o c e s s . The procedure for p repa r ing the 
fuel pins for mel t refining includes the mechanical removal of the stain­
l e s s steel cladding. The re exis ts the possibi l i ty that some of the fuel pins 
will be too badly dis tor ted or otherwise unsuitable for decladding. To p ro ­
vide for this contingency, a study is being made to deternaine whether the 
noble meta l extract ion step of the skull rec lamat ion p roces s can be adapted 
to the r ecove ry of uranium frona clad fuel. 

The noble metal extract ion step in the skull rec lamat ion 
p r o c e s s provides for the removal of e lements m o r e e lect roposi t ive than 
zinc from skull oxide by contacting a suspension of skull oxide in flux with 
molten zinc. To accommodate clad fuel, the noble meta l extract ion step 
was modified by the addition of sufficient zinc chloride to the flux to oxi­
dize u ran ium and thereby to provide for i ts extract ion into the flux as 
u ran ium t r i ch lo r ide . It is l ikely that a smal l percentage of zinc chlor ide, 
perhaps about two mole percen t , will be added as a precaut ionary m e a s u r e 
to the flux phase in the noble me ta l - ex t r ac t ion step to oxidize any uran ium 
meta l which might not have been oxidized in the skull-oxidation step. This 
quantity of zinc chloride i s , of cou r se , considerably l e s s than that r equ i red 
to oxidize all of the u ran ium as would be n e c e s s a r y for fuel pins which 
cannot be declad. 

Two-s tep exper iments were conducted to de te rmine the 
behavior of uran ium and the s ta in less steel consti tuents (iron, nickel , and 
chronaium) in the naodified noble me ta l - ex t r ac t ion step and in the subse­
quent u ran ium-reduc t ion step of the skull reclanaation p r o c e s s . One ex­
per iment was made with each of the two fluxes cur ren t ly under considerat ion 
for the skul] recovery p r o c e s s , namely, flux A which contains 47.5 mole pe r ­
cent ca lc ium chlor ide , 47.5 naole percent magnes ium chloride and 
5.0 mole pe rcen t of magnes ium fluoride and which was used in Exper iment A 
and flux B which contains 47.5 mole percent l i thium chlor ide, 47.5 mole pe r ­
cent magnesiuna chlor ide , and 5.0 mole percent of magnes ium fluoride and 
which was used in Exper iment B. 

In the f i r s t step of the experinaents, u ran ium and the s tain­
l e s s steel const i tuents were dissolved in zinc and at the saiiae t ime , the 
uranium was oxidized by zinc chloride to u ran ium t r ich lor ide which t r a n s ­
f e r r ed to the flux phase . Essent ia l ly equal weights of flux and zinc were 
used. The ext rac t ion step was c a r r i e d out under an argon a tmosphere for 
3 hr at 800 C. Moderate s t i r r ing (450 rpna) was used. P r e l i m i n a r y ex­
pe r imen t s had shown that these conditions sufficed to provide a v i r tual ly 
equi l ibr ium dis t r ibut ion of uran ium between meta l and salt phases . The 
naetal phase consis ted of the following substances which were charged 
separa te ly : 200 g zinc, 21 g u r an ium-5 percent f iss ium alloy, and 
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3.2 g 304 s ta inless s teel . The flux phase contained 200 g flux (Type A 
or B) and 30 g zinc chloride. The flux and zinc chloride were mel ted to ­
gether in air before use . After the u ran ium-bear ing salt phase and the 
metal phase had solidified, they were separa ted mechanically. 

In the second step, the u ran ium-bear ing salt was contacted 
at 800 C with an equal weight of zinc-10 weight percent magnesiuna which 
reduced and dissolved the uran ium. Exper imental conditions for the r e ­
duction step were modera te s t i r r ing (450 rpm) under argon a tmosphere 
for 3 hr at 800 C. P r e l i m i n a r y exper iments showed that these conditions 
were adequate to attain an essent ia l ly equil ibrium distribution of uranium. 

F igure 3. 
Exper imenta l conditions and resu l t s a re summar ized in 

F igure 3 

BEHAVIOR OF URANIUM AND STAINLESS STEEL CONSTITUENTS 
IN NOBLE METAL EXTRACTION STEP (MODIFIED) AND 
REDUCTION STEP OF SKULL RECLAMATION PROCESS 

3 2g of Type 304-
Stainiess Steel 

21gof EBR-n-
Fuel Pmsa 

NOBLE METAL EXTRACTION 

F luxGOgof ZnCl2 
plus 200 g of 

Type A or B Fluxi 

MgCl2 

CaCl2 

LI CI 

MgF2 

Exp A 
(Type A 

Flux m/o) 

47 5 

47 5 

50 

Exp A 98 5 2? 0 034 0 39 

Exp B 96 4 26 0 065 0 

Uranium by difference 

Exp B 
(Type B 

Flux m/ot 

47 5 

47 5 

50 

% of Total Charged 

U Cr Fe 

0 034 

0 065 

Exp A 99 8 27 

[yp B 99 6 26 

U by difference Cr Ni and Fe As­
sumed to be the same as in metal 
phase of reduction step 

0 39 

0 8 

% of Total Charged 

U 

0 21 

0 41 

Cr 

73 

74 

99 9* 

99 9* 

99 6 

99 2 

Cr Ml and Fe by difference 

(Each step of two experiments was conducted under argon atmosphere 
at 800 C for 3 hours in a high purity alumina crucible St i r r ing was 
moderate (450 rpmi and a 1/2 x 3 4- inch tungsten paddle on a 
molybdenum 30 percent tungsten shaft was used i 

3The nominal composition of EBR-n fuel is 95 vjeight percent uranium 2 46 weight percent molybdenum 1 95 weight percent ruthenium 0 28 weight per 

cent rhodium 018 weight percent palladium 010 weight percent z i rconium and 0 01 weight percent niobium 

bThis IS a reasonable assumption in view of the large excess of magnesium employed 
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The behavior of uranium, iron, nickel , and chromium was de termined by 
comparing the anaounts charged to the modified noble me ta l -ex t rac t ion 
step with the amounts of these e lements found upon complete dissolution 
and analysis of the metal phase from the reduction step. The coefficients 
of dis t r ibut ion of the var ious e lements between the salt and naetal phases 
in the noble me ta l - ex t r ac t ion or oxidation step were calculated on the a s ­
sumption that reduct ions were essent ia l ly complete in the reduction step. 
Uranium lo s se s were de termined by analyses of the metal phase from the 
oxidation step after complete dissolution in aqua regia and by aqua reg ia 
leaching of water - insoluble components of the salt phase from the reduc­
tion step. The absence of color in the water -so luble portion of the salt 
phase showed that res idua l uran ium presen t in the flux phase was in the 
form of water - inso luble uran ium compounds. 

Conaparisons of both u ran ium los ses and the dis tr ibut ion 
coefficients of uran ium and s ta in less steel consti tuents shown in Table 6 
indicate Flux A, containing calc ium chlor ide , to be somewhat super ior to 
Flux B, containing l i thium chlor ide . In the oxidation step, the u ran ium 
distr ibution coefficient (flux to meta l on a weight bas is) was 475 for 
Flux A and 240 for Flux B. In these exper iments , i ron and nickel were 
la rge ly re ta ined in the naetal phase with dis t r ibut ion coefficients of 
3.4 X 10 and 3.9 x 10"^, respect ive ly . However, substantial extract ion 
of chromium occur red with both fluxes. Based on the dis tr ibut ion coeffi­
cients observed with Flux A, and assuming no subsequent separa t ion of 
s ta in less s teel const i tuents , the u ran ium recove red by p rocess ing clad 
fuel under the conditions employed in this exper iment would contain ap­
proximate ly 40 ppm of i ron, 500 ppm of nickel , and 8000 ppm of chromium. 

Table 6 

DISTRIBUTION COEFFICIENTS OF URANIUM 
AND STAINLESS STEEL CONSTITUENTS IN 

MODIFIED NOBLE METAL 
EXTRACTION STEP 

(see conditions and procedure in F igure 3) 

Distr ibut ion Coefficient in 
Noble Meta l -ex t rac t ion Step 

(w/o in f lux/w/o in meta l ) 

Consti tuent Flux A Flux B 

Uranium 475 240 
Iron 3.4 x 10"* 6.5 x 10"* 
Nickel 3.9 x 10"^ 8.0 x 10"^ 
Chromium 0.37 0.36 



The amount of u ran ium re ta ined in the flux phase after 
reduction was 1.3 percent with Flux A and 3.2 percent with Flux B. In 
p re l imina ry studies of the reduction step with zinc-10 weight percent mag­
nesium or zinc-5 weight percen t naagnesium as the reducing agents at 
contact t imes of up to 13 hr , some uran ium in the form of a precipi ta te 
was re ta ined in the salt phase in every case . In all c a s e s , the solidified 
salt phase from the oxidation step also contained a sett led zone of reddish 
brown prec ip i ta te . This laiaterial, which was separable by water leaching; 
was identified by X - r a y spect rographic analysis as uraniuna dioxide. The 
p resence of a smal l amount of moi s tu re or zinc oxide in the systein during 
the oxidation step would explain the forination of uranium dioxide. It is 
postulated, t he re fo re , that the recovery of uran ium in the reduction step 
was l imited by the anaount of uraniuna dioxide foriaaed. The only relevant 
data available concerning the reduct ion of uraniuaai dioxide were obtained 
with the use of Flux B at 750 C under an air a tmosphere . These data, 
r epor ted in ANL-6477, page 40, show the ra te of reduction of uranium 
oxide to be re la t ive ly slow. 

d. P r o c e s s e s for Plutoniuiai Reactor Fue l s 
(R. K. Steunenberg) 

The second core loading of EBR-II is expected to be a 
plutonium alloy of approximate ly the following composit ion: u ran ium, 
70 percen t ; plutonium, 20 percen t ; f i s s ium e lements , 10 percent . One of 
the pr incipal p rob lems encountered in p rocess ing i r r ad ia ted ma te r i a l of 
this type is to achieve an adequate separa t ion of r a r e ear th fission 
products from the plutonium. Two pronaising methods for accomplishing 
this separa t ion a r e being invest igated. One involves selective ext ract ion 
of the r a r e ea r ths from a zinc-naagnesium solution of plutonium and u r a ­
nium by a molten halide flux. The other entai ls the use of a calciuiai-zinc 
solution in which the r a r e ea r th s a r e soluble whereas the plutonium and 
uran ium a re re la t ive ly insoluble. Additional infornaation has been obtained 
on the technique of laiolten salt extract ion during the past qua r t e r . 

Separat ion of R a r e E a r t h s frona Uranium and Plutonium 
by Molten Salt Extrac t ion 
(J. B. Knighton, J. D. Schilb, J. W. Walsh) 

The objective of th is p r o g r a m is to investigate the poss i ­
bil i ty of separa t ing the var ious elenaents p resen t in spent r eac to r fuels by 
equil ibrat ion of the const i tuents of the fuel between a liquid meta l , such as 
laiolten naagnesium-zinc alloy, and a mol ten salt flux, such as naagnesium 
chlor ide . Distr ibut ion coefficients for y t t r ium, ce r ium, and praseodymium 
in this sys tem have been shown previous ly to be dependent on the mag­
nesiuna concentrat ion in the meta l phase and the naagnesium chloride con­
cent ra t ion in the flux phase (ANL-6379, page 61; ANL-6543, page 49). 
Additional dis t r ibut ion data have been obtained for plutonium, anaericium, 
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Figure 4 

DISTRIBUTION OF SELECTED ELEMENTS 
BETWEEN ZINC-MAGNESIUM ALLOY 

AND MAGNESIUM CHLORIDE 

Temperature: 80O C 
Mixing Rate: 300-350 rpm 
Crucible: tantalum 
Atmosphere; argon 

n e o d y m i u m , a n d u r a n i u m . T h e p r e s e n t 
s t a t u s of t h e p r o g r a m i s s u m m a r i z e d i n 
F i g u r e 4 , w h e r e t h e d i s t r i b u t i o n c o e f f i ­
c i e n t s [K^ = (w/o i n f l u x ) / ( w / o i n n a e t a l ) ] 
a r e p r e s e n t e d a s f u n c t i o n s of t h e m a g ­
n e s i u m c o n c e n t r a t i o n i n t h e z i n c p h a s e . 
D e t a i l s of t h e i n d i v i d u a l e x p e r i m e n t s a r e 
a s f o l l o w s : 

' " •JPEBAToP- SCO C 
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P l u t o n i u m 

T h e d i s t r i b u t i o n d a t a f o r p l u ­
t o n i u m a r e g i v e n i n F i g u r e 5 . T h e s e r e ­
s u l t s a r e f r o m t h r e e s e p a r a t e e x p e r i m e n t s 
i n w h i c h t h e e q u i l i b r i u m a s a p p r o a c h e d 
f r o m t h e z i n c - r i c h s i d e a n d f r o m t h e 
m a g n e s i u m - r i c h s i d e . W h e n a m a t e r i a l 
b a l a n c e d e t e r m i n a t i o n w a s m a d e a t 50 w e i g h t 
p e r c e n t m a g n e s i u m , t h e p l u t o n i u m m a t e ­
r i a l b a l a n c e w a s 9 3 . 3 p e r c e n t . E a c h p o i n t 
o n t h e d i s t r i b u t i o n c u r v e i s b a s e d o n 
a n a l y s e s of t h e m e t a l a n d f lux f o r p l u t o ­
n i u m a n d a n a l y s i s of t h e m e t a l f o r m a g ­
n e s i u m . T h e p l u t o n 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 b y a l p h a c o u n t i n g t h e 
d i s s o l v e d f l u x a n d m e t a l s a m p l e s . 

Figure 5 

DISTRIBUTION OF PLUTONIUM BETWEEN 
ZINC-MAGNESIUM ALLOYS AND 

MAGNESIUM CHLORIDE 

Temperatures 800 C 
Mixing Rate: ~300 rpm 
Crucible: tantalum 
Atmosphere: argon 
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T h e p l u t o n i u m d i s t r i b u t i o n c u r v e , l i k e t h a t of u r a n i u m 
( s e e F i g u r e 4 ) , i s d i s p l a c e d d o w n w a r d f r o m t h e c u r v e s f o r t h e r a r e e a r t h s , 
i n d i c a t i n g t h a t a p l u t o n i u n a - r a r e e a r t h s e p a r a t i o n i s p o s s i b l e . F u r t h e r w o r k 
o n t h e p l u t o n i u m s y s t e m w i l l c o n s i s t of d e t e r m i n i n g t h e d i s t r i b u t i o n c o e f f i ­
c i e n t a t 100 w e i g h t p e r c e n t m a g n e s i u m c o n c e n t r a t i o n a n d e s t a b l i s h i n g 
w h e t h e r t h e d i s t r i b u t i o n c o e f f i c i e n t i s d e p e n d e n t o n t h e p l u t o n i u m 
c o n c e n t r a t i o n . 

A n a e r i c i u m 

T h e d i s t r i b u t i o n c u r v e f o r a m e r i c i u m h a s a l s o b e e n 
d e t e r m i n e d , w i t h t h e s a m p l e s o b t a i n e d i n t h e p l u t o n i u m e x p e r i m e n t s . T h e 

a m e r i c i u m w a s s e p a r a t e d b y s t a n d a r d 

Figure 6 

DISTRIBUTION OF AMERICIUM BETWEEN 
ZINC-MAGNESIUM ALLOYS AND 

MAGNESIUM CHLORIDE 

Temperature: 800 C 
Mixing Rate: "-300 rpm 
Crucible: tantalum 
Atmosphere: argon 

Equillb Approdchpf̂  
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r a d i o c h e m i c a l m e t h o d s and was d e -
t e r n a i n e d by g a m m a count ing . 

The r e s u l t s , shown in 
F i g u r e 6, i nd i ca t e tha t a m e r i c i u m 
b e h a v e s in m u c h the s a m e way as 
the r a r e e a r t h e l e m e n t s and should 
be r e m o v e d f r o m p lu ton ium by a 
s e p a r a t i o n s p r o c e d u r e c a p a b l e of a 
p l u t o n i u m - r a r e e a r t h s e p a r a t i o n . 
In o r d e r to c o m p l e t e the c u r v e , a 
d e t e r m i n a t i o n i s be ing m a d e at 
100 p e r c e n t magnes iuna c o n c e n t r a ­
t i on . The c u r v e is a l so be ing v e r i ­
fied by e x p e r i m e n t s in which the 
e q u i l i b r i u m i s a p p r o a c h e d f rom the 
magnes iu3a i - r i ch s i d e . 

N e o d y m i u m 

The d i s t r i b u t i o n da ta for 
n e o d y m i u m f r o m z e r o to 100 p e r c e n t 
m a g n e s i u m in the naeta l p h a s e a r e 
shown in F i g u r e 7. T h e s e r e s u l t s 
w e r e ob ta ined f rom two e x p e r i m e n t s 
in which the e q u i l i b r i u m w a s a p ­
p r o a c h e d f rom both the z i n c - r i c h 

and m a g n e s i u m - r i c h s i d e s . Inac t ive n e o d y m i u m w a s u s e d in one of the 
e x p e r i m e n t s and a c t i v a t e d n e o d y m i u m w a s u s e d in the o t h e r (NdE-2 ) . The 
c o n c e n t r a t i o n s of n e o d y m i u m added to the s y s t e m di f fered by a f ac to r of 
about t e n . The a g r e e m e n t of the d a t a at d i f f e ren t n e o d y m i u m c o n c e n t r a t i o n s 
shows the d i s t r i b u t i o n coef f ic ien t to be independen t of c o n c e n t r a t i o n . The 
d i s t r i b u t i o n coef f ic ien t c u r v e for n e o d y m i u m fa l l s b e t w e e n the c u r v e s for 
c e r i u m and p r a s e o d y m i u m . 

10 20 30 4 0 50 60 70 80 90 100 
MAGNESIUM CONCENTRATION IN ZINC,w/o 



Figure 7 

DISTRIBUTION OF NEODYMIUM BETWEEN 
ZINC-MAGNESIUM ALLOYS AND 

MAGNESIUM CHLORIDE 

Temperature: 800 C 
Mixing Rate: ~ 300 rpm 
Crucible: tantalum 
Atmosphere: argon 
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Figure 8 

DISTRIBUTION OF URANIUM BETWEEN 
ZINC-MAGNESIUM ALLOYS AND 

MAGNESIUM CHLORIDE 

Temperature: 800 C 
Mixing Rate: ~300 rpm 
Crucible: tantalum 
Atmosphere: argon 
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Exot. from Metal Phase Flux Phase 

The d i s t r i b u t i o n of u r a n i u m b e t w e e n z i n c - m a g n e s i u m 
a l l o y s and n a a g n e s i u m c h l o r i d e at m a g n e s i u m c o n c e n t r a t i o n s r a n g i n g frona 
z e r o to 60 weight p e r c e n t naagne ­
s i u m is shown in F i g u r e 8. The 
d i s t r i b u t i o n coef f ic ien t c u r v e for 
u r a n i u m l i e s c o n s i d e r a b l y b e l o w the 
c u r v e s for the r a r e e a r t h s and a m ­
e r i c i u m (see F i g u r e 4). T h i s w o r k 
i s be ing con t inued in o r d e r to c o m ­
p l e t e the c u r v e in the m a g n e s i u m -
r i c h r e g i o n of the m e t a l p h a s e . In 
c o n s i d e r i n g the s e p a r a t i o n s o b t a i n ­
able in t h e s e s y s t e m s , it i s n e c ­
e s s a r y to t ake into a c c o u n t the 
v e r y low u r a n i u m so lub i l i t y in the 
m a g n a s l u m - r i c h r e g i o n s . P r e l i m ­
i n a r y r e s u l t s have i n d i c a t e d tha t t he 
d i s t r i b u t i o n coef f ic ien t is s e n s i t i v e 
to the u r a n i u m c o n c e n t r a t i o n at low 
u r a n i u m c o n c e n t r a t i o n s ( l e s s t h a n 
two weigh t p e r c e n t in the m e t a l 
p h a s e ) . Addi t iona l d a t a on t h i s effect 
a r e be ing obta ined . 

On the b a s i s of the 
da t a a v a i l a b l e t hus f a r , i t a p p e a r s 
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 u r a ­
n i u m and p lu ton ium f r o m y t t r i u m 
and the r a r e e a r t h s m a y be p o s s i b l e 
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b y t h i s t e c h n i q u e , a l t h o u g h m u l t i p l e - s t a g e c o n t a c t i n g w o u l d v e r y l i k e l y b e 
n e c e s s a r y . P r e s e n t p l a n s c a l l f o r e x t e n d i n g t h e s t u d y t o i n c l u d e o t h e r i m ­
p o r t a n t f i s s i o n p r o d u c t e l e m e n t s , f u e l c l a d d i n g m a t e r i a l s of i n t e r e s t , a n d 
o t h e r a c t i n i d e e l e m e n t s . 

e . R e c o v e r y of P l u t o n i u m f r o m E B R - I I B l a n k e t M a t e r i a l 
(I. O. W i n s c h , T . F . C a n n o n , J . D . A r n t z e n , P . J . M a c k ) 

P l u t o n i u m w i l l b e g e n e r a t e d in t h e d e p l e t e d u r a n i u m 
b l a n k e t m a t e r i a l of t h e E B R - I I r e a c t o r t o a c o n c e n t r a t i o n of a b o u t o n e p e r ­
c e n t b e f o r e t h e b l a n k e t n a a t e r i a l i s d i s c h a r g e d f o r p r o c e s s i n g . T h e b l a n k e t 
p r o c e s s e s u n d e r i n v e s t i g a t i o n f o r t h e s e p a r a t i o n of p l u t o n i u m f r o m u r a n i u m 
b y a p y r o m e t a l l u r g i c a l m e t h o d a r e b a s e d o n t h e h i g h s o l u b i l i t y of p l u t o -
niujai i n m a g n e s i u m - r i c h z i n c a l l o y s a n d t h e c o n t r a s t i n g l o w s o l u b i l i t y of 
u r a n i u m i n t h e s e a l l o y s . 

(1) B l a n k e t - p r o c e s s D e m o n s t r a t i o n R u n s 

T h e f o u r t h b l a n k e t - p r o c e s s d e m o n s t r a t i o n r u n * w a s 
c o m p l e t e d d u r i n g t h e p a s t q u a r t e r . A s u s u a l , t h e b l a n k e t m a t e r i a l w a s 
d i s s o l v e d in a 12 t o 15 w e i g h t p e r c e n t n a a g n e s i u m - z i n c a l l o y t o p r o d u c e 
a n a p p r o x i m a t e l y 13 w e i g h t p e r c e n t u r a n i u m s o l u t i o n , t h e u r a n i u m w a s 
p r e c i p i t a t e d f r o m s o l u t i o n b y a d d i n g m a g n e s i u m t o a 50 w e i g h t p e r c e n t 
c o n c e n t r a t i o n , a n d t h e n t h e s u p e r n a t a n t p h a s e c o n t a i n i n g t h e s o l u b l e p l u ­
t o n i u m w a s s e p a r a t e d f r o m t h e p r e c i p i t a t e d u r a n i u n a . In t h i s d e m o n s t r a ­
t i o n r u n , d i r e c t d i s s o l u t i o n of s t a i n l e s s s t e e l - c l a d u r a n i u m b l a n k e t 
m a t e r i a l a n d p l u t o n i u m w a s c a r r i e d o u t t o a s c e r t a i n t h e e f f e c t s of t h e 
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 . A n u m b e r of t h e m a j o r f i s s i o n p r o d u c t e l e -
jaaents ( i n a c t i v e ) w h i c h w o u l d b e p r e s e n t i n b l a n k e t m a t e r i a l w e r e a l s o 
a d d e d t o t h e o r i g i n a l c h a r g e , a s s h o w n i n T a b l e 7 . R e s u l t s h a v e b e e n s u m ­
m a r i z e d f o r e a c h s t e p of t h e p r o c e s s i n T a b l e 8. 

Table 7 

MATERIALS CHARGED TO BLANKET-PROCESS DEMONSTRATION RUN 4 

Element 

U 
P u 
C r a 
Ni^ 
F e a 
Na 
Sr 
Z r 
Mo 
Ru 

^Cons 

Weight 
(g) 

504 
4.74 
6.67 
2.96 

27.43 
2.94 
0.085 
0.23 
0.245 
0.160 

To of 
Blanket 
Material 

91.51 
0.865 
1.23 
0.55 
5.00 
0.543 
0.018 
0.046 
0.048 
0.030 

tituent of 304 stainless 

% of 
Total 

Charge 

12.87 
0.12 
0.17 
0.076 
0.70 
0.071 

2.17 X 10-* 
5.87 X 10-* 
6.26 X 10-^ 
4.09 X 10-* 

steel cladding. 

Element 

Rh 
P d 
T e 
B a 
L a 
Ce 
Nd 
Mg 
Zn 

Weight 
(g) 

0.075 
0.025 
0.031 
0.10 
0.10 
0.235 
0.275 

465 
2900 

% of 
Blanket 
Material 

0.014 
0.005 
0.006 
0.020 
0.020 
0.045 
0.050 

-
-

% of 
Total 

Charge 

1.92 X 10 
7.00 X 10 
7.97 X 10 
2.55 X 10 
2.55 X 10 
6.00 X 10 
7.0 X 10 

11.88 
74.07 

* The results of previous blanket-process demonstration runs are reported in ANL-6379, page 76, 
ANL-6413, page 56, and ANL-6477, page 47. 



Table 8 

SUMMARY OF BLANKET-PROCESS DEMONSTRATION RUN 4 

37.0« g 304 SS 2900 g Zinc 

2.94 g Sodium 
504 g Uranium 

4.74 g Plutonium 
1.56 g Fission 

Eleraentsa 

465 g Magnesium 

Dissolution 
at 800 C 

Time 
(hr) 

2.5 
7.5 

11.0 

2435 g Magnesium 

Uranium Ppt 
at 800 C 

Followed by 
Cooling to 

395 C 

Phase 
Separation 
at 417 C 

Temp 
(C) 

795 
603 
395 

5460 g 
fflg-Zn-U-Pu 

97.0% of 
Supernatant 

U Cone % of Theoretic 
(w/o) U Cone 

7.99 
12.70 
12.62 

Concentration in 
Mg-Zn Soln, w/o 

U Pu 

0.35 0.0812 
0.12 0.0820 
0.05 0.0830 

Concentration 
Transferred S 

U 

0.069 
(3.75 g) 

58.7 
99.0 
98.0 

%of 
P 

, w/o in 
jpernatant 

Pub 

0.(»2 
(4.48) 

l i 

Theoreti 
u Cone 

100.5 
101 
102 

Pu Cone % of Theoretical 
(w/o) Pu Cone 

0.131 102.5 
0.125 102.5 
0.126 103.0 

% in Transferred Supernatant 
of Total Pu Present 

97 

1000 g Zinc 

1000 g Magnesium 

Wash at 7(M C 
Followed by 
Cooling to 

404 C 

Temp 
(C) 

608 
404 

Concentration in 
Mg-Zn Soln, w/o 

U Pu 

0.103 0.0074 
0.040 0.0078 

% of Theoretical 
Pu Cone 

97 

Phase 
Separation 
at 417 C 

2100 g 
Mg-Zn-U-Pu 

Concentration, w/o in 
Transfered Supernatant 

U Pu 

0.128 
(2.68 g) 

0.0071 
(0.149 g) 

% in Transferred Supernatant 
of Total Pu Present 

84 

2589 g Zinc 

375 g Magnesium 

Dissolution 
of Heel (641 g) 

at 800 C 

U Cone 
(w/o) 

12.3 

f. of Theoretical 
U Cone 

90.0 

Pu Cone 
(w/ol 

0.00092 

% of Theoretical 
Pu Cone 

114 

a See Table 7 for the amounts of each fission element added. 

î The plutonium concentration in the transferred supernatant was taken to be the average of the three plutonium 
concentrations in the supernatant phase obtained prior to transfer. An actual analysis of a sample of the transferred 
supernatant phase gave a value of 0.0735 weight percent plutonium. This apparent loss of plutonium is considered to 
be an abnormal result, since it has not been encountered in either previous or subsequent demonstration runs. 
Possibly some precipitation of plutonium occurred in the receiver by impurities present in the receiver. 



No significant re ta rda t ion of uranium dissolution was 
caused by the presence of s ta in less s teel , which is itself rapidly attacked 
by z inc- r i ch solutions at 800 C. At the end of 7.5 h r , all of the uranium 
and plutonium was in solution. As indicated by a sodium deposit on the 
upper wall of the reac t ion vesse l , the sodium present in the annulus be ­
tween the s ta inless steel jacket and the depleted uranium was volati l ized 
during the dissolution step. 

Following uran ium dissolution, the bulk of the uranium 
was precipi ta ted at 800 C by adding magnes ium to a 50 weight percent con­
centrat ion, after which the u ran ium concentrat ion was further decreased 
from 0.35 to 0.05 percent by cooling to 395 C. The plutonium concentrat ion 
in the z inc-magnes ium solution remained in the vicinity of 100 percent . 
In all four demonstra t ion runs , good plutonium recovery and separat ion 
from uran ium were demons t ra ted in the precipi tat ion step. 

A 97 percent removal of the supernatant phase was 
rea l ized in this run, as compared with 70, 87, and 72 percent in the p r e ­
vious th ree runs . This i nc r ea se in efficiency of phase separat ion was at­
t r ibuted to the use of a new t rans fe r line s imi la r to that shown in ANL-6543, 
page 57. The separa ted plutoniuna-magnesium-zinc supernatant had a 
uraniumi concentrat ion of 0.069 percent which, in comparison with the solu­
bility value of 0.04 to 0.06 weight percen t , indicates a slight physical 
ca r ryove r of uranium. 

Analyses of samples of the t r ans f e r r ed supernatant 
showed the plutonium concentra t ion to be about 0.0735 percent , which is 
lower than severa l values of about 0.082 percent obtained before t rans fe r 
of the supernatant phase . It is thought that possibly some plutonium was 
precipi ta ted from solution by impur i t i e s present in the rece iver crucible . 
The precipi ta t ion of the ainount of plutonium represen ted by the concentra­
tion dec rease could be caused by carbon in an amount of only 0.02 g. In a 
subsequent run, the plutonium product r ece ive r was one which had been 
used severa l t imes to contain plutonium-magnesiuna solutions. With this 
r ece ive r , no dec rease in the concentra t ion of the plutonium solution t r a n s ­
f e r r ed into it occur red . 

The uran ium precip i ta te was washedwith a 50 weight p e r ­
cent magnesiumi-zinc solution at 700 C, followed by cooling of the solution 
to 417 C and separat ion of the solution from the uranium precipi ta te by 
p r e s s u r e siphoning. An additional 3 percent of the plutonium was recovered 
in this step to give a total r ecove ry of 100 percent of the available pluto­
nium. The uran ium concentrat ion of the t r a n s f e r r e d wash phase was 
0.128 percent , which is a considerably higher uranium ca r ryover than gen­
era l ly exper ienced in the t rans fe r of the supernatant phases (see Table 10, 
p. 48). As shown by phase - t r ans f e r studies which are descr ibed on page 47, 
a shield placed over the open end of the t r ans fe r line should prevent c a r r y ­
over of u ran ium in t r a n s f e r r e d supernatant solutions. 



The uranium-plutonium heel which remained after the 
wash step was dissolved in a 12 weight percent magnes ium-zinc solution at 
800 C. Samples of the melt showed a uranium concentration of 12.3 percent 
and a plutonium concentration of 9-2 x 10"* percent which, respect ively, 
a re 90 and 105 percent of the expected concentrat ions . Overall ma te r i a l 
balances were 99 percent for plutonium and 91 percent for uranium. The 
plutonium recovery of 99 percent may be coinpared with recover ies of 92, 
95, and 93 percent obtained in the three previous runs . The overal l 
plutonium-uranium separat ion factor in this run was 77.5 as compared 
with values of 169 and 157 in the second and thi rd demonstrat ion runs . The 
low separat ion factor in this run is the resu l t of the unusually high physical 
ca r ryover of uran ium in the magnesium wash solution. 

The presence of sodium, chromium, iron, nickel, and 
fission product e lements appeared to have no effect on the behavior of plu­
tonium. The behaviors of iron, chromium, and nickel were studied in a 
separate exper iment , repor ted in the following section. 

A few additional demonstrat ion runs will be made to 
complete this phase of the work. Work will then be concentrated on scaling 
up the p rocess and possibly on investigating al ternat ive blanket p r o c e s s e s . 

(2) Behavior of Stainless Steel in the Blanket P r o c e s s 

In order to determine the fate of the nickel, chromium, 
and i ron which make up the 304 s ta inless steel cladding of the depleted u r a ­
nium blanket ma te r i a l , a clad blanket rod was dissolved in a 14 weight p e r ­
cent naagnesium-zinc solution at 800 C. The uranium was then precipi tated 
from solution by addition of magnesiuna to form a 50 weight percent 
laiagneslum-zinc solution and by cooling to 400 C. 

As shown in Table 9, dissolution of the uranium and 
s ta inless steel consti tuents was complete in about 7.5 hr . No significant 
problem of uranium dissolution is imposed by the presence of the s ta inless 
steel cladding. 

Table 9 

DIRECT DISSOIUTION OF STAINLESS STEa-CLAD BLAWKET URANIUM 

504 g Uranium 

25.% g I ron 
5.9 g Chroir 
3.2 g Nickel 
2.9 g Sodiu 

ium 

n 

. J 

430 g 

2638 

Dissolution 
at 800 C 

2200 

Ppt at 800 C 
Folloned by 
Cooling to 

400 C 

Magnesium 

J Zinc 

Trnie 
'nr ) 

3 
7.5 

; Magnesium 

Temp 
(C! 

755 
605 
400 

U 

4.5 
13.8 

U 

0.333 
0.128 
0.056 

Concentration, a/o 

Fe Cr 

0.51 0.145 
0.69 0.154 

Concentration, i/'o 

Fe Cr 

0.007 0.022 
0.0028 0.011 
0.0014 0.0015 

Ni 

0.097 
0.095 

N, 

0.067 
0.064 
0.063 

%of Charge in Solution 

U 

» . l 
99.5 

U 

3.5 
1.3 
0.59 

Fe Cr N I 

64 79 99 
96 94 106 

•» of Charge m Solution 

Fe Cr 

1.4 19.5 
0.57 9.8 
0.011 1.33 

H.I 

109 
105 

103 
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In the subsequent uranium-prec ip i ta t ion step, the iron 
and chromium precipi ta ted or coprecipi tated almost completely with the 
uranium while the nickel remained in solution. F igure 9 shows the ap­
proximate concentrat ions of the uranium, chromium, nickel, and iron in 
zinc-50 weight percent magnes ium after precipi tat ion of the uranium with 
magnesium at 800 C and subsequent cooling to 400 C. It is apparent that 
if clad blanket ma te r i a l were dissolved direct ly in the blanket p roces s , all 
of the nickel would accompany the plutonium. The result ing nickel content 
of the plutonium product would be intolerably high, since the amount of 
nickel involved is conaparable to that of plutonium. Therefore , direct d is­
solution of EBR-II blanket e lements cannot be considered unless the 
p rocess can be modified to provide adequate removal of the nickel. 

01 

0.08 

® URANIUM 
X NICKEL 
* CHROMIUM 
O IRON 

;# ^ . J E ^ i E L 

^riROMIUW 

TEMPERATURE,C 
800 750 700 650 600 650 
J I \ U I J— 

370 
—J— 

Figure 9 

CONCENTRATION OF URANIUM, CHROMIUM, 
IRON, AND NICKEL IN ZINC-50 WEIGHT PER­

CENT MAGNESIUM AFTER PRECIPITATION 
BY MAGNESIUM ADDITION TO ZINC-
10 WEIGHT PERCENT MAGNESIUM-

14 WEIGHT PERCENT URANIUM 
SOLUTION 

.2 1.3 
1000 
T,K 

(3) Separat ion of Magnesium-Zinc Supernatant Solutions 

Seven additional phase-separa t ion runs have been 
completed in studying the separat ion of the magnesium-zinc supernatant 
from the precipi ta ted uranium phase. In all of these runs , which were 
conducted on a 500-g-uranium sca le , the removal of the supernatant solu­
tion followed dissolution of u ran ium in a 12 weight percent magnesium 
solution to give a 13 weight percent uran ium concentration and subsequent 
precipi tat ion of the uranium by addition of magnesium to about a 
50 weight percent concentrat ion. Supernatant solution removals which 
were effected in the t empera tu re range of 405 to 415 C are given in 
Table 10. The equipment used in these studies and the r e su l t s of four p r e ­
vious runs a r e descr ibed in ANLi-6543, pages 56 to 58. 
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Ta&le 10 

PHASE SEPARATION OF MAGNESIUM-ZINC SUPERNATANT SOLUTIONS FROM PRECIPITATED URANIUM METAL 

Scale: 5.2 to 5.7 kg of 46-50 wight percent magnesium-zinc and 500 g of uranium 

Beginning with Run 4, a shield having the same cross-sectional area 
as the tube was placed about 1/16 in. from the open end of the tube. 

Run 
No. 

1 
2 
3 
4 
5 
6 
7 
8b 

\ 
l& 
11 

Phase 
Sepn 
Temp, 

C 

415 
405 
415 
415 
415 
417 
415 
410 
416 
410 
410 

Mg Cone in 
Supernatant, 

w/o 

50 
50 
50 
50 
46 
46 
46 
46 
46 
50 
50 

Solubility at 
Transfer 

Temperature 

0.04-0.06 
0.04-0.06 
0.04-0.06 
0.04-0.06 
0.06-0.09 
0.06-0.09 
0.06-0.09 
0.06-0.09 
0.06-0.09 
0.04-0.06 
0.04-0.06 

Uranium Cone, w/o 

Transferred 
Phased 

0.126 
0.045 
0.069 
0.052 
0.102 
0.094 
0.077 
0.073 
0.090 
0.043 
0.(»6 

Precipitated 
Phase 

72.5 
71.6 
69.0 
58.5 
70.5 
71.5 
72.5 
51.6 
60.9 
54.0 
53.5 

Percent of 
Supernatant 

Phase 
Transferred 

97.3 
97.5 
97.5 
93.5 
97.3 
97.0 
97.0 
92.0 
95.0 
91.5 
92.5 

Percent of 
Total Uranium 
Transferred^ 

1.25 
0.50 
0.76 
0.49 
1.13 
0.92 
0.84 
0.77 
0.97 
0.50 
0.69 

avalue obtained by resampling of transferred supernatant at 800 C and includes uranium in solution at transfer temperature. 

iJEIat-bottom crucible - all other runs in conical-bottom crucible. 

In Runs 1 through 4 and Runs 10 and 11, the uranium 
was precipi ta ted from a 50 weight percent magnesium-zinc solution, whereas 
in Runs 5 through 9 the uranium was precipi ta ted from a 46 weight pe r ­
cent magnes ium-z inc solution. The r e su l t s of the f i rs t run indicated the 
possibil i ty that precipi ta ted uran ium was jammed into the open end of the 
downleg t rans fe r line as it was moved toward the bottom of the crucible . 
Subsequently, any uran ium par t ic les t rapped in the t ransfer line were 
t r ans f e r r ed with the magnes ium-z inc supernatant during the p r e s s u r e -
siphoning operation. Therefore , beginning with Run 4, a shield having 
approximately the same c ros s - sec t i ona l a rea as the t ransfer line was 
placed over the open downleg end of the t ransfer l ine, at a distance of 
j j - in . from the tube end, to l essen the possibi l i ty of precipi ta ted uranium 
being trapped in the line. 

With the exception of one or two runs (No. 1 and pos­
sibly No. 5), the amount of solid uranium entrained in the supernatant 
phase was essent ia l ly negligible in compar ison with the amount of uranium 
in solution. In the runs in which a conical-bottona crucible was used (all 
runs except 8 and 10), about 92.5 to 97.5 percent of the supernatant phase 
was t r ans f e r r ed from the precipi ta ted uranium by p r e s s u r e siphoning at 
about 415 C. Somewhat lower t ransfe r efficiencies (about 92 percent) 
were rea l ized with a flat-bottom crucible (Runs 8 and 10). 

It is in teres t ing to note that in some runs the uranium 
precipi ta ted to forna a cake, as shown in F igure 10, whereas in other runs 
a uranium ball , as shown in F igure 11, was formed in the precipi ta t ion 
step. A c ros s - sec t iona l view of the ball is shown in Figure 12. No ex­
planation for this difference in uranium behavior can be given at this t ime. 
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F i g u r e 10 

C R O S S S E C T I O N O F P R E C I P I T A T E D U R A N I U M C A K E 

(Obtained in Run 4 of a series of runs shown m Table 10 for studying the phase separation step of 
the EBR-II blanket process. The calculated uranium content of the cake is 59 weight percent.) 

W 

1/2 m. 1 m. 1-1/2 in. 2 m, 
_ 1 -, 1 ^ .-J ^ I 

F i g u r e 11 

P R E C I P I T A T E D U R A N I U M B A L L 

(Obtained m Run 6 of a series of runs shown m Table 10 for 
studying the phase separation step of the EBR-II blanket proc­
ess. The uranium content of the ball is about 70 percent.) 

1^ about 2 in ^ | 

It i s b e l i e v e d t h a t t h e e f f ic iency of the p h a s e s e p a r a ­
t ions of 92.5 to 97.5 p e r c e n t , ob t a ined in the above l / Z O t h - s c a l e r u n s , 
would be e q u a l l e d o r s u r p a s s e d in f u l l - s c a l e o p e r a t i o n s . The r a i n i m u m 
d e s i r e d r e c o v e r y of 90 p e r c e n t of the p l u t o n i u m in the b l anke t p r o c e s s 
should be e a s i l y p r o v i d e d by p h a s e - s e p a r a t i o n e f f i c i enc ies of about 95 p e r ­
cen t . Such e f f i c i enc ies would e l i m i n a t e the n e c e s s i t y of w a s h i n g the u r a ­
n i u m p r e c i p i t a t e to r e c o v e r add i t i ona l p l u t o n i u m . 

E q u i p m e n t h a s b e e n f a b r i c a t e d for the p u r p o s e of d e m ­
o n s t r a t i n g the p h a s e - s e p a r a t i o n o p e r a t i o n on one-half s c a l e (5 kg of u r a n i u m ) . 
P h a s e - t r a n s f e r s t u d i e s wi l l beg in a s soon a s equ ipmen t i s a s s e m b l e d . 
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Figure 12 

ENLARGED CROSS-SECTIONAL VIEW OF 
PRECIPITATED URANIUM BALL 

0 i " I" | 1 " 2" 
I I \ C. 1 

f. Mater ia ls and Equipment Evaluation 
(P. A. Nelson) 

Studies a re in p r o g r e s s to evaluate the compatibility of 
var ious ma te r i a l s with liquid metal sys tems of the types contemplated for 
r ep rocess ing reactor fuels. The selection of ma te r i a l s for EBR-II p roc ­
essing equipment is the main objective, but data of more general in teres t 
a r e also being accumulated. Corros ion tes ts with metal coupons and runs 
in agitated crucibles under process ing conditions are being used to evalu­
ate m a t e r i a l s . Methods of fabrication of p rocess equipment from mate r i a l s 
which have proved to be cor ros ion res i s tan t to p rocess solutions are 
being investigated and coinpared. Investigations on the wettability of 
bery l l ia by molten salt fluxes and on solution stability are repor ted below. 



(1) Cor ros ion by Molten Metal and Flux Systems 
(M. Kyle, M. Deerwes te r ) 

Wettability of Beryl l ia by Molten Halide Flux 

Beryl l ia is of i n t e re s t as a container ma te r i a l for fuel 
p r o c e s s e s because of i ts chemical i ne r tnes s to flux and m e t a l - p r o c e s s 
solutions, and because it is not wetted by uranium precipi ta ted from zinc-
r ich solutions, as evidenced by successful removal of re to r ted uranium 
from, bery l l ia c ruc ib les (see ANL-6477, page 44). Fu ture requ i rements 
for la rge ves se l s might su rpass the capabili ty of one-piece construct ion 
methods for e i ther r e f rac to ry me ta l s or beryl l ia . The use of b r icks would 
thus become n e c e s s a r y . This would favor the use of beryl l ia ra ther than 
re f rac to ry m e t a l s . Fo r these r e a s o n s , considerat ion is being given to 
bery l l ia in m a t e r i a l s t e s t s which a r e designed to m e a s u r e the performance 
of beryl l ia under typical fue l -process ing conditions. 

