
x\NL-6818 
Chemical Separations P r o c e s s e s 

for Plutonium and Uranium 
(TID-4500, 28th Ed.) 
AEC Research and 

Development Report 

ARGONNE NATIONAL LABORATORY 
9700 South Cass Avenue 
Argonne, Illinois 60440 

THE EBR-II SKULL RECLAMATION PROCESS 

PART I. GENER^iL PROCESS DESCRIPTION 
AND PERFORMANCE 

by 

Lesl ie B u r r i s , J r . , I. G. Dillon, 
and R. K. Steunenberg 

Chemical Engineering Division 

January 1964 

Operated by The University of Chicago 
unde r 

Contract W-31 - 109-eng-38 
with the 

U. S. AtoiTiic Energy Commission 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



TABLES OF CONTENTS 

Page 

FOREWORD . . . . . . . . . . . . . . . . . Z 

ABSTRACT . . . . . . . . . . . . . . . . . 3 

I INTRODUCTION. . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 

II. PROCESS DESCRIPTION . . . . . . . . . . . . . . . . . . . . 8 

A. Skull Oxidation. . . . . . . . . . . . . . . . . . . . . . . . . . . 8 

B. Noble Metal Extrac t ion . . . . . . . . . . . . . . . . . 10 

C. Uranium Oxide Reduction. . . . . . . . . . . . . . . . . . . 11 

D. Prec ip i ta t ion of Uran ium-Zmc Intermeta l l ic Compound 12 

E. InteriTietallic Compound Decomposition and Uranium 

Metal Prec ip i ta t ion . . . . . . . . . . . . . . . . . 12 

F . Dissolution of Uranium Produc t Metal . . . . . . . . . . . . 13 

G. Retorting . . . . . . . . . . . . . . . . . . . . . . . 14 
III. GENERAL OPERATING PROCEDURES AND ENGINEERING 

EQUIPMENT CONCEPTS. . . . . . . . . . . . . . . . . . . 15 

IV. FLOWSHEET AND PROCESS PERFORMANCE . . . . . . . . 18 

ACKNOWLEDGEMENT . . . . . . . . . . . . . . . . . . . 26 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 



FOREWORD 

This r epo r t is the f i r s t of a s e r i e s thatwil l be issued 
under the genera l title The EBR-II Skull Reclamation P r o c ­
e s s . This f i r s t r epor t of the s e r i e s is a general descr ipt ion 
of the p r o c e s s flow sheet and the individual steps involved. 
Subsequent r epor t s will deal with the labora tory and pilot-
plant development work on var ious aspects of the p r o c e s s . 



THE EBR-II SKULL RECLAMATION PROCESS 

P a r t I. General P r o c e s s Descript ion 
and Per fo rmance 

by 

Les l ie Burr is , J r . , I. G. Dillon, and 
and R. K. Steunenberg 

ABSTRACT 

A genera l descr ipt ion of the EBR-II skull rec lamat ion p r o c e s s and 
a flowsheet showing the individual p r o c e s s steps a re p resen ted . The skull 
rec lamat ion p r o c e s s coniplements the mel t refining p r o c e s s in the EBR-II 
fuel cycle . After the enr iched uraniuna-fissiuna alloy used in the f i r s t core 
loading of EBR-II has been p r o c e s s e d by mel t refining, approximately 10% 
of the fuel r ema ins in the crucible as a res idue of unpoured and oxidized 
meta l . This res idue consti tutes the "skull ." The objectives of the skull 
rec lamat ion p r o c e s s a r e : (1) to r ecover the uran ium from the skull, and 
(2) to remove fission products from the uranium. A large fraction of the 
fission products removed in the EBR-II fuel cycle a re removed in the skull 
rec lamat ion p r o c e s s . 

Liquid meta l s and molten sal ts a r e used as the p rocess ing media . 
Separat ion of fission products f rom the fuel is effected p r ima r i l y by s e l e c ­
tive reduction of compounds of re la t ively noble fission product e lements by 
zinc and extract ion of the reduced fission product e lements into zinc for 
disposal , and by select ive prec ip i ta t ions of a uranium-zinc in te rmeta l l i c 
compound and uraniuna meta l from liquid metal solutions. F i s s ion product 
e lements a re re ta ined in the supernatant solutions and these a r e d iscarded 
to Avaste. The prec ip i ta ted u ran ium is r ecovered by removing the super ­
natant liquid meta l and re tor t ing to vapor ize the residual solvent me ta l s . 

Because the skull const i tutes only a smal l s ides t rea in of ma te r i a l 
in the overa l l fuel cycle , only modes t uraniumi recover ies a re required . A 
u ran ium recovery of about 95% is adequate. The requ i rements for fission 
product removal a r e a lso ixiodest, pa r t i cu la r ly for the noble fission p rod­
uct e l ements , which a r e del iberate ly u sed in the fuel m a t e r i a l as alloying 
e lements . Removals of as low as 50% are sufficient for these alloying 
fission product e lements . F o r other f ission product e lements , re inovals of 
about 90% are adequate. These recovery and purification requ i rements 
have been shown to be readi ly achievable in the skull rec lamat ion p r o c e s s . 

Fu tu re r epo r t s in this s e r i e s will include more detailed descr ipt ions 
of the developraent work underlying the p roces s steps and information on 
equipment design, m a t e r i a l s , and sca le-up s tudies . 