In o rder to deternaine whether the surface of a beryl l ia 
crucible is wetted by a typical p rocess ing flux, a run was conducted at 
800 C for 100 hr in which beryl l ia was contacted with molten flux of the 
following composit ion (in mole ra t ios ) : 47.5 magnes ium chloride, 
47.5 l i thium chlor ide, 5 magnesium fluoride, and 2 zinc chloride. The 
beryl l ia piece used in this exper iment was cut from the top of an i sos ta t i -
cally p r e s s e d crucible (92 percent theore t ica l density) which had been p r e ­
viously used in a re tor t ing operat ion. After contacting the beryl l ia piece 
with flux under the conditions descr ibed above, the surface l aye r s were 
removed, the in te r ior region was leached, and the resul t ing solution was 
analyzed for l i thium ion. F r o m this analysis and the knowledge of the 
flux density and bery l l i a porosi ty , it was determined that the voids had 
been near ly completely filled with flux. 

Examination of the crucible ma te r i a l after exposure 
to the flux revealed that the inside surface of the crucible was general ly 
not wetted. The outside surface of the crucible was well wetted by the 
flux. The apparent difference in wettabil i ty between inside and outside 
walls of the crucible has also been noted by the supplier , who asc r ibes 
this difference to the fact that the a s - f i r ed crucible surface usually is 
protected by a surface film. In o rder to mee t dimensional to le rances , the 
outside crucible wall is quite often ground to a depth sufficient to remove 
the protect ive coating produced by firing. Moreover , the manufacturing 
procedure of i sos ta t ic p res s ing r e su l t s in a density var iat ion in the c ru ­
cible wall, with the inside of the crucible being most dense, but no quan­
ti tative data on the var ia t ion of wall density a r e available. This difference 
in density also could contribute to the difference in wettability of the inside 
and outside crucible sur faces . 



(2) Solution Stability Studies 
(G. A. Bennett , L. F . Dorsey, W. A. Pehl) 

An impor tant factor in determining the loss of f ission­
able ma te r i a l in liquid meta l p r o c e s s e s is the susceptibil i ty of dissolved 
fissionable ma te r i a l to reac t ions with the container ma te r i a l or with im­
pur i t ies p resen t in solution. That uran ium is inert to a tungsten crucible 
under the conditions of the reduct ion step in the skull rec lamat ion p roc ­
ess has been demonst ra ted in long runs in which no significant change in 
uranium concentrat ion was noted (ANL-6477, page 57). However, the con­
cent ra t ions obtained in some of these exper iments were slightly below the 
values calculated from the charged m a t e r i a l s . This d iscrepancy could 
have been caused by the reac t ion of u ran ium with impur i t i es in solution, 
by sampling difficulties, or by analytical b ias . 

In an at tempt to resolve this question, a run was made 
in which the stabili ty of a z inc -magnes ium-uran ium and flux sys tem was 
tes ted under the var ious operat ing conditions which would affect the r e ­
activity of the dissolved u ran ium to impur i t ies in the m a t e r i a l s . These 
conditions were as follows: 

1) low uranium concentrat ion, low uranium activity coefficient; 

2) low uran ium concentrat ion, modera te u ran ium activity 
coefficient; 

3) high uran ium concentrat ion, modera te u ran ium activity 
coefficient; 

4) high uranium concentrat ion, high uran ium activity coefficient. 

The var ia t ions in the u ran ium activity coefficient in a magnes ium-z inc 
solution at a given u ran ium concentra t ion were obtained by changing the 
magnes ium concentrat ion. Approximate calculat ions showed that the u r a ­
nium activity coefficient va r i ed by a factor of 50 over the magnesium 
concentrat ion range employed. 

The run was c a r r i e d out in a p r e s s e d - a n d - s i n t e r e d 
tungsten crucible with a tungsten hea t - sh ie ld assembly and with an agitator 
made of a molybdenum-30 weight percen t tungsten alloy. The t empera tu re 
was maintained at 800 C for a per iod of 3 hr at each of the f i rs t th ree u r a ­
nium conditions (see I tems 1, 2, and 3 above), and for a period of 7 hr at 
the las t u ran ium condition. 

A s u m m a r y of the main exper imenta l r e su l t s is given 
in Table 11. These data show that in all pa r t s of this run the average value 
of the uran ium concentrat ions agreed with the theoret ica l (calculated) value 
within the es t imated analytical accuracy (± 5 percent) . A few unfiltered 
sarnples were taken, and these had the same uran ium concentrat ion, within 
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a n a l y t i c a l a c c u r a c y , a s the f i l t e r e d s a m p l e s . T h u s , no s ign i f ican t r e a c t i o n 
of d i s s o l v e d u r a n i u m wi th i m p u r i t i e s or the c o n t a i n e r m a t e r i a l s o c c u r r e d . 
C a r b o n , the m o s t l i k e l y r e a c t a n t wi th u r a n i u m , w a s found by a n a l y s i s to 
be p r e s e n t in the s t a r t i n g m a t e r i a l to the ex ten t of 94 ppm. A n a l y s e s m a d e 
d u r i n g the r u n show tha t the a v e r a g e c a r b o n c o n c e n t r a t i o n in the m e t a l 
so lu t ion did no t d r o p . No g r e a t s i gn i f i cance i s a t t a c h e d to t h i s o b s e r v a ­
t ion , h o w e v e r , b e c a u s e of the diff iculty in ob ta in ing r e p r e s e n t a t i v e s a m p l e s 
for c a r b o n a n a l y s i s . It i s conc luded tha t u r a n i u m in m a g n e s i u m - z i n c so lu ­
t ions in the c o n c e n t r a t i o n r a n g e s of i n t e r e s t for the skul l r e c l a m a t i o n 
p r o c e s s p o s s e s s e s good s t a b i l i t y at t e m p e r a t u r e s up to 800 C. 

Table 11 

STABILITY OF SOLUTIONS OF URANIUM IN ZINC-MAGNESIUM ALLOYS AT 800 C 

Charge: Metal Phase: Uranium-magnesium-zinc alloy of indicated 
composition with constant zinc weight of 3000 g 

Flux Phase: 47.5 m/o MgClj, 47.5 m/o LiCl, 5.0 m/o MgFjj 
weight of flux equalled four t imes weight of 
magnesium 

Equipment: Pressed-and-s in tered tungsten crucible; agitator of 
molybdenum-30 weight percent tungsten alloy. Agitator 
speed, 360 rpm. 

Uranium 
Condition 

Low U Cone; Low 
Activity Coefficient 

Low U Cone; Moderate 
Activity Coefficient 

High U Cone; Moderate 
Activity Coefficient 

High U Cone; High 
Activity Coefficient 

Charge 

Uran ium 

0.2.0 

0.19 

4.12 

3.88 

Compos i t ion 
(w/o)a 

Magnes ium 

0.50 

5.08 

4.88 

10.31 

Uran ium Concen t r a t i on" 
(% of Theore t i ca l ) 

Init ial^ 

101.5 

103.7 

101.5 

d 

Fina l 

99.5 

99.5 

103.6 

99.7 

Average 

100.0 

98.4 

100.5 

97.7 

Remainder zinc. 

By colorimetric analyses of samples taken with sample tubes fitted with 
tantalum filter t ips; estimated accuracy ±5 percent. 

cAfter 10-min agitation. 

•^Solution not thoroughly mixed after 10-min agitation. 

In the e a r l i e r e x p e r i m e n t s a s l igh t d e c r e a s e in the 
u r a n i u m c o n c e n t r a t i o n n e a r the beg inn ing of the run had b e e n no ted . It i s 
p r o b a b l e t ha t t h i s a p p a r e n t d e c r e a s e in u r a n i u m c o n c e n t r a t i o n w a s the 
r e s u l t of u n r e c o g n i z e d s a m p l i n g d i f f icu l t ies which have now b e e n c o r r e c t e d . 



g. Supporting Chemical Investigations 
(R. K. Steunenberg) 

Both liquid meta l and molten salt media a re used exten­
sively in the pyrometa l lurg ica l p rocess ing of EBR-II fuel. Consequently, 
fundamental chemical studies of these sys tems a r e needed to supply data 
for p roces s use and to develop background information n e c e s s a r y for a 
sufficient understanding of the p r o c e s s va r i ab les . Work during the quar te r 
has been devoted p r i m a r i l y to the reac t ions of uran ium oxides in molten 
sa l ts and to spect rophotometr ic studies of uran ium species in molten 
chloride solutions. 

(1) React ions of Uranium Oxides in Molten Chloride 
Media 
(M. D. Adams) 

React ions of the th ree common uranium oxides, u r a ­
nium dioxide, u ran ium t r ioxide , and U3O3, with molten li thium chlor ide-
magnes ium chloride mix tu re s a r e being investigated. The objective of 
this study is to contribute to the understanding of the react ions of uran ium 
oxides in molten salt sys t ems . The work is an outgrowth of recent fuel-
process ing investigations which have shown the ra te and extent of reduction 
of u ran ium oxides in molten salt suspension by z inc-magnes ium alloy to be 
highly dependent on the composit ion of the salt (ANL-6287, page 51). 

The uraniuiTL oxides were added to the molten salt , 
and the resul t ing mix tu re s were held for about 30 min at 650 C, then 
f i l tered to separa te the solid and liquid phases . The solid phases were ex­
amined by means of X - r a y diffraction. Spectrophotometr ic techniques were 
used to investigate the oxidation state of the uran ium in the liquid phase . 

During the course of the exper iments , a new spec t rum 
of uran ium was found in molten li thium chlor ide-magnes ium chloride solu­
tion. It is suspected that this spec t rum rep re sen t s a uranium(V) species , 
probably existing in solution as UO2 ion. This species has been found in 
mos t of the f i l t ra tes from uranium oxide-molten chloride mix tu res . It is 
also observed when magnes ium uranate (see ANL-6543, page 48) or uranyl 
chloride is dissolved in the molten salt . On exposure to a i r , th is species 
is oxidized rapidly to uranyl ion. There is a possibi l i ty that this species 
r e su l t s from the t he rma l decomposit ion of uranyl chlor ide. At 850 C, the 
the rmal decomposit ion of uranyl chlor ide in molten sodium chlor ide-
potass ium chloride eutectic has been shown to produce U3O8 and sodium 
diuranate.-^ The cha rac t e r i s t i c orange color of this species at high t e m ­
p e r a t u r e s has been observed repeatedly on addition of uran ium oxides to 
molten salt solutions. 

Wilks, R. S., A Study of the Mechanism of the E lec t ro lys i s of UQ^Cl^ 
in Molten NaCl-KCl Eutect ic , AERE-R3833 (1961). 



O b s e r v a t i o n s of the so l id and l iqu id p r o d u c t s of the 
r e a c t i o n s b e t w e e n u r a n i u m o x i d e s and m o l t e n c h l o r i d e s a r e s u m m a r i z e d 
in T a b l e 12. S ince the u r a n y l ion h a s no c h a r a c t e r i s t i c a b s o r p t i o n p e a k s 
in the v i s i b l e and n e a r - i n f r a r e d s p e c t r a l r a n g e , t h i s s p e c i e s cou ld not be 
iden t i f i ed by s p e c t r o p h o t o r a e t r y . The d i s t i n c t i v e ye l low co lo r of u r a n y l 
ion, h o w e v e r , g ives a q u a l i t a t i v e i n d i c a t i o n of i t s p r e s e n c e . It i s b e l i e v e d 
tha t the u r a n i u m ( V ) s p e c i e s found in t h e u r a n i u m dioxide r e a c t i o n i s a 
r e s u l t of t r a c e s of u r a n i u m ( V l ) i m p u r i t y in the s t a r t i n g m a t e r i a l . 

T a b l e 12 

P R O D U C T S OF THE R E A C T I O N S B E T W E E N URANIUM OXIDES 
AND M O L T E N L I T H I U M C H L O R I D E - M A G N E S I U M CHLORIDE 

T e m p e r a t u r e : 650 C 
R e a c t i o n T i m e : ~30 m i n 

Sol id and l iqu id p h a s e s s e p a r a t e d by f i l t r a t i o n in 
q u a r t z a p p a r a t u s u n d e r d ry h e l i u m a t m o s p h e r e . 

U r a n i u m S p e c i e s 
U r a n i u r g Oxide Sol id P r o d u c t ^ in Solut ion 

UO3 MgU04 U(V);'^ t r a c e s of U(VI)<= 

U3O8 UaOs-x; MgU04 U(V)b 

UO2 UO2 t r a c e s of U(IV),^ U(V)b 

^-Identification by X - r a y d i f f rac t ion . 

" Iden t i f i ca t i on by s p e c t r o p h o t o m e t r y . 

^ Q u a l i t a t i v e i d e n t i f i c a t i o n by c o l o r . 

F u r t h e r e x p e r i m e n t a l w o r k h a s b e e n p l anned in which 
an a t t e m p t wi l l be m a d e to o b t a i n m o r e i n f o r m a t i o n c o n c e r n i n g the o r i g i n 
and n a t u r e of the s p e c i e s b e l i e v e d to be u r a n i u m ( V ) . An effort i s a l s o 
be ing m a d e to d e t e r m i n e the s t o i c h i o m e t r y of the u r a n i u m oxide r e a c t i o n s 
i m p l i e d by the r e s u l t s p r e s e n t e d in T a b l e 12. 

(2) Mol t en Sal t S p e c t r o p h o t o m e t r y 
(D. A. Wenz) ' 

S p e c t r o p h o t o m e t r i c m e a s u r e m e n t s in the v i s i b l e and 
n e a r - i n f r a r e d r e g i o n s a r e b e i n g exp lo i t ed a s a m e t h o d of o b s e r v i n g the 
r e a c t i o n s of u r a n i u m ox ides and h a l i d e s in m o l t e n c h l o r i d e m e d i a . A 
h i g h - t e m p e r a t u r e f u r n a c e a s s e m b l y , p a t t e r n e d af ter a un i t deve loped at 
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Oak Ridge N a t i o n a l L a b o r a t o r y , ' * i s u s e d with a C a r y Model 14 r e c o r d i n g 
s p e c t r o p h o t o m e t e r and i s c a p a b l e of o p e r a t i o n at t e m p e r a t u r e s up to about 
900 C. N o r m a l 1 -cm, fused q u a r t z s q u a r e c e l l s a r e u s e d in the f u r n a c e 
a s s e m b l y . 

A b s o r p t i o n c u r v e s for u r a n i u m t r i c h l o r i d e and u r a ­
n i u m t e t r a c h l o r i d e in e q u i m o l a r l i t h 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 at 
650 C have b e e n d e t e r m i n e d . R e a g e n t - g r a d e l i t h i u m c h l o r i d e w a s u s e d , 
and the m a g n e s i u m c h l o r i d e w a s p u r i f i e d by s u b l i m a t i o n . The two s a l t s 
w e r e m i x e d in a q u a r t z a p p a r a t u s , m e l t e d , s p a r g e d wi th h y d r o g e n c h l o r i d e 
a t 700 C, e v a c u a t e d , and f i l t e r e d t h r o u g h a s i n t e r e d q u a r t z d i s c into 
a m p o u l e s . A u r a n i u m sa l t and the pu r i f i ed l i t h 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 so lven t w e r e p l a c e d in an a p p a r a t u s in which they w e r e m e l t e d 
and f i l t e r e d into an a b s o r p t i o n c e l l , wh ich w a s then s e a l e d u n d e r v a c u u m . 
At t he c o m p l e t i o n of the m e a s u r e m e n t s , the sa l t w a s a n a l y z e d for u r a n i u m . 

The r e s u l t s a r e shown in F i g u r e 13. The o r d i n a t e i s 
given in a r b i t r a r y a b s o r b a n c e un i t s and the v a l u e s in p a r e n t h e s e s r e p r e ­
sen t a p p r o x i m a t e m o l a r a b s o r p t i v i t i e s . T h e s e s p e c t r a show the s a m e 
g e n e r a l f e a t u r e s a s t h o s e r e p o r t e d by G r u e n and M c B e t h for u r a n i u m 
t r i c h l o r i d e and u r a n i u m t e t r a c h l o r i d e in 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 at 400 C o v e r the r a n g e f r o m 360 to 1300 mjti. A s l igh t 
i r r e g u l a r i t y in t h e shape of the u r a n i u m t e t r a c h l o r i d e s p e c t r u m at 890 m / i 
in F i g u r e 13 a p p e a r s t o be the r e s u l t of t r a c e s of u r a n i u m t r i c h l o r i d e 
i m p u r i t y . P r e l i m i n a r y m e a s u r e m e n t s i nd ica t e tha t the s p e c t r a a r e affected 
to a s m a l l ex ten t by v a r i a t i o n s in the r a t i o of l i t h i u m c h l o r i d e to n a a g n e s i u m 
c h l o r i d e in the m o l t e n sa l t so lu t ion , and to a m u c h g r e a t e r ex ten t by c h a n g e s 
in t he t e m p e r a t u r e . 

F i g u r e 13 

ABSORPTION S P E C T R A O F URANIUM TRICHLORIDE AND 
URANIUM T E T R A C H L O R I D E IN EQUIMOLAR LITHIUM 

C H L O R I D E - M A G N E S I U M CHLORIDE AT 650 C 

^ \ 
\ 

-

\ (12) 

I 
(20) 
n URANIUM TETRACHLORIDE 

/ \ URANIUM TRICHLORIDE 

(110) / \ (8) 

l/X (70) "•" . -"^^-^ 

r \r''\ (̂ B) 

1 , , i 1 1 i 

Temp: 650 C 

Medium: 1=1 (molar basis) Lithium 
Chloride-Magnesium Chloride 

(Values in parentheses represent approxi­
mate molar absorptivities.) 

400 600 800 1000 1200 1400 ISOO 1800 2000 
WAVE LEN(3TH, mp. 

'^Young, J. P., and White, J. C . A High-temperature Cell Assembly for Spectrophotometric Studies 
of Molten Fluoride Salts. AnaL Chem., 31, 1892-1895 (1959), 

%ruen, D. M., and McBeth, R. L., Oxidation States and Complex Ions of Uranium in Fused Chlorides 
and Nitrates. J, Inorg. Nucl. Chem.,_9, 290-301 (1959). 
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h. Supporting Engineering Studies 
(L. B u r r i s , J r . ) 

Engineering studies of liquid metal sys tems a re in prog­
r e s s , pr incipal ly in the a r e a s of dist i l lat ion, heat t ransfer , and m a s s 
t r ans fe r . 

(1) Metal Disti l lation Studies 

(a) Pe r fo rmance of L a r g e - s c a l e Cadmium-
dist i l lat ion Unit 
(J. F . Lenc, P . A. Nelson, R. Paul , J. Arntzen) 

Operation of the l a rge - sca l e cadmium-dis t i l la t ion 
unit (for descr ipt ion, see ANL-6379, page 95) with a pure cadmium feed 
was continued in order to investigate problems associa ted with obtaining 
high dist i l lat ion ra t e s which may be n e c e s s a r y in future p r o c e s s e s . At 
high dist i l lat ion r a t e s , the radia t ion-cooled induction coil will operate at 
high t empe ra tu r e s (700 to 800 C). In the past , the crucible has been 
thermal ly insulated from the induction coil by a F iber f rax sleeve. In a 
recent set of runs , the resu l t s of which a r e shown in Table 13, this sleeve 
was removed, thus permit t ing the coil to radiate heat to the crucible . It 
was hoped that this change would inc rease the power efficiency and also 
reduce the operating t e m p e r a t u r e s of the coil. However, little change in 
power efficiency resu l ted at power inputs of 20 kw, although the coil t em­
pera tu re was reduced somewhat (from 700 to 655 C). 

Table 13 

EVAPORATION OF CADMIUM IN LARGE-SCAIE DISTIUATIOM UNIT 

Run 
No. 

W 

20 

18 

21 

23 

24 

25 

22 

Distillation 
Pressure 

(mm) 

30 

30 

60 

30 

30 

30 

30 

« 

Temperature ( 0 

Distlllationa Coil 

555 

557 

587 

558 

559 

559 

561 

592 

725 

700 

705 

655 

680 
710 

706 

760 

615 

Power Ikw) Calculated from 

Rate of 
1 nput Evaporation Losses 

Induction Coil No. 2 with Fiberfrax Liner 

22 

20 

20 

8.3 

10.1 

9.6 

13.7 

9.9 

10.4 

nduction Coil No. 2 without Fiberfrax Liner 

20 

25 
30 

30 

35 

19.3 

9.1 

13.8 
17.6 

17.1 

26.8 

9.0 

10.9 

11.2 
12.4 

12.9 

8.2 

10.3 

Evaporator 
Rate 

(kg/hn 

38.6 

36.5 

31.4 

34.6 

52.7 
68.2 

65.5 

102.2 

34.2 

Weight 
of Cadmium 
Evaporated 

(kg) 

264 

102 

274 

297 

228 

224 

226 

m 

Power 
Efficiency 

46.2 

48.0 

41.5 

45.5 

55.4 
59.5 

57.2 

76.6 

45.6 

^Measured atiout 8 in. below liquid-metal surface. 

As the power input was increased the efficiency 
of power input also increased . However, the magnitude of the increase in 
power efficiency resul t ing from increas ing the power input from 30 to 35 kw 
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Figure 14 

EVAPORATION RATE AS A FUNCTION OF 
POWER INPUT LARGE-SCALE CADMIUM 

DISTILLATION UNIT 

(Induction Coil No. 2 without Fiberfrax Liner. 
Distillation Pressure. 30 mm Hg abs.) 

i s q u e s t i o n a b l e . T h i s c h a n g e i n p o w e r 
i n p u t r e s u l t e d i n a d e c r e a s e i n t h e 
c a l c u l a t e d p o w e r l o s s e s f r o m 1 2 . 9 t o 
8 .4 k w d e s p i t e t h e i n c r e a s e i n c o i l 
t e m p e r a t u r e f r o m 7 0 6 t o 760 C . F i g ­
u r e 14 , a p l o t of t h e r e s u l t s of R u n s Zl 
t h r o u g h 2 5 , g r a p h i c a l l y i l l u s t r a t e s t h e 
a b r u p t c h a n g e i n t h e s l o p e of t h e c u r v e 
of e v a p o r a t i o n r a t e v e r s u s p o w e r i n ­
p u t w h i c h t a k e s p l a c e a t 3 0 - k w p o w e r 
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R u n 25) i s t h a t t h e m e a s u r e d r a t e of 
c a d m i u m e v a p o r a t e d i n c l u d e d a s i g ­
n i f i c a n t a m o u n t of c a d m i u m e n t r a i n e d 
a s a l i q u i d . 

I n o r d e r t o d e t e r m i n e w h e t h e r 
l i q u i d c a d n a i u m i s b e i n g e n t r a i n e d , a n 
e x p e r i m e n t i s p l a n n e d i n w h i c h a k n o w n 
a m o u n t of t i n w i l l b e a d d e d d i r e c t l y 
t o t h e d i s t i l l a t i o n c r u c i b l e . S i n c e t h e 
v a p o r p r e s s u r e of t i n i s e x t r e m e l y 

l o w a t t h e d i s t i l l a t i o n t e m p e r a t u r e (555 t o 560 C) t o b e u s e d , t i n w i l l b e 
t r a n s f e r r e d f r o n a t h e d i s t i l l a t i o n c r u c i b l e t o t h e d i s t i l l a t e r e c e i v e r o n l y b y 
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f o r t i n , i t w i l l b e p o s s i b l e t o a s c e r t a i n t h e m a g n i t u d e of a n y e n t r a i n m e n t 
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Sui tab le d e - e n t r a i n m e n t d e v i c e s m a y then be d e s i g n e d 

(b) Study of M e c h a n i s m s of L iqu id Meta l Bo i l ing and 
E n t r a i n m e n t 
(J. Wolkoff, R. E . Nowak) 

The f o r m a t i o n and e n t r a i n m e n t of d r o p l e t s by the 
v a p o r p h a s e du r ing the bo i l ing of l iqu id m e t a l s h a s r e c e i v e d l i t t l e or no 
fundamen ta l s tudy. A q u e o u s s y s t e m s have b e e n s tud ied and t h e i r e n t r a i n ­
m e n t naechan isnas a r e r e a s o n a b l y wel l u n d e r s t o o d . B e c a u s e of l a r g e dif­
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 b e t w e e n l iqu id m e t a l s and w a t e r , e .g . , 
t h e r m a l conduc t iv i ty and s u r f a c e t e n s i o n , the n a t u r e and m a g n i t u d e of the 
bo i l ing and e n t r a i n m e n t p h e n o m e n a in l iquid m e t a l s m a y differ s ign i f i can t ly 
f r o m t h o s e of w a t e r . 



Since entra inment is intimately connected with 
the mode of boiling, the phenomenon of nonturbulent boiling (vaporization 
from the surface without bubble formation) is initially under study. Pu re 
naercury is being boiled, condensed, and rec i rcu la ted in a closed, a l l -
glass sys tem. The boiling surface is visible for study and photography. 

F r o m condensat ion-ra te m e a s u r e m e n t s , vapor­
ization r a t e s at the top surface of the m e r c u r y pool up to 55,000 B tu / 
(hr)(sq ft) [2.1 lb -moles of m.ercury/(hr) (sq ft)] have been attained with 
res i s t ance heating under low p r e s s u r e ( less than 1 mm). This value is 
higher than data r epor t ed for nornaal boiling of m e r c u r y from nonwetted 
su r faces . " 

The nonturbulent vaporizat ion changed to i r r egu la r 
bumping when the heating ra te was further increased . Other methods of 
heating the boiler and the effect of agitation will be investigated. 

(2) Studies of Mass Transfe r in Liquid Metal Systems 

(a) Mass Transfer f rom Solids in Agitated Liquid 
Metal Systems 
(R. D. P i e r c e , S. A. Mil ler ,* D. R. Arms t rong ,** 
and M. R. Cusick**) 

A fundamental investigation of m a s s t rans fe r in 
agitated liquid me ta l s is underway. This p rog ram was planned to provide 
data on m a s s t rans fe r in agitated liquid me ta l s comparable with existing 
data for more conventional l iquids. It is hoped that general cor re la t ions of 
the data can be made in a form suitable for sca le-up and extrapolation to 
other sy s t ems . Initially, the factors influencing the ra te of dissolution of 
small cyl inders of u ran ium in cadmium is being determined. During the 
past qua r t e r , a brief p r e l imina ry study was made of the mixing of solid 
pa r t i c l e s of var ious densi t ies in water , methanol , and carbon te t rach lor ide 
to provide guidance in the select ion of agitator and vesse l designs for the 
liquid metal s tudies . With a number of different agi ta tors and baffling 
a r r angemen t s , the s t i r r ing speeds at which solids began to be suspended 
and at which suspension was complete were recorded. 

For a par t i cu la r impel ler speed and a par t icu la r 
sys tem, a cyl indr ical , f lat-bottom, baffled vesse l with a downward-
deflecting mar ine prope l le r was the naost efficient geometry investigated 

°R. E. Lyon, A. S. Faus t , and D. L. Katz, Chem. Eng. Prog. Symp. 
Series,_5]_, No. 17 (1955). 

*Consultant and s u m m e r professor f rom Roches ter Universi ty. 

• T e m p o r a r y student employees . 



for suspending p a r t i c l e s . The optimum propel ler d iameter was found to 
be about one-half the vesse l d iameter . The agitator speed which provided 
corresponding r e su l t s , i .e . , the same degree of par t ic le suspension in dif­
ferent sy s t ems , was found to be proport ional to 

Psolid " ''^liquid 
^liquid 

where p r e p r e s e n t s density. 

Equipment is now being p repa red for m e a s u r e ­
ments of the r a t e s of dissolution oi ^ - in. uranium cyl inders in cadmium 
under var ious agitation conditions. Cyl inders were selected because of 
their s imple geometry as well as ease of fabrication. Small u ran ium 
spheres will also be employed in la te r runs . The uran ium cyl inders have 
been prewet ted with zinc to insure an oxide-free surface for dissolution. 
Zinc was found to wet uran ium readi ly (inconsistent wetting was obtained 
with cadnaium) and to dissolve quickly when i m m e r s e d in molten cadmium. 

A dynamometer has also been built to determine 
the mixing power input to liquid m e t a l s . Since the ins t rument is sufficiently 
sensit ive to be used with conventional fluids, it will be used also with 
aqueous sys tems to perra i t checking against the es tabl ished cor re la t ions . 

(3) Determinat ion of Uranium Diffusivity in Liquid Zinc 
(J. C. Hesson, H. Hootman, G. Rogers) 

The capi l la ry-ba th technique has been used to de ter ­
mine the diffusivity of u ran ium in liquid zinc. The diffusivity was found to 
range from 1.5 x 10"^ sq c m / s e c at 625 C to 2.7 x 10"^ sq c m / s e c at 800 C, 
with es t imated accurac ies of ±15 percent . 

The capi l la ry-ba th technique used in this study con­
s i s t s of immers ing a capi l la ry tube filled with a u ran ium-z inc solution in 
a molten bath of zinc containing a negligible amount of uranium. The 
capi l lary is closed at its lower end and open at its upper end. During the 
imiaiersion per iod, the u ran ium diffuses from the open upper end of the 
capi l lary into the bath. After a p rede te rmined t ime period, the capi l lary 
is removed from the bath and cooled. The diffusivity is calculated frona 
the initial and final u ran ium contents of the capi l lary and the bath, the 
length of the capi l lary , and the diffusion t ime. The uns teady-s ta te diffu­
sion equation used to co r r e l a t e the data was 
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w h e r e 

Co =̂  in i t i a l c a p i l l a r y u r a n i u m c o n c e n t r a t i o n 

C - f inal c a p i l l a r y u r a n i u m c o n c e n t r a t i o n 

Cg - u r a n i u m c o n c e n t r a t i o n in b a t h 

e 4 L 2 

D = diffusivity 

L = length of capi l lary 

t = tinae of the diffusion. 

For values of Dt/L^ l e s s than 0,25, the above equation simplifies to: 

Co - C _ / 4 Dt \̂ ^̂  
Co - Cg I 71 L^ / 

The experinaents were conducted in a ver t ica l 2-2--in.-ID 
by 24-in.- long s ta in less steel bonab which was previously descr ibed in 
ANL-6477, page 69. The flanged cover of the bomb contained openings for 
a thermowell , a sampling port , and the capi l la ry-suppor t rod. The bomb 
was heated by a 13-in.- long re s i s t ance furnace. The upper section of the 
bomb was water cooled by means of an external copper coil. The p r i m a r y 
crucible mate r ia l was r ec rys t a l l i zed alumina, and the secondary crucible 
was made of s ta in less s teel . 

The capi l lary tubes were made of ^^-in.-OD tantalum 
tubing with a 0.01-in. wall th ickness . Each tube was filled by fitting a 
graphite filter to a 6-in. length of tubing, immers ing the end fitted with a 
filter into a molten u ran ium-z inc solution, and forcing the melt into the 
tube by p ressu r i za t ion . The filled tube was then quickly withdrawn and 
cooled. The tubing was cut into a l ternate sections which were one inch 
and-g in. long. The one-inch length was faced and used as the capi l lary 
tube after a tantaluna cap had been force-f i t ted over the bottom end. The 
zinc and uranium in the-g- - in. sect ions were dissolved and analyzed to de­
t e rmine the uniformity of u ran ium concentrat ion in the capil lary sect ions. 

During a diffusion run, the capil lary was reposi t ioned 
in the bath by rotat ing the holder slightly every 2 min to avoid "end effect," 
a localized concentrat ion of uran ium at the end of the capi l lary due to dif­
fusion of uranium from the capi l lary . 

The re su l t s of the exper iments a re shown in Table 14 
and Figure 15. In the region of values of Dt/L^ employed in these exper i ­
ments , the e r r o r s in uran ium analysis cause e r r o r s which a re three or 
four t imes g rea te r in the diffusivity values . The overal l accuracy of the 
diffusivity values is est i inated to be ±15 percent . 
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Tab] 

DIFFUSION O F URANIUM IN LIQUID 

T e m p 
(C) 

625 
625 
700 
700 
700 
800 
800 
800 

L e n g t h ^ of 
^ - i n . - O D 
c a p i l l a r y 

(cm) 

2.52 
2.56 
2.49 
2.52 
2.57 
2.61 
2.50 
2 .56 

T i m e 
( s ec ) 

86 ,400 
86,400 
86 ,400 
64,800 
64,800 
64 ,800 
57,600 
57,600 

e 14 

ZINC, C A P I L L A R Y - B A T H 

U r a n i u m C o n c e n t r a t i o n (w /o ) 

Co 

0.261 
0.245 
0.660 
0.896 
0.694 
0.968 
0.657 
1.200 

Cs 

0.000 
0.001 
0.042 
0.000 
0.002 
0.000 
0 .004 
0.008 

C 

0.134 
0.122 
0.289 
0.432 
0 .374 
0 .396 
0.298 
0.506 

METHOD 

C o m p u t e d Va lues 

D t / L ^ 

0.190 
0.200 
0.285 
0.210 
0.165 
0.280 
0.240 
0.265 

D X 10^ 
( sq c m / s e c ) 

1.41 
1.53 
2 .04 
2.07 
1.70 
2.95 
2.61 
3.01 

•At run t e m p e r a t u r e . 

T h e e x p e r i m e n t a l v a l u e s of d i f f u s i v i t y , p l o t t e d in 
F i g u r e 15 a p p e a r t o b e l o w e r t h a n w o u l d b e e x p e c t e d f r o m t h e E i n s t e i n -
S t o k e s e q u a t i o n if 2 . 8 4 2 A i s u s e d f o r t h e d i a m e t e r of t h e u r a n i u m a t o m . 

A s i m i l a r r e l a t i o n s h i p w a s f o u n d b e t w e e n t h e 
p r e d i c t e d a n d e x p e r i m e n t a l v a l u e s in t h e 
u r a n i u m - c a d m i u m s y s t e m ( A N L - 6 4 7 7 , p a g e 73 ) . 

Figure 15 
DIFFUSIVITY OF URANIUM IN 

ZINC AS A FUNCTION OF 
TEMPERATURE 

X 

NSTEIN-STOKES 

EXPERIMEWTAL 

TEMPERATURE,C 
800 700 625 

I . . i . I 

U r a n i u m d i f f u s i v i t i e s w i l l 
b e m e a s u r e d i n o t h e r m e t a l s o l v e n t s : b i s m u t h , 
a l u m i n u m , a n d m a g n e s i u m . 

3 . R e a c t o r M a t e r i a l s 
(R. K. S t e u n e n b e r g ) 

0 9 1.0 
I000/T,K 

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 offer 
c o n s i d e r a b l e p r o m i s e as s i m p l e , l o w - c o s t 
m e t h o d s for p r o d u c i n g n u c l e a r fuel m a t e r i a l s . 
R e f r a c t o r y c o m p o u n d s of i n t e r e s t a s h igh -
p e r f o r m a n c e r e a c t o r fuels a r e conven ien t ly 
s y n t h e s i z e d by adding c a r b o n , s i l i con , o r o t h e r 

eleiaients to l iqu id m e t a l so lu t ions of the ac t in ide m e t a l s . The p r o d u c t 
p r e c i p i t a t e s f r o m the so lu t ion and i s r e c o v e r e d by a p p r o p r i a t e p h a s e -
s e p a r a t i o n and r e t o r t i n g t e c h n i q u e s . An effect ive m e t h o d for the p r e p a r a ­
t ion of m e t a l l i c fuel m a t e r i a l s i s t he d i r e c t r e d u c t i o n of ac t in ide ox ides 
and f l u o r i d e s s u s p e n d e d in a m o l t e n h a l i d e flux by l iqu id m e t a l so lu t ions 
con ta in ing m a g n e s i u m . The p r e s e n t w o r k is c o n c e r n e d with the p r e p a r a ­
t ion of u r a n i u m m o n o c a r b i d e and the p r o d u c t i o n of t h o r i u m m e t a l d i r e c t l y 
frona the ox ide . 
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a. P repa ra t ion of Uranium Monocarbide 
(T. R. Johnson, R. D. P i e r c e , J. F . Lenc, 
R. L. Chr is tensen , J. R. Pavlik, M. A. Bowden) 

The Chejaaical Engineering and Metallurgy Divisions a re 
cooperating in the developnaent of liquid meta l techniques for the p r e p a r a ­
tion of uranium monocarbide and in the evaluation of the sinterabil i ty and 
utility of the product as a potential h igh-performance reac tor fuel. 

Three additional runs , P -10 , P-11 and P-12 , have been 
completed. (Results of eight of the preceding runs were repor ted in 
ANL-6543, page 62.) The react ion conditions and analytical data on the 
product a re summar ized in Table 15. Besides the use of sodium as a 
wetting agent for carbon in two of the runs , the major differences between 
the last th ree runs and the nine previous runs in the se r i e s were : (1) the 
activated charcoal used as a carbon source was degassed more thoroughly 
to reduce the possibi l i ty of oxygen contamination, (2) the u ran ium-z inc -
magnesium alloy was p r epa red in a separa te step to elinainate a possible 
react ion of carbon with the solid uraniumi, (3) the react ion t empera tu re s 
were lowered to reduce the volati l ization of sodium from the system, and 
(4) the ca rbon- to -uran ium ra t ios in the charges were decreased in order 
to reduce the free carbon content of the product. In the previous runs the 
activated charcoal , uranium, zinc, and magnesiuna were charged direct ly 
to the furnace. The charcoal had not been degassed previously, but was 
heated to about 400 C under vacuum immediately pr ior to the reaction. 

Table 15 

SUMMARY OF URANIUM CARBIDE PRODUCTION RUNS. 

Charge 

Reaction 
Conditions 

Analytical 
Results on 

Product 

EXPERIMENTAL CONDITIONS AND PRODUCT ANALYSES 

Uranium (g) 
Magnesium (g) 
Zinc (g) 
Sodium (g) 
Carbon^ (g) 
C/U (atom ratio) 

Temperature (C) 
Time (hr) 
Stirring (rpm) 
Charge to Retort (g) 
Weight of Recovered P 

C (w/o) 
O (w/o) 
C/V^ (atom ratio) 

-oduct (g) 

P-10 

300 
549 

2159 
39 
19.4 

1.28 

750b 
5.5b 

500 
1605 

305.7 

5.3 2 O.ic 
1.58 
1.18 

Run No. 

P-11 

302 
540 

2165 
-

18.9 
1.24 

750 
7.5 

550 
1516 

320.5 

5.52 i 0.02= 
0.94 
1.18 

P-12 

306 
533 

2155 
35 

17.0 
1.10 

760 
4.5 

600 
2124 

320 

5.2 i 0.2= 
0.59 
1.11 

^Degassed activated charcoal used. 

bAfter 5.5 hr at 750 C, the mel t tempera ture was raised to 820 C for 2 hr . During this 
period the s t i r r ing rate was 320 rpm. 

^Average of two analyses. 

"Based on an estimated uraniuin content. 



In the las t t h ree runs , the activated charcoal was f i rs t 
degassed at 800 C under vacuum for 2 to 3 hr . The u ran ium-z inc -
magnesium alloy was p repa red in a separa te step in a baffled tantalum 
crucible and was allowed to f reeze in place. In p repa ra t ion for the r e a c ­
tion step, the degassed charcoal and a freshly cut piece of sodium were 
t r a n s f e r r e d to the crucible with argon blanketing and were placed on top 
of the solid ingot. The crucible was placed in a furnace and the react ion 
was c a r r i e d out in an argon a tmosphere at 750 C. St i r r ing was accom­
plished by a flat tantaluin paddle which was-|-in. high and 1-|- in. wide. At 
the end of the react ion t ime the mel t t empera tu re was lowered to about 
580 C. At this t e rape ra tu re solid MgZnj prec ip i ta tes from this sys tem, 
and it appears to c a r r y down the suspended pa r t i c l e s of uranium carbide 
product. The supernatant liquid was then renaoved by p r e s s u r e siphoning, 
and a mixture of MgZn2 and uranium carbide was left in the crucible . 

The crucible was removed frona the furnace and placed in 
the re to r t . Retort ing consis ted of gradually lowering the p r e s s u r e to about 
0.001 m m Hg and ra is ing the t empera tu re to about 830 C. The re tor t ing 
operation usual ly requ i red 6 hr . After re tor t ing , the furnace was opened 
and the tantalum crucible containing the uranium monocarbide as a loose 
cake was removed and t r a n s f e r r e d with argon blanketing to a hel ium-fi l led 
glove box. 

Since the re tor t ing equipment naust eventually be exposed 
to air after removal of the u ran ium carbide product , the presence of 
sodium in the magnes ium-z inc dist i l late was considered to be a potential 
hazard . F o r this r eason the mel t t empera tu re in Run P-10 was r a i s ed to 
820 C after 5.5 hr of reac t ion t ime at 750 C in an attempt to disti l l off 
some of the sodium. This p rocedure , however, proved to be both ineffec­
tive and unnecessa ry , and no at tempt was made to remove the sodiuna p r io r 
to re tor t ing in Run P-12 . 

Runs P-10 and P-11 were naade under s imi lar conditions 
except for the var ia t ion descr ibed above and the 1.3 percent sodium added 
in Run P-10 . No sodium was used in Run P - 1 1 . The t imes requi red for 
the react ion were quite s imi l a r , as shown by the uran ium contents of 
f i l tered samples of the liquid meta l taken per iodical ly during the runs . 
Thus, it appears that sodium had lit t le or no effect on the react ion r a t e s , 
whereas in e a r l i e r , s m a l l e r - s c a l e exper iments , sodium acce le ra ted the 
react ion (ANL-6543, page 59). 

Analytical r e su l t s on the products of the three runs a re 
shown in Table 15. The higher oxygen content of the product from Run P-10 
is very likely a r esu l t of difficulties in removing the crucible frona the r e ­
tor t . The crucible was noticeably warm when it was removed from the 
cool r e to r t , suggesting that the re la t ively long t ime requ i red for the oper­
ation resul ted in ser ious air contamination of the argon blanket. The 



product from Run P-12 is the bes t ma te r i a l produced to date. It had the 
lowest oxygen content and the c loses t to stoichionaetric ca rbon- to -uran ium 
rat io of any ma te r i a l made from act ivated charcoal on this scale . One 
batch of carbide p r epa red from powdered graphite in an ea r l i e r run 
(Run P - 8 , ANL-6543, page 62) contained only 0.39 weight percent oxygen, 
but it had a high carbon content and could not be s intered. On a smal le r 
scale (30 g uraniuna), a ca rbon- to -u ran ium ra t io of 1.01 has been achieved. 

Although further work is needed to develop a sat isfactory 
procedure for p roces s use , severa l tentative conclusions can be drawn 
from the r e su l t s obtained to date: 

(1) Although the r e su l t s of Run P -11 cast doubt on the beneficial 
effects of sodium, the snaa l le r - sca le studies have indicated that it enhances 
the react ion ra te and p e r m i t s a c loser control of the ca rbon- to -uran ium 
ra t io of the product. F u r t h e r investigation of the use of sodium is con­
s idered des i rab le . 

(2) The reac t ion conditions used in Run P-12 are believed to be 
close to optimum for this method of u ran ium carbide prepara t ion. Some­
what longer react ion tiiaies may be requ i red for lower carbon-to-uraniuna 
ra t ios in the charge . 

(3) Of the var ious methods for separat ing the excess zinc and 
magnes ium from the systena, the technique of freezing par t of the melt to 
hold the uranium carbide during siphoning seems to be the most s a t i s ­
factory. This method separa tes the carbide effectively from the bulk of 
the metal and re su l t s in excellent product yields. It is not effective, how­
ever , in separat ing the carbide from unreac ted carbon. The des i red 
ca rbon- to -uran ium ra t io of the product mus t be controlled by the compo­
sition of the charge. 

(4) F r e e carbon and oxygen are the most ser ious contaminants in 
the product, since they in terfere with the formation of dense s in tered 
bodies. It is believed that both of these impur i t ies can be reduced to a c ­
ceptable levels through ref inements of the procedure . Although argon-
blanketing techniques have been used in handling and t r ans fe r r ing the 
product, they appear to be inadequate for the finely divided, highly pyro-
phoric ma te r i a l . Equipment is being obtained in which the operations can 
be conducted in high-pur i ty iner t gas a tmospheres . Techniques a re also 
being developed to reduce the oxygen content of the s tar t ing m a t e r i a l s to 
the lowest possible leve ls . It appears that contamination with free carbon 
can be control led by the ca rbon- to -u ran ium rat io in the charge. The addi­
tion of sodium also appears to aid in obtaining the des i red carbon content 
in the product. 



b. Reduction of Thor ium Dioxide 
(A. V. Har iha ran ,* J. B. Knighton) 

The objective of this p r o g r a m is to develop a prac t ica l 
method for the d i rec t reduction of thor ium dioxide to the meta l , by means 
of the liquid metal- f lux technique. Previous investigations (ANL-6543, 
page 46) have es tabl ished the optimum region of flux composition in the 
sys tem, calc ium chloride-naagnesium chloride-calciuna fluoride, for 
effective reduction of thoriuna dioxide by a zinc-five weight percent mag­
nesium solution. The data indicated that a miinimum magnesiuiai chloride 
concentrat ion of about 50 mole percent and a calcium fluoride concent ra­
tion between 7 and 15 naole percent a r e n e c e s s a r y to achieve complete 
reductions in 3 to 4 hr at 750 C. 

Some difficulty has been exper ienced with lowered yields 
and e r r a t i c r e s u l t s . The fac tors suspected of causing the difficulty were 
(1) the source of the thor ium dioxide, (2) the m.aterials used in the appa­
ra tus , and (3) impur i t ies in the flux, including mois tu re in the a i r . No de­
tectable difference in the reducibil i ty of calcined and uncalcined thor ium 
dioxide was found. The use of Vycor instead of quar tz s t i r r e r s led to 
co r ros ion and considerable sca t ter of r e su l t s , which was probably caused 
by the formation of a thor ium-s i l i con compound. Quartz is not attacked 
and, when used, yields consis tent r e s u l t s . The possible effect of flux im­
pur i t ies was examined by using analytical r eagen t -g rade ma te r i a l s from 
var ious sou rces . It is s trongly suspected, but not proved exper imental ly , 
that the humidity in the aimbient a i r was the factor causing the low yields 
and e r r a t i c r e s u l t s . Successful reduct ions had been obtained consis tent ly 
during the fall and winter when the absolute hunaidity was low. 

The use of an iner t a tmosphere and tantalum equipment 
has el iminated the inconsis tencies in the r e s u l t s , and it i s believed that 
these precaut ions should be taken in production applications of the p r o c e s s . 

In four confirmatory exper iments with selected flux com­
posit ions in the optimum region, the anticipated complete reduction of 
thor ium dioxide was obtained. The flux composit ions used were as follows: 

40 m / o CaCl2-50 m / o MgCla-lO m / o CaFj 

37 m / o CaCl2-50 m / o MgCl2-13 m / o CaF2 

26 m / o CaCl2-60 m / o MgCl2-14 m / o CaF2 

27 m / o CaCl2-65 m / o MgClj-S lai/o CaF j . 

These exper iments ut i l ized an a rgon-a tmosphe re , t i l t -pour furnace with a 
baffled tantalum crucible and a tantalum s t i r r e r . In all four exper iments , 
the thor ium dioxide was completely reduced to the metal in 3 hr at 750 C 
with a mixing ra te of 800 rpm. 

•Affiliate, Internat ional Institute of Nuclear Science and Engineering. 



Following optimization and confirmation of the flux com­
position, a study of the p roces s var iab les will be made: t e m p e r a t u r e , 
mixing ra te , thor ium dioxide loading in the flux, thorium loading in the 
meta l , magnes ium oxide loading in the flux, and magnesium concentrat ion 
in the me ta l . 

B. Fuel P roces s ing Fac i l i t i es for EBR-II 

A d i r ec t - cyc le fuel r ep rocess ing plant based on pyrometa l lurg ica l 
p rocedures was designed and is being constructed as par t of the Exper i -
naental Breede r Reactor No. II (EBR-II) P ro jec t . A Laboratory and Service 
Building is a lso included. Melt refining, liquid naetal extract ion, and p r o c ­
e s s e s involving fract ional c rys ta l l iza t ion from liquid meta l sys tems a r e 
naethods being examined for the r ecove ry and purification of EBR-II fuels. 
Based on these s tudies , p r o c e s s equipment is being designed and tes ted . 

1. Design and Construct ion 
(J. H. Schraidt , M. Levenson) 

a. Status of Fuel Cycle Faci l i ty Building Design and 
Construct ion 
(E. J. Pe tkus , H. L. S te thers , J. H. Schraidt) 

The remaining const ruct ion work for the Fuel Cycle Faci l i ty 
and the equipment instal la t ion work a r e being done by the J. F . P r i t c h a r d 
Company under a cos t -p lus- f ixed-fee contract (see ANL-6543, page 77), 
An exception to this is the co r rec t ion of voids under the Air Cell floor, 
which the or iginal construct ion con t rac to r . Diversified Bui lders , Incor­
pora ted , chose to do with his own labor . These voids, which were as much 
as 42 in. deep, a r e believed to have been caused by water washing the ear th 
fill into porous lava, the bas ic subs t r a tum in the a r ea . A water main 
broken during construct ion was the probable source of the water . These 
voids, if not co r rec t ed , would have caused a se r ious loss of radiat ion 
shielding, s t r u c t u r a l uncer ta in ty , and inc reased probabil i ty of cor ros ion 
damage to bur ied piping. The voids have been filled by Diversified Bui lders , 
Incorporated. The method of filling consis ted, f i rs t , of pumping s i l ica 
sand and grout into the voids and then pumping grout. 

No specia l precaut ions were taken to prevent cor ros ion of 
the black i ron-pipe s torage pits beneath the Air Cell floor because com­
pacted backfill of controlled mo i s tu r e content was specified for this loca­
tion. As a resu l t of the prolonged contact of the pipes with the mois tu re 
assoc ia ted with the void forination, however , extensive cor ros ion has oc­
cu r r ed in the s to rage-p i t sy s t em. Efforts a re being made by Argonne 
National Labora tory to min imize this co r ros ion by the use of buried m a g ­
nes ium anodes to provide galvanic protec t ion . 



Cleaning and re lubr ica t ion of the Argon Cell c ranes and 
manipula tors (ANL-6543, page 80) has been completed. One manipulator 
has been placed in operat ion in the Argon Cell and is being used to t ra in 
ope ra to r s and for instal la t ion of " in-ce l l " equipment. 

The hanging br idge wheels ins ta l led on the c ranes in the 
Argon Cell we re not suitable for t ravel ing on the c i r cu la r ra i l because of 
the spher ica l , self-aligning ro l l e r bear ings with which the wheels were 
provided. When the br idges of the c ranes were moved, these hanging 
wheels locked. The wheels have been redesigned, using a double-ro'w, 
deep-groove ball bear ing in each wheel. The design has been approved 
and the wheel assenablies have been sent to the c rane manufacturer for 
r equ i red a l t e ra t ions . 

The e lec t r ica l , sliding col lector a s sembl ies for the cell 
c ranes have been modified and r e tu rned to Idaho. These col lectors supply 
power to the c rane br idges from slip r ings mounted around the center of 
the Argon Cell . Similar a s sembl ie s supply power to the t ro l leys from 
bus ba r s mounted on the b r idges . The col lector b rushes a re spring loaded 
and each b rush is guided by two pins . The b rushes , as originally furnished, 
would bind when subjected to the sl ightest side p r e s s u r e s r a the r than ad­
jus t to the inaccurac ies in al ignment of the bus b a r s and the r a i l s . The 
binding inc reased the load between col lector b rushes and bus b a r s , p a r ­
t icular ly when a t ro l ley was placed on a br idge . 

The col lector a s sembl ie s as made by the fabricator did 
not conform to the drawings. Holes were not dr i l led para l le l , plates were 
warped, and loose fits between guide pins and backup plates made the a s ­
sembly faulty and contributed to the binding tendencies . The a s sembl i e s 
have been modified and made to conform with the drawings. Collector 
a s sembl i e s should now be in terchangeable . Modifications made to the col­
lec tor a s sembl i e s were as follows: 

(1) B r a s s guide s leeves , Z^ in. long, were p r e s s e d into the support 
p la tes . This changed the guiding length from ~ to 2™ in. 

(2) Springs and backup plates were rep laced with new ones. 

(3) The col lector b rush c levises were ground flat where they a r e 
supported on the c e r a m i c insu la to r s . 

(4) The guide pins w e r e coated with molybdenum disulfide before 
assembly . 

These modificat ions, as well as the changes made so that the a s sembl ie s 
conform to the drawings, have grea t ly improved the operat ion of the col­
lec tor a s s e m b l i e s . 



The control c i r cu i t s for the cell c ranes and the crane and 
manipulator renaoval hoist have been modified. In the original installation 
the voltage drop in the control w i r e s was excess ive , which made the re lays 
in the control cabinets inoperable. A review of the control sys tem r e ­
vealed, a lso, that the t r a n s f o r m e r s that supply the control cu r r en t s were 
too smal l . The wir ing sys tem was copied to some extent from the sys tem 
used for the naanipulators. The cu r ren t requi red for the re lay coils for 
the crane and removal hoist controls is much grea ter than the cur ren t r e ­
quired for manipulator cont ro ls . The requ i red control cur ren t is about 
8 amp for the hoist and about 11 amp for the c ranes , whereas the control 
cur ren t for the manipulator is about 1.5 amp. The length of cable between 
the control re lay and the most distant opera tor control station is 220 ft. 
The 220-ft control cable has a r e s i s t ance of 2.85 ohnas (wires a re 18 AWG) 
and, there fore , the requi red control c u r r e n t s would cause the following 
voltage drops : 

Manipulators 4.3 v 
Cranes 31 v 
Renaoval Hoist 23 v 

The supply voltage in each case is only 24 v. On the basis of the above 
analysis it was decided that the manipulator c i rcu i t s were adequate, but 
that the c i rcu i t s of the removal hoist and the c ranes requi red modifications. 

Cor rec t ive m e a s u r e s to the four control c i rcu i t s involved 
consis ted of the following changes: 

(1) The 100-VA control t r a n s f o r m e r s were replaced with 300-VA 
t r a n s f o r m e r s . 

(2) The existing c i rcui t b r e a k e r s were replaced with b r e a k e r s 
with a higher rat ing. 

(3) In each control c i rcui t a re lay was added and a few wiring 
changes made so that the cu r r en t for most of the re lay coils 
bypasses the control cables to the ope ra to r ' s control s tat ions. 
This change reduces the cu r r en t requ i rements for individual 
control cable wi res to a maximum of 0.8 amp for the removal 
hoist and 1.5 amp for the c r a n e s . 

In addition to the above changes, e r r o r s in wiring made by 
the instal lat ion contractor have been cor rec ted , and the control sys tem is 
now operat ing sat isfactori ly. 

The oil-fi l led tank units for the shielding windows are being 
repa i red to c o r r e c t oil leaks (see ANL-6543, page 83). TheR. V. Harty Com­
pany, a subcontractor of the window supplier , has repa i red and instal led 



approximately two- th i rds of these uni ts . None of the remote ly removable 
glass sections have been instal led, because it is des i rab le for t ra in ing 
purposes and for compliance purposes to instal l these sections under r e ­
mote operat ing conditions by means of c ranes and manipu la tors . 

The furnace for degassing of p roces s m a t e r i a l s has been 
instal led, successfully leak tes ted , and re l eased to the operat ions group. 

Instal lat ion of a jib c rane on the roof of the Argon Cell 
has been completed. This c rane is being used to move heavy equipment 
through roof hatches into the Air and Argon Cel l s . 

Steel shielding is being constructed around the off-gas 
delay tank. Radioactive gases f rom the naelt refining and skull oxidation 
furnaces will be s tored in this tank until naeteorological conditions pe rmi t 
the discharge of the gases through the stack provided at the EBR-II s i te . 
One thousand pounds of National Grade ACC* activated charcoal was added 
to the tank as an additional iodine and a xenon t r ap . 

P repa ra t i ons a re being made for the instal lat ion of two 
argon c o m p r e s s o r s on the se rv ice floor. Each compres so r can deliver 
60 scfm at 120 psig. These laaachines will be used to compres s cell argon 
for r e - u s e with pneumatic equipment, such as drive cyl inders and r ing 
gauges in the Argon Cell . 

Instal lat ion of t r ans fe r lock equipment and components is 
underway. There a re two types of locks used to t r ans fe r m a t e r i a l s be ­
tween the Air Cell and the Argon Cell , a single la rge t rans fe r lock mounted 
ver t ica l ly in the Argon Cell floor, and two small t r ans fe r locks mounted 
horizontal ly between the Air Cell and the Argon Cell . 

The large t r ans fe r lock is bas ica l ly a 6- f t -d iameter 
cyl inder , 8 ft long. It is composed of th ree major sect ions. The upper 
section cons is t s of a spool piece with a counterbalanced hinged lid which 
is sealed by a lead gasket. This section is bolted to the middle section, 
which pene t ra tes the 4-ft- thick cell floor. A steel r ing gasket is used to 
seal the upper to the middle section. The bottona of the lock is a s teel 
platform which can be elevated by a hydraul ic r a m and seals to the lower 
flange of the center lock section with a rubber O-ring. The load capacity 
of the lift is 5 tons . The platform and r a m a r e par t of the Trans fe r Cell 
equipment on the serv ice floor which moves ma te r i a l from an opening in 
the Air Cell floor to the l a rge t r ans fe r lock. Other conaponents of this 
equipment a re the t rans fe r c a r t , which c a r r i e s the platform between the 
two loading points, and a second r a m , which r a i s e s the platform into the 
Air Cell. 

*A product of the National Carbon Company. 



The smal l t r ans fe r locks consis t of two horizontal rec tan­
gular tubes which pass through the 4-ft shielding wall between the Air Cell 
and the Argon Cell . Mater ia l is t r a n s f e r r e d in snaall c a r t s which r ide on 
ra i l s mounted inside the locks. Direction of t ravel is deternained by the 
slope of the r a i l s , which can be changed remote ly with the operating 
manipulator . I tems 2 ft high and 1 ft in d iameter may be t r ans fe r red . 
Special end fittings a re bolted to each end of the locks to permi t loading 
and unloading the c a r t s . Hinged l ids sealed by rubber gaskets a re used 
to close the openings in the lock ends. 

Defects have been discovered on most of the gasket su r ­
faces of the above conaponents, and these a re now being repa i red . Leaks 
in welds in the smal l lock end pieces have been discovered, and these 
welds a re also being repa i red . 

All of the covers on the locks a re opened by means of 
small naotor-dr iven winches mounted on the cell walls . These motors a re 
cur ren t ly being installed. 

b. Fuel Cycle Faci l i ty Equipment 
(G. Berns te in , A. Chi lenskas , L. Coleman, J. Graae , 
T, Ecke ls , M. Slawecki, H. Stethers) 

Two 20-ton fuel - t ransfer coffins a re being designed for 
use in t ranspor t ing fuel subassembl ies between the Reactor Building and 
the Fuel Cycle Faci l i ty . Both designs provide for renaoval of fission 
product heat from the subassembly by naeans of a circulat ing s t r eam of 
argon. In one coffin, which is to be designed and supplied by O. G. Kelley 
and Co3aapany of Boston, Massachuse t t s , the argon s t r e a m is cooled by 
passing it through a ga s - t o - a i r heat exchanger . The design under develop­
naent by the Chemical Engineering Division of Argonne National Labora tory 
provides for t r ans fe r r ing the heat f rom the argon s t r eam into the lead 
body of the coffin. 

Crucibles and fume t r aps will be brought into the Argon 
Cell in ba tches . It is planned to s tore these on racks placed next to the 
outside walls between the shielding windows. Racks with slides and por t ­
able shelves a re being developed for this purpose . F igure 16 shows a 
prototype rack with a single shelf. The shelf, loaded with six crucib les , 
is being rol led out of the rack on suspension sl ides by means of a tool 
grasped in the double hook of the prototype operating manipulator . When 
in the "out" position, the shelf can be lifted from the slide by the 
manipulator . 

Services a re brought into the Argon Cell by means of r e ­
movable feed throughs instal led and sealed in s leeves which penetrate the 
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Figure 16 f l o o r of t h e c e l l . T h e f e e d t h r o u g h s 
h a v e p r e v i o u s l y b e e n d e s c r i b e d in 

PROTOTYPE RACK WITH CRUCIBLE A TVTT £ T 7 i 5 = x -7-7 T- • rx 
^ ^ ^ „ . ^ ^ ^ „ ^ , ^ ANL-6231, pages ity to 37. Fifty-
STORAGE SHELF 'fa ) 

seven of the required 65 feed throughs 
— have been completed and shipped to 

Idaho by the vendor. Included in the 
57 are 20 blind feed throughs or plugs 
for sleeves located where services 
will not be needed initially. The as­
sembly of the remaining eight feed 
throughs, which are to be used for 
electrical and thermocouple services, 
was delayed because of problems en­
countered in conductor insulation re ­
sistance. The insulation resistance 
between conductors of a twisted-pair 
signal cable in one type of feed 

5O0E through was found to be as low as 
250,000 ohms, as compared with the 
specified resistance of infinity. The 
asbestos sleeving used in the cable 

j as insulation is suspected of being 
the source of trouble. Samples of the 
asbestos sleeving showed very low 
resistance, even after heating for 
2 hr at 100 C. Resistances of the 
samples ranged from 100,000 ohms 
before heating to about 2 megohms 

after heating. The twisted pair will be used for circuits where the low in­
sulation resistance is acceptable. The vendor has been notified that the 
assenablies would be acceptable if the insulation resistance of the twisted 
asbestos wires were 250,000 ohms, conductor to conductor, and 1.0 megohm, 
conductor to ground. 

Installation of the feed throughs in the Argon Cell of the 
Fuel Cycle Facility has started. Figure 17 is a view in the Argon Cell 
showing a bank of five feed throughs. Shown are a pneumatic, an induction 
heating, an electrical and thermocouple, and two Zj -in. vacuum feed 
throughs. Jumpers from these and other feed throughs will connect equip­
ment to services brought into the Argon Cell. 

Figure 17 

ARGON CELL SERVICE FEED 
THROUGHS. BANK OF 

FEED THROUGHS -
CELL SIDE 
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F i g u r e 18 i s the s a m e bank of feed t h r o u g h s shown f r o m b e n e a t h the A r g o n 
C e l l . F i g u r e 19 i s a c l o s e u p v i ew of the s ea l ing m e c h a n i s m u s e d on a l l 
but t h e b l ind feed t h r o u g h s . P r i i a i a r y s e a l i n g i s a c c o m p l i s h e d by t i gh ten ing 
the b o l t s shown in F i g u r e 19 and d r a w i n g the feed t h r o u g h down a g a i n s t a 
c o p p e r g a s k e t l o c a t e d b e t w e e n the top f lange of the feed t h r o u g h and the top 
f lange of the s l e e v e ( see F i g u r e 17). A s e c o n d a r y s e a l on the b o t t o m is 
m a d e wi th the u s e of two r u b b e r O - r i n g s l o c a t e d on the m i d d l e f lange shown 
in F i g u r e 19. One O - r i n g b e a r s a g a i n s t the bo t t om flange of the s l e e v e , 
whi le the o t h e r i s a g a i n s t the o u t e r d i a m e t e r of the feed t h rough . E x p a n ­
s ion and c o n t r a c t i o n of the feed t h r o u g h , whi le in u s e , is p r o v i d e d for by 
the u s e of B e l l e v i l l e s p r i n g w a s h e r s . F i g u r e 20 shows a feed t h r o u g h b e i n g 
l o w e r e d into a s l e e v e by the o p e r a t i n g m a n i p u l a t o r . All feed t h r o u g h s can 
be r e m o v e d and r e p l a c e d r e m o t e l y wi th the m a n i p u l a t o r s o r ce l l c r a n e s . 

Figure 18 

• CELL SERVICE FEED 
OUGHS. BANK OF 

"ED THROUGHS -
SUBCELL SIDE 

Figure 19 

ARGON CELL SERVICE FEED THR-
FEED THROUGH SEALING MECH -
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flowing into the stack at the EBR-II site 

Figure 20 

ARGON CELL SERVICE FEED THROUGHS. LOWERING 
A FEED THROUGH INTO A SLEEVE 

The gas-sampl ing method for the suspect s tack-moni tor ing 
sys tem has been modified. This sys tem ixieasures the activity of the gas 

The original design uti l ized two 
horizontal baixipling nozzles , one 
located on each side of the duct 
between the stack and the "Y" 
connection to the two stack fans 
(only one fan opera tes at a t ime). 
The possibil i ty of using a single 
ver t ica l nozzle instead of two 
horizontal nozzles was studied 
and looked promising. Various 
tap locations along the top of the 
duct were uti l ized to make m e a s ­
u remen t s of velocity profile. A 
tap location was chosen and a 
single nozzle will be used. This 
nozzle pene t ra tes 18 in. in from 
the top of the 5-f t -diameter duct 
and is located about 2 ft c loser 
to the stack than the planned 
location of two original nozzles . 
Use of one nozzle will simplify 
the sampling sys tem by e l imi­
nating two motor -ope rated valves 
and ext ra piping. 

One of the most t rouble­
some problems in the use of 
remotely controlled manipulators 
in a la rge hot cell is the pe rcep­

tion of depth. The lack of any sense of "feel" in the manipulator inc reases 
the importance of depth percept ion to avoid ser ious damage to equipment. 
Although most operat ions of the fue l - reprocess ing cycle itself a re con­
ducted within about 5 ft of a shielding window (10 ft from the opera tor ) , 
some routine cell maintenance operat ions have to be accomplished at 
dis tances up to 24 ft from the opera tor . To furnish magnification and to 
enhance depth perception, a prototype ins t rument was designed and built 
late in 1957 (see ANL-5858, page 118, and ANL-5959, page 163). 

The unit has been redesigned (see F igures 21 and 22) to 
increase its light efficiency by about 50 percent , to dec rease its weight 
from 164 to 11 J lb, and to incorporate draw tube focusing for the eyepieces . 
The last feature makes it possible to focus on objects at dis tances from 
infinity to 5 ft away. Commerc ia l ly available b inoculars , such as were 
used in the prototype, can only cover this range by changing three adapter 
space r s . Specifications and drawings a re being p repared for the fabr ica­
tion of four s te reo-opt ica l depth pe rcep to r s of improved design. 



Figure 21 

STEREO-OPTICAL DEPTH PERCEPTOR 
SCHEMATIC PLAN VIEW 

(AXIAL RAY TRACE) 

F o u r w i d e - a n g l e v i e w e r s h a v e b e e n o r d e r e d f o r u s e in 
e x i s t i n g s l e e v e s in t h e r o o f a n d t h r o u g h t h e w a l l of t h e A r g o n C e l l . O n e 
v i e w e r w i l l h a v e a h a l f a n g l e of v i e w * of 2 2 ^ d e g r e e s a n d w i l l b e i n s t a l l e d 
in a s l e e v e l o c a t e d in F a c e N o . 1 of t h e A r g o n C e l l a t a h e i g h t of 20 ft 
a b o v e t h e c e l l f l o o r . T h i s l o c a t i o n w i l l b e t h e o n l y v a n t a g e p o i n t f r o m 
w h i c h a l l of t h e t o p of t h e c e n t e r c o n t r o l r o o m a n d t h e l o w e r e n d of t h e 
c e n t r a l p i v o t t o w e r c a n b e s e e n . I n a d d i t i o n , t h i s l o c a t i o n w i l l a f f o r d a 
c l o s e v i e w of t h e l i f t i n g b e a m of t h e r e m o v a l h o i s t w h e n i t i s b e i n g u s e d 
f o r r e m o v i n g c r a n e o r m a n i p u l a t o r c a r r i a g e s f r o m t h e i r b r i d g e s . T h r e e 
v i e w e r s h a v i n g a h a l f a n g l e of v i e w of 45 d e g r e e s w i l l b e u s e d t h r o u g h r o o f 
s l e e v e s f o r g e n e r a l v i e w i n g a n d s h o u l d b e p a r t i c u l a r l y u s e f u l f o r o b s e r v i n g 
c r a n e s a n d m a n i p u l a t o r s f r o m a b o v e . E a c h o b j e c t i v e i s a s i m p l e d o u b l e 
c o n c a v e l e n s of c e r i u m - p r o t e c t e d s h i e l d i n g g l a s s . T h e o p t i c a l p a t h i s 
2 in . i n d i a m e t e r a n d i s o f f s e t 3 ^ in . a t m i d - t h i c k n e s s of t h e s h i e l d i n g 
w a l l o r roof . A v a r i a b l e - p o w e r s p o t t i n g t e l e s c o p e (up t o 30X) w i l l b e u s e d 
f o r i n s p e c t i n g t h e p a n o r a m i c i m a g e i n g r e a t e r d e t a i l . 

c . M a n i p u l a t o r s a n d C r a n e s 
( J . G r a a e , R . V r e e , W. V o s s ) 

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

*Ha l f a n g l e of v i e w of a n o p t i c a l s y s t e m i i s d e s c r i b e d a s t h a t a n g l e , 
m e a s u r e d f r o m a p e r p e n d i c u l a r t o t h e p l a n e of t h e o b j e c t i v e l e n s , w h i c h 
d e f i n e s a r i g h t c i r c u l a r c o n e w i t h i n w h i c h a l l p o i n t s a r e v i s i b l e . 

Figure 22 
STEREO-OPTICAL DEPTH PERCEPTOR. PER­

SPECTIVE VIEW OF RIGHT HALF ONLY 



unassis ted. The rack can be moved about and placed on the floor of the 
cell without being bolted down before using. This has the advantage of 
providing a visible indication of contact between the manipulator a r m and 
the rack. An operator can see the rack move or tilt and will thereby get 
a sensitive indication of the position of the a rm. Testing of this prototype 
rack has suggested a few improvements . A new rack is being built and 
will be shipped to Idaho for testing in the Fuel Cycle Facil i ty. 

The ease with which the forearra can be detached from 
the manipulator suggests that special attachm.ents with ro ta ry motion be 
considered. The basic grip drive provides ro ta ry motion which is con­
verted to l inear motion in the fo rea rm. Exaraples of special at tachments 
that might be used in place of the fo rea rm are wrenches , a grease gun, or 
a direct drive for exper imental apparatus . -

Magnetic-powder clutches (see A N I J - 6 4 1 3 , page 83) will 
be used in the grip dr ives for the manipulators now at Idaho, ra ther than 
electromagnet ic c lutches. Experience with the prototype manipulator in 
the miockup has shown that the present electromagnetic friction clutches 
a re not sat isfactory as torque- l imit ing devices because they respond in an 
unpredictable manner . As a resul t , the grip would sometimes jam and have 
to be re leased manually. The new magnetic-powder clutch has been tes ted 
over a period of severa l mionths and has performed very successfully. 
This type of clutch was therefore ordered for the manipulators at Idaho. 

The clutches, which have been received and are being in­
spected, a re not identical with the clutch tes ted in the mockup, but have 
som.e modifications. One of the new clutches has been instal led tempo­
ra r i ly on the prototype manipulator for additional testing. 

d. Mater ia l s Testing 
(G. Bernste in , L. Coleman, A. Chilenskas, J. Graae) 

Evaluation of e l a s tomers as possible substi tutes for the 
lead gaskets now specified for use in the large t ransfer lock is continuing. 
The e l a s tomers a re being i r rad ia ted while under compress ion in the test 
assem.bly described in ANL-6477, page 76. An examination of Adiprene C* 
after it had been exposed to a radiation level of 1 x lO' rad showed that it 
was still soft and res i l ien t , and it was judged serviceable at this level. 
I r radia t ion of this sample is continuing. Neoprene and gum rubber , the 
two ma te r i a l s previously examined for this use , were judged serviceable 
up to levels of 2 x 10 rad and 4 x 1 0 rad, respect ively. 

*A product of Minnesota Rubber Company. 



2. Skull Reclamat ion P r o c e s s 

a. Skull Oxidation Equipmtent 
(W. E. Mil ler , M. A. Slawecki, H. Stethers) 

After the mel t refining step is performed, a skull r emains 
in the z i rconia crucible . The skull will be oxidized in order to convert it 
into a powder which may be easi ly removed from the crucible . A prelimii-
nary mockup of the proposed systenn was built and used to oxidize ordinary 
skulls , n i t r ided skulls , and alloy s c r ap (ANL-6543, page 84). The major 
feature of the sys tem is i ts ability to keep the ra te of the oxidation r e a c ­
tion nea r ly constant throughout the oxidation period. 

A p re l im ina ry wiring d iagram for the panel board of the 
gas -cont ro l sys tem to be used with the skull oxidation equipment has been 
completed. The panel board provides control for a s e r i e s of operat ions 
n e c e s s a r y to accomplish a complete burning cycle. 

Significant concentra t ions of oxygen will be p resen t in the 
off-gas from the skull oxidation furnace. Since one of the components of 
the off-gas sys tem of the fuel cycle facility is a charcoal bed which p ro ­
vides additional hold-up t ime for the decay of radioact ive iodine and the 
r a r e gases krypton and xenon, the p resence of substantial amounts of 
oxygen in the off-gas will c rea te a fire haza rd and the conconaitant hazard 
of r e l eas ing radioact ivi ty. To overcome this difficulty, a unit for the r e ­
moval of oxygen will be ins ta l led between the oxidation furnace and the 
plant off-gas sys tem. 

b. Collection of Metal Vapors 
(W. E. Miller) 

The product from the precipi ta t ion step of the skull 
rec lamat ion p r o c e s s is u ran ium coated with magnes ium-z inc . Disti l lation 
of the magnes ium-z inc from the uraniumi in a s tandard melt refining c ru ­
cible in the mel t refining furnace would be advantageous, because no 
other furnace, c ruc ib le , or t r ans fe r would be r equ i red to re introduce this 
uranium into a fuel ingot. 

In a previous run (see ANL-6543, page 86) in which a 
500-g charge of miagneslum-zinc was dis t i l led under ord inary inelt r e ­
fining conditions (one a tmosphere iner t gas p r e s s u r e and 1400 C maximum 
m.elt temiperature) , only about 95 percent of the charge was collected on 
a m.olded F ibe r f r ax absorber t r a p . It is bel ieved that vapors amounting 
to five percen t of the charge permieated the z i rconia crucible and the 
graphite susceptor of the furnace. To el iminate vapor escape by this 
route, a l iner of 304 s ta in less s teel was substi tuted for an inner graphite 
susceptor and placed between the outer furnace susceptor and the zi rconia 



crucib le . The modified melt refining furnace was used m two runs which 
were made under reduced p r e s s u r e s (100 and 150 mm) of argon at a 
maximum t e m p e r a t u r e of 1020 C in o rde r to protec t the l iner against ex­
cess ive heat . In these runs , a considerable amount of the magnes ium-z inc 
charge was found lodged between the l iner and crucible , and made the r e ­
moval of the crucible difficult. The use of a s teel l iner in the mel t refining 
furnace a s sembly has been abandoned. 

c. Remote Operations Equipment Development 
(G. Berns te in , A. Chilenskas, L. Coleman, T. Ecke l s , 
W. Miller , H. Stethers) 

Fabr ica t ion of the f i r s t model of a skull ox ide-process ing 
furnace has been completed. This furnace will be instal led in the EBR-II 
mockup a r e a for t es t pu rposes . The initial assembly will contain a graphite 
c ruc ib le , 15 in. in d iameter and 28 in. high, made to plant sca le , that i s , to 
p r o c e s s 5 kg of skull oxide. Induction heating at 10,000 cps will be used, 
together with mechanica l s t i r r r i n g . Subsequent t e s t s will be made with 
low-frequency induction heating and mixing. 

Designs for oxide-charging and p roduc t - r emova l mecha -
nisnas have been completed. 

d. Inductive Heating and Mixing 
(A. A. Chilenskas) 

Inductive heating and mixing with low-frequency power is 
being examiined for use in the noble me ta l - ex t r ac t ion and reduct ion steps 
of the skull rec lamat ion p r o c e s s . Appreciable equipment simplification 
will be possible if inductive heating and mixing should prove feas ible . 

In one exper iment in which a 60-cps power supply was 
used, the charge consis ted of 2 kg skull oxide, 5.6 kg Dow 230 Flux,* 
2.95 kg magnes ium, and 34 kg zinc. The charge was contained in an in­
sulated graphite c ruc ib le , 21 in. high having an ID of 7-|-in, and a wall 
th ickness of — in. The induction coil was 14-2-in. high and consis ted of 
24 tu rns of rec tangular copper ba r , 1 in. b y - j in. in c ros s sect ion. Each 
tu rn was spaced -g-̂ "-* ^^^ ^^^ coil was water cooled. The power supply to 
the coil was l imited to 860 amp at 21 v. A reduction of 17 percent of the 
skull oxide charged was obtained. No f i rm conclusion can be drawn from 
this resul t regard ing the adequacy of inductive mixing for this application 
s ince the power-supply systena (36-kva t r a n s f o r m e r , voltage control led 
by a 30-kw sa turable reac to r ) was inadequate, because of the low power 
factor obtained with the inductor coil . Input to the m e t a l - s a l t charge was 

*55 percent KCl, 34 percent MgClg, 9 percent BaClz, and 2.0 p e r ­
cent CaF2. Produced by Dow Chemical Co. 



lim.ited to about 3 kw, with a resul t ing charge tenaperature of about 700 C. 
A t empera tu re of 800 C is des i rab le . Never the less , resu l t s to date a re 
considered sufficiently encouraging to war ran t continued effort along these 
l ines . 

Specifications a r e being wri t ten for a var iable-f requency 
power-supply sys tem with power-factor cor rec t ion , which will pe rmi t 
power inputs up to 15 kw for a frequency range of 20 to 120 cps. Calcula­
tions show that charge t e m p e r a t u r e s of 800 C (the p rocess t empera tu re ) 
will be readi ly obtained and that the agitation at 20 cps will be about 
10 tinaes that obtainable with the present sys tem. 

C. Chemis t ry of Liquid Metals 
(I, Johnson, H. M. Feder ) 

Investigations of the chenaistry of liquid metal sys tems are being 
conducted to provide bas ic concepts and data for the design of methods for 
the r ep roces s ing of r eac to r fuels. In addition, the r e su l t s of these studies 
provide ideas and data for the formulation and test ing of theor ies of liquid 
metal solutions. 

1. Solubilities in Liquid Metals 

The solubili t ies of the meta l s whose separat ions a r e being at­
tempted a re of p r ime importance in the design of fue l - reprocess ing 
m.ethods. The dependence of the solubility on t empera tu re and solvent 
composit ion needs to be known. The solubility and t empera tu re coeffi­
cients of solubility of a meta l l ic phase in a liquid metal solvent a re 
strongly dependent on the in tera tomic forces operat ive in the solution 
and, consequently, may be used to gain g rea te r insight into the way in 
which these forces vary with the bas ic p roper t i e s of the solute and solvent 
a toms. F o r such fundamental s tudies, it is necessa ry to know the consti tu­
tion of the solid phase in equi l ibr ium with the sa tura ted liquid phase. 

Solubility of Uranium in Liquid Galliuin 
(M. G. Chasanov and P . D. Hunt) 

The solubility of u ran ium in liquid gallium was de termined 
with the appara tus descr ibed previously (see ANL-6413, page 88). High-
puri ty gall ium (99-99 percent) and r e a c t o r - g r a d e uranium were used. 
Back-dra inage of liquid meta l samples through the fil ter plug made it 
n e c e s s a r y to abandon the usual technique of f i l tered samples in the ex­
pe r imen t s . A "grab" sample technique, in which the sa tura ted melt 
entered a sealed quar tz tube through a hole in the side of the tube, proved 
sat isfactory. The in te rmeta l l i c compound present in the solution was al­
lowed to set t le for one-half to one hour p r io r to the inser t ion of the "grab" 
tube. Uranium was de termined by f luorometr ic methods. 
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The e x p e r i m e n t a l da t a a r e given in T a b l e 16 and a r e shown 
g r a p h i c a l l y in F i g u r e 23 . The da t a of T a b l e 16 w e r e u s e d to c o m p u t e the 
fol lowing so lub i l i t y equa t ion : 

(343 to 649 C) U r a n i u m : log ( a tom p e r c e n t ) = 6.70 - 8840 T ' H 1 .99x10^ T"^ 

The r e l a t i v e s t a n d a r d dev i a t i on for t h i s equa t ion i s 17 p e r c e n t . 

T a b l e 16 

SOLUBILITY O F URANIUM IN LIQUID GALLIUM 

T e m p 
(C) 

343 
420 
448 
474 
499 

Uran iuna 
(a tom p e r c e n t ) 

0.00412 
0.014o 
0.0163 
0.024g 
0.0345 

T e m p 
(C) 

522 
554 
580 
600 
649 

U r a n i u m 
(a tom p e r c e n t ) 

O.O7I9 
O.O860 
O.l lg 
0.177 
0.257 

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 f u r n a c e - c o o l e d so lub i l i t y 
ingot r e v e a l e d the p r e s e n c e of an i n t e r m e t a l l i c p h a s e which w a s ident i f ied 

Figure 23 
SOLUBILITY OF URANIUM IN LIQUID GALLIUM 
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a s UGaj b y n a e a n s of X - r a y d i f f rac ­
t ion. ' T h e r m a l a n a l y s i s of a 
g a l l i u m - e i g h t weight p e r c e n t a l loy 
gave no r e p r o d u c i b l e a r r e s t s in 
the r a n g e f r o m 350 to 750 C. Th i s 
a l loy w a s quenched a f te r be ing he ld 
at 600 C for about 18 h r ; the i n ­
t e r m e t a l l i c compound p r e s e n t was 
a l s o ident i f ied a s UGaj . It a p p e a r s 
t ha t UGaj i s t he so l id p h a s e in 
e q u i l i b r i u m with the l i qu idus o v e r 
the r a n g e i n v e s t i g a t e d . T h i s i s in 
a g r e e m e n t wi th H a n s e n ' 3 8 p h a s e 
d i a g r a m . 

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 and C. Wach) 

The e x i s t e n c e of a second 
i n t e r m e t a l l i c p h a s e ( d e s i g n a t e d the 
e p s i l o n p h a s e ) in the z i n c - u r a n i u m 
s y s t e m w a s c o n f i r m e d by X - r a y 
and m e t a l l o g r a p h i c exana ina t ions 

•"Schablaske, R., and Tani, B., private communication. 
SHansen, M., and Anderko, K., Constitution of Binary Alloys, 2nd ed., McGraw-Hill Book Co. 
New York (1958). 



of the products of a 53-day anneal of seven z inc-uranium alloys at 650 C. 
The alloys ranged in conaposition from 24.8 to 29.7 percent uranium. The 
alloys were formed initially in sealed tantalum capsules by naelting in a 
rocking furnace at 1050 C, from which t e m p e r a t u r e they were quenched in 
ice water to yield alloys with very fine s t r u c t u r e s . Por t ions of the alloys 
were then sealed in Vycor tubes p r io r to the long annealing per iod at 650 C. 

After the long anneal, the alloys with composit ions 24.8, 26.7, 
27.2, and 27.7 percent uran ium were found to consist essent ia l ly of the 
epsilon phase . The X- r ay data obtained with these alloys showed p r o g r e s ­
sive changes cha rac t e r i s t i c of the changes in composit ion of a solid-
solution alloy. On the other hand, alloys with the composit ion 28.65, 28.94. 
and 29.72 percent u ran ium were observed to consist of the epsilon and 
delta phases . The percen tages of the epsilon phase in the s t ruc tu res were 
determined from a rea l metal lographic m e a s u r e m e n t s as 71.2, 53.3, 3-̂ d 
14.4 percent , respec t ive ly . 

On the assumpt ions that the delta phase is the previously e s ­
tabl ished" phase of composit ion UjZniy and that the densi t ies of the epsilon 
and delta phases a re substantial ly the s ame , the compositions of the epsilon 
phase in these two-phase alloys were calculated from these a rea l m e a s u r e ­
ments to be 28.IQ, 28.0, and 28.03 percent u ran ium, respect ively . The good 
agreement of these f igures indicates that equi l ibr ium was reached in the 
alloys during the long anneals and that 28.0 percent uranium is the com­
position of the u r a n i u m - r i c h boundary of the epsilon phase. 

The z inc - r i ch boundary of the epsilon phase at this temipera­
ture was es tabl ished by another exper iment . A 1.5 percent uran ium mel t 
was cooled slowly to room t e m p e r a t u r e from 725 C. A portion of the bed 
of epsilon c rys t a l s in a zinc m a t r i x thus obtained was remel ted and held at 
650 C for one day to allow equil ibrat ion of the c rys ta l s with the naelt at 
that t e m p e r a t u r e and then quenched to room t e m p e r a t u r e . The c rys ta l s 
were ext rac ted frona the resul t ing ingot by electrolyt ic etching. The 
cheraical analys is of the c rys t a l s was 24.0 percent uranium and 75.7 p e r ­
cent zinc. Co r r ec t ed to 100 percent , this amounts to 24.1 percent uranium 
and 75.9 percent zinc. 

Thus, at 650 C the epsilon phase field extends from 24.1 to 
28.0 percent u ran ium and the epsilon plus delta field extends from 28.0 to 
30.0 percent uraniuna. (It had previously been established-'-^ that the delta-
p lus -u ran ium field extends from 30.0 to about 100 percent uraniuna.) 

9 E . S. Makarov and S. I. Vinogradov, Kris ta l lograf ia , j . , 634-643 
(1956). 

Op. Chiotti , H. H. Klepfer, and K. F . Gill, T r a n s . AIME, 209, 51-57 
(1957). 
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Solubi l i ty of Z i r c o n i u m in L i q u i d M a g n e s i u m - Z i n c So lu t ions 
(I. J o h n s o n and K. E . A n d e r s o n ) 

The so lub i l i t y of z i r c o n i u m in an a p p r o x i m a t e l y 1:1 (by weight ) 
z i n c - m a g n a s l u m so lu t i on h a s b e e n m e a s u r e d a s a funct ion of t e m p e r a t u r e . 
T h i s s tudy w a s u n d e r t a k e n to p r o v i d e a u x i l i a r y i n f o r m a t i o n for t h e i n t e r ­
p r e t a t i o n of the r e s u l t s of c o p r e c i p i t a t i o n e x p e r i m e n t s p r e v i o u s l y r e p o r t e d 
( see A N L - 6 4 7 7 , page 96). The r e s u l t s of t h i s s tudy a r e a l s o use fu l in the 
d e v e l o p m e n t of the skul l r e c l a m a t i o n p r o c e s s . 

A naelt w a s p r e p a r e d f r o m 2.54 g of n e u t r o n - i r r a d i a t e d z i r c o ­
n i u m , 175.0 g of m a g n e s i u m (99-99 p e r c e n t ) , and 175.1 g of z inc (99-99 p e r ­
cent ) by h e a t i n g to 811 C in a 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 for about 16 h r . 
S a m p l e s w e r e t aken by m e a n s of t a n t a l u m t u b e s f i t t ed wi th p o r o u s t a n t a l u m 
f i l t e r s . T h e z i r c o n i u m a n a l y s e s w e r e done r a d i o c h e m i c a l l y . C h e m i c a l 
a n a l y s i s of the i n i t i a l m e l t a g r e e d to wi th in 10 p e r c e n t of t h a t o b t a i n e d by 
a r a d i o c h e m i c a l m e t h o d . The c h e m i c a l m e t h o d w a s c h o s e n to e s t a b l i s h 
the a b s o l u t e v a l u e s . The da t a a r e g iven in T a b l e 17. 

T a b l e 17 

SOLUBILITY O F ZIRCONIUM IN 
MAGNESIUM-ZINC SOLUTION 

Solu t ion C o m p o s i t i o n (weight p e r c e n t ) 

T e m p (C) 

811 
759 
709 
652 
611 
5 64 
507 
451 
422 

Z i r c o n i u m 

0 .66^ 
0.487b 
0.54 
0.36i 
0.275 
O.I63 
0.0736 
0.035i 
0.021g 

Z inc 

48.1 
47.6 
47.5 
47.9 
47.1 
46 .8 
47 .2 
46.9 
47 .4 

M a g n e s i u m ^ 

51.2 
51.9 
52.0 
51.7 
52,6 
53,0 
52.7 
53.1 
52.6 

^Magnes iuna o b t a i n e d by d i f f e r ence f r o m 
100 p e r c e n t . 

•^Solutions p r o b a b l y not s a t u r a t e d . 

T h e in i t i a l s a m p l e w a s found to c o n t a i n 48 .1 p e r c e n t z inc and 
0.66 p e r c e n t z i r c o n i u m . S ince t h e i n i t i a l c h a r g e c o n t a i n e d 49 .7 p e r c e n t 
z i n c , it i s a p p a r e n t t h a t s o m e z inc w a s l o s t by v a p o r i z a t i o n to the c o o l e r 
p a r t s of the f u r n a c e t u b e . If i t i s a s s u m e d tha t n e i t h e r z i r c o n i u m n o r 
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n a a g n e s i u m w a s l o s t b y v a p o r i z a t i o n , t h e n 1 0 . 6 g of z i n c ( s i x p e r c e n t ) w a s 
v a p o r i z e d . T h e a m o u n t of z i r c o n i u m f o u n d in t h e i n i t i a l s a m p l e i s a b o u t 
11 p e r c e n t l e s s t h a n t h e a m o u n t c h a r g e d . T h i s d i s c r e p a n c y i s p r o b a b l y 
w i t h i n t h e l i m i t s of t h e u n c e r t a i n t i e s of a n a l y s i s a n d s a m p l i n g . 

T h e d a t a a r e s h o w n i n F i g u r e 2 4 . T h e b r e a k in t h e s o l u b i l i t y 

c u r v e a t a b o u t 610 C s u g g e s t s t h a t t w o d i f f e r e n t i n t e r n a e t a l l i c p h a s e s a r e 
f o u n d a s e q u i l i b r i u m s o l i d p h a s e s -

Figure 24 ^^^ p h a s e b e l o w 610 C a n d o n e p h a s e 
SOLUBILITY OF ZIRCONIUM IN LIQUID a b o v e 6lO C . T h e t w o e q u i l i b r i u m 

p h a s e s in t h e p r e s e n t e x p e r i m e n t w e r e 
n o t i s o l a t e d a n d i d e n t i f i e d . 

ZINC-MAGNESIUM SOLUTION, 
47-48 WEIGHT PERCENT ZINC 

S o l u b i l i t y of U r a n i u m i n 
M a g n e s i u m - Z i n c S o l u t i o n s 
(I. J o h n s o n , K. E . A n d e r s o n , 
J . B a r t o s * ) 

T h e s o l u b i l i t y of u r a n i u m in 
m a g n e s i u m - z i n c s o l u t i o n s h a s b e e n 
m e a s u r e d a t 7 5 0 , 7 0 0 , a n d 650 C a s a 
f u n c t i o n of m a g n e s i u m c o n c e n t r a t i o n . 

A s o l u t i o n of z i n c , n a a g n e s i u m , 
a n d u r a n i u m w a s p r e p a r e d b y s t i r r i n g 
t h e c o n a p o n e n t s t o g e t h e r a t t e m p e r a ­
t u r e o v e r n i g h t . T h e i n i t i a l c h a r g e 
c o n t a i n e d 18 t o 25 w e i g h t p e r c e n t m a g ­
n e s i u m a n d s u f f i c i e n t u r a n i u m t o 
o b t a i n a s a t u r a t e d s o l u t i o n a t t h e t e n a ­
p e r a t u r e of t h e e x p e r i m e n t , i . e . , a 
s m a l l e x c e s s of u r a n i u m w a s u s e d . 
A f t e r t h e i n i t i a l c h a r g e h a d b e e n 
s a m p l e d w i t h a t a n t a l u m s a m p l e t u b e 
f i t t e d w i t h a t a n t a l u m f i l t e r , a d d i t i o n a l 

m a g n e s i u m w a s a d d e d . A f t e r e q u i l i b r i u i a a w a s a t t a i n e d , t h e l i q u i d p h a s e 
w a s a g a i n s a m p l e d . F u r t h e r m a g n e s i u m a d d i t i o n s w e r e m a d e a n d s a m p l e s 
t a k e n u n t i l t h e l i q u i d s o l u t i o n c o n t a i n e d a b o u t 65 p e r c e n t m a g n e s i u m . T h e 
s a i a i p l e s w e r e a n a l y z e d f o r u r a n i u m a n d z i n c . T h e d a t a o b t a i n e d a r e g i v e n 
i n T a b l e 1 8 . 

T h e s o l u b i l i t y ( a t o m f r a c t i o n ) i s s h o w n a s a f u n c t i o n of m a g ­
n e s i u m c o n t e n t of t h e s o l u t i o n i n F i g u r e 2 5 . I t m a y b e o b s e r v e d t h a t t h e 
l o g a r i t h m of t h i s s o l u b i l i t y i s n o t q u i t e a l i n e a r f u n c t i o n of t h e a t o m f r a c ­
t i o n of m a g n e s i u n a . 

* C o - o p s t u d e n t . 



T a b l e 18 

S O L U B I L I T Y O F U R A N I U M IN M A G N E S I U M - Z I N C S O L U T I O N S 

T e m p 
iC) 

750 
748 
751 
750 
752 
751 

C 
(we 

Z n 

72.6 
70.4 
Dl .2 

49 .9 
39.8^ 
33.25 

D m p o s i t i o n 
ght p e r c e n t ) 

Mga 

17.7 
2 5 . I g 
37.69 
49.75 
59.99 
66.56 

U 

q.7 
4 .42 
1.11 
0 . 3 4 , 
O.I62 
0 .091 

T e m p 
iC) 

698 
702 

699 
704 
703 
707 

C o m p o s i t i o n 
(•weight p e r c e n t ) 

Zn 

74.0 
67 .4 
60 .3 
49 .8 

40.9o 
3 6 . 3 , 

Mga 

18.9 
30 .07 
38.86 

49.9o 
58.98 
63.58 

U 

7.1 
2.53 
0 .84 
0 .304 

0.124 
O.lOi 

T e m p 
(C) 

648 
650 
650 
651 
651 
D 5 2 

C on^po-sit ion 
(•weight p e r c e n t ) 

Zn 

71.7 
65 .3 
54.5 

46.96 
4 1 . 1 , 

34.80 

M g a 

25.06 
33.36 
45.16 
52.87 
5 8 . 7 , 
65.15 

U 

3.24 
1.34 
O.Jig 
0.174 
0 .090 
0 .054 

3-Mg ob ta i i i ed b-y d i f f e r e n c e . 

® 750 C 
O 700 C 
A 650 C 

Figure 25 

SOLUBILITY OF URANIUM IN 
ZINC-MAGNESIUM SOLUTIONS 

0 2 0 4 06 0 8 10 
MAGNESIUM ATOM FRACTION 

The data for each t empera tu re were used to determine the 
constants of equations of the form 

2 
- log xu - a + b xMg + c xMg 

The equations were used to es t imate the solubility in pure naagnesium. 
The following r e su l t s , expressed in weight percent uranium, were obtained: 

1.27 x 10"'" at 750C: 9.7 x 10"^ at 700C: and 4.2 x 10"^ at 650 C. 



These es t ima tes a r e in good agreement with the solubilit ies repor ted by 
P . Chiotti and H. E. Shoemaker;11 they repor ted 1 .4 x 10"^ weight p e r ­
cent at 750 C. 

2. Liquid-Liquid Distr ibution Studies 

Distr ibution coefficients for a number of e lements which occur 
in nuclear fuels have been m e a s u r e d in the lead-z inc sys tem.* With the 
z i rconium re su l t s repor ted below, the data for the lead-zinc sys tem a re 
essent ia l ly complete . The application of these data to p rocess schemes , 
however, r equ i r e s further study. 

The Distr ibution of Zirconiuna-95 between Lead and Zinc in 
the P r e s e n c e of Uranium, Cer ium, and Ruthenium 
( F . Cafasso, and J . Vincenzi) 

The dis tr ibut ion coefficients of z i rconium between lead and 
zinc in the p resence of u ran ium, ce r ium, and ruthenium were measu red at 
th ree t e m p e r a t u r e s : 701, 732, and 755 C. The distr ibution coefficients of 
uranium, ce r i um, and ruthenium and also the details of the exper imenta l 
p rocedure have been given previously (ANL-6477, page 100). To recap i tu ­
late briefly, a sample of i r r ad i a t ed uranium** was placed in an Alumina 
crucible together with some lead and zinc. The charge was heated to the 
des i red t e m p e r a t u r e , s t i r r e d , and sampled. 

The average value of the distr ibution coefficient of zirconiuna 
(cpm per mg zi rconium in upper l a y e r / c p m per mg zirconium in lower 
layer ) found at each t e m p e r a t u r e is given in Table 19. These values a r e 
530 at 701 C, 350 at 732 C, and II 0 at 757 C To allow compar ison, the 
distr ibution coefficients of uranium, ce r ium, and ruthenium a r e included 
in Table 19-

The low level of z i rconium-95 activity in the samples presented 
a formidable analyt ical p rob lem which, although solved, introduced a la rge 
uncer ta inty in the z i rconium r e s u l t s . Consequently, the recorded z i r c o ­
nium coefficients should be cons idered only in ternas of the o rde r of m a g ­
nitude. For this r eason , it does not seem appropr ia te to make a ser ious 

l i p . Chiotti and H. E. Shoemaker , Ind. and Eng. Chem., 50, 137-140 (1958). 

*Measurements may be found for uraniuna, ce r ium, s t ront ium, and 
palladiuna in ANL-6231, page 74; for ce r ium and palladium in 
ANL-6333, page 113; for ce r ium and s t ront ium in ANL-6413, page 92; 
for u ran ium and plutonium in ANL-6477, page 98; for uranium, 
ce r ium, and ruthenium in ANL-6477, page 100; and for uranium, 
plutonium, ces ium, and s t ront ium in ANL-6543, page 97. 

**The sample of nornaal u ran ium was i r r ad ia t ed in a neutron flux of 
6 X 10^^ neu t rons / ( sq cm)(sec) for 30 hr and cooled for one week 
before u s e . 
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c o m p a r i s o n of t h e a b s o l u t e v a l u e s of the z i r c o n i u m coef f i c ien t s wi th t h o s e 
of u r a n i u m , c e r i u m , and r u t h e n i u m . H o w e v e r , s o m e g e n e r a l c o m m e n t s 
a r e p o s s i b l e . The r e s u l t s do i n d i c a t e t ha t s e p a r a t i o n of z i r c o n i u m f r o m 
u r a n i u m and c e r i u m a p p e a r s to be p o s s i b l e in the l e a d - z i n c s y s t e m . The 
l a r g e u n c e r t a i n t i e s in the r e s u l t s m a k e the m e a s u r e d d i f f e r e n c e s in the 
coef f i c ien t s of z i r c o n i u m and r u t h e n i u m sub j ec t to q u e s t i o n . H o w e v e r , it 
s e e m s qu i te l i ke ly t h a t a t t h e l o w e r t e m p e r a t u r e s t h e s e d i f f e r e n c e s do e x i s t . 

T a b l e 19 

DISTRIBUTION C O E F F I C I E N T S O F ZIRCONIUM, URANIUM, 
C E R I U M , AND R U T H E N I U M B E T W E E N LEAD AND ZINC 

AS A FUNCTION O F T E M P E R A T U R E 

D i s t r i b u t i o n Coef f ic ien t , 
_ c o n c e n t r a t i o n of s o l u t e in u p p e r l a y e r 

c o n c e n t r a t i o n of s o l u t e in l o w e r l a y e r 

T e m p 
(C) Z i r c o n i u m ^ U r a n i u m C e r i u m R u t h e n i u m 

701 5.3 X 102 52 8.9 2.1 x 10^ 
732 3.5 X 102 26 5.4 6.3 x 10^ 
755 1.1 X 10^ 12 3.8 1.6 x 10^ 

3-The a v e r a g e d e v i a t i o n of the d i s t r i b u t i o n coef f ic ien t f r o m i t s 
m e a n va lue i s 0.8 x 10^ at 701 C, 1.1 x 10^ at 732 C and 
0.4 X 1Q2 a t 755 C. 

The Mutua l So lub i l i t y of L e a d and Zinc 
( F . C a f a s s o and C. Wach) 

P r e v i o u s da t a on t h e m u t u a l s o l u b i l i t y of l e a d and z inc r e ­
p o r t e d in A N L - 6 5 4 3 , page 99, showed tha t t he c o n s o l u t e t e m p e r a t u r e of 
the l e a d - z i n c s y s t e m m u s t l ie b e t w e e n 802 and 784 C. No m e a s u r e m e n t s 
w e r e m a d e b e t w e e n t h e s e t e m p e r a t u r e s . It w a s a l s o shown t h a t l i qu id -
s a m p l i n g m e t h o d s cou ld be u s e d to ob ta in i n f o r m a t i o n about the width of 
the i m m i s c i b i l i t y f ie ld n e a r the c o n s o l u t e t e m p e r a t u r e . In the l igh t of 
t h e s e f a c t s , t he m u t u a l so lub i l i t y of l e ad and z inc was r e m e a s u r e d a s a 
funct ion of t e m p e r a t u r e in o r d e r to c h e c k and ex tend the e a r l i e r d a t a and 
to l o c a t e m o r e p r e c i s e l y the t e m p e r a t u r e of c o m p l e t e i m m i s c i b i l i t y . 

L e a d and z inc w e r e c h a r g e d to an a l u m i n a c r u c i b l e and h e a t e d 
to t h e d e s i r e d t e m p e r a t u r e . The m e l t which r e s u l t e d w a s s t i r r e d wi th a 
t a n t a l u m p a d d l e for 2 h r and a l lowed to s e t t l e for 3 h r at e a c h t e m p e r a t u r e 
b e f o r e the f i r s t s a m p l e s of the u p p e r and l o w e r p h a s e s w e r e w i t h d r a w n . 
S a m p l e s w e r e t a k e n at 648 ± 2C, 750 ± 2C, 769 ± 2C, 789 ± 2C, 795 ± 2C, 
and 770 ± 2C, in the s e q u e n c e i n d i c a t e d . A s e c o n d s a m p l e of e a c h p h a s e 
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F i g u r e 26 

T H E MISCIBILITY GAP IN T H E L E A D -
ZINC SYSTEM ABOVE 650 C 

„L 

O PREVIOUS A N L MEASUREMENTS 
A PRESENT A N L MEASUREMENTS 
• WARING AND COLLABORATORS 

40 50 60 
LEAD, weight percent 

w a s t a k e n af ter an add i t iona l 
2 - h r s t i r r i n g p e r i o d and an 
o v e r n i g h t se t t l ing p e r i o d at 
each t e m p e r a t u r e . No s ign i f i ­
can t d i f f e r ences w e r e found 
be tween sanaples t a k e n at the 
two di f ferent s e t t l i ng t i m e s . 

The da ta a r e shown in 
F i g u r e 26 a long wi th the da t a 
of W a r i n g and h i s c o l l a b o r a ­
t o r s . ^ ^ The po in t s at 648, 750, 
and 770 C a g r e e wel l with the 
l ine d rawn th rough da ta o b ­
t a ined p r e v i o u s l y . (The e s s e n ­
t ia l a g r e e m e n t of the e a r l i e r 
n a e a s u r e m e n t s wi th t hose of 
War ing and h i s c o l l a b o r a t o r s 
w a s no ted in A N L - 6 5 4 3 , 
page 100.) The n a e a s u r e m e n t s 
inade at 789 and 795 C ind ica t ed 
tha t at t h e s e t e n a p e r a t u r e s the 

m e l t w a s a s ing le p h a s e . A p p a r e n t l y , at 789 C the l e a d - z i n c s y s t e m is at 
o r above i t s conso lu t e t e m p e r a t u r e . Since e a r l i e r m e a s u r e m e n t s (see 
A N L - 6 5 4 3 , page iOl j showed tha t a l e a d - z i n c m e l t c o n s i s t s of two p h a s e s 
at 784 C, the conso lu t e t e m p e r a t u r e laiust l i e be tween 784 and 789 C. 

Two o t h e r m e a s u r e m e n t s of the conso lu t e t e m i p e r a t u r e have 
b e e n m a d e . War ing and h i s c o l l a b o r a t o r s,!'^ u s i n g an X - r a y a b s o r p t i o n 
naethod, found the conso lu t e t e m p e r a t u r e to l ie be tween 770 C and 800 C. 
T h e i r l i q u i d - s a m p l i n g m e a s u r e m e n t s showed, h o w e v e r , tha t c o m p l e t e 
m i s c i b i l i t y o c c u r r e d by 790 C. Se i th and Johnenl^^ d e t e r m i n e d the con­
solu te t e m p e r a t u r e to be 798 C frona an e x t r a p o l a t i o n of t h e i r cool ing 
c u r v e da t a . In v iew of the e x p e r i m e n t a l d i f f icul t ies a s s o c i a t e d wi th the 
d e t e r m i n a t i o n of a c r i t i c a l so lu t ion t e m p e r a t u r e , the a g r e e m e n t b e t w e e n 
the t h r e e s t u d i e s is r e a s o n a b l y good. 

3. T h e r m o d y n a m i c S tud ies 

T h e r n a o d y n a m i c func t ions for key e l e m e n t s in l iquid naetal 
s o l v e n t s and for the 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 
n a 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 

l ^ W a r i n g , R. K., A n d e r s o n , E . A. , S p r i n g e r , R. D. , and Wilcox, R. L . , 
T r a n s . AIME, UA, 255 (1934). 

13Sei th, W., and Johnen , H . , Z . E l e k t r o c h e m . , 56, 140 (1952j. 
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be especial ly useful for the measu remen t of act ivi t ies in liquid naetal solu­
tions as well as for the determinat ion of the free energy of formation of 
the equil ibrium solid phase in solid-l iquid two-phase reg ions . On the 
other hand, for sys tems containing severa l well-defined in termeta l l ic 
phases , m e a s u r e m e n t of the decomposition p r e s s u r e by the effusion method 
is proving to be useful. The two methods supplement each other . 

Ce r ium-Cadmium System (Effusion Studies) 
(E. Veleckis and E. Van DeVenter) 

The phase re la t ions in the sys tem ce r ium-cadmium have been 
studied by landelli and c o w o r k e r s ^ ' ^ who employed laaetallographic and 
X- r ay techniques. They have repor ted the existence of the following in te r ­
mediate phases : CeCd, CeCdj, CeCds, and CeCdji. In addition, the me ta l ­
lographic evidence indicated the existence of the compounds CegCd^ and 
CeCd^. However, the s t ruc tu ra l confirmation of these two compounds was 
not at tempted because of the conaplexity of thei r diffraction pa t t e rns . 

Ell iot t and Lemons ' have m e a s u r e d the thermodynamic 
activity of cadmium in c e r i u m - c a d m i u m alloys by measur ing the cadmium 
vapor p r e s s u r e . They found single phases of na r row composition range 
extending frona CeCds.^gY to CeCd^.ogs and from CeCd4.5 to CeCd4.6. 

At Argonne National Labora to ry , the sys tem ce r ium-cadmium 
has been studied by means of the record ing effusion balance as a par t of 
a sys temat ic investigation of the phase d iagrams of the r a r e ear th e l e ­
ments with cadmium and zinc. Two typical effusion i so the rms for the 
c e r i u m - c a d m i u m system at 370 and 442 C were obtained and a r e shown 
in F igure 27. The existence of two line compounds, CeCdu and Ce2Cd9, 
is obvious f rom the inspection of the i s o t h e r m s . In addition, the low-
t empe ra tu r e i so the rm (A) shows a p r e s s u r e var ia t ion which is indicative 
of the format ion of a phase with the probable composit ion range of 

CeCds,8-6.4-

Between the composit ions Cd/Ce = 4.1 and Cd/Ce = 3.1 (see 
I so therm B), there is a l inear dec rease in p r e s s u r e , which suggests the 
formation of a phase which is homogeneous between these boundar ies . The 
absence of a plateau immedia te ly following this phase may be due to an 
excess ive depletion of cadmium from the surface of the sample , accom­
panied by the format ion of a layer through which diffusion of cadmium 

l^Iandell i , A., and Botti , E. , Gazz. chim. i taL, 67, 638 (1937), 

ISjandelli , A., and Botti , E. , Gazz. chim. i taL, 84, 463 (1954). 

l^G. R. B. Ell iot t and J. F . Lemons , J. P h y s . Chem., 64, 137 (I960). 

1'J. F . Lenaons and G. R. B. Ell iott , paper p resen ted at the XVIIIth Inter­
national Congress of Pu re and Applied Chemis t ry , Montreal , August, 
1961. 
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Figure 27 

CERIUM-CADMIUM SYSTEM. ISOTHERMS 
AT (A) 370 C (LOWER SCALE) AND 

(B) 442 C (TOP SCALE) 

ATOM RATIO. Cd/Ce 

does not take place rapidly enough to 
mainta in the saturat ion p r e s s u r e . This 
in te rpre ta t ion is supported by a very 
gradual p r e s s u r e decrease (indicated in 
F igure 27 by a dashed line) as the com­
position CeCdj is approached. Liquefac­
tion of the powdered alloy would tend to 
enhance the surface-depletion effects. 
One may therefore suppose that, unlike 
the sys tems lanthanum-cadmium 
(ANL-6543, page 106) and praseodymium-
cadmium (ANL-6477, page 103) wherein 
no such extensive depletion was observed, 
the solid-liquid t ransi t ion in the ce r ium-
cadmium system may occur at t empe ra ­
tu re s below 442 C for this composition 
range. 

To verify the phase relat ionships 
es tabl ished frona the effusion data, X- ray 
powder diffraction analyses were pe r ­
formed with a se r i e s of alloys having 
different cadmium contents. These alloys 
were p repa red in the effusion apparatus 
by stopping the cadmium vaporization 
when a prese lec ted conaposition of the 

alloy was reached. The resu l t s of the X- ray analyses are shown in 
Table 20. The symbol "E" r e fe r s to a r c pat terns that could not be identi­
fied with the known pat terns in this or s imi lar sys tems . Comparison of 
the X- ray data with the effusion i so therm indicates the correspondence 
between "E" and CejCdg. The agreenaent between the X-ray and effusion 
resu l t s is generally good except for the samples with compositions 
Cd/Ce = 3.7, 4.0, and 6.2, for which X - r a y analyses show the presence of 
two phases even though these composit ions fall within the homogeneity 
ranges of phases CeCdj and CeCdj. 

L-TH-i-^+4-6-^4-
ATOM RATIO, Cd/Ce 

Table 20 

X-RAY DIFFRACTION ANALYSES* OF SOlvIE Ce-Cd ALLOYS 

Composit ion 
(atom ra t io , 

- 2 0 
11.0 

9.6 

7.9 
6.2 

5.9 
5.0 
4 .5 

Cd/Ce) 
Diffraction 

Resul ts 

Cd -f CeCdn 
CeCdu 
CeCdji -"- CeCdj 
CeCdii + CeCd^ 
CeCdfe -̂  CeCdji 
CeCdj 
"£'• -h CeCdf, 
" E " 

(at 
Compos 

o m ra t io , 

4.0 
3.7 
3.3 
3.0 
2.4 
2.0 
1.8 

tion 
Cd/Ce) 

Diffraction 
Resul ts 

••E" • CeCdj 
"E" + CeCdj 
CeCds + CeCda 
CeCdj + CeCds 
CeCd, 
CeCd2 
CeCd2 X C e C d 

*Anal-y-ses per formed by R. Schablaske and B. Tani . 
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Figure 28 

SCHEMATIC REPRESENTATION OF THE INTER­
MEDIATE PHASES IN THE SYSTEMS 

La-Cd, Ce-Cd and Pr-Cd 

Single vertical lines denote stoichiometric com­
pounds. Shaded areas denote solid solutions. 

Lafd,, 

La-Cd 

CeCdji 

Ce-Cd 

»p" 

ii 
Lag Cdg La 

CeCdg CegCdg CeCdj 

PrCdii 

Pr-Cd 

'//// 

M 
II 

Cdg LaCd 

CeCdg CeCd 

PrCdg PrgCdg PrCdj 

V/// 
^ - ^ » 

PrCdj PrCd 

1 1 1 1 1 1 1 1 1 1 1 1 1 
12 li 10 9 8 7 6 5 4 3 2 1 0 

ATOM RATIO, Cd/M 

praseodymium than they a re for ce r ium 
the lanthanuiaa-cadmium system. 

A comparison of the in ter­
mediate phases found at ~400C in 
the sys tems lanthanuna-cadmium, 
ceriuna-cadmiuiai, and praseodymium-
cadmiuna is r ep resen ted schemat­
ically in F igure 28. In spite of 
the close s t ruc tura l and electronic 
s imi lar i ty of these th ree e lements , 
sonae differences in thei r ability 
to form compounds with cadmium 
are apparent. The phases MeCdg 
and MeCds do not appear in the 
lanthanum-cadmium sys tem but 
are present in the ce r ium-cadmium 
and praseodymium-cadmiuna sys ­
t ems , with the homogeneity 
ranges being somewhat wider for 

The phase " F " is peculiar to 

4. Structure of In termeta l l ic Compounds 
(R. Schablaske,* B. Tani ,* M. Homa*) 

a. Scandium-Cadmiuna System 

Measurements of the solubility of scandium in liquid cad­
mium led to the isolation and charac ter iza t ion of the new intermetal l ic 
phase ScCds. X- ray diffraction powder photographs of ScCd3 can be 
indexed on the bas is of a hexagonal unit cell with ao = 6.325 A and 
Co = 4.852 A. With eight atoms in the unit cell, the calculated density is 
7.55 g /cc ; the pycnometric density is 7.7 g /cc . 

The ScCd3 s t ruc ture can be r e f e r r ed to space group 
Dgh " P63/mmc; s t ruc ture type is CdMg3 (DOj^). Atomic coordinates are 

2 Sc at 0, 0, 0; 2 /3 , l / s , 1/2 

6 Cd at 1/2, 0, 0; 0, 1/2, 0 

1/2, 1/2, 0; 1/6, 1/3, 1/2 

1/6, 5/6, 1/2; 2 / 3 , 5/6, 1/2 

The s t ruc ture of ScCds is hexagonal c lose-packed as in 
the A3-type s t ruc ture but with the a-axes doubled. One atom in four of 
each of the layers at z = 0 and z = 1/2 differs from the other t h ree ; the 
l aye r s a re a r ranged with respec t to each other in such a manner that each 

•Members of the X- ray Diffraction and Spectroscopy Group. 



91 

scandium atom is in contact with t h r ee cadmiuna atoms in the adjacent 
l a y e r s . Other examples of the DOig s t ruc tu re type are ThAls, LiHgg, SnNis, 
WC03, CdMg3, and MgCdj. 

b. Vanadiuna-Zinc System 

Two in termedia te phases a re observed in the vanadium-
zinc systena. The high-zinc compound is VZns, and its s t ruc ture has been 
cha rac te r i zed previously (see ANL-6477, page 91). The more vanadiuna-
r ich compound has been tentat ively labeled V4Zn5 and is descr ibed here in . 

Heats of mix tu res of vanadium and zinc indicated ear ly 
in the investigation that the more vanad ium-r ich intermediate phase has 
a nominal composit ion corresponding to an atomic rat io of 1 V:l Zn. 
P r epa ra t i ons of 25-35 weight percent vanadium quenched in the 61 6 to 
670 C t empe ra tu r e region yield the more vanadium-r ich in termediate 
phase plus free zinc. In o rde r to define the composition of the i n t e rme­
diate phase more p rec i se ly , the free zinc was leached away from it with 
sa tura ted amnaonium ni t ra te solution and the resul tant in termetal l ic was 
chemical ly analyzed. 

The r e su l t s of these chenaical analyses a re recorded in 
Table 21 and indicate that the in te rmeta l l i c composition cor responds more 
p rec i se ly to an atomic rat io of 4 V:5 Zn. Three such in termeta l l ic p repa­
rat ions and subsequent chemical ana lyses were made in o rder to substan­
t iate the s to ichiometry . The m e a s u r e d density of each of the leached 
prepara t ions is also r eco rded in Table 21. 

Tabl 

CHEMICAL ANALYSES AND 

Prepa ra t i on 

H20 
A5250 
H32U 
(V4Zn5) 

Chemic 

w/o V 

38.1 
37.4 
37.7 

(38.4) 

al Analysis 

w/o Zn 

60.1 
60.6 
62.8 

(61.6) 

e 21 

DENSITY MEASUREMENTS 

Zn/V Atom Ratio 

1.23 
1.26 
1.30 

(1.25) 

Density, 
g/cc 

6.9i 
6.9o 
6.80 

X - r a y diffraction powder photographs of V4Zn5 can be in­
dexed on the bas i s of a body-cen te red te t ragonal cell whose lat t ice dimen­
sions a re ao = 8.910 ± 0.003 A and CQ = 3.227 ± 0.002 A. No variat ion of 
lat t ice p a r a m e t e r s , indicative of a range of composition for this phase . 
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is evident. With eight vanadium and ten zinc a toms in this unit cell , the 
calculated in termeta l l ic density is 6.88 g /cc , a value which is in ag ree ­
ment with the naeasured dens i t ies . 

The detai ls of the V4Zn5 s t ruc ture a re not as yet complete. 
Data a r e being readied for the determinat ion of the atomic coordinates by 
means of a crys ta l lographic l e a s t - s q u a r e s refinement p r o g r a m for the 
IBM 704. The V4Zn5 s t ruc tu re is thought to r e semble that of Te4Ti5.18 
This compound is also te t ragonal with eight t e l lu r ium and ten t i tanium 
atoms a r r anged in a body-centered lat t ice whose dimensions a re 
ao = 10,164 A and CQ = 3.7720 A. The space group is I 4/m-C4-L. 

•'-"F. Gronvold, A. Kjekshus, and F . Raaum, Acta. Crys t . , JA, 930 
(1961). 



II. F U E L CYCLE APPLICATIONS OF VOLATILITY 
AND FLUIDIZATION TECHNIQUES* 

A Direc t F luor ina t ion Volatility P r o c e s s has been proposed for 
the recovery of uran ium and plutonium from i r rad ia ted nuclear reac tor 
fuels. This p roces s is based on the volat i l i t ies of uranium and plutonium 
hexafluo r ides . In this p r o c e s s fluidization techniques a re also used to 
advantage. P r o g r e s s continues to be aaiade in application of this p roces s 
to uran ium dioxide and zirconiuna ma t r ix fuels. 

Decladding spent uranium dioxide fuel may be accojaiplished by 
the appropr ia te reac t ion in a fluidized bed. Plutonium and uranium hexa-
f luorides, which resul t f rom the react ion of the declad oxide fuel with 
fluorine, may be separa ted frona volati le f ission products by dist i l lat ion 
and separa ted f rom one another by t h e r m a l decomposition of the plutoniura 
hexafluoride. 

Recovery of u ran ium from enriched uran ium-Zi rca loy alloy fuels 
involves react ion of the alloy with hydrogen chloride (or other chlorinating 
agents) while the alloy is submerged in an inert fluidized bed. During the 
react ion of the alloy with hydrogen chlor ide, the z i rconium is sublimed as 
the t e t r ach lo r ide , and par t icu la te uranium chloride is left in the reac tor 
assembly . Uranium is r ecove red as volati le uranium hexafluoride in a 
subsequent f luorination s tep. 

Fluidizat ion techniques have been applied to a p rocess for the 
convei*sion of uranium hexafluoride to high-densi ty uranium dioxide by 
simultaneous react ion with s team and hydrogen. 

Fluid-bed calcinat ion studies a r e being extended to sma l l -d i ame te r 
columns for application to solutions containing enriched uranium or pluto­
nium where nuclear c r i t i ca l i ty laiust be considered. 

A. Labora tory Invest igat ions of F luor ide Volatility P r o c e s s e s 
( j . F i s che r ) 

Fluor inat ion of Uran ium-Plu ton ium Dioxides 
(R. L. J a r r y , T. D. Baker, J . J . Stockbar) 

In the Direc t Fluor inat ion Volatility P r o c e s s spent uranium dioxide 
fuel e lements will be f luorinated in a fluidized Alundum bed to convert the 
u ran ium and plutonium to their respec t ive hexafluo r ides . Atyp ica l charge 
for a f luid-bed f luorinator will contain 100 kg uranium, 0.4 kg plutonium, 
and about 30 kg Alundum. The fuel e lements will also contain about one 
kilogram, of f ission product e lements for 100 kg of uranium.. 

*A s u m m a r y of this section is given on pages 6 to 9 • 



The development of fluorination techniques for the effective removal 
of plutonium from naixed oxides of uranium and plutonium mixed with granu­
lated Alundum is continuing. Previous ly repor ted experinaental r e su l t s 
(ANL-6379, page 137, ANL-6413, page 112, and ANL-6477, page 111) dem­
ons t ra ted that upon fluorination, when fission product element oxides had 
been added to the mix tu re , 95 percent of the plutonium was reimoved. 
Removals of 98 and 95 percent after fluorination would resu l t in plutonium 
concentrat ions in the Alundum res idues of 0.03 and 0.06 weight percent , 
respect ive ly . The following var ian ts in the procedure have been found, 
individually, to min imize the retent ion of plutonium in the Alundum r e s ­
idues: (l) the use of a mild initial fluorination using 10 volume percent 
fluorine (plus 65 pe rcen t ni trogen and 25 percent oxygen) at 450 C, (2) the 
use of a hydrofluorination step p r io r to d i rect fluorination, and (3) the use 
of higher t e m p e r a t u r e s of fluorination using 75 volume percent fluorine 
(plus 25 percent oxygen) at 550 C following the initial fluorination at 450 C. 
The second fluorination at the higher t empera tu re of 550 C c a r r i e d out for 
10 hr resul ted in a res idua l plutonium content in the res idues of 0.03 weight 
percen t corresponding to a removal of 98 percent of the plutonium. 

Resul ts a re repor ted for exper iments using step (l) above, followed 
by step (3). Resul ts a re also repor ted for (a) exper iments in which the 
quantity of ALunduna used was var ied for a constant amount of u ran ium-
plutonium oxide and (b) seve ra l experinaents in which the same charge of 
Alundum was used for the fluorination of severa l additional samples of 
uranium-plutonium oxides. 

A mixture of uran ium dioxide, uranium dioxide-plutonium dioxide 
solid solution, f ission product oxides, and pure crys ta l l ine alumina was 
used in the fluorination experinaents . The rat io of components was r e p ­
resenta t ive of the propor t ion of components which may be found in the 
charge to the f luorinator in the Direct Fluorinat ion P r o c e s s . The compo­
sit ions of the mix tu res used a re given in Tables 22 and 23, A detailed 
descr ipt ion of the appara tus used for these exper iments was given in a 
previous r epor t (ANL-6379, page 139). 

A s e r i e s of exper iments were per formed in which a fluorination 
per iod at 450 C, using 10 volume percen t f luorine, was imnaediately fol­
lowed by a second per iod at 550 C or at 650 C using 75 volume percent 
f luorine. In the s e r i e s of exper iments in which the fluorination during the 
second per iod was pe r fo rmed at 650 C, the usual nickel react ion boat was 
replaced with one made of re f rac tory Alundum. The Alundum boat was 
placed in an Alundum tube, which se rved as a l iner for the horizontal , 
tubular nickel r e ac to r . This modification to the reac t ion systena was 
neces sa ry to prevent the mix ture of nickel fluoride with the res idue which 
is formed in se r ious quanti t ies at this elevated t e m p e r a t u r e . The Alundum 
l iner also se rved to reduce the sever i ty of the reac t ion of fluorine with the 
nickel sys tem. 



Table 22 

SUIMMARY OF RESULTS OF FLUORINATION OF URANIUM OXIDE PLUTONiUIVI OXIDE 
MIXTURES WITH ALUNDUfVI INERT SOLIDS 

Solid Mixture 

Fluorination Gas Mixture 

FluormatmgGas Flow Rate 

Fluorination 
Reaction Conditions 

(II 3 42 g uranium oxide-plutonium oxide 
(2) 09gA l2O3 
(3) 0 03 g fission products 

1st Period 10 v o F2 65 v 0 N2 25 v/o O2 
2nd Period 75 v/o F^ 25 wio O2 
800 mifmin 

Item 
No 

lb 

2'-
3d 
46 
sy 
6ii 

1st Period 

Time 
(hr) 

4 
3 

10 
lof 
10 
5 

Temp 
(C) 

450 
450 
450 
450 
450 
450 

2nd Period^ 

Time Temp 
(hr) (Ci 

6 550 
10 550 
10 550 
10 550 
5 650 
5 650 

Init ial 

Pu 
(w/oi 

0 36 
0 33 
0 36 

0 42 
0 33 
0 33 

Sample 

Wt Pu 
(mg) 

12 8 
111 
12 2 

14 4 
111 
111 

Pu 
(w/oi 

0 079 
0 068 
0 031 

0 028 
0 016 
0 027 

Residue 

WtPu 
(mg) 

0 80 
0 72 
0 31 

0 30 
014 
0 26 

Percent of 
Original Pu 

Removed 

93 7 i 19 
93 5 

97 4 i 0 3 
97 9 
9 8 7 i 0 2 
97 6 

^The two f luorination periods were run consecutively 
tiAverage of Experiments 136 139 144 153 154 and 155 (see Tatle 23) 
'Experiment 148 Table 23 

(iAverage of Experiments 142 149 150 Table 23 
eExpenment 143 Table 23 
fThe f luor inat ing gas mixture for the 1st period was 75 v/o Fj 25 v 0 O2 
^Average of Experiments 157 158 Table 23 
hExpenment 159 Table 23 

FLUORINATION OF URANIUIV1 OX IDE-PLUTONIUM OXIDE MIXTURES VKITH ALUNDUM INERT SOLIDS 

Uranium-Plutonium Oxide B a t c h i n ^ 3 42g which contained 2990 mgU 1 4 4 m g P u and 
0 03 g Fission Product Oxides 

Batch I S ; ^ 3 42 g which contained 3040 mg U 111 mg Pu and 0 03 g 
Fission Product Oxides 

Inert Solid AI2O3 09 g 60 mesh 

Fluorinating Gas Flow Rate 800 mLmin 

Exp 
No 

136 

139 

144 

153 

154 

155 

148 

142 

149 

150 

143 

157 

158 

159 

(U-Pu)02 
Batch' 

No 

m 

m 
m 
nr 
I E 

IE 

H 

m 
m 
m 

n 
IE 

IE 

IE 

Temp 
(Ci 

450 
550 
450 
550 
450 
550 
450 
550 
450 
550 
450 
550 

450 
550 

450 
550 
450 
550 
450 
550 

450 
550 

450 
650 
450 
650 

450 
650 

Time 
(hri 

4 
6 
4 
6 
4 
6 
4 
6 
4 
6 
4 
6 

3 
10 

10 
10 
10 
10 
10 
10 

10 
10 

10 
5 

10 
5 

5 
5 

V/0F2 

10 
75 
10 
75 
10 
75 
10 
75 
10 
75 
10 
75 

10 
75 

10 
75 
10 
75 
10 
75 

10 
75 

10 
75 
10 
75 

10 
75 

Fluorinating Gas 
Mixture 

v'oNj 

65 

65 
-
65 

65 
-

65 

65 

65 

65 

-
65 

65 

-
65 

-
65 

65 
-

65 

-

v/o O2 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

25 
25 

25 
25 
25 
25 
25 
25 

25 
25 

25 
25 
25 
25 

25 
25 

Residue 

Pu 
(w/o) 

0 050 

0 072 

0 078 

0114 

0 092 

0 072 

Average value 

0 068 

0 032 

0 034 

0 028 

Average value 

0 028 

0 018 

0 014 

Average value 

0 027 

HtPu 
(mg) 

046 

0 74 

0 78 

111 

0 92 

0 77 

0 72 

030 

034 

0 30 

(142 149 &150 

0 30 

0 16 

013 

(157 and 158) 

0 26 

Percent of 
Original Pu 

Removed 

96 8 

94 9 

94 6 

90 0 

918 

931 

93 7 ± 1 9 

93 5 

97 9 

97 0 

97 3 

9 7 4 ± 0 3 

97 9 

98 6 

98 9 

98 7 ± 0 2 

97 6 

^Prepared by the addition of UO2 and FP I I mixture (which contains the following oxides BaO Zr02 La203 Ce02 Y2O3, Nd203, 
P r j O i j , EU2O3 and Gd203) to the UO2 and PUO2 mixture containing about four weight percent Pu 

Sm203, 

Analyses Batch m 
Batch E 

U(wo) 

87 2 
89 0 

Pu(w/o) 

0 42 
0 33 



The resu l t s obtained from these exper iments , some of which a r e 
average values of seve ra l exper iments , a re summar ized in Table 22. The 
detailed data for the individual exper iments a r e l is ted in Table 23. When 
the fluorinations were c a r r i e d out for 4 hr at 450 C, followed by 6 hr at 
550 C, the average concentrat ion of plutonium in the res idues was 
0.079 weight percen t (item 1, Table 22; average of Experiiaaents 136, 139, 
144, 153, 154, and 155, Table 23). This res idual concentrat ion c o r r e ­
sponds to a percentage removal of plutonium from the iner t solids of 
93.7 ± 1 . 9 percen t . In a single exper iment . Item 2, Table 22 (Exper i ­
ment 148, Table 23), the fluorination period at 550 C was extended to 
10 hr with no significant d e c r e a s e in the plutonium concentrat ion in the 
Alundum re s idue . By increas ing both fluorination per iods to 10 hr , the 
plutonium concentrat ion in the Alundum res idue was reduced to an average 
value of 0.031 weight percent (item 3, Table 23; average of Exper iments 142 
149, and 150, Table 23). The corresponding plutonium removal from the 
solid mixture was 97.4 ± 0.3 percent . Increasing the fluorine concentrat ion 
to 75 volume percent for the 10-hr per iod at 450 C did not r e su l t in a 
g rea t e r removal of plutonium from the iner t solids (item 4, Table 22, 
Exper iment 143, Table 23). The lowest plutoniuna concentrat ion in the 
Alundum res idue was obtained for exper iments in which the second fluo­
rination was per formed at a t empe ra tu r e of 650 C for 5 hr . This p r o ­
cedure resu l ted in an average plutonium concentrat ion in the res idue of 
0.016 weight percen t , corresponding to a removal of 98.7 percent of the 
plutonium (item 5, Table 22; average of Exper iments 157, and 158, 
Table 23). In one exper iment (item 6, Table 22; Exper iment 159, 
Table 23), the per iod at 450 C was reduced to 5 h r ; there resu l ted a 
somewhat lower plutonium remova l from the iner t sol ids , 97.6 percen t . 

F r o m the resu l t s l is ted in Table 22 it appears , there fore , that a 
fluorination scheme employing an init ial 10-hr per iod at 450 C and using 
10 volume percen t fluorine followed by a second 5-hr period at 650 C 
using 75 volume percent fluorine is sa t i s fac tory . However, the effect of 
t ime of fluorination may be applicable only to these s m a l l - s c a l e , s ta t ic , 
shal low-bed expe r imen t s . Variat ion of t ime of fluorination will be studied 
m o r e fully in fluid-bed exper iments which will be per formed in the near 
future. 

An imiportant var iab le in the react ion scheme is the quantity of 
Alundum used as the iner t solid. The plutonium reta ined in the Alundum 
res idue of the fluorination is d i spe r sed upon the surface of the iner t solid. 
To indicate the effect of the quantity of Alundum used upon the r ecovery 
of plutonium, s e v e r a l exper iments were perfornaed in which the amount 
of Alundum was var ied for a constant amount of uranium-plutonium oxides, 
3.42 g. The amounts of Alundum used were 0,9, 1.5, and 3.0 g. The data 
and react ion conditions for these exper iments a r e given in Table 24. 
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When t h e A lundum w a s i n c r e a s e d in a m o u n t f r o m 0.9 to 1.5 g ( E x p e r i ­
m e n t s 139 and 138), t h e r e w a s a c o r r e s p o n d i n g i n c r e a s e in the r e t e n t i o n 
of p l u t o n i u m in the Alundum r e s i d u e s f r o m 0,072 to 0.118 we igh t p e r c e n t . 
Upon a f u r t h e r i n c r e a s e in the a m o u n t of ALunduna to 3 g ( E x p e r i m e n t 141), 
t he p l u t o n i u m c o n t e n t of the r e s i d u e r e m a i n e d r e l a t i v e l y c o n s t a n t a t 
0.107 w e i g h t p e r c e n t . The p l u t o n i u m r e n a o v a l s fromithe m i x t u r e s c o n t a i n ­
ing 0.9, 1.5, and 3.0 g A lundum w e r e 94 ,9 , 8 7 , 1 , and 77.4 p e r c e n t , 
r e s p e c t i v e l y . 

T a b l e 24 

E F F E C T O F T H E QUANTITY O F ALUNDUM I N E R T SOLIDS ON THE 
R E M O V A L O F P L U T O N I U M F R O M U R A N I U M - P L U T O N I U M MIXED 

OXIDES BY FLUORINATION 

U r a n i u m - P l u t o n i u m Oxide : 

I n e r t Sol id: 
F l u o r i n a t i n g G a s F l o w 
R a t e : 
T e m p e r a t u r e , Tinae, G a s 
M i x t u r e : 

B a t c h I I I ,a 3.42 g wh ich c o n t a i n e d 
2290 m g U, 14.4 m g P u , and 0,03 g 
F i s s i o n P r o d u c t Oxides 

B a t c h IV ,^ 3.42 g wh ich c o n t a i n e d 
3040 m g U, 11,1 mg P u , and 0.03 g 
F i s s i o n P r o d u c t Ox ides 
AI2O3, 0,9 g, 60 m e s h 

800 m l / m i n 

450 C, 4 h r , 10 v / o F^, 65 v / o N2, 
25 v / o Ogs fo l lowed by 550 C, 6 h r . 
75 v / o F2, 25 v / o O2 

E x p 
No. 

139 
138 
141 
151 

Wt 
AI7O3 

(g) 

0.9 
1.5 
3.0 
3.0b 

P u 
(w/o) 

0.072 
0.118 
0.107 
0.128 

R e s i d ue 

P u 
(mg) 

0.74 
1.86 
3,26 
4 .29 

P e r c e n t of 
O r i g i n a l P u 

R e r a o v e d 

94.9 
87,1 
77.4 
69.4 

a p r e p a r e d by the add i t ion of UOg and F P III m i x t u r e (which con t a in s 
the fol lowing o x i d e s : BaO, ZrOz , La203 , CeOj , Y2O3, NdgOs, Sm203, 
P r ^ O j i , EU2O35 and GdgOj) to the UOg and PuOg m i x t u r e con ta in ing 
abou t four w e i g h t p e r c e n t P u . 

w / o U w / o P u 

A n a l y s e s : B a t c h III 
B a t c h IV 

87,2 
89.0 

0,42 
0.33 

bl20 mesh . 
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An exper iment (No. 151) was per formed to show the effect of the 
surface a r e a of Alundum on the retent ion of plutonium. This experiment , 
a repl ica te of Experinaent 141 except that 120 naesh Alundum was used, 
resul ted in a g r ea t e r retent ion of plutonium on the Alundum res idue 
(0.128 weight percent vs_ 0.107 weight percent) . 

Two exper iments , the r e su l t s of which are sunamarized in Table 25, 
were per formed to deternaine the feasibili ty of using a single batch of 
Alundum as the iner t solid for consecutive fluorinations with addition of 
uranium-plutoniuna oxide pr ior to each exper iment . Four separa te fluo­
rinat ions were performed consecutively in each exper iment . 

Tab le 25 

R E C Y C L E USE O F ALUNDUM INERT SOLIDS F O R THE FLUORINATION 
O F U R A N I U M - P L U T O N I U M OXIDE MIXTURES 

U r a n i u m - P l u t o n i u m Oxide: T h r e e add i t i ons of u r a n i u m - p l u t o n i u n a dioxide 
a t t he s t a r t of e a c h of the f i r s t t h r e e f l u o r i n a ­
t ion p e r i o d s . 

B a t c h I I I ,^ 3.42 g wh ich con ta ined 2990 m g U, 
14.4 m g P u , and 0.03 g 
F i s s i o n P r o d u c t Oxides 

B a t c h IV,* 3.42 g w h i c h con ta ined 3040 m g U, 
11.1 m g P u , and 0.03 g 
F i s s i o n P r o d u c t Oxides 

T e m p e r a t u r e , Tim.e, Gas 
M i x t u r e : 

T h r e e f l u o r i n a t i o n c y c l e s : 450 C, 4 h r , 10 v / o Fj-GS v / o N2-25 v / o O2 
550 C, 6 h r , 75 v / o F2-25 v / o O, 

One f l u o r i n a t i o n c y c l e : 550 C, 10 h r , 75 v / o F j -ZS v / o Oj 
F l u o r i n a t i n g Gas Flo-w 
R a t e : 800 m l / m i n 

E x p 
No. 

140 
145 

( U - P u ) 0 2 
B a t c h No. 

I l l 
IV 

In i t i a l i 

Wt 
AI2O3 

(g) 

1.50 
0.90 

Sample 

T o t a l 
U r a n i u m 

Added 

(g) 

8.97 
9.12 

T o t a l 
P l u t o n i u m 

Added 
(mg) 

43.2 
33.3 

Res idue 

P u b 
(w/o) 

0.024 
0.067 

Wt P u 
(mg) 

0.53 
0.87 

P e r c e n t of 
O r i g i n a l P u 

Reixioved 

98.8 
97.4 

^ P r e p a r e d by the addi t ion of UO2 and F P III m i x t u r e (which con ta ins the 
follo-w'ing o x i d e s : BaO, ZrOz, LazOj, CeOa, Y2O3, NdjOj, SmzOj, P r ^ O u , 
EU2O3, and Gd203) to the UO2 and PuOj m i x t u r e con ta in ing about four -weight 
p e r c e n t P u . 

U(w/o) P u ( w / o ) 

A n a l y s e s : Ba tch III 87.2 0.42 
B a t c h IV 89.0 0.33 

" T h e r e s i d u e s con ta ined N i F j p r o d u c e d du r ing the r e a c t i o n s . C o n v e r t i n g 
the -w/o P u to the Alundum b a s e g ives 0.035 and 0.088 w / o for E x p e r i ­
m e n t 140 and E x p e r i m e n t 145, r e s p e c t i v e l y . 



In the f i r s t t h ree f luorinations, uranium-plutoniura oxide was p resen t in the 
solid ni ixture , and in the fourth the res idue result ing froixi the previous 
three fluorinations was fur ther f luorinated. The f i rs t three fluorinations 
were each c a r r i e d out in two p a r t s , one at 450 C for 4 h r with 10 volunae 
percent fluorine and a second par t at 550 C for 6 hr with 75 volume p e r ­
cent f luorine. 

The initial solid mixture for the f i r s t fluorination of recycle Ex­
per iment 140 consis ted of 3.4Z g of a mixture of uranium-plutonium oxide 
and f iss ion product oxides, and 1.5 g of high-puri ty Alundum. The solid 
naixtures for the second and th i rd fluorinations were the res idues of the 
preceding fluorination to which had been added 3.42 g of the u ran ium-
plutonium oxide and fission product oxides mixture . The residue resul t ing 
from these th ree fluorinations was then fluorinated, without further addi­
tion of the uranium-plutonium oxide mix tu re , for 10 hr at 550 C with 
75 volume percent f luorine. The second recycle experiment , Expe r i -
m.ent 145, differed only in the quantity of ALundum used, 0.9 g, and in the 
plutonium content of the uranium-plutonium oxide mix ture , 0,33 weight 
percent . 

In each of these two exper iments about 98 percent of the original 
plutonium content was removed by convers ion to the hexafluoride. The 
recycle of Alundum did not r e su l t in a g r e a t e r removal of plutonium than 
would have been obtained if th ree separa te batches of ALundum had been 
employed, as in Exper iment 142, Table 23. It is interest ing to note that 
the use of a g r e a t e r amount of Alundum in Exper iment 140 did not resu l t 
in a g r ea t e r re tent ion of plutonium in the res idue . The longer fluorinating 
t ime at 550 C in Experim.ent 140 ( l6 hr v£ 10 hr in Exper iment 138) might 
be responsib le for this effect. Advantages of the recycle use of the 
Alundum ra ther than performing th ree separa te fluorinations a re . (l) the 
fluorination t ime is 40 hr compared with 60 hr for th ree sepa.rate f luorina­
t ions, and (2) l e s s f ission product-containing Alundum needs disposal . 

B. Eng ineer ing-sca le Investigations of F luor ide Volatility P r o c e s s e s 
( A , A , Jonke) 

1. Direc t Fluor inat ion of Uranium Dioxide Fuel 
(W. J . Mecham, J. D. Gabor, L. Anastas ia , J . Wehrle, 
R. Kinzler , A. Rashinskas) 

The engineer ing-sca le experinaental studies of the d i rec t fluo­
r inat ion of uranium dioxide r eac to r fuel have been d i rec ted toward opt imi­
zation of p r o c e s s conditions for the complete fluorination of batches of fuel 
pel le ts in a single step to form uranium hexafluoride product. The max i ­
mum production r a t e s at tainable in p rac t i ce a re l imited by ra t e s of heat 
t r ans fe r r a the r than by chemical k inet ics , Fluidization of an inert bed of 



re f rac tory alumina gra in in and above the voids of the pel let bed has been 
used as an aid in heat removal . Posi t ive control of the react ion at all t imes 
is provided by regulat ion of the inlet fluorine flow. The naajor p roces s 
va r i ab les under study have been bed heights and reagent gas r a t e s and 
composi t ions. The major p r o c e s s objective has been to demonst ra te short 
batch-f luorinat ion tim.e (<20 hr) and sat isfactory fluorine util ization effi­
ciency (>75 percent) under p rac t i ca l operating conditions. 

P r e l i m i n a r y studies (ANL-6379, pages 159 to 171, and ANL-6477, 
pages 138 to 141) were made with 6- in . -deep uranium dioxide pellet beds 
and approximately 36- in . -deep beds of iner t fluidized m a t e r i a l . Recycle of 
p r o c e s s gas to the f luorinator resu l ted in fluorination r a t e s of about 50 lb 
uranium hexafluoride/(hr)(sq ft of r eac to r c ro s s section), together with 
sat isfactory t empera tu re control and fluorine util ization efficiency. The 
recycle of oxygen product gas produced a modera te amount of uranium 
oxide fines which was beneficial to the fluorination without impair ing the 
fluidization. 

In subsequent exper iments different batch quantit ies were 
charged to the f luorinator , i .e . , a l a r g e r uranium dioxide pellet bed and 
a sma l l e r fluid bed of granular alumina. Investigation of deeper pellet 
beds was in accord with a p rac t i ca l in te res t in handling maximum pellet 
batch size in a r eac to r of given d iamete r . The lower batch rat io of alumina 
to uran ium was invest igated because of the anticipated advantages in p r o c ­
ess ing a plutonium.-bearing fuel, since labora tory fluorinations have shown 
that a port ion of the plutonium is re ta ined in the alumina bed. 

A s e r i e s of batch fluorinations with 18- in . -deep pellet beds has 
now been completed. E a r l i e r runs in this s e r i e s were repor ted in ANL-6543, 
pages 128 to 144, and ANL-6477, pages 133 to 144. In the p resen t s e r i e s of 
runs , an at tempt has been made to optimize the following three factors for 
pellet bed depths of 18 in. and a lumina /uran ium charge ra t ios of 0.30 or 
l e s s . 

1) Fluidizat ion Quality. This r e fe r s to a fluidization of the 
iner t solids which is adequate for the equalization of t e m p e r a t u r e s in the 
reac t ion zone and for the conduction of react ion heat to the cooling wall 
without la rge t empera tu re different ials . Efficient contacting of the reagent 
gas with the solid, f reedom from caking of sol ids , and freedom from gas 
channelling in the bed are a lso involved in fluidization quality. A final 
c r i t e r ion is that the bed consis ts of free-flowing iner t solids at the end 
of the fluorination. 

2) Fluor ine Utilization Efficiency. This r e fe r s chiefly to 
overa l l fluorine economy and for this study is defined as 3x mola r ra te of 
UF^ co l lec t ion /molar ra te of F j input. The overal l economy depends on 



fluorine uti l ization efficiency in the fluorinator and on the amount of gas 
recycle re la t ive to gas throughput. The fluorine util ization efficiency in 
the r eac to r depends largely on the amount of fines and the efficiency of 
contacting these fines with fluorine gas. Overall fluorine efficiencies of 
about 90 percent have been achieved, and efficiencies l e s s than about 
75 percent a r e r ega rded as unsat i s fac tory . 

3) Rate of Uranium Hexafluoride Production. "While all 
p resen t exper iments have been c a r r i e d out in a 3- in . -d iameter fluorina­
tor , it is considered that the equipment could be scaled up to l a rge r 
d i amete r s for higher production r a t e s . Good fluidization has been ob­
tained in some runs for u ran ium hexafluoride production ra tes up to 
50 lb uraniuna hexafluoride/(hr)(sq ft r eac to r c ros s - sec t iona l a rea) . 
Fo r prac t ica l r e a sons , r a t e s below 20 lb uran ium hexafluoride/(hr)(sqft) 
have been rega rded as unsat is factory . 

In the preceding repor t (ANL-6543, pages 133 to 144), two runs , 
UOF-52 and UOF-53, were descr ibed . In UOF-52, gas recycle was not 
used, but oxygen in modera te concentra t ion was added to the fluorine and 
nitrogen inlet gas s t r e a m s during a major par t of the run to simulate the 
oxygen content of a pa r t i a l - r e cyc l e gas sys tem. This run was favorable 
with respec t to fluidization quality and uran ium hexafluoride production 
ra te , but fluorine ut i l izat ion efficiency was low. In Run UOF-53, a pa r t i a l -
recycle gas systeixi was init iated with the aini of inaproving fluorine 
uti l ization efficiency while l imit ing the amount of product oxygen recycled. 
Prev ious exper iments have shown that high r a t e s of oxygen introduction to 
the reac tor can resu l t in the accumulat ion of fines, which leads to poor 
fluidization and caking. Run UOF-53 was considered successful with r e ­
spect to uran ium hexafluoride production ra te and fluorine util ization 
efficiency, but fluidization quality was low and the bed caked. The caking 
tendencies were a t t r ibuted to excess ive amounts of oxygen in the r e ­
cycled gas . Consequently, a m o r e complete analysis is being made of 
oxygen control via the pa r t i a l - r e cyc l e method previously descr ibed 
(ANL-6543, page 130). 

In an at tempt to define optimum process conditions, two addi­
tional deep-bed runs were made with par t ia l gas recycle . These runs 
(UOF-54 and 55) a r e repor ted below. All the runs in this s e r i e s a re 
compared and evaluated at the end of this section. 

Run UQF-54 

In Run UOF-54, a batch charge consist ing of an 18-in . -deep 
bed of u ran ium dioxide pel le ts was completely fluorinated in a 3-in.-
d iamete r , a i r - coo led f luorinator using a p a r t i a l - r e c y c l e gas sys tem. The 
charge of- j- in. x y - i n . pel le ts was of fuel grade and weighed 13.2 kg. 



A l s o c h a r g e d w a s 3 .3 k g of r e f r a c t o r y g r a i n a l u m i n a ( - 6 0 + 2 0 0 m e s h ) a s 
a n i n e r t f l u i d b e d . T h e t e m p e r a t u r e c o n t r o l p o i n t w a s 5 0 0 C. T h e s e c o n d i ­
t i o n s w e r e s i m i l a r t o t h o s e u s e d i n o t h e r r u n s i n t h e p r e s e n t s e r i e s . T h e 
m a j o r o b j e c t i v e w a s t o i n v e s t i g a t e t h e r e l a t i v e a m o u n t of g a s r e c y c l e t h a t 
w o u l d p r o v i d e i m p r o v e d f l u o r i n e e f f i c i e n c y b u t w o u l d n o t r e s u l t i n c a k i n g 
of t h e b e d . 

A f e w m i n o r m o d i f i c a t i o n s w e r e m a d e f o r t h i s r u n . N i c k e l 
b a l l s w e r e u s e d a s a p e l l e t b e d s u p p o r t r a t h e r t h a n t h e p e r f o r a t e d p l a t e 
e m p l o y e d i n p r e v i o u s r u n s ( s e e A N L - 6 2 8 7 , p a g e 1 4 9 ) . T h e b a l l s w e r e 
•J i n . i n d i a m e t e r , a n d t h e i r b e d h e i g h t e x t e n d e d o n e i n c h a b o v e t h e t o p 
of t h e c o n i c a l g a s d i s t r i b u t o r . T h i s t y p e of p e l l e t - b e d s u p p o r t h a s t h e 
a d v a n t a g e of n o t r e s t r i c t i n g t h e r e m o v a l of s o l i d s a t t h e e n d of t h e r u n . 
T h e b a l l s c a n b e r e c o v e r e d f o r r e - u s e b y s c r e e n i n g o r b y m a g n e t i c 
t r a p p i n g . 

A s o d i u m f l u o r i d e a b s o r b e r w a s i n s t a l l e d in t h e r e c y c l e g a s 
s t r e a m f o r t h i s r u n i n o r d e r t o r e m o v e a n y t r a c e s of u r a n i u m h e x a f l u o r i d e 
i n t h e r e c y c l e g a s . M o l e c u l a r S i e v e d r y e r s w e r e p r o v i d e d in t h e n i t r o g e n 
i n l e t t o e n s u r e t h e i n t r o d u c t i o n of d r y g a s . 

T h e a l u n a i n a c h a r g e i n R u n U O F - 5 4 w a s s u f f i c i e n t t o c o v e r 
t h e p e l l e t s by 3 i n . i n t h e s t a t i c c o n d i t i o n a n d b y a b o u t 6 i n . w h e n f l u i d i z e d . 
T h e c o n t r o l t e m p e r a t u r e w a s m e a s u r e d b y a t h e r m o c o u p l e i n a v e r t i c a l 
t h e r m o w e l l f r o m t h e b o t t o m of t h e f l u o r i n a t o r ; t h e t h e r n a o c o u p l e j u n c t i o n 
w a s 2 i n . a b o v e t h e b o t t o m of t h e p e l l e t b e d . 

T h e g a s a n d p r o d u c t r a t e s in R u n U O F - 5 4 a r e s h o w n in F i g ­

u r e 29 t o g e t h e r w i t h b e d p r e s s u r e d r o p d a t a . 

F i g u r e 29 

A V E R A G E N I T R O G E N A N D F L U O R I N E I N P U T R A T E S A N D U R A N I U M 
H E X A F L U O R I D E C O L L E C T I O N R A T E S IN T H E R U N U O F - 5 4 

3-in. diameter fluorinator with gas recycle 
Temperaturei 500 C 
UO2 pellet bed: 18 in. 
Weight ratio AI2O3/UO2S 0.25 
Recycle gas rate: 0.78 and 0,86 cfm 

(25 C, 1 atm) 
Fluidizing velocity: >0.9 ft/sec 

(500 C, 1 atm) 
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The column was brought to 500 C with nitrogen as the fluidizing gas . The 
rate of nitrogen introduction to the column was 0.27 cfm (25 C and 1 atm), 
and the gas recycle rate was 0.78 cfm, for an initial superficial fluidizing 
velocity of 1.05 f t / sec at 500 C. Fluorine was introduced at a rate of 
0.055 cfm for the f i rs t hour and was held at about 0.081 cfm for the next 
11.5 hr . Uranium hexafluoride production began soon after fluorine in­
troduction at a rate of 200 g/hr and reached a maximum of 750 g /hr during 
the ninth hour of operation. Operation was smooth and under control un­
til the fourteenth hour, when a par t ia l cake of the fluid bed developed. 
This was evident from an increase in p r e s s u r e drop ac ross the bed, and 
a sudden divergence of t empera tu res in the bed. The bed p r e s s u r e drop 
increased from the normal value of 1.8 in. Hg to 10.5 in. Hg, and the con­
trol t empera ture dropped from 450 to 200 C. The fluorine input was 
somewhat lower during this period than during the second to fourteenth 
hour of the run. The duration of the disruption was 3 hr (from 14.5 to 
17.5 hr) . The cake apparently disintegrated shortly after the nitrogen 
input rate was increased from 0.27 to 0.54 cfm and the recycle rate was 
increased from 0.78 to 0.86 cfm. During this period, fluorine introduction 
was also ra i sed or lowered in a manner dictated by an increase or de­
crease in the bed p r e s s u r e drop, i .e. , if the p r e s s u r e drop increased, the 
rate of fluorine introduction was decreased . The maximum superficial 
fluidizing velocity attained was 1.35 f t / sec during the period of disruption. 
Once normal operation was resumed, a superficial fluidizing velocity of 
about 1.2 f t / sec was maintained for the remainder of the run. For the 
lat ter portion of the run, heat t ransfer and tempera ture control were 
satisfactory, and uranium hexafluoride production was modera te . A plot 
of the uranium hexafluoride cumulative gain is shown in Figure 30. 

Figure 30 

CUMULATIVE MOLES FLUORINE INPUT AND CUMULATIVE MOLES 
URANIUM HEXAFLUORIDE COLLECTED IN RUN UOF-54 

3-in, diameter fluoruiator with recycle 
Temperature: 500 C 
UO2 pellet bed: 18 m. 
Weight ratio AI2O3/UO2, u.25 
Recycle gas rate: 0.78 and 0.8b cfm (25 C, 

1 atm) 
Fluidizing velocity: .>0.9 ft/sec (5U0 C, 

1 atm) 



104 

For a period of 11 hr (run time 3 to 14 hr , Figure 30), the 
average ra te of fluorine introduction was 5.7 g -mole /h r and the uranium 
hexafluoride production ra te was 1.33 g -mole /h r for an overall fluorine 
util isation efficiency of 70 percent . F r o m the l6th through the 36th hours , 
fluorine introduction and hexafluoride collection averaged 4.05 and 
1.25 g -mole /h r , respect ively, for an overall fluorine efficiency of 
92 percent . 

The overal l performance in this run was as follows: 98.8 pe r ­
cent of the uranium charge was collected as uranium hexafluoride in a 
total of 43.5 hr . This corresponded to an overal l production ra te of about 
17 lb uranium hexafluoride/(hr)(sq ft of reactor cross-sect ional area) . 
The overal l batch fluorine efficiency was 78 percent . Although a par t ia l 
cake appeared during a 3-hr portion of the run, fluidization and t empera ­
ture control were excellent during the remainder of the run, and the bed 
was entirely free-flowing at the conclusion of the run. 

Run UOF-55 

In Run UOF-55, an 18-in.-deep batch charge (13.2 kg) of pellets 
was used, the same amount as in the previous run, UOF-54, and in other 
runs of this s e r i e s . However, a smal le r amount of refractory alumina, 
2.0 kg, was used as the inert fluid bed. The pellet bed support and control 
thermocouple position were also s imi lar to those for the previous run. 
An additional set of thermocouples was provided in a ver t ical thermowell 
at the bottom of the reac tor to m e a s u r e t empera tu res at pellet bed heights 
of 6, 10, 14, and 18 in. Other operating conditions were s imi lar to those 
in Run UOF-54. 

The major aim of this run was to maintain the favorable resul ts 
of the previous run with respec t to fluorine utilization efficiency and fluidi­
zation quality, which was good for the grea te r par t of the run, while obtain­
ing g rea te r ra tes of production of uranium hexafluoride. It was planned to 
achieve this by using g rea te r r a t e s of introduction of fluorine while adjusting 
the inlet nitrogen and the gas - recyc le rate to naaintain the same oxygen 
concentration in the reac tor as prevai led in the last two-thirds of the 
previous run. The calculated values were based on the analysis of the 
pa r t i a l - r ecyc le system given in ANL-6543, pages 130 to 133. 

The gas and product r a t e s in UOF-55 are shown m Figure 31 
together with bed p r e s s u r e drop data. The initial gas ra tes for Run UOF-55 
were inlet fluorine, 0.10 cfm; inlet nitrogen, 0.90 cfm; gas recycle , 
0.50 cfm. The initial operating conditions were continued for a period of 
5 hr , and only modera te ra tes of production were achieved. The recycle 
ra te was then increased to 0.65 cfm. P r e s s u r e drop ac ross the bed began 
to decrease from the normal fluid-bed value shortly thereaf ter . No im­
provement in production ra te was observed at this t ime . At the 7th hour 
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F i g u r e 31 

A V E R A G E N I T R O G E N A N D F L U O ­
R I N E I N P U T R A T E S A N D U R A N I U M 

H E X A F L U O R I D E C O L L E C T I O N 
R A T E S IN R U N U O F - 5 5 

3-in. diameter reactor with gas recycle 
Temperature: 500 C 
UOg Pellet Bed Depth: 18 in. 
Weight Ratio AI2O3/UO2: 0.15 
Recycle Gas Rate: 0.5 and 0.65 cfm (25 C, 1 atm) 
Fluidizing Velocity: 21.0 ft/sec (500 C, 1 atm) 

of o p e r a t i o n , t e m p e r a t u r e g r a d i e n t s 
i n t h e c o l u m n i n c r e a s e d s o m e w h a t . 
At t h e 8 t h h o u r , n i t r o g e n i n p u t w a s 
d e c r e a s e d f r o m 0 . 8 8 t o 0 .82 c f m , 
a n d s l i g h t l y h i g h e r p r o d u c t i o n r a t e s 
w e r e o b t a i n e d . S h o r t l y t h e r e a f t e r , 
t h e n e e d f o r i m p r o v e d h e a t t r a n s ­
f e r t o m a i n t a i n t h e 500 C b e d t e m ­
p e r a t u r e r e q u i r e d t h e l o w e r i n g of 
r e a c t o r w a l l t e m p e r a t u r e s b y 
f o r c e d a i r c o o l i n g . A t t h e 1 2 t h 
h o u r of o p e r a t i o n , t h e b e d p r e s s u r e 
d r o p i n c r e a s e d f r o m 0 .8 t o 1.6 i n . 
H g a n d t h e t e m p e r a t u r e a t t h e 
c o n t r o l p o i n t f e l l t o a b o u t 4 0 0 C. 
R e c y c l e w a s d e c r e a s e d t o 0 .50 
a n d n i t r o g e n i n c r e a s e d t o 0 .90 c m f . 
F l u o r i n e w a s s h u t off b r i e f l y t o 
p u r g e r e a c t i v e c o m p o n e n t s f r o m 
t h e g a s a n d to a l l o w t h e u p p e r p a r t 
of t h e c o l u m n t o c o o l . T h i s p r o ­
c e d u r e h a d g o o d r e s u l t s . F l u o r i ­
n a t i o n w a s r e s u m e d , a n d a 
p r o d u c t i o n r a t e of 745 g u r a n i u m 
h e x a f l u o r i d e / h r w a s e s t a b l i s h e d 
d u r i n g t h e 1 3 t h h o u r . 

A t t h i s p o i n t , t h e r e a c t o r 
w a s s h u t d o w n . T h e t o p of t h e 
r e a c t o r w a s r e i n o v e d t o d e t e r m i n e 

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

O p e r a t i o n s w e r e r e s u i x i e d , b u t a p a r t i a l l y c a k e d c o n d i t i o n d e ­
v e l o p e d d u r i n g t h e 14 h r of o p e r a t i o n , a n d t h e p r e s s u r e d r o p a c r o s s t h e 
b e d i n c r e a s e d t o 8 .2 i n . H g w h i l e t h e c o n t r o l t e m p e r a t u r e d r o p p e d t o 4 2 0 C. 
T h e b e d o b s t r u c t i o n w a s s u c c e s s f u l l y r e d u c e d i n a p p r o x i m a t e l y 2 .5 h r . 
H o w e v e r , t h e v e r y l o w p r e s s u r e d r o p a c r o s s t h e b e d ( 0 . 3 i n . Hg) i n d i c a t e d 
t h a t a c h a n n e l l i n g c o n d i t i o n w a s p r e s e n t . R a p p i n g of t h e c o l u m n w i t h a n 
a u t o m a t i c h a m m e r w a s u s e d a t t h i s p o i n t w i t h no d e f i n i t e r e s u l t s . D u r i n g 
t h e 1 9 t h h o u r of o p e r a t i o n , t h e p r o d u c t i o n r a t e i n c r e a s e d s h a r p l y t o 920 g / h r , 
a n d o n c e a g a i n a p a r t i a l c a k i n g c o n d i t i o n w a s e n c o u n t e r e d . T h e c a k e w a s 
s u b s e q u e n t l y d i s i n t e g r a t e d , b u t t h e p r e s s u r e d r o p a c r o s s t h e b e d s h a r p l y 
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d e c r e a s e d , wh ich i n d i c a t e d t h a t channe l l i ng w a s o c c u r r i n g . B e c a u s e of 
t h e s e u n s t a b l e c o n d i t i o n s , t he r u n w a s t e r m i n a t e d a f te r 25.8 h r of o p e r a ­
t ion , at w h i c h poin t 73 p e r c e n t of the u r a n i u m c h a r g e had b e e n c o l l e c t 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 . F l u o r i n a t i o n could have b e e n con t inued , 
but i t w a s thought t ha t no f u r t h e r i n f o r m a t i o n could be ga ined by doing so . 

The bed w a s o b s e r v e d to be c a k e d and a w e l l - d e f i n e d channe l 
s u r r o u n d e d the v e r t i c a l t he rm.owe l l . Of a t o t a l of 3926 g of so l ids in the 
f l u o r i n a t o r bed , one -ha l f w a s in the cake and one -ha l f in f r ee - f l owing m a ­
t e r i a l (which c o n t a i n e d 228 g of p i e c e s l a r g e r than 40 m e s h ) . A l m o s t w i t h ­
out e x c e p t i o n the u r a n i u m dioxide p e l l e t s in the cake a p p e a r e d to have a 
t h i c k i nne r l a y e r of oxide f i n e s , a th in m i d d l e l a y e r of u r a n i u m t e t r a f l u o r i d e , 
and a th i ck o u t e r l a y e r of u r a n y l f l u o r i d e . U r a n y l f l uo r ide a p p e a r e d to 

b r i d g e the gap b e t w e e n p e l l e t s and 

F i g u r e 32 

CUMULATIVE M O L E S F L U O R I N E 
I N P U T AND CUMULATIVE M O L E S 
URANIUM H E X A F L U O R I D E C O L ­

L E C T E D IN RUN U O F - 5 5 

3-in, diameter reactor with gas recycle 
Temperature: 500 C 
UO2 Pellet Bed Depth: 18 in. 
Weight Ratio Al20g/U02: 0.15 
Recycle Gas Rate: 0.5 and 0.65 cfm (25 C, 1 atm) 
Fluidizing Velocity: > 1.0 ft/sec (500 C, 1 atm) 

thus c a u s e cak ing . Channe l l ing in 
the bed, which m a y have b e c o m e 
p r o g r e s s i v e l y m o r e s e r i o u s f r o m 
the 5th hour of o p e r a t i o n , when the 
r e c y c l e r a t e w a s i n c r e a s e d f r o m 
0.5 cfm to 0.65 cfm, m a y have p r e ­
v e n t e d suff ic ient f l uo r ine f r o m c o n ­
t ac t ing t h e s e i n t e r m e d i a t e s to 
f l u o r i n a t e thena c o m p l e t e l y . 

The c u m u l a t i v e m o l e s of 
f l u o r i n e fed to the r e a c t o r and the 
m o l e s of u r a n i u m hexa f luo r ide c o l ­
l e c t e d a r e shown in F i g u r e 32. 
F l u o r i n e u t i l i z a t i on e f f i c i enc ies as 
d e t e r m i n e d f r o m t h e s e c u r v e s i n ­
d i c a t e tha t du r ing the f i r s t 7 h r of 
o p e r a t i o n only 53 p e r c e n t of the 
f l uo r ine w a s r e c o v e r e d as the h e x a ­
f l u o r i d e . In s u b s e q u e n t p e r i o d s , the 
f l u o r i n e u t i l i z a t i on e f f i c i enc ies w e r e 
g r e a t e r (8 to 13 h r , 76 p e r c e n t ; I6 
to 21 h r , 85 p e r c e n t ; 21 to 25 h r , 
78 p e r c e n t ) . The o v e r a l l f luo r ine 
u t i l i z a t i o n eff ic iency for the r u n 
w a s 70 p e r c e n t . 

The m a x i m u m s p r e a d of 
long i tud ina l t e n a p e r a t u r e in the bed 
w a s 20 C dur ing the f i r s t 7 h r of 
o p e r a t i o n (at c e n t e r l i n e po in t s 2, 6, 
10, 14, and 18 in. above the bottom, 

of the p e l l e t bed ) . Dur ing the 12th hou r of o p e r a t i o n , bed t e m p e r a t u r e s 
r a n g e d f r o m 500 C at 6 in. to 740 C at 14 in . ; th i s w a s the w i d e s t v a r i a t i o n 

RUN TME, hr 
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in tenaperature during the run. When the run was resumed after the initial 
shutdown, the no rma l t empera tu re difference was approximately 45 C and 
the maximum was of the order of 150 C. It is apparent that under condi­
tions of good heat t r ans fe r (and, consequently, good fluidization), longi­
tudinal tenaperature var ia t ion in the bed was smal l and of the order of 
about 20 C. 

Results of analysis of gas-flow conditions in Run UOF-54 and 
UOF-55, made according to the method descr ibed in ANL-6543, page 130, 
a re given in Tables 26 and 27. F o r this analysis . Run UOF-55 was divided 
into five per iods , and average gas flows and compositions are shown for 
each period. Data f rom Run UOF-54 and other runs in this se r ies are in­
cluded in the tables and are d iscussed in the concluding par t of this section. 

Table 26 

C0ND1TI0\S FOR "DECP-BED' PELLET RUMS 

Run fio. 

!UOF-i 

50 

52 

53 

54 

55 

Rup 
T i re 

20-2t) 

2.5 6.5 
8.1-13.2 

16.3-18.7 

22-25.b 
ZoA-ZVt 

1-0 
9-17.5 

17.3-22.3 

1-12.5 
17 37 

1-5 
5 7 
S-13 

le-21 
21-25 

Note: Volumetric qas rates at 1 atm and 25 C. Linear 
based on total cross-sectional area 

11 
RBadeo 

54-87 

.i-W 
2t>-4D 

52-75 

83-90 

•30-95 

3-29 

2'1-91 

9 1 - % 

2-37 

42-92 

0.8-10 

10-15 
17-34 

40-55 

5 5 - i l 

1 2 . 
0.233 

0 253 
0.359 

0.302 

0.133 

am, 
u.OSo 

O.liO 

0.043 

0.0S3 

0.053 

0.094 

0.10 

0.094 

0.070 

0.09o 

Gas Input i c f r ' 

N2 

0.6*. 

0.735 

0.735 

0.735 

0.735 

0 735 

0.195 

O.lbO 
0 

0.2? 
0.43 

o.*s 
O.Sb 

0.82 

0.7S 

0.7h 

of reactor. 

''2 

0 

0 
0,025 

0.072 

0 
0 

0 
0 

-
0 
0 

M 

u 
0 
0 
0 

gas rates are at 1 atm and 500 C. 

Gas 
Recycit 

icfmi 

0 

0 
0 
0 

0.5 
0 

0.7 
0.7 
0.7 

0.7.3 

0..8/ 

0 5 

0.65 

0.65 

0.5 
0 5 

UF„ 
Rate 

(cfm' 

0.038 

0.01b 

0.028 

0.041 

0.14 

0.12 

0.022 

0.052 

0.007 

0.019 

COlh 

0.0104 

0.0164 

0.023? 

0.0213 

0.0255 

Uf(, ProtiiJCtion 

Rate 

I Ib/Oiriisqfti, 

42 

20 
31 
45 
15 
13 

24 
5? 
7.8 

21 
20 

lb 
IS 
2ft 
23 
2i 

Total Gas 
Velocity 
(ft/sec) 

0.78 

0.34 
0.99 
0.90 
1.2, 
0.66 

0 86 
0.93 

1.0 
1.2 

1.3 
1.4 
1.4 
1.2 
1.2 

Table 27 

RESULTS Cr "DELP-BLD • PELLET RUMS 

Run No. 
lUOF-i 

50 

52 

53 

54 

55 

Run 
Time 
(fin 

20-26 

2.5-6.5 
S.1-13.2 

16.3-18.7 
22-25.6 

26.4-29.2 

1-9 
9-17.3 

17.3-22.3 

1-12.5 
17-37 

1-5 
5-7 
8-13 

16-21 
21-25 

Uf6 
Rate 

[iWihrnsoffi] 

42 

20 
3! 
45 
15 
13 

24 
57 
7.8 

21 
20 

18 
18 
26 
23 
28 

Total Gas 
Velocitv 
ifi<'seci 

0.78 

0.84 
0.99 
0.90 
1.2 
0.66 

0.86 
0.93 

-
1.0 
1.2 

1.3 
1.4 
1.4 
1.2 
1.2 

Overall F2 
Utilization 
Ffficiency 

(Ti 

49 

21 
23 
41 
31 
42 

77 
87 
48 

70 
92 

53 
53 
76 
85 
78 

Nitrogen 
Dilution 
Factor's 

2.9 

2.9 
2.0 
2.4 
5.5 
8.3 

2.3 
1.0 

-
3.3 
7.0 

9.3 
8.8 
8.7 

10.3 
10.0 

Fiecycle 
Gas 

Ratiob 

0 

0 
0 
0 

3.8 
0 

8.1 
3.9 

16.3 

9.5 
15.0 

5.3 
6.5 
6.0 
6.6 
6.4 

Fluorinator 

r.i Fji 

25.5 

25.6 
32.0 
27.3 
13.3 
10.7 

14.2 
22.5 

-
12.2 
4.S 

9.0 
8.2 
8.0 
6.1 
8.3 

Gas Corposition 

Inlet 

R02 

0 

0 
2.5 
6.5 
0.6 
0 

6.0 
12.3 

-
3.9 
2.4 

0.6 
0.6 
1.1 
1.0 
1.1 

Fluorinator Outlet 

p. UF(, 

3.8 

1.9 
2.6 
4.1 
1.6 
1.5 

2.2 
5.0 

-
1.7 
1.3 

1.6 
1.6 
2.6 
2.4 
3.0 

r 02> 

4.0 

1.9 
2.7 
4.3 
1.7 
1.5 

8.4 
18.5 

5.6 
3.8 

1.7 
1.7 
2.7 
2.5 
3.1 

^Nitrogen dilution factor N2 entering system, moles per hour/F2 entering system, moles per hour. 

''Recycle ^as ratio - Recycle gas strean, rieles per hour/F2 entering system, moles per Hour. 



These data and calculat ions show that average oxygen concen­
t ra t ions in Run UOF-55 were held to the des i red levels , which were about 
the same as those cons idered sat isfactory in previous runs (especially in 
UOF-54). But despite good oxygen control , pa r t i a l caking and channelling 
occur red in UOF-55. It also appeared that fines accunaulated, possibly 
because of poor gas -pe l le t contact in local portions of the bed. Since the 
total gas veloci t ies and oxygen concentrat ions were about the same in 
Runs 54 and 55, these factors probably do not account for the difference in 
operat ional behavior between these two runs , the behavior of Run UOF-54 
being considerably naore sat isfactory than that of Run UOF-55. 

The uranium hexafluoride concentration in the gas leaving the 
reac tor was 1.6 to 3 mole percent in Run UOF-55. In the f i r s t par t of 
Run UOF-54, the uranium hexafluoride concentrat ion was about 1.7 p e r ­
cent, and in the las t half of the run, which was operationally bet ter than 
the f i r s t half, the concentrat ion was about 1.3 percent . Since par t ia l 
caking did occur in the f i r s t pa r t of Run UOF-54 but not in the second 
par t , it is possible that smal l differences in uranium hexafluoride concen­
t ra t ion may be significant. The differences in uranium hexafluoride con­
centrat ion within a run were due solely to the difference in ra te of uranium 
hexafluoride production. No uranium hexafluoride was re tu rned to the r e ­
actor in the recycle gas in ei ther run. 

One other difference between Runs UOF-54 and -55 was the 
amount of iner t bed. The fo rmer used 3.3 kg and the la t te r 2.0 kg. This 
difference naay have influenced the operat ional behavior of the runs . In 
e a r l i e r runs , in which 6-in. pellet beds were successfully fluorinated at 
a rapid r a t e , deeper iner t beds than those above (by about a factor of six) 
were used. 

Summary of Resul ts of "Deep-bed" Runs 

The s e r i e s of "deep-bed" pellet fluorinations consisted of 
six batch runs , UOF-49, "50, -52, -53 , -54, and -55, each with a charge 
of 13.2 kg of -^-in.-dianaeter and - j - in . -h igh uranium dioxide pellets 
forming a fixed bed, 18 in. deep in the 3-in. r eac to r . The major objectives 
and s tandards of evaluation for these runs have been descr ibed in the be ­
ginning of this section. A compar ison of these six runs in t e r m s of these 
s tandards is given in summary form in Table 28. 

The rating of fluidization quality is an express ion of the exper i 
m e n t e r ' s opinion concerning the operat ional behavior of the sys tem during 
a run. Of these runs , only in UOF-49 was caking so severe that continued 
fluorination was imposs ib le . In Run UOF-55, for example, control was 
difficult at the des i red fluorination ra te because of par t i a l caking, but fluo­
r inat ion probably could have been continued at a lower r a t e . 
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Table 28 

SUfvlMARY EVAIUATIOI^ OF SIX ''DEEP-BED" PELLET RUNS 

3-in.-diameter fluorinator 
13.2-kg UO2 charge: 18-in.-deep pellet bed 
Refractory Ai203 inert f luid bed (60-200 mesh> 

Overall 

Gas 
Recycle 

Max Recycle; 
High O2 

m 
No; but some 

O2 added 

Partial Recycle 

Partial Recycle 

Partial Recycle 

Overall 
Estimate of 
Fluidization 

Quality 
IRating) 

Poor 

Goods 

Good 

Poor 

Gooda 

Poor 

(%i 

37 

29 

77 

78 

70 

Fluorine 
Utilization 
Efficiency 

(Rating! 

Poor 

Poor 

Good 

Good 

fair 

Overall Average 
UFg Rate 

IW'hrKsqft! 

24 

25 

32 

17 

zP 

(Ratingi 

Fair 

Fair 

Fair 

Undesirably 
L0.1 

Undesirably 
Low 

Time for 
Complete 

FiLiori nation 
•hri 

-

30 

29 

22 

44 

35= 

^Better period was last part of run (see text and Table 27). 

''Run vnas terminated at 73 percent of complete fluorination. 

^Calculated for 100 percent fluorination; 73 percent fluorination In 26 hr. 

Study of the table shows that every run had a "poor" rating in 
at leas t one of the three categor ies of evaluation. Fluorine economy and 
fluidization quality appear promising only for bed conditions for which 
uraniuna hexafluoride production ra t e s were below 20 lb/(hr){sq ft) (in 
Run UOF-54 only). 

Per t inent data for the "deep-bed" run se r i e s a re presented in 
Tables 26, 27 and 28. Runs UOF-50 and UOF-52 were "no recycle" runs, 
and Runs UOF-53, -54, and -55 were pa r t i a l - r ecyc le runs . As expected, 
higher fluorine input r a t e s were acconapanied by higher ra tes of production 
of uranium hexafluoride. F r o m these and other data it also appears that a 
higher average oxygen concentration in the reac tor is associated with higher 
fluorine util ization efficiency. Although the pa r t i a l - r ecyc le scheme ena-
ployed in Runs UOF-53, -54, and -55 was successful in liiaiiting oxygen 
concentrations in the fluorinator while retaining some of the benefits of 
gas recycle , it did not el iminate caking tendencies , nor did it provide 
consistently good fluidization. In Run UOF-55 in par t icu lar , the control 
of oxygen concentration was expected to avoid caking, but did not. When 
Runs UOF-54 and -55 are compared, it does not appear that oxygen con­
centrat ion was decisive with respec t to caking, since the lat ter run had a 
lower oxygen concentrat ion and more caking. On the other hand, the data 
suggest the possibil i ty of a cor re la t ion between caking (decrease of fluidi­
zation quality) and higher uraniuna hexafluoride r a t e s (and concentrations). 

Moreover , as shown by production ra t e s given in Table 26, it 
is possible that lower alunainum oxide/uraniuixi dioxide rat ios favor caking. 
This observat ion would also be consistent with the good resu l t s obtained 

Run 
(UOF-I 

49 

50 

52 

53 

54 

Control 
Temp iCi 

450 

450 

500 

5(M 

500 

Charge Ratio 
AI2O, 

UO2 

0.12 

0.29 

0.29 

0.25 

0.25 

500 0.15 
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ea r l i e r with 6- in . -deep beds which had much higher iner t bed to uranium 
dioxide ra t ios . (For exanaple, in Run UOF-34 the ra t io alunainuna ox ide / 
uranium dioxide was 1.9.) 

Although it is st i l l considered possible to refine operat ions 
with 18-in . -deep beds , it now appears m o r e profitable to investigate 
var ious pellet bed depths and to study the effect of different aluminum 
oxide/uranium dioxide r a t ios , since these var iables seena cr i t ica l . A 
new se r i e s of runs is planned with the equipment modified for continuous 
pellet feed, which will allow a s teady-s ta te operat ion to be maintained 
with vir tual ly constant bed height. A constant bed height during a run 
should make experinaental effects eas ie r to analyze. A m.ore important 
advantage of constant bed height naay be semicontinuous p roces s ope ra ­
tion at steady bed conditions favorable to the laaost des i rable combination 
of production r a t e , fluorine efficiency, and fluidization quality. 

In summary , the work thus far indicates that 6- in . -deep beds 
can be fluorinated sat isfactor i ly at r a t e s up to about 50 lb uranium hexa-
f luoride/(hr)(sq ft), while 18- in . -deep pellet beds a re subject to caking 
tendencies at r a t e s above 20 lb uraniuna hexafluoride/(hr)(sq ft). Fu r the r 
studies of p r o c e s s optimization will be naade for var ious in termedia te 
pel le t -bed heights and var ious alunainuna oxide/uranium dioxide bed 
ra t ios . 

2. Design and Construction of Engineer ing-sca le Plutonium 
Handling Faci l i ty 
(G. J . Vogel, E. Car l s , W. J. Mecham, L. Marek, and 
W. Murphy) 

Construction act ivi t ies in the building of the engineer ing-sca le 
high-alpha handling facility a r e proceeding on a schedule which should allow 
plutonium operat ion to begin about May 1963. The Cri t ical Path Method,l"* 
in conjunction with an IBM 704 computer p rog ram, is being used to expedite 
construct ion and instal lat ion. Initially, the p rocess var iables in the fluo­
rination of uranium-plutoniuna oxide pel lets a re to be studied in a fluidi.ied-
bed r eac to r . La ter , equipment will be added to the facility to study methods 
for the separa t ion of the uranium from the plutonium. The behavior of the 
fission products can also be investigated in this systena at gamma levels 
that allow di rec t personnel a c c e s s . 

The engineering facility includes two alpha boxes as shown in 
Figure 33. The l a r g e r alpha box will hold all of the p lu tonium-processmg 
equipment and will be located inside an enclosed cell . The smal le r alpha 

l^Glaser , L. B., and Young, R. M., Chem. Eng. Prog . , 57, F>9 (Nov 196l). 
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box will contain the aqueous scrubber and p r o c e s s - g a s - m e t e r i n g manifold; 

F igure 33 

ENGINEERING-SCALE PLUTONIUM 
HANDLING FACILITY 

this box will be located in the main 
operating a rea , along with the panel 
board from which the p rocess is 
controlled. 

INSTRUMENT 
PANEL BOARD 

The layout of equipment in 
the l a rge r alpha box is shown in 
Figure 34, a photograph of a scale 
model constructed to facilitate the 
layout of equipnaent and l ines. Near 
the middle of the box is the fluidized-
bed reac tor unit conaplete with p r o c ­
ess gas f i l ters and fuel charger . To 
the right of this unit a re three con­
dense r s , each naounted on a weighing 
scale , in which the uranium and 
plutoniuna hexafluoride products will 
be collected. Gas will be rec i rcula ted 
to the fluorinator by the diaphragna 
punap at the lower right. P r o c e s s 
purge gas will pass through alumina 
t raps at the upper right, before being 
exhausted frona the box along with 
the box ventilation air . Also in the 
box are the gas prcheater and the 
product containers , one of which is 

shown at the upper iiaiddle on a weigh sca le . A plutoniuna hexafluoride de­
composer and disti l lation column for uranium-plutonium separat ion studies 
are shown in the left half of the box, but have not yet been installed. 

18F 2In 

L—OPERATING AREA 
17 F 

The handling of large quantities of plutonium in the gaseous 
state ra ther than in the liquid or solid state would present a safety problem 
if the gaseous plutonium hexafluoride were inadvertently re leased from 
the equipnaent. Laboratory tes t data have shown that, whereas plutonium 
hexafluoride vapor is not efficiently removed from air by absolute f i l te rs , 
the hydrolyzed solid product is efficiently reinoved by filtration. Conse­
quently, all air and p r o c e s s - g a s s t r eams are humidified to hydrolyze the 
fluoride off-gas before being exhausted through absolute f i l ters to the out­
side a i r . Also, to nainimize the spread of any alpha contamination during 
any accidental r e l ea se , a se r ies -connec ted ventilation systena is used with 
increasing negative p r e s s u r e s in the personnel operating area , cell a rea , 
and alpha boxes. The box-ventilation air is drawn into the box frona the 
cell a r ea through a fil ter and is exhausted along with the p roces s -gas 
waste success ively through a f i l ter , aqueous scrubber , and two absolute 
f i l ters before being laiixed with the ventilation air from the operating and 
cell a r e a s . As a final safety precaution, before final re lease all venti la­
tion air exhaust is put through another ( larger) aqueous scrubber and a 
set of absolute f i l ters (six in para l le l ) . 



Figure 34 

DIRECT FLUORINATION PROCESS SCALE MODEL OF PILOT-PLANT EQUIPMENT 
IN PLUTONIUM ENCLOSURE 

to 

26 F l 6 IN 

«•» 
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3. Separation of Uranium from Zirconiuna-alloy Fuels 
I N . Levitz) "" ^ ' ' ~ 

a. P r o c e s s Studies on Recovery of Uranium from Enriched 
Uraniu3aa-Zirconium-alloy Fuels 
(D. Ramaswami , J , T. Holmes, and C. Schoffstoll) 

A fluidisation-volati l i ty p roces s scheme for the recovery 
of uranium from enr iched uranium-zirconiuna-al loy nuclear fuels is being 
investigated. The p r o c e s s involves react ion of the alloy with hydrogen 
chloride while the uraniuna-zi rconium fuel is subnaerged in an iner t 
fluidized bed. During the react ion of the alloy with hydrogen chloride, 
the zirconium, is sublim.ed as the t e t rach lor ide , leaving part iculate uranium 
chloride in the r eac to r assembly . Uranium is recovered as volatile u r a ­
nium hexafluoride during a subsequent fluorination step. 

In o rde r to demons t ra te the feasibili ty of this p roces s , 
the reac t ions with hydrogen chloride and with fluorine a re being invest i ­
gated in a bench-sca le fluid-bed unit. The react ions a r e being ca r r i ed out 
in a pref luor inated nickel r e a c t o r ( l . 6 l - i n . inside diameter) containing a 
fluidized bed of pref luorinated Alundum (Norton, Type RR). Tempera tu res 
in the range from. 400 to 550 C a re being used. Par t icu la te ma t te r (including 
uranium) entra ined from the fluidized-bed reac tor is collected by flow of 
the gas s t r e a m downwards through an Alundum bed-f i l ter ( L 6 l - i n . inside 
d iameter ) maintained at 350 to 550 C. The off-gases from the fil ter a re 
cooled to condense volati le reac t ion products . The waste gases are t rea ted , 
and remaining iner t diluent gases a re d ischarged to the stack. 

Previous studies (ANL-6413, page 136 and ANL-6543, 
pages 149 to 150) indicated that: 

Less than 0,2 percent of the uranium reac ted in the fluid bed 
was lost during the react ion with hydrogen chloride when the 
downflow Alundum bed f i l ters were used. 

Uranium re ta ined by the Alundum in the fluid-bed reac tor was 
about five percent of the uranium reac ted during a single 
chlorinat ion-f luorinat ion cycle. The cumulative uraniuna loss 
to the Alundum res idue dec reased to one percent when the 
same bed m a t e r i a l was used in five consecutive runs . 

Satisfactory collection of uraniuna hexafluoride from dilute gas 
s t r e a m s can be expected during fluorination. 

The object of the p resen t work is to determine p rocess con­
ditions which will r e su l t in loss of l e ss than one percent uranium to the 
Alundum in each cycle in the fluidized-bed reac to r 

2. 



114 

Apparatus . The apparatus (see Figure 35) consis ts of 
l) a fluid-bed r eac to r , 2) a downflow s ta t ic-bed f i l ter , 3) a z i rconium 
te t rachlor ide condenser , 4) a hydrogen chlor ide-absorpt ion tower, 5) cold 
t r a p s , and 6) a f luor ine-disposal tower. In p rac t i ce , the zirconium t e t r a ­
chloride condenser is completely removed after the hydrogen chloride 
react ion is completed, and the cold t r aps are instal led pr ior to fluorination. 
The apparatus for off-gas analysis which was recent ly instal led and is 
undergoing testing and cal ibrat ion is also shown in Figure 35. 

Figure 35 

APPARATUS FOR CHLORINATION AND FLUORINATION 
OF URANIUM-ZIRCONIUM ALLOY FUELS 

Ng+HCI OR 
Nz + Fg 

THERMAL 
CONDUCTIVITY 
CELL 

ROTAMETER i 

J 

'TRICHLOROETHYLENI 
AND DRY ICE 

The fluid-bed reac tor has a 1.6-in. inside diameter and 
a 14-in.-high section topped by a 3-in.-dianaeter disengaging section of 
s imi la r height. A sampling line (for solids) of "T"™- i^iside d iameter dips 
into the fluidized bed with its open end 2 in. above the bottom of bed. The 
downflow filter (1.6-in. inside d iameter and 14 in. high) is connected to 
the top of the disengaging section of the reac tor by a 1-in. inside diameter 
by 14-in.-long tube. The ent i re r eac to r and downflow fil ter assembly is 
made of nickel and is provided with external hea t e r s . 

The zirconium te t rachlor ide condenser is an a i r -cooled 
Pyrex glass section of 4-in. inside diameter by 19 in. long. The hydrogen 
ch lo r ide -sc rub tower is a 4-in. Pyrex glass pipe packed with -j'in- ce ramic 
Raschig r ings to a height of 28 in. 

The cold- t rap sys tem consis ts of three copper coi ls , each 
wound from a 5-ft length of ^ ' i i^ -" ins ide-d iameter tubing. The coils are 
i m m e r s e d individually in a bath of t r ichloroethylene and dry ice. The 
fluorine disposal tower is made of nickel (3-in. inside d iameter and 36 in. 
tall) and contains activated alumina spheres ( j - i n . d iameter) to a height 
of 32 in. from the bottona. 
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Experinaental P rocedure . A prede termined quantity of 
Alunduiaa (Norton Type RR) is charged to the reac tor and filter sect ions. 
Alundum in the reac to r is fluidized by a flow of nitrogen. After the r e a c ­
tor and filter sect ions a re brought to the des i red t empera tu re , the ent i re 
assembly is pref luorinated for approxinaately 2 hr with an equimolar laiix-
tu re of nitrogen and fluorine. After prefluorination, the reac tor assembly 
is purged with ni trogen for 0.5 hr . Uranium-zirconiuna alloy fuel is then 
charged from the top of the r eac to r . A preheated mixture of nitrogen and 
hydrogen chloride is admitted to the r eac to r at a manually regulated ra t e . 
When the des i red amount of chlorinating agent has been fed, the system is 
purged with pure nitrogen. Then fluorination is c a r r i ed out for the des i red 
t ime interval . Because of the high react ivi ty of the system, the t e m p e r a ­
ture of the react ion zone is manually controlled by regulating the concen­
t ra t ion of the reac tant gas at the inlet and the heat input to the system 
during the initial s tages of the reac t ions . 

During the f i r s t of the cur ren t studies, unusually large 
p r e s s u r e buildups a c r o s s the downflow Alundum-bed filter were encount­
ered. These were at t r ibuted to the formation of fine part iculate mate r ia l 
in the fluid bed during the chlorination with hydrogen chloride and the 
entrainment of this m a t e r i a l in the gas s t r eam to the filter bed. In order 
to avoid this p r e s s u r e effect, the use of the filter bed was suspended 
temporar i ly by removing the contained Alunduna. 

Resul t s . Results show that higher fluorination tenapera-
tu res give improved uraniuna removal , as indicated by analysis for r e ­
sidual uranium in the inert bed miaterial. Typical values (see Table 29) 
are 0.05 weight percent uranium for a fluid bed at 400 C (Run 26) and 
0.03 weight percent uranium for a fluid bed at 500 C (see Run 25). 

Table 29 

CHLORINATION AND FLUORINATION OF URANIUM-ZIRCALOY ALLOY 

Equipment: 1 l;2-in.-diameler column 
Fircaloy Sample: No. GR 126 (Irregularly shaped chips ~l/8to 1/4 in. on a sidei 

w/o U in Zircaloy = 5.1 
w/o oxygen in Zircaloy • 0.126 

Bed Material: Alundun Type RR. -40 +60 mesh 
(No downflo* filter except in Runs 23 and 24) 

Run 
No. 

27 

26 

25 

24 

23 

Inert 
Bed 

Charge 

320 

320 

320 

550 

550 

.Alloy 
Charge 

fgi 

240 

240 

240 

350 

350 

Fluid Bed 
Temp 

fC) 

400 

400 

500 

550 

450 

Chlorination 

Time 
ihri 

28 

17 

12.5 

6.5 

5 

Quantity 
of HCia 

(X Stoichi 

25 

13 

U 

4 

4 

Fluid 
Bed 

Temp 
(Ci 

400 
SOOC 
SOOC 

400 
500C 

500 
500<: 
500^ 

550 

450 

Fluorination 

Time 
(hri 

7 
2 
4 

6.5 
2 

5 
2 
4 

6 

6 

Quantity 
ofF2'' 

(X Stoich) 

140 
40 
80 

130 
40 

lOO 
40 
80 

120 

120 

Final Bed 

Analysis 
(w/o! 

Zr U 

0.04 
0.04 
0.04 

0.13 
0.13 

0.04 
0.04 
D.CM 

0.44 

0.23 

0.04 
0.03 
0.03 

0.05 
0.03 

0.05 
0.03 
0.03 

0.05 

0.06 

Initial Zr 
Retained 
m Fluid 

Bed 

0.06 
0.06 
0.06 

0.18 
0.18 

0.06 
0.06 
0.06 

0.73 

0.38 

f̂  
Initial U 
Retained 
in Fluid 

Bed 

1.1 
0.8 
0.8 

1.3 
0.8 

0.8 
0.8 
0.8 

1.5 

1.9 

^Stoichiometric amount based on total ailoy. 
Î Based on uranium content of alloy only (UCI3 * 3 Fj — UF̂  < 3/2 CI2). 
CReffuorination of bed. 



Fur the r improvement was noted when a bed, initially fluorinated at 400 C, 
was refluorinated at 500 C (as in Runs 26 and 27). The value of 0.03 weight 
percent uranium in the res idue corresponds to 0.8 percent of the initial 
uranium charge . 

Util ization of g rea te r excesses of hydrogen chloride r e ­
sulted in a slightly lower overal l uranium res idue after subsequent fluo­
rination of the iner t bed m a t e r i a l (compare Runs 26 and 27 and also 
Runs 24 and 25). The reduction in zirconium content with g rea te r excesses 
of hydrogen chloride was somewhat more pronounced. 

In two exper iments phosgene was used at the end of the 
chlorination step to proxnote removal of the res idua l amounts of zirconiuna 
(possibly p resen t as oxide). This was expected to make more uranium 
available for recovery , since it has been suspected frona previous work 
that res idual uraniuna is assoc ia ted with res idual z i rconium. In the initial 
scouting exper iment (see Table 30), 4 g of chlorinated Alundum bed frona 
Run No. 24 were t r ea t ed with phosgene at 400 C in an Alunduna boat and 
then subjected to fluorination at 400 C. In the second experiiaient (Run 28), 
Zircaloy was chlorinated at 400 C in a fluidized bed of Alundum. The 
resul tant bed was t rea ted with phosgene at 400 C and subsequently f luori­
nated at 400 and again at 500 C. In both of these exper iments , less than 
0.2 percent of the uranium and 0.05 percent of the z i rconium charged to 
the r eac to r bed was re ta ined by the Alundum. 

Tabie 30 

EFFECT OF PHOSGENE TREAffdEW ON RETENTION OF URAMiUM BY ALUNDUM 

Equipment: i 1.2-in.-diameter coluinn 
Zircaloy Sanple: m. GR126 (Irregularly shaped chips~l,8 to 14 in. on asides 

vvio U in Zircaloy: 5.1 
iv/o oxygen in Zircaloy: 0.126 

Alloy Cnarge: Run No. 24. 26 refer to Table 29- Run No. 28: 240 g 
Be(J Ailaterial: Aiunduii 'ype RR; -40 -̂ 60 mesn, ho down-low filter 
Inert Bed Charge: Run No. 24, 26 refer to Table 29: Run No. 28: 320 g 

Chlorination Ki th 

Hydrogen Chloride Phosgene Fluorination^ 

Final Final Final 
Reactor Reactor Reactor % 

Type of Run 

Fluid Bed 
(Run 26" 

Boat*̂  

Fluid Bed 
(Run 28! 

Reactor 
Bed 

Temp 
(O 

400'' 

550 

400^ 

Tine 
ihri 

17 

6.5 

7 

Bed 
Analysis 

ly-o 
Zr 

_ 

0.8 

. 

vV/O 

u 
0.74 

1.29 

0.79 

Reactor 
Bed 

Te'tip 
(C. 

_ 

400 

400** 

Time 
(hri 

_ 

3 

5.2 

Bed 
Analysis 

t'/O 

Zr 

„ 

0.8 

.y/o 
U 

1.22 

1.03 

Reactor 
Bed 

Temo 
(C) 

400 
500 

400 

400 
500 

Time 
(hr) 

6.5 
2.0 

3 

9 
2 

Bed 
Analysis 

iV>0 iV/O 

Zr U 

0.13 0.05 
0.13 0.03 

< 0.02 0.005 

< 0.03 0.03 
< 0.03 <0.01 

Initial 
Zr Charge 
Retained 

in Reactor 
Bed 

0.18 
0.18 

<0.03 

<0.04 
<0.04 

Initial 
U Charge 
Retained 

in Reactor 
Bed 

1.3 
0.8 

<0.2 

0.8 
<0.2 

^"^luorine excess ,vas~100 times ts-e stoichioiiiefic requirement (baseiJ an uranium content of tne alloy) m all runs. 
Î Excess HCI was 13 tines stoichiometric in Run 26 and 3.3 tines stoichiometric in Run 28. The stoichioiietric amount 
ivas based on the total alloy. 

^Material was taken from Run 24 and was hydrochlorinated in the fluid-bed unit. 
flTctal phosgene fed was 29.3 cu ft, approximately ? times stoichiometric. 



In a subsequent fluid-bed experinaent (which will be d iscussed more fully 
in the next quar ter ly) in which the reac t ion procedure involved a hydrogen 
chloride-phosgene mix tu re , then a phosgene t rea tment followed by f luorina­
tion, unexpected ignitions occur red upon venting (to air) of the cold t r aps 
used for collecting the uranium hexafluoride. The t r aps a re normally kept 
at about -80 C with a dry ice- t r ich loroe thylene bath and are purged with 
ni trogen. In o rde r to hydrolyze the m a t e r i a l in the t r aps (for subsequent 
chemical analysis) , the t r aps a re disconnected frona the reac tor systena 
and the coolant is removed. The ignitions occurred during the initial 
s tages of wa rm-up , at which t ime the t r aps were vented to the a tmos ­
phere . An investigation into the possible causes of these ignitions is 
being made. 

Improvement of the Labora tory Unit. It has been observed 
that only about one pe rcen t of the uraniuna which reac ted in the fluid bed 
passed into the zirconiuna te t rach lor ide condenser in Runs 25, 26, and 27. 
Most of the entra ined uranium chloride par t icula te naatter appeared to be 
deposited on the inner walls of the empty downflow fil ter section. If this 
behavior continues, the use of a separa te "set t l ing" chanaber p r io r to the 
use of the Alundum-bed fi l ter naay have the following benefits: l) the ra te 
of p r e s s u r e buildup a c r o s s the Alundum-bed fi l ter may be reduced and 
2) the fi l ter efficiency of the whole sys tem may inaprove. Since the down-
flow fi l ter sect ion will contain a fi l ter bed in future work, an internaedate 
chaiaiber will be instal led to t es t fur ther this unexpected behavior. 

P re l i r a ina ry exper iments with a the rmal conductivity cell 
indicate that the exit gas streajaa consis ts of 0 to 30 percent hydrogen 
during chlorination with hydrogen chlor ide. Based on this exper ience, 
nece s sa ry equipment (see F igure 35) is being assero.bled to naeasure the 
concentrat ions of gaseous products in the exit gas streana The gas anal­
ys i s assembly consis ts of l ) a sample-pur i f icat ion section, 2) a sample -
mete r ing unit, 3) an "on stream'* ambient t empera tu re -con t ro l l ed the rma l 
conductivity cell , and 4) a r e c o r d e r for product concentrat ion in the gaseous 
streana during chlorination. A t h e r m a l flowmeter is being installed to r e ­
cord the flow of exit ga se s . With the above equipment, the p r o g r e s s of the 
reac t ions can be observed and recorded , and quantitative data, including 
react ion r a t e s , naay be obtained for the ent i re run. A sinailar scheme may 
be usable during the fluorination step. 

Future work. The future work will be directed toward 
esi"ablishing p r o c e s s conditions for obtaining maximum recovery of uraniuiaa 
and smooth operat ion of the bench-sca le unit. The effect of the following 
independent var iab les will be investigated: 

1) Zircaloy containing a lower percentage of uranium; 

2) shape of Zi rca loy (long s t r ips in compar ison with the chips 
being used at p resen t ) ; 



3) weight r a t io of Zircaloy to Alundum; 

4) consecutive chlorinations of f resh charges of alloy pr ior to 
fluorination; 

5) use of phosgene-hydrogen chloride mix tu re s ; 

^) in situ mixing of hydrogen and chlorine instead of using 
hydrogen chloride gas; 

7) use of hydrogen fluoride p r io r to fluorination. 

b. F lu id-bed Hydrolysis of Zirconium. Tet rachlor ide 
(K. Sutherland, and D. J . Raue) 

A study is continiiing of the pyrohydrolysis of z i rconium 
te t rach lor ide by s team in a fluidized bed. This work is d i rected toward 
developing a method for disposal of the waste te t rach lor ide produced by 
chlorination of the z i rconium in fuel e lements . In the react ion, the t e t r a ­
chloride is converted into the m o r e easi ly s tored oxide. It has previously 
been demonst ra ted that the p roces s is feasible on a smal l batch scale 
with low feed r a t e s , but a t tempts to inc rease the te t rach lor ide flow ra te 
to that requ i red for a proposed pilot plant have been troubled by the oc­
cur rence of la rge p r e s s u r e drops ac ros s the exi t -gas f i l te rs due to ex­
cess ive buildup of fines on the f i l t e r s . The cur ren t ly repor ted work was 
aimed at finding operating conditions which would el iminate these e x c e s ­
sive p r e s s u r e drops by increas ing the percentage of solid product deposited 
on the bed m a t e r i a l . It was hoped that deposition of oxide would be promoted 
by increas ing the g a s - r e s i d e n c e t ime in the bed and decreas ing the reac t ion 
t e m p e r a t u r e , thus reducing the proport ion of hydrolysis occurr ing in the 
gas phase . 

A major change in the exper imenta l setup from that p r e ­
viously repor ted (ANJ_.-6543, page 151) is the use of the same s t r e a m of 
ni trogen to t r a n s p o r t the te t rach lor ide and to fluidize the bed, thereby 
el iminating the need for a separa te diluting ni trogen s t r e a m for fluidiza­
tion. A diagrana of the apparatus now used is shown in F igure 36, and the 
run conditions a r e given in Table 31. The star t ing bed m a t e r i a l for each 
s e r i e s of runs was r e f r ac to ry -g rade alujaaina with a size range of -60 
+200 mesh . The bed depth in the 6 - in . -d iamete r column was maintained 
at about 20 in. During the longest runs , enough m a t e r i a l was produced so 
that solids had to be removed semicontinuously in o rde r to naaintain a 
constant bed height. Runs were c a r r i e d out with bed t e m p e r a t u r e s of 
300, 350, and 450 C. A low feed ra te (1.2 kg /h r ) was used in the f i rs t 
two runs in o rde r to avoid overloading the rebuil t appara tus , the la te r 
higher figure (2.2 kg /h r ) being slightly g r e a t e r than that for the proposed 
pilot plant (see F igure 50, ANL-6543, page 153). The ni trogen flow ra te 
was increased for the las t run in o rder to sinaulate naore closely the con­
ditions of a pi lot-plant gas s t r e a m . 
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Figure 36 

DIAGRAMMATIC FLOWSHEET OF EXPERIMENTAL 
APPARATUS FOR THE FLUID-BED HYDROLYSIS 

OF ZIRCONIUM TETRACHLORIDE 

/ \ PRODijr-T 
TA/E-l COLLECTOR 
Off 
COT 

T a b l e 31 

O P E R A T I N G CONDITIONS F O R THE F L U I D - B E D HYDROLYSIS 
O F ZIRCONIUM T E T R A C H L O R I D E 

E q u i p m e n t : 6 - i n . - d i a m e t e r c o l u m n 
N i t r o g e n F l o w R a t e : 2 s c f m ^ 
S t e a m R a t e : 0.9 sc fm 
S ta r t i ng Bed Weight : 15.2 kg 

Run 
No. 

CO-20 
C O - 2 I 

C O - 2 2 

C O - 2 3 
CO-24 

CO-25 

CO-26 

Bed M a t e r i a l 

F r e s h AI2O3 
Coa ted AI2O3 

f r o m CO-20 
Coa ted AI2O3 

f r o m CO-21 
F r e s h AI2O3 
Coa ted AI2O3 

f r o m C O - 2 3 
Coa ted AI2O3 

f r o m CO-24 
Coa ted AI2O3 

f r o m CO-25 

Run 
D u r a t i o n ^ 

(h r ) 

3.0 
3.2 

1.8 

0.8 
6.0 

3.5 

1.8 

ZrCl4 
F e e d Ra te 

( h r / h r ) 

1.2 
1.2 

2.2 

2.2 
2.2 

2.2 

2.2 

S team 
Quant i ty 

(X Stoich) 

6.5 
6.5 

3.5 

3.5 
3.5 

3.5 

3.5 

Bed 
T e m p 

(C) 

450 
350 

350 

350 
350C 

300 

300 

Biowback 
P r e s s u r e 

(psig) 

30 
30 

30 

30 
30 

80 

80 

^ I n c r e a s e d to 2.5 sc fm for Run C O - 2 6 . 

^ T i m e of feeding ZrCl4 . 

c R e d u c e d to 300 C for l a s t h o u r . 
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The naajor resu l t s a r e presented in Tables 32 and 33. 
Included a re the observed inc reases in p r e s s u r e drop, the mate r i a l balances 
for each run, and the changes in par t ic le size for each of the two fresh 
batches of alumina. The most important effects a re the increases in p r e s ­
sure drop, which were very high (10 to 16 in. Hg) for two of the runs and 
low (\ 1 in. Hg) in the other five. When the bed t empera tu re was dec reased 
from 450 C in Run CO-20 to 350 C in Run CO-21, the p r e s s u r e drop p rob­
lem was re l ieved for the short durations of Runs CO-21 to CO-23 (0.8 to 
3.2 hr ) , but the p r e s s u r e buildup occur red again in the longer Run CO-24 
(6 hr) . However, the increase in p r e s s u r e drop in this par t icu lar run did 
not s ta r t until the elapsed tinae had exceeded 2 ^ hr , i .e . , a longer period 
than the total run t ime for the previous two runs at the higher t e t r a ­
chloride feed r a t e . 

Tatile 32 

EXPERIMEKTAL RESULTS FOR THE FLUID-BED HYDROLYSIS OF ZIRCONIUM TETRACHLORIDE 

Run 
No. 

CO-20 
CO-21 
CO-22 
CO-23 
CO-24 
CO-25 
CO-26 

Increase in 
Pressure 

DropS 

iin. Hg) 

10.3 
0.9 
0.3 
0.3 

16.2 

0.4 
0.4 

Starting 

Bed 

15.23 
16.47 
18.31 
15.99 
16.78 
16.00 
16.00 

(See Table 31 for other 

Material Input (kg) 

Equivalent 
Zr02 Fed 

1.85 
2.09 
2.09 
0.96 
6.40 
3.66 
2.08 

run conditions! 

Total 

17.08 
18.56 
20.40 
16.95 
23.18 
19.66 
18.08 

Final 

Bed 

16.52 
18.34 
20.11 
16.83 
19.23 
18.54 
17.78 

Material Output (kgl 

Product 

Takeoff 

0 
0 
0 
0 

1.23 
0.88 

0 

Filter 

Fines 

0.52 
0.22 
0.25 
0.07 

1.56 
0.42 
0.32 

Total 

17.04 
18.56 
20.36 
16.90 
23.54 
19.84 
18.10 

^Initial value, 1.6 in. Hg. 

Table 33 

DISTRIBUTIONS OF ALUMINA PARTICLE SIZE DURING THE FLUID-BED HYDROLYSIS OF ZIRCONIUM TETRACHLORIDE 

Run No. 

CO-20 Start 
CO-20 Finish 
CO-21 Finish 
CO-22 Finish 

+60 

0 
0 

0.6 
2.6 

(See Table 32 for 

USS Sieve Fractions (w/o! 

•60 +100 

47.0 
47.0 
52.8 
56.6 

-100+200 

53.0 
53.0 
46.6 
40.5 

run conditions and source of bed 

-200 

0 
0 
0 
0.3 

Run No. 

CO-23 Start 
CO-23 Finish 
CO-24 Finish 
CO-25 Finish 
CO-26 Finish 

material) 

+60 

0 
0.3 
1.7 
2.9 
2.6 

USS Sieve Fract 

-60 +100 

49.2 
46.9 
58.4 
61.2 
58.6 

ons («r/o! 

-100 t200 

50.7 
52.7 
39.6 
31.9 
29.8 

-200 

0.1 
0.1 
0.3 
4.0 
9.0 

It seemed reasonable to assum.e from this last fact that 
an inefficient biowback sys tem (each of the four f i l ters is blown back once 
each minute) naight be the cause of the large p r e s s u r e drops . Accordingly, 
the last two runs were perform.ed with a g rea te r biowback p r e s s u r e (SOpsi 
as opposed to 30 psi) , and the increase in p r e s s u r e drop ac ross the f i l ters 
was once again reduced to an insignificant value. The use of a higher 
biowback p r e s s u r e was accompanied by a further reduction of bed t e m p e r ­
ature from 350 to 300 C. However, the overal l effect of reducing the 
tenaperature is sti l l somewhat obscure . Operations have inaproved in 
general , although the percentage of ma te r i a l deposited on the bed par t ic les 



seemingly did not i nc rea se . This is indicated by the increased proport ion 
of -200 m e s h par t ic les p resen t at the end of Runs CO-25 and 26 (see size 
analyses in Table 33). Despite the increasing quantity of fines, a general 
t rend towards par t ic le growth can also be observed. 

The m a t e r i a l balances given in Table 32 a re all good, the 
differences between total input and total output being well within the e r r o r 
m the bed weights . The cu r ren t s e r i e s of runs a re the f i r s t for which good 
balances have been obtained. 

Although it is now probable that a long run can be made 
without l a rge p r e s s u r e buildup, the operating conditions do not yet seem 
to be favoring inaximum deposit ion of product oxide on the bed mate r i a l . 
Future work will therefore be d i rec ted towards finding conditions such 
that a nainimum anaount of -200 m e s h naaterial is generated. The main 
var iab les to be studied will be bed t empe ra tu r e and the amount of excess 
of s team in re la t ion to the s to ichiometr ic value. In addition, the react ion 
must be c a r r i e d out successfully in the p resence of a high proport ion of 
hydrogen chlor ide, which const i tutes 62 volunae percent of the proposed 
pilot-plant s t r eam. 

c. P r o c e s s Design Work for the Fluoride Volatility Pilot 
Plant for Recovery of Uranium from Zirconium Alloy 
Fuels 
(N. Levitz, J . Barghusen, and J . Holmes) 

Shop pr in t s have been subnaitted to Argonne National 
Labora to ry ' s Central Shops for fabricat ion of essent ial ly all of the major 
p rocess v e s s e l s . The Lapp Insulator Company, LeRoy, New York, sub-
laiitted the low bid on the r emote -head diaphragm compresso r for fluorine 
recyc le , and the o rder has been placed. An order has been placed for 
construct ion of the panel board. This will include off-site mounting of the 
ins t ruments , complete with piping and e lec t r i ca l wiring, and delivery of 
the packaged unit for instal lat ion. P r e l i m i n a r y discussions with Argonne 
Plant Engineering personnel have been held to coordinate other phases of 
the work. 

C. Conversion of Uraniuna Hexafluoride to Uranium Dioxide P repa ra t ion 
of High-density P a r t i c l e s 
(l. Knudsen, N. Levitz, M. Jones) 

P r o c e s s development studies were continued on a simple fluid-bed 
scheme for p repar ing high-densi ty uranium dioxide par t ic les by the sinaul-
taneous reac t ion of uraniuna hexafluoride with steana and hydrogen. The 
dense spheroidal product would be used as shot in d ispers ion or packed 
fuel e lements . " Mater ia l made in e a r l i e r studies of conversion ra te (see 
ANL-6145, pages 124 to 128) was of relat ively low density (about 4 g / cc . 
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bulk density) and requi red s inter ing for densification (93 percent of 
theore t ica l density was achieved; see ANL-6183, page 123). Recent efforts 
have been d i rec ted towards establ ishing operating conditions which will 
give dense pa r t i c l e s di rect ly . 

In the previous quar t e r (see ANL-6543, page 157), par t ic le density, 
as m e a s u r e d by m e r c u r y displacement , was found to increase frona 6.4 g /cc 
to 8.9 g /cc as the ra t io of s team to hydrogen in the reactant s t r e a m was 
decreased . Curren t studies explored fur ther the effect of s t eam concen­
t ra t ion on par t ic le density. 

The studies a re being conducted in a 3- in.-dianaeter cone-bottomi 
Monel column descr ibed previously (see ANL-6379, page 183). The run 
procedure involved a l ternate per iods of hexafluoride feed t ime followed 
by a per iod when res idua l fluoride was removed and only s team and hydro­
gen were fed. In some cases , a g r ea t e r s team feed ra te was used during 
the cleanup per iod than during the hexafluoride feed per iod. Uranium, 
hexafluoride feed per iods have ranged from 20 min to one hour. Product 
was removed semicontinuously (after each cleanup period) so that the bed 
weight remained approximately constant. A recycle s t r e a m of -60 
+200 m.esh pa r t i c l e s was fed to the column to offset the effect on par t ic le 
s ize dis tr ibut ion of par t ic le growth. The recycle ra te has been about 
10 percent by weight of the hexafluoride feed ra te . The average bed p a r ­
t icle size has r emained near 350 ,u. 

In the cu r r en t exper iments (Runs 66H through 66K), the s team ra te 
was var ied f rom 0.1 to 1.4 t imes the s toichiometr ic requirenaent,* while 
the hydrogen ra te was kept re la t ively high, at 10 to 20 t imes the r e q u i r e ­
ment. Relatively li t t le ni t rogen was fed in with the reac tan ts so that steana 
and hydrogen compr ised both the fluidizing medium and the reactant s t r eam. 

Pa r t i c l e densi t ies of 9.5 g / c c , 86 percent of theore t ica l density 
(10.96 g / cc ) , we re achieved in Run 66H with 40 percent excess s team 
(see Table 34). L e s s e r amounts of s team, for example, down to 10 percent 
of the s to ichiometr ic requ i rements for complete react ion to the dioxide, 
gave lower r e su l t s , such as 8.4 g / cc in Run 66J. Density measu remen t s 
by xylene displacement on m a t e r i a l of 75 to 85 percent theore t ica l density 
gave values of 10.5 to 10.7 g / cc , indicating that re la t ively few closed pores 
exist in the p a r t i c l e s . P o r e s sma l l e r than 17 /J. a re not penet ra ted in the 
m e r c u r y displacement method and a r e therefore included in the solids 
volunae, giving the overal l , not skeletal , par t ic le density. The effect of 
s team concentrat ion in the reac tant s t r e a m is shown in. F igure 37. A 
possible explanation for these density changes may be that uranium t e t r a ­
fluoride ( ra ther than uranyl fluoride and/or U3O8) is formed as an in te r -
naediate reac t ion product at lower steana concentrat ions. Some sinter ing 

•Based on the react ion UF^ + 2H2O + Hg -* UO2 + 6HF. 
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densification of the par t ic les naay then occur at normal operating temper­
a tures because of the reduced melting point of the outer layer of 
te t raf luoride-oxide naixture. 

Table 34 

PREPARATION OF HIGH-DENSITY URANIUM DIOXIDE PARTICLES FROM 
URANIUM HEXAFLUORIDE IN FLUIDIZED BEDS 

Equipment: 3- in.-diameter Monel column 
Tempera ture : 650 C 
Bed Weight and Height: 6 kg; 8 to 12 in. static 
Superficial Velocity: 0.75 to 1.0 f t /sec 

Run 
No. 

66B 

66C 
66D 
6 6 F 
66G 
66E 
66H 
66K 
661 

66J 

Quantity of 
Reactants 
(X Stoich)^ 

Steam 

12.6 

5.4 
3.5 
3.2 
2.8 
1.9 
1.4 
1.30 
1.1 
0.75 

0.10 

Hydrogen 

12.6 

5.6 
12.8 
12.6 
14.8 

9.4 
16.8 
16.5 
17.8 
15.9 

18.8 

UFj Rate 
(g/min) 

10 

22 
19 
26 
24 
27 
26 
25 
25 
28 

26 

UFt Feed 

On-time 
(min/hr) 

50= 

45 
45 
40 
40 
45 
30 
20 
30 
30 

30 

Run 

Duration 
(hr) 

29.0 

11.75 
10.3 

6.0 
6.0 
6.0 

11.0 
24.0 

6.0 
4 .0 

10.0 

Residual 

Fluoride 
(w/o) 

0.015-
0.033 

0.025 
0.022 
0.032 
0.024 
0.30 
0.049 
0.024 
0.043 
0.125 

0.104 

Bulk 

Density 
(g/cc) 

4.2 

4.6 
5.9 
6.0 
6.1 
6.2 
6.7 
6.3 
6.6 
6.5 

5.7 

Particle 
Density'^ 

(g/cc) 

6.6 

7.6 
8.1 
8.5 
8.5 
8.9 
9.5 
9.0 
9.3 
9.3 

10.5^ 
8.4 

10.7d 

^Based on the reaction UFj •+ Hj -̂  2H2O ^ UO2 + 6 HF. 

I^Mercury displacement method. 

•^Intermittent feed during last 8 hr . 

"Xylene displacement resu l t s . 

Figure 37 

DENSITY OF URANIUM DIOXIDE 
PRODUCED BY SIMULTANEOUS 
REACTION OF STEAM AND HY­

DROGEN WITH URANIUM 
HEXAFLUORIDE IN A 

FLUID-BED 
(Density determined by naercury 

displacement) 

2 4 6 8 10 12 
QUANTITY OF STEAM, times stoichiometric requirement 

Residual fluoride contents 
have been held to 200 to 300 ppiai in 
most runs . To laiaintain low fluoride 
levels during operation at low steaiai 
concentrat ions (less than stoichio-
naetric), reduction of the hexafluoride 
feed t ime period and increased steana 
concentration during cleanup were 
required. Nickel content of the 
products ranged frona 17 to 30 ppin, 
indicating low corros ion r a t e s in the 
r eac to r . Fines ca r ry -ove r to the 
fil ter vesse l has averaged about 
nine percent by weight of the hexa­
fluoride feed input, although it has 
been as low as two percent in some 
runs . Bed weight has been held 
constant in these experiments 



result ing in a dec rease in height from about 12 to 8 in. (static) as the 
density increased . This dec rea se in bed height has not adversely affected 
the ra te of fines formation despite the significant reduction in gas r e s i ­
dence t ime . 

Additional work is planned to de termine the maximum density at tain­
able direct ly by control of p roces s conditions. 

D. Fluid-bed Calcination Studies in Smal l -d iameter Columns 
( j . W. Loeding, J . Kincinas, D. Benzing*) 

Development studies involving a scheme which extends the technique 
of fluid-bed calcination to sma l l -d i ame te r columns were continued. The 
pr incipal aim of this scheme is to facili tate the process ing of solutions 
containing enriched uranium or plutonium for which nuclear cr i t ical i ty 
(size) safeguards mus t be considered. Operations involve the upward 
atomization of a feed s t r e a m into a heated bed (current ly 2 j - i n . inside 
d iameter ) of appropr ia te granular pa r t i c les fluidized ent i rely by means 
of the atomizing gas plus the feed decomposit ion gases . An advantage r e ­
sults f rom the concomitant reduction in total off-gas volume. In ea r l i e r 
work operat ion at low-a i r - to - l iqu id volume ra t ios was attempted, A 
significant reduction in this rat io from 2000 to 600 was achieved during 
a s e r i e s of shor t -dura t ion (2-hr) runs (see ANL-65435 page 158). Recent 
at tempts to operate for longer per iods have been thwarted by the problem 
of la rge quantit ies of par t ic le fines re turned to the bed at unpredicted 
t imes f rom the s in tered meta l f i l ters above the bed. Pa r t i c l e growth, 
although not an operat ional de t e r r en t as yet, has also been evident in 
these s tudies . Recent work has been directed toward minimizing both 
fines production and par t ic le growth, as well as toward producing r e l i ­
able operat ions of extended length. The sys tem is current ly being tes ted 
with beds of g ranula r aluminum oxide and a feed solution of 1M_ aluminum 
ni t ra te . Bed t e m p e r a t u r e s of 425 and 450 C and a feed ra te of about 
18 m l / m i n have been se lected as operating conditions. A submerged-
tip nozzle ( A N L - 6 5 4 3 , F igure 51 , page 158) is being used in these studies. 

The calciner is so const ructed that product may be removed from 
ei ther of two overhead locat ions. The lower take-off line is used with a 
325-g granula r shallow bed (expanded height, about 10 in.) and the upper 
with a 490-g deep bed (expanded height, about 18 in.). In shallow-bed 
runs repor ted he re , the s tar t ing bed consisted of relat ively coarse 
aluminum oxide: 200 g of -20 +40 mesh pa r t i c l e s , and 125 g of -40 
+80 m e s h pa r t i c l e s . Under these conditions the res idence t ime in the 
bed was 5.2 hr . In the deep-bed runs res idence t ime was 7.8 hr . 

Cooperative student f rom the Universi ty of Detroi t . 
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Par t i c l e growth occur red in each of these runs at bed t empe ra tu r e s of 
425 and 450 C. This m.ay be seen in the f igures by com.paring the quantity 
of -20 +40 m e s h m a t e r i a l in the s tar t ing beds with the increase in the 
total +40 m e s h par t i c les (that i s , the -20 +40 m e s h fraction and the steadily 
increas ing +20 naesh fraction). Somewhat more +20 mesh ma te r i a l and 
more fines were formed at the lower t empera tu re (425 C) than at 450 C. 
This par t ic le growth is s imi la r to that experienced previously ( A N I J - 5 4 6 6 , 

page 82), and per se it is doubtful that operat ions of extended length can 
be made successfully. 

The am.ount of fines re tu rned to the bed by blowback and rapping 
following each run was about 30 g (about 10 percent of the total bed in­
ventory) . It s eems cer ta in that this ma te r i a l ( ra ther than the smal l p e r ­
centage of fines found in the grab samples) leads to run fai lures when 
re tu rned to the bed. 

Deep-bed Runs. Two runs have thus far been per formed in which 
490 g of aluminum, oxide were used as a s tart ing bed in conjunction with 
the higher overhead product take-off l ine. The effect of the deeper bed 
(with other operating conditions remaining constant) i s , of course , to in­
c r e a s e the res idence t ime of the pa r t i c l e s in the ca lc iner . The star t ing 
bed for the f i r s t deep-bed run (Run 67) was in essence the final bed of a 
shal low-bed run (Run 6 l ) and was used to study the effect of a g rea te r 
depth on a bed known to exhibit growth c h a r a c t e r i s t i c s . Pa r t i c l e size 
fractions as a function of t ime a re plotted in Figure 40, and it may be 
noted that both the t rend toward par t ic le growth and the t rend toward 
fines production appear to have been halted. Although 1 l-j hr (Runs 67 
and 68) of operat ion r e p r e s e n t s slightly over one bed throughput, previous 
exper ience indicated that continued operat ions would be possible with one 
exception - the mat te r of fil ter fines re tu rn to the bed. Run 68 was, in 
fact, t e rmina ted for this reason . 

The formation of par t icu la te fines is caused by at t r i t ion in the bed, 
by the atomizing gas , or from droplets formed during initial atomization. 
Depending upon which mechan i sm controls and the extent to which it con­
t r o l s , i nc reased res idence t ime could have severa l r e s u l t s : 

1) The fine pa r t i c l e s naight grow in s ize . 

2) The number of fine pa r t i c l e s might i nc rease , with a conse­
quent dec rease in the size and number of la rge pa r t i c l e s . 

3) Both of these raight occur simultaneously. 



Figure 40 

PARTICLE SIZE DISTRIBUTION IN 
SMALL-DIAMETER CALCINER 

Runs SD-67 and SD-68 
Bed Depth: IB iu. 
Air/Liquid Vol Ratio: 812 
Bed Temp: 445 C 
Column Diameter: 2 -1 /4 in. 
Atomizing Air: 0.53 cfm 

6 7 
RUN TIME, hours 

Blowback Operat ions. Exper iments aimed at optimizing blowback 
frequency and burs t duration have been only par t ia l ly successful because of 
nonuniform quantit ies of fines being re tu rned to the bed from the f i l te rs . 

Changes in bed level and changes in p r e s s u r e drop across the f i l ters 
a re indicated by p r e s s u r e - s e n s i n g devices. Ideally, these instruments would 
show no changes during the course of operations and would thereby indicate 
a constant bed level, because product is removed at the rate at which it is 
produced. Also, r e tu rn of fines to the bed from the f i l ters should prevent 
accumulation on the f i l t e r s . In some instances , however, the ins t ruments 
have indicated a buildup of fines on the f i l ters with a corresponding de­
c rease in bed level. However, for reasons as yet unexplained, the fines 
a re re turned to the bed at unpredictable t i ines . If the intervals between 
the r e tu rn of fines to the bed a re short (~1 min), the bed can usually absorb 
the fines without any ser ious consequences. However, if the intervals a re 
long (~10 to 15 min), bed fai lures occur. The problem of large quantities 
of fines being re turned to the bed may be alleviated by using deeper beds. 
The rat io of the quantity of fines re turned from the f i l ters to the total bed 



quantity is l e s s when deep beds a re used than in runs with shallow beds and, 
therefore , s teady-s ta te conditions a r e dis turbed l e s s by the r e tu rn of the 
f ines. Moreover , by using f i l te rs having a smal le r a rea , the quantity of 
fines held on the f i l ters can be reduced with a consequent reduction in the 
quantity of fines re tu rned to the bed. Two 18-in. bayonet, s in tered s ta in­
l e s s s teel f i l te rs a re cur ren t ly in use . In a run planned for the immediate 
future, two 9-in. bayonet f i l te rs will be employed. 



III. CALORIMETRY* 
(W. N. Hubbard, H. M. Feder) 

Thermodynamic data a r e lacking for many compounds of in te res t 
in h igh - t empera tu re chemis t ry because of the exper imenta l difficulties 
involved in making the n e c e s s a r y m e a s u r e m e n t s . A p rogram has been 
undertaken to de te rmine some of these data. 

The bas ic data needed a r e heats of formation at 25 C, P a r t of the 
p r o g r a m at Argonne National Labora tory consis ts of determinat ions of 
heats of formation by the method of oxygen bomb ca lo r imet ry . However, 
many of the compounds of in te res t a r e difficult to burn in oxygen and, 
consequently, cannot be studied by oxygen bomb ca lo r imet ry . To study 
compounds which a r e not amenable to oxygen boinb ca lor imet ry , the 
techniques of the bomb ca lo r ime t r i c method, a method which has been 
developed to a high degree of p rec is ion and accuracy, were modified so 
that fluorine could be used as the oxidant. 

The accumulat ion of bas ic heat of forination data for fluorides is 
a n e c e s s a r y p r e l im ina ry adjunct to the genera l use of fluorine boixib ca lo­
r i m e t r y for the study of compounds and is a valuable p rogram on i ts own 
m e r i t . To date, values of the heat of formiation have been published for 
z i rconium te t raf luor ide , molybdenum hexafluoride, boron t r i f luor ide, and 
sil icon te t raf luor ide . The hea ts of combustion in fluorine of two com­
pounds, boron ni t r ide and si l icon dioxide, have been determined by bomb 
caloriiTietry. To obtain the heats of formation for these compounds, boron 
ni t r ide requi red the use of the value obtained previously for the heat of 
formation of boron t r i f luor ide , and sil icon dioxide required the use of the 
value obtained for silicon te t ra f luor ide . The heats of formation of boron 
t r i f luoride and zi rconium te t raf luor ide will be used in the study of z i r ­
conium diboride, which is now under way. 

The heats of formation at 25 C from oxygen or fluorine combustion 
ca lo r ime t ry will be combined with values of the change in enthalpy, which 
will be m e a s u r e d by means of a h igh - t empera tu re enthalpy ca lo r ime te r , to 
de te rmine thermodynamic p rope r t i e s at high t e m p e r a t u r e s . A ca lo r ime t r i c 
sys tem for m e a s u r e m e n t s up to 1500 C has been designed and is now being 
assembled . Design concepts for an e lec t ron beam furnace to operate up to 
2500 C a r e being tes ted in the labora tory . 

During the repor t period, Ca lo r ime t ry Group personnel were engaged 
in moving ca lo r ime t ry equipment to a newly assigned labora tory . 

*A s u m m a r y of this section is given on page 10. 



A. Combustions of Zirconium Dihydride and Zirconium Dideuteride in 
Oxygen 
(D. R. F red r i ckson and R. L. Nuttallj 

In a previous repor t (ANL-6477, page 156), resu l t s were presen ted 
for the heats of formation of z i rconium dihydride and dideuter ide, and the 
problem of oxygen contamination of the samples was discussed. These ex­
per iments a re to be repeated with new samples of definite oxygen content. 

New samples of z i rconium dihydride and zirconium dideuteride 
were p repa red by Howard Flotow of the Chemis t ry Division. The oxygen 
contents of these samples a r e 564 and 562 ppm, or approximately 0.05 p e r ­
cent, for the hydride and deuter ide , respect ive ly . The cor rec t ion for these 
amounts of oxygen will amount to l ess than 0.2 percent of the m e a s u r e d heat, 
and a cer ta in amount of uncer ta inty in the application of the cor rec t ion can 
be to le ra ted . The ca lo r ime t r i c sys tem was reca l ib ra ted and a second s e r i e s 
of combustion naeasureiTients made with the new samples . The re su l t s of 
the m e a s u r e m e n t s on zirconium dihydride and dideuteride have not yet been 
calculated. 

B. Combustions of Cadmium and Magnesium in Fluor ine 
(E. Rudzitis and R. Ter ry) 

The ca lo r ime t r i c sys tem, ANL-Rl -Ni4 , used for the combustions 
of cadmium and magnes ium in fluorine was reca l ib ra ted . The mean value 
of the energy equi^-alent of the sys tem obtained from six cal ibrat ion ex­
pe r imen t s with benzoic acid was £4f^3-l-0'''j " 3bOJ.77 ± 0.43 ca l /deg . The 
pre\-ious cal ibrat ion of the sys tem (August 1961) had resul ted in a value 
^ ( ca lo r ) = 3602.8b ± 0.07 ca l /deg which was co r rec ted t o ^ ( c a l o r ) -
3603 Z^ ± 0.15 lor changes made in the svstein. The difference m the 
values obtained from the two s e r i e s is of border l ine significance. No 
explanation for the difference is apparent . Bec£iuse the resu l t s of the 
recent s e r i e s do not requi re co r rec t ions for changes in the sys tem, they 
a r e considered to be more re l iable , 

A s e r i e s of combustions of cadmium in fluorine and a s e r i e s of 
combustions of magnesiuiTi in fluorine were connpleted. The re su l t s ob­
tained a r e summar ized in Tables 36 and 37, The en t r ies a r e : (1) the 
identification number of the run; (2) the m a s s of sample burned; (3) the 
co r r ec t ed t empe ra tu r e r i s e ; (4) the energy equivalent of the sys tem inul-
tiplied by the co r rec t ed t e m p e r a t u r e r i s e of the sys tem: (5) the cor rec t ion 
for the heat capaci t ies of the contents of the bomb applied in such a manner 
that the m e a s u r e d heat r e fe r s to the i so the rmal react ion at 25 C; (6) the 
cor rec t ion for the energy input into the firing curcui t nece s sa ry to ignite 
the sample ; (7) the cor rec t ion of the bomb gases to standard state con­
dit ions; (8) tbe cor rec t ion for the combustion of the impur i t ies in the 
sample and a significant amount of combustion of impur i t ies in the sannple 



support disk (see ANL-6543, page 162); (9j the sum of i tems 4 through 8 
divided by the m a s s of sample burned, which quantity r epresen t s the 
measu red energy change at 25 C for the react ion 

Cd (or Mg) (c) + F2 (g) • CdF2 (or MgFz) (c) (1) 

in which each reactant and product is in its respect ive standard s tate . 

Table 3b 

RESULTS OF CADMIUM COMBUSTION EXPERIMENTS 

(1) 

U) 
(3) 

(4) 

(5) 

(6) 

(J) 
(8) 

(9} 

(10) 

Item 

Run No. 

m (g) 

At^ (C) 

^ c a l o r X At(,{cal) 

AE contents (cal) 

AE ignition (cal) 

AE gas (cal) 

AE impuri t ies (cal) 

AE° /M (cal/g) 

Averagt 
Std dev 

Cd-4 

2.39173 

0.98829 

-3561.57 

-7.54 

0.10 

-0.42 

18.08 

-1484.85 

3 AEg/M fo 
of mean: 

Cd-5 

2.01504 

0.82956 

-2989.54 • 

-3.56 

0.10 

-0.35 

6.65 

-1480.20 • 

r cadmium; 

Cd-6 

1.97859 

0.81358 

-2931.96 

-3.32 

0.10 

-0.35 

8.88 

-1479.08 • 

; -1482.31 
0.86 c a l / 

Cd-7 

1.72399 

0.71167 

-2564.69 

-3.11 

0.10 

-0.31 

9.55 

-1484.03 . 

ca l /g 
g or 0.06% 

Cd-8 

2.01427 

0.82871 

-2986.48 

-3.58 

0.10 

-0.35 

7.47 

-1480.85 

Cd-9 

1.95572 

0.80496 

-2900.89 

-3.73 

0.10 

-0.38 

4.83 

-1482.87 

Table 37 

RESULTS OF MAGNESIUM COMBUSTION EXPERIMENTS 

Item 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

Run No. 

m(g) 

Atc(G) 

^ calor X Atc(cal) 

AE contents (cal) 

AE ignition (cal) 

AE gas (cal) 

AE impuri t ies (cal) 

A E ° / M (cal/g) 

Average 

Mg-1 

0.29055 

0.88524 

-3190.20 

-10.56 

0.10 

-0.46 

37.40 

-10888.72 

A E ° / M for 

Mg-2 

0.30017 

0.91244 

-3288.22 

-10.52 

0.10 

-0.46 

27.64 

-10899.35 

magnesium-

Mg-3 

0.29786 

0.90543 

-3262.96 

-9.52 

0. 10 

-0.44 

27.14 

-0896.66 

-10890.13 

Mg-6 

0.28874 

0.88030 

-3172.40 

-7.79 

0.10 

-0.43 

22.86 

-10935.99 

cal /g 

Mg-8 

0.30424 

0.91852 

-3318.89 

-8.23 

0.10 

-0.65 

23.99 

-10829.93 

Std dev of mean: 14 cal /g or 0. i3fi 
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Table 38 l i s t s the derived s tandard t he rma l data for c rys ta l l ine 
cadmium and magnesium difluoride. 

Table 38 

THERMODYNAMIC DATA AT 25 C DERIVED FROM CALORIMETRIC 
COMBUSTIONS OF MAGNESIUM AND CADMIUM IN FLUORINE 

MgF2(c) CdF2(c) 

Energy of Format ion 
AE| = AE° (kcal/mole) 

Heat of Forinat ion 
AHf (kcal /mole) 

Entropy of Format ion 
AS| [cal/(deg)(mole)] 

(Gibbs) Energy of Format ion 
AG| - AH^ - TAS^ (kcal/mole) 

• 264.79 ± 0.70 

• 265.38 ± 0.70 

-42.62 + 0.30 

•252.68 ± 0.80 

-166.61 + 0.20 

-167.20 ± 0.20 

-40.96 ± 1 

-156.23 ± 0.32 

The s tandard heats of formation for magnesium difluoride and cad­
mium difluoride were found to be -265.38 ± 0.70 kca l /mole and -167.20 ± 
0.20 kca l /mole , respect ively; the uncer ta int ies in the resu l t s a r e unce r ­
tainty intervals equal to twice the combined standard deviations ar i s ing 
from known sources and a r e p r imar i l y due to the precis ion in exper imenta l 
m e a s u r e m e n t s . Previously repor ted values for magnesium difluoride a r e : 
-268.0 ± 1 . 8 kca l /mole obtained by measur ing the heat of the react ion 
Mg + FbFz ^MgF2 -f Pb;15 -260.85 and -266.2 kca l /mole derived by 
Armst rong and Kr i ege r l6 from the measu remen t s of heats of solution of 
magnesium and magnesium hydroxide; 18 in hydrofluoric acid; -260.2 kcal/ 
mole calculated from the data on h igh- t empera tu re hydrolysis equil ibrium 
of magnesiuin difluoride. 19 Values for cadmium difluoride obtained froin 

l^'Gross, P . , Hyman, C , and Levi, D. L., T r a n s . Faraday S o c , 50_, 
477 (1959). 

l °Arms t rong , G. T., and Kr ieger , L. A., National Bureau of Standards, 
Unpublished Communication, July 1, I960. 

I'^von Wartenburg, H., Z. anorg. chem., 249, 100 (1942). 

ISTorgeson, D. R., and Sahama, T. G., J. Amer . Chem. S o c , 70, 2156 
(1948). 

l^Domange, L., Ann. Chim., 7, 225 (1937). 
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the l i t e r a tu re a re as follows: -164.9 kcal/mole;^*^ -166.5 kca l /mole ;^ l 
-168 kca l /mole ;^^ a value of the heat of formation calculated from emf 
m e a s u r e m e n t s on a sys tem, cadmium amalgam, cadmium difluoride, 
hydrofluoric acid, lead fluoride, lead amalgam,^-^ was co r rec t ed using 
an improved value for the potential of the lead amalgam, lead fluoride 
electrode^'* and a m o r e re l iable value for the vapor p r e s su re^^ ^o give 
the co r r ec t ed value, -165.3 kca l /mole . The rel iabi l i ty of such data, 
which a r e based on auxil iary thermodynamic quanti t ies , is difficult to 
es t imate . Considering the d i rec tness of the ANL method and the p r e ­
cision achieved, the new values r ep re sen t an improvement over the 
previous data. 

There a re no thermophysica l data available for the calculation of 
thermodynamic functions of cadmium difluoride. Fo r magnesium di­
fluoride, however, l ow- tempera tu re heat capacity, h igh- tempera ture heat 
content, and heats of fusion and sublimation have been measured . Thermo­
dynamic functions based on these m e a s u r e m e n t s and previous l i t e ra tu re 
values for the heat of formation of magnes ium difluoride a re tabulated in 
the JANAF In ter im Thermochemica l Tables. '^° Revised values of enthal­
pies and Gibbs free energies of formation (AG ~ AH - TAS) based on the 
resu l t s of this study a re given in Table 39- Values for t e m p e r a t u r e s of 
900 K and below are based on the formation of magnesium difluoride from 
solid magnes ium; for t e m p e r a t u r e s of 1000 to 1300 K, liquid magnesium; 
and for t e m p e r a t u r e s 1400 K and above, gaseous magnesium. 

Selected Values of Chemical Thermodynamics , National Bureau of 
Standards Ci rcu la r 500, U.S. Government Print ing Office, Washington, 
D. C. (1952). 

^ iKubaschewski , A., and Evans , E. L. L. , Metal lurgical The rmo­
chemis t ry , Third Ed., John Wiley and Sons, Inc., New York (1958). 

^^Brewer , L., Bromiley, L. A., Gil les , P . W., and Lofgren, N., Paper 6, 
The Chemis t ry and Metallurgy of Miscel laneous Mate r ia l s : Ther ino-
dynainics, L. L. Quill, Edi tor , McGraw-Hil l Book Co., Inc., 
New York (1950). 

^3jahn-Held, W., and Jell inek, K., Z. E lek t rochem. , 42, 401 (1936). 

^^Broene, H. H., and DeVries , T., J. Am. Chem. Soc._69, 1644 (1947). 

^Broshee r , J. C , Lenfesty, F . A., and E lemore , K. L., Ind. Eng. 
Chem. , 39, 423 (1947). 

•^"Prepared under the auspices of the Joint Army-Navy-Air Fo rce The r ­
mochemica l Panel by D. R. Stull et a l . , Dow Chemical Company 
(I960). 
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C. Combustion of Niobium and Tantalum in Fluorine 
( E . Greenberg) 

P r e l i m i n a r y exploratory exper iments for combustions of niobium 
and tantalum in fluorine have been c a r r i e d out. The development of 
sa t is factory combustion techniques for niobium and tantalum was repor ted 
in ANL-6333, page 127. In ANL-6543, page 164, it was repor ted that 
further work awaited procure inent of samples of sufficiently high puri ty. 

High-puri ty samples of niobium wire and foil have been received. 
Analytical data on the ingots used for fabricat ion of these samples in­
dicates that the m a t e r i a l s should be sa t is factory for ca lo r ime t r i c work. 
Niobiumi sample rod is expected soon. Similar components, i .e . , wi re , 
foil, and rod, for the tantalum sample a r rangement a r e also expected soon. 
Ca lo r ime t r i c studies will be s ta r ted as soon as the samples a r e available 
and have been analyzed. 

D. Fu r the r Explora tory Combustion Studies 
( E . Greenberg) 

1. Sulfur. Techniques have been worked out for the combustion of 
sulfur in fluorine (see ANL-6543, page 164). Ca lor imet r i c studies will be 
made when they can be conveniently worked into the p rog ram of the group. 

2. Carbon. P r e l i m i n a r y combustion exper iments indicated that 
one of the miost suitable methods for burning carbon in fluorine was the 
technique which original ly was worked out for z irconium and which was 
also used for t i tanium and hafnium. This technique involved the use of a 
fuse wi re threaded through holes dr i l led in a smal l piece of foil which i s , 
in turn , inse r ted in a slot cut in the top of a ver t ica l ly supported sample 
rod. A s e r i e s of exper iments was conducted with fluorine p r e s s u r e s 
ranging from 3 to 10 a tm. Samples of the product gas were analyzed by 
means of infrared and m a s s spec t rome t ry . The product of combustion 
was found to be te t raf luoromethane (CF4) which contained a smal l amount 
of higher f luorocarbons . The use of higher fluorine p r e s s u r e s appeared 
to reduce the quantity of higher f luorocarbons (pr imar i ly CzF^) that were 
produced. At the higher p r e s s u r e s , however, the sample rod invariably 
burned through near i ts base and fell to the nickel support plate . 

For expediency, z i rconium fuse wire and foil had been used 
to ignite the carbon sample in the p r e l im ina ry exper iments . Attempts a re 
also being made to p rocure for use as ca lo r ime t r i c sample m a t e r i a l carbon 
in its s tandard s ta te , i .e . , graphi te s imi l a r to that used by the National 
Bureau of Standards for de te rmina t ion of the heat of formation of carbon 
dioxide. 



IV. REACTOR SAFETY* 

The oxidation, ignition, and combustion p roces se s of uranium and 
z i rconium a r e being studied to provide information to aid in minimizing 
the haza rds assoc ia ted with handling these m a t e r i a l s . 

An exper imenta l p r o g r a m to de termine the r a t e s of react ion of 
molten r eac to r fuel and cladding me ta l s with water is continuing. Methods 
cur ren t ly being used to examine these reac t ions a re the volumetr ic meth­
od in the l abora tory and in-pile r eac to r t r ans ien t s in the TREAT reac to r . 

A. Metal-oxidation and -ignition Kinetics 
(L. Baker) 

1. Theory of Uranium Ignition 
( L . Baker , J. D. Bingle) 

Studies of the i so the rma l oxidation of uranium at t e m p e r a t u r e s 
above 300 C were repor ted in previous quar t e r ly r e p o r t s (ANL-6413, 
page 160 and ANL-6543, page 168).- The purpose of these studies was to 
provide reac t ion ra te data needed to develop a quantitative understanding 
of previous ly repor ted ignition data. It has been noted that a quantitative 
re la t ionship between isotherm.al oxidation r a t e s and ignition t empera tu re 
should exis t if the ignitions a r e purely therm.al in cha rac te r . A the rma l 
ignition is m e r e l y an accumulat ion of heat, in which the react ing sys tem is 
generat ing m o r e heat than can be diss ipated by heat loss mechan i sms , 
leading to a rapidly increas ing t e m p e r a t u r e . 

a. Summary of Oxidation Resul ts 

I so thermal oxidation studies with uran ium prepared at 
Argonne (see ANL-5974 , page 146, for typical analysis) showed that a 
se l f -acce le ra t ing react ion occur red at 350 and 400 C although near ly l inear 
reac t ion occur red at 450 C. The oxidation between 500 and 700 C resu l ted 
in a somewhat protect ive oxide and, consequently, a decelera t ing react ion. 
The h igh - t empera tu re r e su l t s a r e expressed (ANL-6543, page 172) by an 
empi r i ca l r a t e law of the following formula: 

w 6/5 = kt (1) 

where w is the weight of oxygen reac ted in / ig/sq cm, t is t ime in min, and 
k is a constant. Similar ly, the data at 350 and 400 C can be expressed by 
a r a t e law of the following form: 

w ^5 = kt . (2) 

*A s u m m a r y of this section is given on pages 10 to 12. 
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A v e r a g e v a l u e s of k for the above equa t ions w e r e d e t e r ­
m i n e d a t e a c h t e m p e r a t u r e s tud ied . A r r h e n i u s p lo t s (log k v ^ r e c i p r o c a l 
t e m p e r a t u r e ) w e r e then u s e d to d e t e r m i n e a p p a r e n t a c t i v a t i o n e n e r g i e s . 
The r e s u l t i n g e q u a t i o n s a r e a s fo l lows : 

T e m p R a n g e 
(C) 

300<T<450 

T = 450 

T > 450 

R a t e E q u a t i o n 

w^^ = 2.6 X 1 0 \ exp [ - 1 6 , 8 0 0 / R T ] 

w = 840 t 

w^^ = 7.3 X lO'^t exp [ - 1 4 , 3 0 0 / R T ] 

(3a) 

(3b) 

(3c) 

b . Igni t ion C a l c u l a t i o n s 

The above r a t e e q u a t i o n s w e r e u s e d to s i m u l a t e m a t h e ­
m a t i c a l l y b u r n i n g - c u r v e ign i t ion e x p e r i m e n t s wi th u r a n i u m in a m a n n e r 
s i m i l a r to t ha t u s e d to s i m u l a t e s h i e l d e d ign i t ion e x p e r i m e n t s wi th z i r ­
c o n i u m ( s e e A N L - 6 4 1 3 , page 152). In a b u r n i n g - c u r v e e x p e r i m e n t , the 
s a m p l e i s h e a t e d u n i f o r m l y (usua l ly 10 d e g / m i n ) in a flowing, ox id iz ing 
a t m o s p h e r e . The t e m p e r a t u r e a t wh ich t h e s a m p l e b e g i n s to s e l f - h e a t 
r a p i d l y and f ina l ly ign i t e i s t h e n d e t e r m i n e d by a g r a p h i c a l m e t h o d . 
The fol lowing h e a t b a l a n c e w a s u s e d to d e s c r i b e the b u r n i n g - c u r v e 
e x p e r i m e n t wi th u r a n i u m : 

, d T 
'P dt 

QM_ S , 
i i " ^ - h S ( T - T j - aeS{T^~Tt) 

lO^M O, dt 
(4) 

self 
h e a t i n g 

c o n v e c t i o n 
h e a t l o s s 

r a d i a t i o n 
h e a t l o s s 

w h e r e 

; i s t he spec i f i c h e a t of u r a n i u m , 0 .044 ca l / (g ) (K) 

T i s the m e t a l t e m p e r a t u r e , K 

t i s t i m e , m i n 

Q i s h e a t of r e a c t i o n , 1089 c a l / g U 

M U 
i s a t o m i c we igh t of u r a n i u m , 238 g / g - a t o m 

M Q i s m o l e c u l a r we igh t of oxygen, 32 g / m o l e 

S i s spec i f i c a r e a , sq c m / g 

w i s q u a n t i t y of oxygen r e a c t e d , jUg/sq c m 

h i s h e a t t r a n s f e r coef f ic ien t , 0.03 c a l / ( s q cm.)(K)(min) 

a i s S t e f a n - B o l t z m a n c o n s t a n t , 81 .6 x 10"^^ c a l / ( s q cm)(min)(K'*) 

e i s t o t a l e m i s s i v i t y of o x i d i z e d s u r f a c e , 0 .75 . 
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Equation 4 is solved simultaneously with the react ion ra te 
obtained by differentiating Equations 3a and 3c as follows: 

Temp Range 
(C) Differential F o r m of Rate Equation 

300<T<450 - ~ ^ = w^/5 (5/4) 2.6 x lO'̂  exp [ - 1 6 , 8 0 0 / R T ] (5a) 

T>450 - ^ = - ^ ^ ^ 7.3 X 10'̂  exp[ -14 ,300 /RT] . (5b) 
dt -w '̂̂  

The initial t empera tu re was taken as 300 C. It was n e c e s s a r y to es t imate 
the extent of react ion the sample would have achieved while heating from 
room t empera tu re to 300 C at 10 deg/min . This was taken to be 200 [ig O2/ 
sq cm. Burning-curve exper iments have shown that initial preoxidation had 
no significant effect on the cha rac te r of the burning curve. The assumption 
was made that the low- tempera tu re r a t e law. Equations 2 and 5a, changed 
abruptly to the h igh- t empera tu re r a t e law, Equations 1 and 5b, when the 
sample t empera tu re T reached 450 C. It was also assumed that no p ro tec ­
tive oxide had been formed on the me ta l until the t empera tu re reached 
450 C. This seemed justified in view of the striking differences in appear ­
ance and effect on the reac t ion between oxide formed below 450 C and oxide 
formed above 450 C. 

The s imulated t e m p e r a t u r e - t i m e curves were calculated 
from the equations by a s tep-wise method. The amount of reac t ion and the 
heat exchange occurr ing during shor t t ime intervals were calculated and 
accumulated. Burning curves were computed for uranium specimens 
having specific a r e a s of 0.5, 5, and 50 sq cm/g . Computed and exper imen­
tal burning curves a re compared in F igure 41 for specific a r e a values of 
about 0.5 and 5 sq cm./g. The agreement in both the shape of the curves 
and the indicated ignition t e m p e r a t u r e s seems excellent . The ignition 
t empera tu re compar ison is shown in the following table and in Figure 42. 

Burning-curve Ignition 
Tempera tu re (C) 

Specific Area 
(sq cm/g) 

0.5 
5. 

50. 

Calculated 

608 
390 
380 

'• " • ' - " • • ' ^ \ ^ / 

Experinaental 

575 
410 
335 

*ANL-5974, page 27 
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Figure 41 

COMPARISON OF CALCULATED AND 
EXPERIMENTAL BURNING CURVES 

FOR ANL BASE URANIUM IN 
FLOWING OXYGEN 

I zoo 

1000 

8 0 0 

2 0 0 

The calculated burning-curve and 
ignition t empera tu res for a specific a rea 
of 50 sq cm/g differed only slightly 
from the r e su l t s for a specific a rea of 
5 sq c m / g . It seems clear from the 
calculations that no significant dec rease 
in ignition t empera ture would resul t from 
further increases in specific a rea . The 
experi inental values, however, show a 
decreas ing trend with increasing specific 
a rea . This deviation at higher values 
of specific a rea is not present ly under­
stood. It seems likely, however, that 
the the rmal insulating qualities of the 
powdery oxide produced between 300 
and 450 C serve to insulate effectively 
smal ler specimens preventing attain­
ment of the computed heat loss r a t e s . 

The sharp break in both the 
exper imental and computed ignition 
t empera tu res in samples having spe­
cific a r e a s between 0.5 and 5 sq cm/g 
re su l t s from the manner in which the 
sample undergoes t ransi t ion to the 
protect ive oxide- This t ransi t ion to 
a protect ive oxide is c lear ly respon­
sible for the humps noted in the burning 

Figure 42 

SPECIFIC AREA DEPENDENCE OF URANIUM IGNITION 

Sl f .GLt PIECES 

EXI-ERIME'iTAL 

' o FOIL I 
n SL CES OR CUBES 

_ A WIRE 

X SPhEP CAL POWDER 
A8GREGATES 

LHEORETICAL 

® SINGLE PIECES 

; - 6 8 n 1 , 
SPECIFfC APEA.sqcr r .g 

I .z 202 ^-2e_^. x ; 



140 

c u r v e s ( s e e F i g u r e 4 2 ) . F u r t h e r c a l c u l a t i o n s a r e r e q u i r e d t o d e f i n e 
t h e c h a r a c t e r of b u r n i n g c u r v e s in t h e s p e c i f i c a r e a r e g i o n b e t w e e n 0 .5 
a n d 5 sq c m / g . 

2 . T h e o r y of B u r n i n g P r o p a g a t i o n V e l o c i t y 
( L . L e i b o w i t z , L . W. M i s h l e r ) 

C o n s i d e r a b l e a t t e n t i o n h a s b e e n g i v e n t o n i e a s u r e m e n t of t h e 
v e l o c i t y of b u r n i n g p r o p a g a t i o n a l o n g s t r i p s of u r a n i u m a n d z i r c o n i u m 
f o i l s a n d w i r e s ( s e e e . g . , A N L - 6 0 6 8 , p a g e 128; A N L - 6 2 8 7 , p a g e 177) . I t 
h a s p r o v e n p o s s i b l e t o a p p l y t o t h i s c a s e a t h e o r y s i m i l a r t o t h a t u s e d in 
g a s e o u s f l anae p r o p a g a t i o n . A t r e a t m e n t o u t l i n e d b y S e m e n o v ^ ' a n d b y 
F r a n k - K a m e n e t s k i i ^ ° h a s b e e n u s e d . I t i s a s s u m e d t h a t b u r n i n g i s c o n ­
t r o l l e d b y t h e r a t e of g a s - p h a s e d i f f u s i o n of o x y g e n t h r o u g h a n i t r o g e n 
b o u n d a r y l a y e r a n d t h a t t h e r a t e of p r o p a g a t i o n of c o m b u s t i o n a l o n g t h e 
f o i l i s d e t e r m i n e d b y t h e r a t e of c o n d u c t i o n of h e a t t h r o u g h t h e f o i l . T h e 
e x t e n t t o w h i c h c a l c u l a t e d a n d e x p e r i m e n t a l v a l u e s a g r e e i s a m e a s u r e 
of t h e v a l i d i t y of t h i s m o d e l . 

I n a d d i t i o n t o t h e f u n d a m e n t a l i n t e r e s t e x i s t i n g i n t h i s a r e a 
a s a n a t t e m p t t o c l a r i f y a l i t t l e - s t u d i e d c o m b u s t i o n p r o b l e m , t h e r e i s t h e 
r e l a t e d p r a c t i c a l m a t t e r of c o m b u s t i o n of m e t a l c h i p s a n d t u r n i n g s . 
A l t h o u g h t h e c o m b u s t i o n of a l a r g e m a s s of m e t a l s c r a p i s a m o r e d i f f i ­
c u l t p r o b l e m , t h e r e s u l t s p r e s e n t e d h e r e a r e d i r e c t l y r e l a t e d t o t h e com. -
b u s t i o n in a i r of s i n g l e p i e c e s of s c r a p m e t a l a s w i l l b e d i s c u s s e d l a t e r . 

C o n s i d e r a f o i l s t r i p of w i d t h L , t h i c k n e s s t , a n d i n f i n i t e 
l e n g t h b u r n i n g in a i r . B u r n i n g p r o c e e d s a l o n g t h e f o i l a t a v e l o c i t y v . 
F o r s i m p l i c i t y , c o n s i d e r t h e f o i l t o b e m o v i n g in t h e o p p o s i t e d i r e c t i o n 
w i t h v e l o c i t y v , s o t h a t t h e b u r n i n g f r o n t i s s t a t i o n a r y . T h e t e m p e r a t u r e 
d i s t r i b u t i o n in t h e r e g i o n of t h e b u r n i n g f r o n t i s s h o w n s c h e m a t i c a l l y in 
F i g u r e 4 3 , w h e r e T^^ d e n o t e s t h e a i n b i e n t t e m p e r a t u r e , T ^ t h e m a x i m u m , 
b u r n i n g t e m p e r a t u r e , a n d T ' w i l l b e d e f i n e d b e l o w . 

Figure 43 

TEMPERATURE DISTRIBUTION AT 
FRONT OF BURNING FOIL 

^'^Semenov, N. N., Progress of Physical Science (USSR), 24, 433 (1940), Trans. NACA-TN-1026 
(1942). 

^^Fraok-Kamenetskii, D. A., Diffusion and Heat Exchange in Chemical Kinetics, Trans. N. Thon, 
Princeton University Press (ly55), page 267. 
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A s s u m i n g b u r n i n g p r o p a g a t i o n to be c o n t r o l l e d by the r a t e of 
hea t t r a n s f e r t h r o u g h the foil, we h a v e ^ " 

aT k S^T _̂  Q . , . 
or pc ox pc 

w h e r e 

T = t e m p e r a t u r e 
T = t i m e 
X = d i s t a n c e a long the foil 
k = t h e r m a l conduc t iv i ty of the m e t a l 
c = spec i f i c h e a t of the m e t a l 
p = d e n s i t y of the m e t a l 
Q = r a t e of hea t g e n e r a t i o n , 

and, i n t r o d u c i n g v, the b u r n i n g ve loc i ty , we find for the o n e - d i m e n s i o n a l 
c a s e 

d^T , d T _̂  Q 
dx ^ dx k 

. : i ^ -f — = 0 

w h e r e 

^ = v p c / k 

(7) 

Figure 44 

EFFECT OF TEMPERATURE ON HEAT-LOSS 
OR HEAT-GENERATION RATES 

(Uranium foil: width, 0.3 cm; thickness, 0,01 cm) 
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The s t e a d y - s t a t e r a t e of 
r e a c t i o n in a i r is con t ro l l ed by 
the r a t e a t which oxygen can dif­
fuse to the m e t a l t h rough a n i t r o ­
gen b o u n d a r y l a y e r ( see A N L - 6 4 7 7 , 
page 168). At m o d e r a t e t e m p e r a ­
t u r e s the c h e m i c a l r e a c t i o n o c c u r ­
r i n g a t the m e t a l is r a t e con t ro l l i ng . 
The effect of t e m p e r a t u r e on t h e s e 
p r o c e s s e s which c o n t r o l the r a t e 
of hea t g e n e r a t i o n , Q, is shown in 
F i g u r e 44 for u r a n i u m foil 0.3 c m 
wide and 0.01 c m thick. Curve a 
g ives the r a t e of hea t g e n e r a t i o n 
when the r e a c t i o n r a t e is c o n t r o l l e d 
by c h e m i c a l k i n e t i c s . Th i s is 
s t r o n g l y t e m p e r a t u r e dependen t 
b e c a u s e of a fac tor e"^/-^-"-. 
C u r v e b for hea t g e n e r a t i o n when 
the g a s e o u s diffusion r a t e is 

29 E c k e r t , E. R. G., and D r a k e , R. M., J r . , Hea t and M a s s T r a n s f e r , 
M c G r a w - H i l l Book Company , Inc . , New York ( l959) , page 3 1 . 
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controlling is a lmos t independent of t empe ra tu r e . The third curve, c, 
r e p r e s e n t s the r a t e of heat loss neglecting conduction. If the foil is heated 
to Tj^,* the ra te of heat generat ion due to chemical react ion exceeds the 
ra te of heat loss , and the sam.ple will self-heat to T' . At this t empera tu re 
the reac t ion becomes controlled by gas -phase diffusion and continues to 
self-heat to T-j.̂ . At T, a heat balance is achieved, and burning continues at 
this t e m p e r a t u r e . Because the react ion ra te , and hence Q, falls so rapidly 
with t empe ra tu r e below T', we simplify Equation 7 by assuming Q = 0 for 
T < T'. Also, since the react ion ra te is not ve ry t empera tu re dependent 
between T' and Ti^, we a s sume for T' ^ T :£Tb that Q is constant. With 
the additional r equ i remen t of continuity at x = 0, equation (7) may be 
solved. ' 

V = 
2wq| or 

11/2 

(TK - T , ) tk (8) 

where 

(X = k /pc , the t he rma l diffusivity, 
w = ra te of react ion, 
Q = heat of react ion, and 

I is given by 

T' - T, 

T b - T ^ 
(9) 

Values of Tî  and w were taken from theore t ica l calculations 
of Mouradian and Baker (see ANL-6477, page 168). Determinat ion of values 
of T' could be made by finding the t empera tu re at which chemical k inet ic-
controlled reac t ion r a t e s equalled gaseous diffusion-controlled r a t e s . The 
la t te r was calculated by Mouradian and Baker . Exper imenta l information is 
available for oxidation r a t e s of both uranium (see ANL-6543, page 170) and 

3 0 z i rconium. Since the oxidation r a t e s for both me ta l s , in the requ i red 
t empe ra tu r e range , a r e each a function of the amount of oxide present , 
some choice of that quantity had to be made before T' could be found. The 
value used for a f i rs t approximation was the amount of oxidation needed to 
genera te enough heat to r a i s e the me ta l t empera tu re from Ta_ to T^. With 
this constant value for the amount of oxide presen t , and the known equation 
for oxidation r a t e (see a lso ANL-6543, page 173), the t empera tu re was 

* The ignition t e m p e r a t u r e T^ shown in F igure 44 is higher than the 
exper imenta l value of 670 K for this foil because curve a is a plot of 
the h igh- t empera tu re r a t e law and is valid only above 725 K. The low-
t empe ra tu r e reac t ion r a t e would be g rea t e r than that shown here , and 
a lower ignition t empera tu re would resu l t . 

^0 Por t e , H. A., Schnizlein, J. G., Vogel, R. C , and F i sche r , D. F . , 
J. E lec t rochem. S o c , 107, 506 (i960). 
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calculated at which the chemica l kinetic reac t ion ra t e was equal to the ra te 
of the diffusion-controlled p roces s at T^̂ . A refinement of this f i rs t T' was 
made by changing the value used for the amount of oxide presen t to that 
needed to genera te enough heat to r a i s e the meta l t empera tu re from Ta_ to 
T' . Only a slight change in T' resu l ted from this i terat ion. 

Values for the other factors in Equation (?) were taken from 
var ious sources.-^•^'-'^ The numer i ca l values used for a typical case a r e 
l is ted below: 

Uranium foil: width = 0.3 cm; thickness = 0.01 cm 

W = 3.04 X 10'^ m o l e s / ( s q cm)(sec), 

T^ = 1648 K, 

T' = 1253 K, 

T = 300 K, a 

I = 0.76, 

q = 2.6 X 10^ ca l /mole , 

c = 0.0386 cal/(g)(K), 

p = 17.9 g / cc , 

k = 0.118 cal / (sec)(cm)(K), and 

V = 0.47 c m / s e c . 

The resu l t s of these calculat ions, al l for T^ = 300 K, a re 
shown in F igures 45, 46, 47, and 48. The solid lines a re the theore t ica l 
r e su l t s , and the points a r e the exper imenta l values . The theore t ica l r e ­
sults a r e somewhat low for uranium and somewhat high for z i rconium. It 
seems noteworthy that the theore t ica l calculat ions predic t the co r r ec t 
t rend with r ega rd to foil th ickness , foil width, and geometry (relation 
between foils and wi res ) . 

As was mentioned ea r l i e r , this work using foils is closely 
re la ted to the combustion of single pieces of meta l s c rap . A few exper i ­
ments were c a r r i e d out on the combustion of uranium and z i rconium 
turnings . It was found that these turnings burned at r a t e s comparable 
with those found for foils of s imi la r s ize . For example, a piece of a u r a ­
nium turning, L = 0.35 cm and t = 0.025 cm, burned at about 0.40 c m / s e c . 
In comparison, the burning velocity found for uranium foil, L = 0.30 cm 
and t = 0.031 cm, was 0.30 c m / s e c . 

31 
Katz, J. J. , and Rabinowitch, E., The Chemis t ry of Uranium, 
McGraw-Hil l Book Co., Inc., New York ( l95 l ) . 

32Wilkinson, W. D., and Murphy, W. F . , Reactor Metallurgy, 
D. van Nostrand Co., Inc., New York (1958). 
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This work, however, is d i rec t ly applicable only to the combus­
tion of single pieces of meta l . Burning of numerous pieces, such as in a 
s c rap pile or a m a s s of powder, is a problem of a different charac te r . If 
the aggregate is packed together ve ry tightly, it might behave as a single 
piece of the same size, but when a i r flows through the mass it is possible 
that other effects become important . 

Consider a la rge m a s s of uranium scrap , in a i r , which has 
somehow been ra i sed above the ignition t empera tu re at the center . The 
effective ambient t empe ra tu r e of neighboring pieces is rapidly r a i sed 
and ignition will occur. Propagat ion in the sense discussed above is of 
l e s s e r importance in these c i r cums tances . Because of the protect ive 
nature of uranium oxide above 450 C (see ANL-6543, page 169), the r e a c ­
tion r a t e may be l imited by chemical kinet ics in some pa r t s of the m a s s 
and by gas diffusion in o the r s . As the m a s s of meta l consumes oxygen 
at a g rea t e r and g rea te r r a t e , the veloci ty of air through it will increase , 
and a forced-convect ion region occurs , in which higher combustion tem­
p e r a t u r e s may be reached. Quantitative descr ipt ion of these p rocesses 
would be ex t remely complex in any but the most idealized case . 

3. Zirconium Powder Ignition 
(J. G. Schnizlein, J. W. Allen) 

Of the me ta l s whose ignition behaviors a re being studied 
(uranium, z i rconium, and plutonium), the ignition of z irconium has proba­
bly resu l ted in the mos t severe incidents . Most of these incidents have 
been with finely divided meta l . 

In order to unders tand the important causative factors and the 
conditions leading to the hazards of ignition, studies of z i rconium powder 
were undertaken. Var iables cur ren t ly being investigated by means of 
vacuum- and he l ium-shie lded exper iments on spher ica l powder a r e specific 
a rea , sample size and shape, and exposure to a i r . 

a. Specific Area 

Spher ical z i rconium powder was obtained from Linda 
Company and carefully separa ted into var ious mesh fract ions. Aggregates 
of fine pa r t i c l e s were broken apar t by shaking in a Wig-L-Bug without an 
impactor before final sieving (see ANL-6477, page 185). Ignition t empera ­
t u r e s have been m e a s u r e d by the hel ium-shie lded method and by a vacuum-
shielded method. Although vacuum-shie lded exper iments initially produced 
ignition t e m p e r a t u r e s somewhat lower than hel ium-shielded exper iments 
(see ANL-6379, page 194), continued exposure to the dry-box a tmosphere 
resu l ted in ve ry s imi la r ignition t e m p e r a t u r e s by each method. Fur the r 
study of the effect of exposure to a ir will be conducted in the future when a 
f resh supply of powder is obtained. 



The hel ium- and vacuum-shie lded ignition t empera tu res 
for 0.3-g samples of th ree mesh s izes of spher ica l powder in a 1-cm-
diameter copper crucible a r e presented in Figure 49. Data for single 
foils (see ANL-6413, page 155) and per t inent data from the l i t e ra ture a re 
a lso presented for comparison. 

F igure 49 

ZIRCONIUM IGNITION TEMPERATURES 

! 

PARTICLE DIAMETERS,/! 

SINGLE FOILS 

500 (-

S 3 0 0 -

10 
— I — 1 — I [ 1 

O VACUUM-SHIELDED-SINGLE FOILS 
HELIUM-SHIEL0ED-SJN6LE FOILS 

(SEE ANL64I3,PAGE 155) 

VACUUM-SHIELDED IGNITION IN OXYGEN OF ' X ^ 
0 3 g SPHERICAL POWDER IN 3/8-in CRUCIBLE ' — f N 
HELIUM-SHIELDED IGNITION IN OXYGEN OF 
0 3 g SPHERICAL POWDER IN 3/8-in CRUCIBLE 
ANDERSON a BELZ'ra, IRREGULAR POWDER (in air) 
HARTMANN S NAGY'^*| IRREGULAR POWDER (in air) 

' I I 1-1 1 
100 170 270 

MESH SIZES 
J L J L 

400 

J__LL 

" < : 

J L 
100 1000 

SPECIFIC AREA, sq cm/g 
10,000 

The specific a r e a s of samples used by H. C. Anderson 
and L. H. Belz were judged from ai r permeabi l i ty studies. No special 
ca re was taken to avoid contact with air or water pr ior to their exper i ­
ments . Although they stated that their par t ic les were i r regu la r and that 
measu red specific a r e a s by BET gave values 3 to 9 t imes grea te r than 
those judged from a i r -pe rmeab i l i t y studies, ignition t empera tu res of the 
BET-naeasured sainples did not show consistent specific a rea dependence. 
I. Hartmann and J. Nagy^* studied the ignition behavior of severa l powders . 
The specific a r e a was judged from repor ted par t ic le size dis tr ibut ions. 
They found the ignition t empera tu re to be 30 degrees lower for 2- to 
3- / i -diameter powder which had been s tored under water than for s imi lar 
powder received dry. 

Dependence on Sample Size 

Helium-shielded ignition exper iments have been completed 
in oxygen for var ied sample weights of both -325 +400 and -140 +170 mesh 

33 

34 
Anderson, H. C , and Belz, L, H., J. E lec t rochem. S o c , 100, 240 (l953). 

Hartmann, I., and Nagy, J., NBS-RI 4835 ( l95 l ) . 
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powder in a -^--in. copper crucible . Bulk densi t ies for both powders were 
determined to be 4.0 g / cc . The density could va ry about five percent, de­
pending on the degree of packing. The sample weight, depth, nonignition 
t empera tu re s , and ignition t empera tu re s a r e presented in Tables 40 and 41. 

Table 40 

Weight 
(g) 

0.0098 
0.0099 
0.0094 
0.0099 
0.0099 
0.0097 

0.0198 
0.0207 
0.0191 

0.0298 
0.0297 
0.0301 

0.050 
0.050 
0.0516 
0.050 
0.0491 
0.0496 

HELIUM-SHIELDED IGNITION EXPERIMENTS ON -3Z5 +400 MESH 
SPHERICAL ZIRCONIUM POWDER IN l/4-INCH CRUCIBLES" 

Bulk Density = 4.00 g/cc 

Temperature (C) i8r„j„i,4- r.„„4.t. Temperature (C) 
Depth 
(cm) 

0.0182 

Nonignition Ignition 

0.0336 

0.0456 

0.0712 

440 
480 
530 
585 

490 
516 

490 

420 
420 
424 

443 
446 

618 
630 

540 

507 
527 

432 

Weight 
(g) 

0.1211 
0.1199 
0.1197 
0.1203 

0.300 
0.301 
0.300 
0.300 

0.600 
0.600 
0.600 
0.600 
0.600 

Depth 
(cm) 

0.133 

0.275 

0.512 

Nonignition Ignition 

393 
400 

353 
370 

350 
352 

401 
420 

395 
415 

367 
385 
385 

0.050 
0.0513 

Weight 
(g) 

0.0100 
0.0100 
0.0109 
0.0108 
0.0104 

0.0205 
0.0197 
0.0202 

0.0307 
0.0304 
0.0301 

HELIUM 

462 
467 

Table 41 

-SHIELDED IGNITION EXPERIMENTS ON - 140 -1-170 MESH 
SPHERICAL ZIRCONIUM POWDER IN l/4-INCH CRUCIBLES 

Depth 
(cm) 

0.0182 

0.0336 

0.0456 

Bulk Density 

Temperature (C) 

Nonignition 

716 

750 

637 
650 

584 
602 

Ignition 

729 
741 

780 

653 

617 

= 4.00 g/cc 

Weight Depth 
(g) (cm) 

0.0512 0.0712 
0.0498 
0.0504 
0.0508 

0.3004 0.275 
0.3002 

Temperatui 

Nonignition 

546 
548 

472 

e(C) 

Ignition 

567 
597 

497 
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The rela t ionship between logari thm of sample depth and ignition tempera­
ture is i l lus t ra ted in Figure 50. The shape of the curve agrees with the 
predict ions and observat ions of Anderson and Belz. 

Figure 50 

HELIUM-SHIELDED IGNITION TEMPERATURES 
OF VARIED DEPTHS OF SPHERICAL 

ZIRCONIUM POWDER 

POWDER IN 1/4-IN. DIAMETER 
COPPER CRUCIBLES 

I I I 

-140 flTOMESH 

-385 -f400 MESH 

0.06 0.1 0.2 
SAMPLE DEPTH, cm 

For ve ry smal l samples 
it should be noted that ignition 
t empera tu re s a re somewhat 
higher than those observed for 
foils of equivalent specific a rea ; 
that is , a foil with a specific 
a rea of 100 sq cm/g would ignite 
at 650 C, which is the ignition 
t empera tu re of 0.02 g of -140 
+ 170 mesh powder. This is 
probably at tr ibutable to heat 
loss to the crucible since lower 
weight samples a re less than 
5 par t ic le d iamete r s in depth. 

Definition of the effect 
of increased specific a rea and 
the effect of sample size should 
provide the essent ia l informa­

tion to predict the t empera tu re at which a par t icular z irconium powder 
may be hazardous . Fur the r understanding of the heat t ransfer p rocess 
through the powder may make it possible to explain the ignition of z i r ­
conium powder solely in t e r m s of fundamental quanti t ies . 

B. Metal-Water Reactions 
(L. Baker) 

1. Isothermal Studies of the Uranium-Steam Reaction by the 
Volumetric Method 
(R. E. Wilson, P. Martin) 

A knowledge of the r a t e s of react ion of meta l s with steam under 
i so the rmal conditions is n e c e s s a r y for the prediction of meta l -wate r r e a c ­
tions under the conditions of a reac to r accident. The volumetr ic experiment 
was designed to study m e t a l - s t e a m reac t ions . The volume of hydrogen 
evolved is taken as the m e a s u r e of the amount of react ion. 

The uranium sample was supported by a s tainless s teel -c lad 
thermocouple, centered in the sample volume. This thermocouple also 
provided the means of t empera tu re control and measurement . The sample 
was heated inductively to the des i red t empera tu re in flowing s team at a 
p r e s s u r e of about one a tmosphere . After passing the sample, the s team 
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was condensed and the hydrogen produced by the me ta l - s t eam reaction was 
collected and measured . A more detailed descript ion of the apparatus and 
the procedure may be found in the previous Quar ter ly Report (see 
ANL-6543, page 185). 

The react ion of approximately one-cm cubes of uranium, p r e ­
pared at Argonne (see ANL-5974, page 146, for typical analysis), with 
s team was studied over the temiperature range from 400 to 1200 C 

Typical r esu l t s of an exper i ­
ment at each of the t empera tu res 
studied a re shown in Figure 51. At 
500 C and above the ra te law is nea r ly 
parabolic , whereas at 400 C a two-
stage l inear react ion occurs . The two 
cases willbe discussed separately. 

a. Studies at High 
Tempera ture 

The slope of the l ines, 
shown in the log-log plot in Fig­
ure 51, is approximately 0.5 for the 
runs at 500 C and above. This in­
dicates that the react ion obeys the 
parabolic ra te law, which has the 
following form: 

V^ = kt, (11) 

where V is the volume of hydrogen generated, t is t ime, and k is the 
parabolic law constant. The constants for the parabolic ra te law were 
obtained by plotting the square of the volume of hydrogen reduced to 
s tandard conditions vs t ime for each run. An example of a plot of the 
r e su l t s of two runs obtained at 1000 C is given in Figure 5Z. The slopes 
of the s t ra ight lines in Figure 51 a r e the ra te constants, and the differ­
ences between the slopes of the duplicate runs a re an indication of the 
prec is ion of the experiment . 

The parabolic ra te law constants obtained from the runs 
a re given in Table 4Z. The average values and the standard deviations 
from the mean are also given. The Arrhenius plot, shown in Figure 53, 
was plotted from the average values given in Table 42. The length of a 
datum point is equal to the standard deviation at the indicated t empera tu re . 
F r o m this plot it is evident that a consis tent ra te law is obtained over the 
t empera tu re range frona 600 to 1200 C, despite the fact that uranium 
undergoes three phase changes in this range . 

Figure 51 

HYDROGEN EVOLUTION IN THE REACTION OF 
STEAM AT 1 ATMOSPHERE WITH URANIUM 

1000 -̂
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F i g u r e 52 

HYDROGEN EVOLUTION IN 
THE URANIUM-STEAM 
R E A C T I O N AT 1000 C 

80 90 

Temperature 
(Cl 

500 
500 
500 

60O 

m 
700 
700 

Rate Law Constant, k 
[toe STPfSQ cntiZfinin] 

5.47 
5.05 
2.87 

3.69 
3.03 

17.4 
13.7 

Table 42 

RATE LAW CONSTANTS FOR THE URANIUM-STEAM REACTION 

A¥3. Constant (B 

4.5 

3.36 

15.6 

Standard 
Deviation 

1.1 

0.33 

1.9 

Temperature 
(O 

900 
900 
900 

1000 
1000 

im 
1200 

Rate Law Constant, k 
[tec STP/sq cmiamin] 

34.5 
64.7 
50.9 

131 
109 

341 
341 

Standard 
Avg. Constant (k) Deviation 

67 14 

120 11 

34! 

F i g u r e 53 

EFFECT OF TEMPERATURE ON 
THE RATE OF HYDROGEN 

EVOLUTION FOR THE REACTION 
OF STEAM WITH URANIUM 



The resu l t s at 500 C a re not consistent with the data at higher t empera ­
tu re s . It was possible to study the react ion with molten metal at 1200 C 
without modification of the apparatus because the oxide shell served as a 
sat isfactory container for the molten meta l . 

The oxide formed on the surface of the uraniumi cubes 
was adherent and retained the original polish of the metal surface. This 
oxide showed no tendency to flake off while the metal was at the reaction 
t empera tu re . However, as the sample cooled at the end of an experiment, 
the oxide flaked off the sample, with an audible ping, at approximately 
300 C. The pieces of oxide which came off were of large size, and the 
oxide surfaces formed from the original meta l remained shiny. A sample 
of this oxide is shown in Figure 54. This piece of oxide is about one cm 
square and two nam thick. It is believed that the cracks in the oxide 
occurred during cooling. 

Figure 54 

URANIUM OXIDE PLATE PRODUCED BY 
URANIUM-STEAAI REACTION AT 600 C 

I 

1 c i n 

The data at 500 C also gives a parabolic plot, although the 
slope is too high to fit the Arrhenius plot. It is believed that at this 
t empera tu re there a re some t ransi t ional effects, in which a linear ra te 
law at 400 C is t ransformed into the parabolic ra te law at t empera tu res 
above 600 C. 



b. Studies at Low Tempera tu res 

Figure 55 

HYDROGEN EVOLUTION IN THE URANIUM-
STEAM REACTION AT 400 C 

Two exper iments were ca r r i ed out at 400 C. The resu l t s 
of these exper iments a re shown in F igure 55. The u ran ium-s t eam r e a c ­
tion follows the l inear ra te law at this t empera tu re with a slope of 
2.85 ± 0.05 cc of H2/(sq cm)(min), following an induction period of about 

10 min. The difference between the 
two kinetic curves is due almost 
entirely to a difference in the length 
of this induction period. 

The oxide produced in 
these experiments was near ly colloi­
dal in charac ter and powdered off the 
samiple continuously. It was evident 
that the oxide produced at 400 C 
afforded no protection to the under­
lying metal . The difference in 
appearance between the oxide formed 
at 400 C and that formed at 500 C 
and higher is very striking and 
cor re la te s prec ise ly with the differ­
ences in kinetic behavior. 

c. Comparison with Resul ts 

s 

txxxi^ 

of Previous Invest igators 

20 
TIME, min 

Hopkinson -̂  repor ted a 
l inear react ion ra te of 2.5 cc of 
Hj/(sq cm)(min) [reported as 1.8 m g / 
(sq cm)(min)] at 400 C, which is in 

good agreement with the value of 2.85 cc H2/(sq cm)(min) repor ted above. 
Hopkinson repor ted the t ransi t ion to a parabolic react ion to occur at 880 C 
in contras t with the 400 to 500 C found in this study. In addition, he r e ­
ported that the parabolic react ion was followed by a l inear react ion after 
some 120 min. No evidence of such a change was found in this study out 
to 400 min. The causes of these differences a re not present ly understood. 

The resu l t s found for the u ran ium-s team react ion para l le l 
those repor ted in previous quar te r l i e s (see ANL-6413, page 160, and 
ANL-6543, page 168) for the uranium-oxygen react ion. The oxide produced 
in the react ion with oxygen also changed from a powdery, nonprotective 
form to a more compact, protective oxide at a t empera ture of 450 C. It is 
not likely that the change in the charac te r of the u ran ium-s team react ion 

35 
Hopkinson, B. E., J . E lec t rochem. S o c , 106, 102 (l959). 
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is due to hydriding or some other hydrogen react ion because of the very 
s imi la r change occurr ing in the reaction with pure oxygen. It is likely 
that the oxides produced above and below 450 C consist of different phases . 
Hoekstra , Santoro, and Siegel,-^" in a study of the oxidation of UO2, found 
only the compounds UO2, U4O9, and U3O8 above 500 C. Below 500 C, a 
compound designated as UO2.3 was identified. 

2. Metal-Water Reaction Studies in TREAT* 
( R . C . Liimiatainen, R. O. Ivins, F . J. Testa , P . Krause) 

The study of ineta l -water react ions initiated by a high-intensi ty 
neutron pulse is continuing. The technique consis ts of exposing fuel spec i ­
mens immersed in water to a t rans ient in the TREAT reac to r . The 
objectives of this p rogram a r e : 

1) to de termine the extent of react ion between the metal 
and water ; 

Z) to determine the fuel t empe ra tu r e and p r e s s u r e h is tory 
during the excursion; and 

3) to determine the physical damage that occurs as a resu l t 
of the t rans ient ; this includes inetal lographic and par t ic le 
size evaluat ions. 

a. Exper iments with Zirconium Pla tes 

A s e r i e s of th ree exper iments were per formed in TREAT. 
These provided data on the extent of react ion and the behavior during 
meltdown of an unclad, 89.4 weight percent z i rconium, 10.6 weight percent 
uranium alloy fuel plate . The fuel was 93 percent enriched with u ran ium-235 . 
The nominal dimensions of the plates were 1 in. x 0.5 in. x 0.1 in. Table 43 
s u m m a r i z e s the r e su l t s of this s e r i e s of exper iments . 

In all of these experi inents the plates melted during the 
t rans ien t s and subsequently solidified in the bottom of the alumina crucible 
in which they were contained. The thermocouples evidently lost contact 
with each of the fuel plates during the t r ans i en t s , because the m e a s u r e d 
peak t empera tu re s were considerably lower than the actual , maximum 
t empera tu re of the fuel plate as indicated by la ter observat ion of melt ing 
of the fuel p la tes . F igure 56 shows a photograph of the melted plate and 
par t of the broken crucible from the mos t energet ic t r ans ien t . 

36Hoekstra, H. R., Santoro, A., and Siegel, S., J. Inorg. Nucl. Chem., 
18_, 166 (1961). 

*The cooperation of J. Boland, F . Kirn, and H. Lawroski , of the Idaho 
Division, for the operat ion of the TREAT reac to r is gratefully 
acknowledged. 
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Table 43 

SUMMARY OF THE RESULTS OF METAL-WATER MELTDOWN 
EXPERIMENTS CONDUCTED IN TREAT ON ZIRCONIUM-

URANIUM ALLOY FUEL PLATES, UNCLAD 

Test Conditions: HgO at 25 C under 20 psia He p r e s s u r e 

Fuel P l a t e s : Unclad alloy (submerged in HgO) of 
89.4 w/o Zr and 10.6 w/o U, 93 pe r ­
cent enriched; total weight of plate -
5.5 g 

TREAT Transient 

Reactor Pulse 

Integrated Power , Mw-sec^ 

Peak Power, Mw 

Per iod , ms 

CEN 
87 

251 

1055 

83 

CEN 
88 

372 

1140 

79 

CEN 
89 

458 

1080 

79 

Results 

Measured temp, C 

Est imated temp, Cb 

Peak P r e s s u r e , ^ psia 

Visual observat ions of fuel 
after i r radia t ion 

Extent of Metal-Water Reaction, 
Pe rcen t of total 

555 

1840 
(m.p. Zr) 

220 

2200 

>1500 

2860 

90 150 195 

Solidified puddle of meta l found in 
bottom of each crucible . Pa r t i c l e s 
fused to autoclave cap in CEN-89. 

5.2 9.5 11.5 

^Analytical data not yet available to convert to ca lor ies per gram of 
sample . 

"Based on observat ion of melt ing of Z r -U in CEN-87 and estimiation in 
CEN-88 and 89 from inc rease in energy. 

*^Pressure t r a c e s were snaooth with no "spikes ," pulse, or unusual 
effects other than radiat ion effects. 



Figure 5b 

MELTED ZIRCONIUM-URANIUM FUEL PLATE 
AND BROKEN ALUMINA CRUCIBLE FROM 

TREAT METAL-WATER EXPERIMENT CEN 89 

ALUMINA 
CRUCIBLE 

-., 

MELTED 
PLATE 

0.5 inch 

The crucibles in all three exper iments were broken, and in Transient 
CEN-89 molten meta l was splat tered onto the inner surface of the auto­
clave where it had solidified and remained. The p r e s s u r e t r aces in these 
exper iments were smooth with deflections caused pr imar i ly by radiation 
effects on the t r ansduce r s . 

The resu l t s , shown in Table 43, indicate that the extent 
of me ta l -wa te r react ion increased with increasing burs t energy. This 
trend is consistent with previous resu l t s on other types of fuel e lements . 
Fur ther interpretat ion awaits analytical r esu l t s to determine the number 
of fissions that occur red within the specimens and to compute the energy 
absorbed by the specimens . 



V. ENERGY CONVERSION* 

Two methods of convert ing nuclear energy into e lec t r ic i ty a r e be ­
ing examined. These methods a r e the regenera t ive cel l and the t h e r m o ­
e lec t r ic effect. 

A. Regenerat ive Emf Cell 
(C. E. Crouthamel , M. F o s t e r , C. E. Johnson, R. Heinrich, R. Eppley, 
S. F . Banaszek) 

During this quar te r ly per iod the group has been moving into a new 
labora tory . The work of the group on the rmal ly regenera t ive emf cell s y s ­
t ems (see ANL-6543, page 195) will be resumed when the move is completed. 
The moving and instal lat ion of the following major units is now being c a r r i e d 
out: (1) Fused sa l t -pur i f ica t ion sys tem, (2) sys tem for hydrogen-diffusion 
studies through m e t a l s , (3) heating and cooling curve control and recording 
sys tem associa ted with an iner t a tmosphere box-furnace combination, 
(4) specia l hel ium-puri f icat ion sys tem to r ec i rcu la te and maintain box 
a t m o s p h e r e s . The la t te r unit is serving as an exper imenta l model and, if 
successful , would be duplicated to se rve as a hel ium-puri f icat ion unit for a 
number of iner t a tmosphere boxes in the division. The objective of this unit 
is to maintain a box a tmosphere of hel ium with less than 100 ppm by volume 
of impur i t i e s . For a box of 15 to 20 cu ft of volume in typical usage it is 
e s t ima ted that a flow of 2.5 to 5.0 cu f t /min of helium would be requi red 
through the pur i f ier . The design and construct ion of an adequate unit has 
not been a s t ra ight forward problem and is causing delays in the p r o g r e s s 
of the exper imenta l p r o g r a m . 

B. Thermoe lec t r i c i ty Resea rch 
(R. K. Edwards , H. M. Feder) 

Studies in the rmoe lec t r i c i ty a r e underway to contribute to the 
technological development of d i rec t convers ion of heat energy from nuclear 
r e a c t o r s into e l ec t r i ca l power by means of the thermocouple effect. 

Two l imited m a t e r i a l s a r e a s a r e under study. These a r e liquid 
thermocouple sys t ems and re f rac to ry solid thermocouple m a t e r i a l s . The 
la t t e r a r e considered to be of pa r t i cu la r in te res t to r eac to r energy 
convers ion . 

1. Liquid Systemis 
(R. K. Edwards) 

The t he rmoe lec t r i c p rope r t i e s of liquid sys tems a r e of i m p o r ­
tance since the i r study should contr ibute to the extension of solid state theory 
to the liquid s t a t e . Solid s ta te invest igations of the t r anspo r t p rope r t i e s of 

*A s u m m a r y of this sect ion is given on pages 12 and 13. 
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binary seiTii con due to r s a re generally liniited to very narrow composition 
ranges by vir tue of na r row ranges of phase stability. Liquid binary s y s ­
tems offer a g rea te r latitude for study of composition dependencies. 

F r o m a standpoint of the p rogrammat ic objective of efficient 
energy conversion, the liquid studies a re di rected toward obtaining sys ­
temat ic data which will lead to cor re la t ion and understanding of the factors 
pert inent to the control led modification of electronic s t ruc tures in metal l ic 
or semimetal l ic sys tems toward more favorable thernnoelectric p roper t i e s . 
A theore t ica l analysis by Klemens-^' has suggested that metal l ic ma te r i a l s 
might, through a l tera t ion of their electronic distr ibutions, yield desi rable 
performance poss ib i l i t ies . 

During the past quar ter , Seebeck coefficients in the liquid 
indium-bismuth sys tem were measu red for the mean tempera ture 450 C. 

The general procedure has 
F igure 57 

ABSOLUTE SEEBECK COEFFICIENT 
FOR THE LIQUID SYSTEM INDIUM-

BISMUTH AT 450 C 

o - « . 

been described in a previous 
quar ter ly repor t (see 
ANL-6477, page 215). Seebeck 
coefficients relat ive to plat i ­
num were obtained froni the 
rat io of the thermoelec t r ic 
emf to the difference between 
the hot and cold junction t em­
pe ra tu re s . The resul ts a r e 
shown in Figure 57, where 
they are plotted as absolute 
values after cor rec t ion for 
the known contribution of 
platinum. However, the em­
phasis of the work is on the 
systematic composition de­
pendence ra ther than the 
absolute values. To this end, 
a ra ther large t empera tu re 

difference (100 C) was maintained in o rde r to increase the relat ive p r ec i ­
sion in the set of measu remen t s . This tends to minimize the effect of 
s t ray e lec t r ica l pickup, but it also leads to an "averaged Seebeck coef­
ficient" ra ther than a t rue differential. 
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The marked tendency for the data of the indium-bismuth sys tem 
to show regions of l inear behavior is evident. It would be p remature to 
attempt extensive general izat ions until more sys tems have been studied. 
However, s imple compar isons with the isoelectronic indium-antimony 
sys tem (see ANL-6477, page 214) a re interest ing. F i rs t ly , the ininimum 

•^'Klemens, P . G., Theoret ical Requirements for Thermoelec t r ic Ma­
t e r i a l s , Westinghouse Resea rch Report 929-8904-R2 (July 12, 1961). 



in F igure 57 occurs at the same composition as the pronounced min imum 
in the indium-antimony systena (approximately at In/Sb atom rat io 5/1). 
Both sys tems show regions for which the Seebeck coefficient depends l in­
ear ly on the composit ion. 

2. Refractory Solid Thermocouple Systems 
( M , Tetenbaum, F . Mrazek) 

For h igh - t empera tu re use , a r e f rac to ry broad-band semicon­
ductor is requ i red if t he rmoe lec t r i c p roper t i e s a r e to be favorable over a 
l a rge t empera tu re in terva l . The lanthanide and actinide sulfide sys t ems 
a r e highly re f rac tory and have phases with e lec t ron concentrat ions at the 
semiconducting range. The u ran ium and thor ium sulfide sys tems and the i r 
solid solutions have been se lec ted for the initial s tudies . 

Measurements of the Seebeck coefficient as a function of t em­
pe ra tu r e have been made with a plate of uraniuin monosulfide fabricated 
from, a s in te red ingot. The m a t e r i a l contained approximately 5 weight p e r ­
cent uranium oxysulfide. The lat t ice p a r a m e t e r of the monosulfide phase 
was found to be ag = 5.487 ± 0.005 A, which is in agreement with the values 
obtained by D. Cater (see ANL-6140). 

The r e su l t s of two s e r i e s of m e a s u r e m e n t s a r e shown in F i g ­
u re 58. In the f i r s t s e r i e s , Seebeck coefficients were obtained in the t em­
pe ra tu r e range from 150 to 650 C; in the second s e r i e s , measu remen t s 
were made over the t e m p e r a t u r e range from 150 to 1200 C. The hot and 
cold junction t e m p e r a t u r e difference during these m e a s u r e m e n t s was ap­
proximate ly 10 C, 

Fo r compar i son , m e a s u r e m e n t s obtained by Elec t ro-Opt ica l 
Sys tems , Inc., 38 on a mel ted uran ium monosulfide spec imen of undefined 
composit ion a r e included in F igure 58. It should be pointed out that the 
r o o m - t e m p e r a t u r e res i s t iv i ty of their specimen was approximately 
five t imes higher than the value found by us . 

R o o m - t e m p e r a t u r e Hall coefficient m e a s u r e m e n t s 39 were also 
made with the s in te red plate of uran ium monosulfide. The resu l t s a r e 
s u m m a r i z e d in Table 44. F o r compar ison , we have included in Table 44 
r e su l t s previously obtained with an a r c - m e l t e d uran ium monosulfide spec i ­
men which had yielded a favorable f igure -o f -mer i t value. Also included in 
the table a r e recen t Hall values m e a s u r e d at General Atomic for the p r o m ­
ising re f rac to ry c e r i u m sulfide sys tem. 

38jordan, C. B. , High T e m p e r a t u r e Semiconducting Compounds for 
The rmoe lec t r i c Power Generation, Bimonthly P r o g r e s s Repor t 
No. 4, June 15-August, 1962, EOS-1592-2M-4, E lec t ro -Opt ica l 
Sys tems , Incorporated, Pasadena , California. 

39We a re indebted to Dr. Manual Kanter of the Solid State Science 
Division for miaking these m e a s u r e m e n t s poss ible . 



Figure 58 

VARIATION OF ABSOLUTE SEEBECK 
COEFFICIENT WITH TEMPERATURE 

FOR URANIUM MONOSULFIDE 

Table 44 

ROOM-TEMPERATURE HALL MEASUREMENTS 

US 
sintered^-

6.2 X 10-3 
530 X 10"^ 

11.7 
1.0 X 10^1 

US 
a rc melted'b 

9 X 10"^ 
200 X 10"^ 

45 
0.7 X 10^1 

CeSi,33_i_5o 
mel tedc 

1.3 X 10-2 
455 X 10"^ 

2.8 
5 X 10^1 

Hall Coefficient (cc/coulomb) 
Res is t iv i ty (ohm-cm) 
Mobility (sq c m / v o l t - s e c ) 
C a r r i e r Density ( e l e c t r o n s / c c ) 

a~5 pe rcen t UOS 

b~l6 pe rcen t UOS 

^Data f rom Genera l Atomic, division of Genera l Dynamics Corporat ion, 
r e p o r t e d in Status Repor t on The rmoe lec t r i c i t y , NRL Memorandum 
Repor t 1241, January 1962, U.S. Naval R e s e a r c h Labora tory , Washing­
ton, D. C. 

It is apparent from Table 44 that these systems appear to be 
charac te r i zed by high c a r r i e r concentrat ions and low mobil i t ies . The 
Seebeck coefficients repor ted for the cerium, sulfide sys tem a re consider 
ably higher than the values obtained with uranium monosulfide. 



VI. DETERMINATION OF NUCLEAR CONSTANTS* 
(C. E. Crouthamel) 

Knowledge of fas t -neut ron c r o s s sections is n e c e s s a r y to the fast 
r eac to r p r o g r a m . Neutron c r o s s sections a r e being studied by means of 
monoenerget ic neutrons and by means of the spec t ra of fast b r eede r r e ­
a c t o r s . The monoenerge t ic -neut ron work includes the measu remen t of 
capture and total c r o s s sections as a function of neutron energy. 

The capture c r o s s sections of many of the r a r e ear th eleinents a r e 
presen t ly unknown in the energy region above 0.17 Mev. Several of these 
e lements have been considered recent ly as possible m a t e r i a l s for reac tor 
control . A brief rev iew of this work was given in ANL-6379, pages 224 to 
228. In the p resen t p rog ram, neu t ron-cap ture c ro s s sections a r e being 
m e a s u r e d for seve ra l r a r e ea r th i so topes , and determinat ion of the total 
c r o s s section of some of these e lements has begun. Determinat ions of the 
ra t io of the cap tu re - to - f i s s ion c r o s s section, alpha, of uranium-233 in 
EBR-I , Mark III, a r e repor ted . 

A. Monoenergetic Neutron Cross Sections 
( D . C . Stupegia, E . H. Dewell) 

1 . Neutron Total C ros s Section of Dyspros ium 

Measuremen t s were recent ly made of the neutron total c r o s s 
section of dyspros ium as a function of neutron energy. The Van de Graaff 
acce l e ra to r and the neutron coUimation and detection appara tus of the 
Phys ics Division were used in this work. 

The neutron total c r o s s section was de termined by measur ing 
the attenuation of a wel l -co l l imated neutron beam by the sample being 
studied. The neutron source was the Li'^ (p,n)Be'^ react ion, and the neutron 
detector consis ted of a la rge cyl indr ical tank in which BF3 neutron counters 
were i m m e r s e d in a neutron m o d e r a t o r . Measure inents were made between 
neutron energ ies of 1 3 and 210 kev. 

P r e l i m i n a r y r e su l t s up to 97 kev a r e shown in Figure 59, and 
from 80 to 210 kev in Figure 60. The s tandard deviations of the c r o s s 
sections re la t ive to each other a r e about ± 1 .5 pe rcen t . The neutron energy 
sp reads at each point a r e about ±1.5 kev. Also, the absolute values of the 
neutron energ ies a r e c o r r e c t within sp reads of + 2 kev. A r epo r t on this 
work is being p repa red for publication. 

*A summiary of this section is given on page 13. 
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Figure 59 

NEUTRON TOTAL CROSS-SECTION 
OF DYSPROSIUM 

(low range) 

Figure 60 

NEUTRON TOTAL CROSS-
SECTION OF DYSPROSIUM 
(high range) 

110 130 150 170 
NEUTRON ENERCY, kev 

Neutron-energy Spreads 

The neutrons produced by a Van de Graaff acce lera tor through 
the Li''(p,n)Be'^ react ion a re monoenerget ic at a given angle to the proton 
beam provided that the l i thium-7 target has negligible thickness and p r o ­
vided that the proton beam s t r ikes at a point. In pract ice , neither of these 
conditions is met exactly; thus, there is always a spread in the neutron 
energies seen by any t a rge t . Moreover , in work on activation c ros s s e c ­
t ions, it is n e c e s s a r y to keep the i r rad ia ted sample close to the neutron 
source in o rder to produce sufficient radioactivity for good counting data. 
This means that the sample may subtend a considerable angle at the 
neutron source and, since the neutron energy var ies almost inverse ly with 
the square of the beam angle, this additional factor contributes to the total 
spread in neutron ene rg i e s . 
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The neut ron-energy spre 

e ter placed 2.0 cm froin the l i th ium-

Figure 61 

VARIATION OF NEUTRON INTEN­
SITY WITH NEUTRON ENERGY 

FOR VARIOUS PROTON ENERGIES 
IN THE LiMp,n)Be^ REACTION 

J 

^ 

- l — • l 1 1 I I 
1 0 cm-DIAMETER SAMPLE 

2 0 cm FROM Ll^ TARGET 

^ „ _ ^ 2 3 q M e » = Ep 

f 2 40 \ / \ ^ 

/ / 2 60 ' '— \ \ 
1 1 \ £50 \ \ 

///V'^^° 2 20 2 80 " " ^ ^ - . ^ A V 

^ ^ 1 1 1 1 1 . . . ^ 
NEUTRON ENERGY, 10 kev per 

ads seen by a sample 1.0 cm in d i am-
7 target have been calculated for p r o ­

ton energies between 2.1 and 
3.0 Mev in 0.1-Mev in terva ls for 
the cases of li thium ta rge ts of p r o ­
ton stopping powers from 5 kev to 
45 kev in 5-kev intervals and for a 
rectangular beam spot, 3.2 x 
6.4 m m ( i in. X - in .) . The curves 

8 4 ' 
for 2.10- to 2.80-Mev protons 
str iking a 4.5-kev target a re r e ­
produced as Figure 61 . A compi la­
tion of all the spect ra computed and 
details of the calculations is in 
prepara t ion . 

B. Capture and Fission in EBR-I , 
Mark"ni 
(C. E. Crouthamel , R. R. Hein­
r ich , and G. H. McCloud) 

The possibil i ty of a 
thor ium-232-uranium-233 fast r e ­
actor b reeder cycle has been con­

s idered as an a l ternate b reeder cycle for many y e a r s . In 1957, the Chemical 
Engineering Division undertook the task of obtaining the needed data on 
u ran ium-233 . The proposed exper iment was the determination of the fission 
events by ces ium-137 monitoring, which had been previously employed in 
exper iments with uranium-235 and plutonium-239. The number of capture 
events was to be obtained by determining the uran ium-233/uran ium-234 
m a s s rat io of the i r r ad ia ted uranium. Calculations showed that, on an 
800,000-kwh exposure in EBR-I , approximately 20 to 40 ppm of uranium-234 
would be produced in the u ran ium-233 . This made it necessa ry to obtain 
uranium-233 of higher isotopic purity than had hi therto been avai lable. A 
joint effort was organized with ORNL to isolate protact inuim-233 from 
i r rad ia ted thor ium-232. This work resul ted in the isolation of about 10 g 
of uranium-233 of ex t remely high isotopic purity (uranium-232/uranium-233 

4 X 10"^, u ran ium-234/uran ium-233 = <4 x 10" ). This mate r ia l was con­
s idered suitable for the planned exper iment . 

The applicability of the thor ium-232"uranium-233 cycle is to a 
l a rge extent dependent upon the rat io of the capture- to- f i ss ion c r o s s 
section of the fert i le fuel. If the breeding rat io is defined as the number of 
fissionable atoms formed per number of fissionable atoms destroyed, this 
rat io may be expressed in t e r m s of reactor cha rac te r i s t i c s as follows: 

R 
1 - a - A - A + F ( I / ' -1) 

1 a 



whe r e 

V 

V = 

a 

F 

A 

A 

number of neutrons produced per fission in fissionable isotope 
(uranium-233, u ran ium-235 , or plutonium-23 9). 

number of neutrons produced per fission in ferti le isotope 
( thorium-232, uranium-238) . 

ra t io of capture c r o s s section to fission c ros s section of 
fissionable isotope. 

number* of fert i le atomis fissioned. 

number* of paras i t i c neut ron-capture events . 

number* of neutrons escaping from reactor sys tem. 

(*Numbers per fission of p r i m a r y fissionable isotope.) 

F r o m the above equation, the importance of a low alpha value to 
achieve a high breeding rat io R is apparent . Moreover, the facts that alpha 
appears twice in the equation and that both t imes the l a rge r value produces 
dec rease of the breeding rat io miake it one of the most important c h a r a c t e r ­
i s t ics of the r eac to r . The value of F, the fissions of thorium-232 as fertile 
ma te r i a l , will be considerably l e s s than that of uranium-238. 

The important r e su l t obtained from the Mark III i r radia t ion of 
uranium-233 was that the value of alpha in the core and inner blanket r e ­
mained low. The core value of alpha was relat ively constant at 0.055 and 
remained well below O.I throughout the inner blanket. 

Figure 62 shows alpha as a function of distance from the EBR-I 
ver t ica l axis along the mid-plane of the r eac to r . Figure 63 shows the v a r i a ­
tion along the ver t ica l axis , with alpha being plotted against the distance from 
the horizontal mid-p lane . 
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Figure 62 

ALPHA FOR URANIUM-233 
HORIZONTAL LOADING 

IN EBR-I , MARK III 

0 5 10 15 
DISTANCE FROM CENTER OF CORE, in. 



164 

Figure 63 

ALPHA FOR URANIUM-233 
VERTICAL LOADING IN 

EBR-I , MARK III 

UPPER BLANKET 

CORE 

LOWER BLANKET 

0 0 

SAMPLES WERE LOADED IN AN ELEMENT 
LOCATED 1.3 IN. FROM THE 

REACTOR CENTER AXIS 

-J_ 

The individual values of the number 
of capture and fissions per naillion 
uranium-233 atoms a re l is ted in Table 45 
for the horizontal var iat ion, and in Table 46 
for the ver t ica l var ia t ion. These values a re 
plotted in Figures 64 and 65, respec t ive ly . 

The number of captures in 
uranium-233 was measu red by the m a s s 
spec t romet r i c determinat ion of uranium-234, 
and the number of fissions by the assay of 
the fission product ces ium-137 . In ca lcu­
lating the number of f issions, the half-life 
of ces ium-137 was taken as 30.0 y e a r s , 
and i ts fission yield for the fast neutron 
spec t rum as 6.51 percent . 

0.05 01 
ALPHA = o-o/o-f 

Uranium-235 and plutonium-239 
alpha values were previously obtained in 
exper iments in EBR-I , Mark I, and were 
repor ted by Kafalas, Levenson, and 
Stevens. In recent work by this Divi­
sion, which will be repor ted in detail in 
the next quar ter ly , the core alpha value 

for uranium-235 was found to be lower than the value repor ted previously 
by Kafalas et _al. (0.125 as compared with 0.144). Alpha values obtained 
in the blanket -were in agreement with the values of Kafalas. 

H O R I Z O N T A L VARIATION 

P i l e P o s i t i o n 
of S a m p l e 

c o r e 
c o r e 
c o r e 
c o r e 
c o r e 
i n n e r 
i n n e r 
i n n e r 
i n n e r 
o u t e r 
o u t e r 
o u t e r 
o u t e r 
o u t e r 

b l a n k e t 
b l a n k e t 
b l a n k e t 
b l a n k e t 
b l a n k e t 
b l a n k e t 
b l a n k e t 
b l anke t 
b l a n k e t 

T a b l e 45 

O F :c/:i O F URANIUM-23 3 IN E B R - I , 
MARK i n . M I D - F L A K E 

D i s t a n c e 
f r o m R e a c t o r 

A x i s 
(in.) 

0 . 5 

1.25 
Z.15 
3.00 
3.80 
4 .60 
5.40 
6.20 
7.00 

10.3 
12.3 
13.15 
14.05 
15.00 

F i s s i o n s 
p e r 10^ 

U^^^ a t o m s 

1488 
1422 
1329 
1189 
1018 

737.5 
637 .6 
531.0 
4 4 3 . 2 
234 .6 
177.5 
168.3 
185.1 
368.5 

C a p t u r e s 
p e r 10* 

U^^' a t o m s 

81.1 
79.0 
73.3 
66.b 
65.4 
5 5.5 
48 .4 
43 .5 
36.6 
22.6 
19.7 
20 .2 
23 .8 
45 .9 

- 3 
f 2 
1 3 
J- 2 

•- 3 
i 3 
5- 1 

+ 3 
i 2 
± 2 
i 3 
1 2 
i 1 
4 2 

Alpha (oe/Cf) 

0 .0545 
0.0556 

0.0552 
0.0560 
0.0642 
0 .0753 
0 . 0 7 5 " 
0.0819 
0.0826 
0.0963 
O . U l 
0.120 
0.129 
0.125 

40 Kafalas, P . , Levenson, M., and Stevens, C. M., Nuclear Sci. and Eng., 
2, 657 (1957). 
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Tab le 46 

V E R T I C A L VARIATION O F 

P i l e P o s i t i o n 
of S a m p l e 

uppe r b l anke t 
uppe r b l anke t 
upper b l anke t 
c o r e 
c o r e 
c o r e 
c o r e 
c o r e 
l o w e r b l a n k e t 

E B R - I , 

V e r t i c a l D i s t anc 
f r o m M i d - P l a n e 

F i g u r e 

(in.) 

+9.82 
+7.85 
+5.90 
+3.95 
+2.02 
+0.08 
-1 .89 
-3 .88 
-5 .88 

64 

a^/uf O F URANIUM-233 ALONG 
MARK III, AXIS 

e F i s s i o n s p e r 
1 0 6 ^ 2 3 3 

a t o m s 

287.9 
416.7 
652.7 

1091 
1354 
1422 
1293 

877 
533 

C a p t u r e s p e r 
10^ U233 

a t o m s 

25.9 
36.5 
47 .3 
61.7 
73.6 
79.0 
72.2 
55.2 
41 .7 

F i g u r e 

+ 0.7 
4- 0 . 8 
+ 3 
-̂  3 
+ 2 
4 2 

^ 1 

t 2 
+ 1 

65 

Alpha 

0.0900 
0.0876 
0.0725 
0.0566 
0.0546 
0.0556 
0.0558 
0.0615 
0.0782 

URANIUM-233 H O R I Z O N T A L 
L O A D I N G - C A P T U R E AND BURN-

U P IN E B R - I , MARK III 

URANIUM-2 3 3 V E R T I C A L LOADING-
C A P T U R E AND BURNUP IN E B R - I , 

MARK III 

2000 

1500 

- 1000 

500 

SAMPLES WERE LOADED IN AN ELEMENT 

LOCATED I 3 IN. FROM THE 
REACTOR CENTER AXIS 

5 10 15 
DISTANCE FROM CENTER OF CORE,in. 

LOWER BLANKET 

2000 

1500 

IOOO ^ 

-1 500 

+4 0 - 4 - 8 
DISTANCE FROM MIDPOINT. In 

Work i s n e a r i n g c o m p l e t i o n on o the r s p e c i e s i r r a d i a t e d in 
E B R - I , n a m e l y , u r a n i u m - 2 3 8 , p l u t o n i u m - 2 3 9, and p l u t o n i u m - 2 4 0 . The s tudy 
of the (n,2n) r e a c t i o n s in u ran iumi -233 a s a funct ion of r e a c t o r pos i t ion i s 
a l so be ing c o m p l e t e d and wil l be r e p o r t e d in the nex t q u a r t e r . 



VII. ROUTINE OPERATIONS 
(H. G. Swope) 

A. Waste P rocess ing 
( H . G . Swope, J. Haras t , K. B r e m e r , G. Teats and R. Juvinall) 

Routine Operat ions 

There were a total of 74,160 gallons of liquid radioactive wastes 
p roces sed during April , May and June 1962. The volunaes p rocessed by 
the various naethods a re tabulated below: 

P r o c e s s 

Evaporation and Concentration 
Fi l t ra t ion 
Ion-Exchange (Cation, only) 
Neutral izat ion of HF Wastes 
Absorption into Vermicul i te 

Gal lons 

30 
21 
21 

159 
,520 
,520 

171 
790 

Total 74,160 

B. High-level Gamma- i r r ad ia t ion Faci l i ty 
(H. G. Swope, J. Haras t , N. Ondracek, B. KuUen, V. Lemke and 
D. Bryant) 

A summary of i r rad ia t ions performed in Racks M-1 and M-2 for 
Apri l through June 1962 is given in Table 47. 

Table 47 

SUMMARY OF IRRADIATIONS PERFORMED IN RACKS M-1 AND M-2 

Month 

Apri l 
May 
June 

No. of 
Samples a 

168 
62 

111 

J41 

DURING APRIL THROUGH JUNE, 1962 

Rack M 

No. of 
Special 

Dosimetry 
Samples 

8 
52 
22 

82 

-1 

Total Urn 

Day 

691 
504 
693 

1888 

Unitsb 

Night 

2207 
1605 
2423 

6435 

No. 
of 

Urns 

1 
1 
2 

4 

Rack M-2 

No. of 
Special 

Dosimetry 
Urns 

4 
4 
2 

10 

Total 
Urn 

UnitsC 

4 
4 

11 

19 

^•Equivalent to a No. 2 sized can. 
bl urn unit in Rack M-1 = 2 x 10^ rad. 
Cl urn unit in Rack M-2 = 2 x 10^ rad. 