I. INTRODUCTION 

P y r o m e t a l l u r g i c a l p r o c e s s e s for the r e c o v e r y of f e r t i l e and f i s s i l e 
m a t e r i a l s f r o m d i s c h a r g e d r e a c t o r fue ls a r e be ing d e v e l o p e d wi th the o b ­
j e c t i v e of r e d u c i n g s u b s t a n t i a l l y the fuel c o s t s a s s o c i a t e d wi th n u c l e a r 
p o w e r p r o d u c t i o n . Such p r o c e s s e s a r e c h a r a c t e r i z e d by h i g h - t e m p e r a t u r e 
s e p a r a t i o n p r o c e d u r e s in wh ich the fuel i s u s u a l l y m a i n t a i n e d in the m e t a l l i c 
s t a t e , a l though in s o m e i n s t a n c e s c o n v e r s i o n s to ox ides o r h a l i d e s a r e e m ­
p loyed . S e v e r a l c h a r a c t e r i s t i c s of p y r o m e t a l l u r g i c a l p r o c e s s e s r e n d e r 
t h e m p a r t i c u l a r l y s u i t a b l e for p o t e n t i a l u s e wi th p o w e r r e a c t o r s : ( l ) Since 
the m a t e r i a l s u s e d a r e s t ab l e in v e r y h igh r a d i a t i o n f l u x e s , they can a c ­
c o m m o d a t e fue ls s h o r t l y a f t e r d i s c h a r g e f r o m the r e a c t o r , t h e r e b y r e ­
ducing fuel i n v e n t o r y c o s t s . (2) The p r o c e d u r e s a r e r e l a t i v e l y 
s t r a i g h t f o r w a r d , w i th a m i n i m u m of o p e r a t i o n s and p r o c e s s v e s s e l s . 
(3) The p r o c e s s e s a r e coixipact, and the equipnaent i s of a m o d e s t s i z e . 
(4) The f i s s i o n p r o d u c t w a s t e s a r e in a c o n c e n t r a t e d , d r y f o r m which 
c o n t r i b u t e s to e a s e of d i s p o s a l . 

P y r o m e t a l l u r g i c a l s e p a r a t i o n s do no t p r o v i d e h igh ly eff ic ient 
decon tana ina t ion f r o m f i s s i o n p r o d u c t s . As a r e s u l t of t h e i r r a d i o a c t i v i t y , 
r e m o t e r e f a b r i c a t i o n of the fuel i s n e c e s s a r y . T h i s i s no t a s e r i o u s d i s ­
a d v a n t a g e , h o w e v e r , s ince the bu i ldup of c e r t a i n i s o t o p e s of the f i s s i l e and 
f e r t i l e m a t e r i a l s ( u r a n i u m - 2 3 7 , for exanaple) a l s o p r e c l u d e s d i r e c t r e -
f a b r i c a t i o n of the fuel , e s p e c i a l l y a f t e r e x t e n s i v e r e c y c l i n g . The p r i n c i p a l 
d i s a d v a n t a g e of p y r o m e t a l l u r g i c a l p r o c e s s e s in the p a s t h a s b e e n the l a c k 
of su i t ab l e c o r r o s i o n - r e s i s t a n t , h i g h - t e m p e r a t u r e m a t e r i a l s for u s e in 
p r o c e s s equipmient . R e c e n t d e v e l o p m e n t s in c o m m e r c i a l l y a v a i l a b l e 
r e f r a c t o r y m e t a l s and c e r a m i c s have l a r g e l y e l i i n i n a t e d th i s p r o b l e m . 

The f i r s t p l a n t - s c a l e a p p l i c a t i o n of p y r o m e t a l l u r g i c a l fuel r e p r o c ­
e s s i n g t e c h n i q u e s i s for the E x p e r i m e n t a l B r e e d e r R e a c t o r No. 2 (EBR-I I ) 
a t the Na t iona l R e a c t o r T e s t i n g S ta t ion in Idaho. The E B R - I I i s a f a s t 
power b r e e d e r r e a c t o r d e s i g n e d to e s t a b l i s h the f ea s ib i l i t y of fas t r e a c t o r s 
for c e n t r a l p o w e r s t a t i o n s . The E B R - I I conaplex c o n s i s t s of the r e a c t o r , 
a s o d i u m b o i l e r p lan t , p o w e r - g e n e r a t i o n f a c i l i t i e s , and an i n t e g r a t e d fuel 
r e p r o c e s s i n g p lan t .v l ) Al though the E B R - I I r e a c t o r wi l l u l t i m a t e l y employ 
p l u t o n i u m a s the c o r e fuel, an e n r i c h e d u r a n i u m a l loy wi l l be u sed a s the 
fuel in the i n i t i a l c o r e load ing . 

S e v e r a l p y r o m e t a l l u r g i c a l s c h e m e s a r e be ing deve loped for u s e 
in the E B R - I I fuel c y c l e . Of t h e s e p r o c e s s e s , nael t ref in ing!2) i s the m o s t 
a d v a n c e d , and i t wi l l be u sed to p r o c e s s the f i r s t ( e n r i c h e d uraniuna) c o r e 
( see F i g u r e 1). The fuel p ins a r e abou t 0,144 in. in d i anae te r and a r e c lad 
with s t a i n l e s s s t e e l t h e r m a l l y bonded by sodiuna in the a n n u l u s . In the naelt 
r e f in ing p r o c e s s the fuel p ins a r e d e c l a d naechan ica l ly , chopped to c o n ­
ven ien t l eng ths (about 2 in . ) , and c h a r g e d to a l i n a e - s t a b i l i z e d z i r c o n i a 
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cruc ib le . The charge is melted, held at 1400°C for about 3 h r , and then 
poured into a mold to foriai a product ingot. This t rea tment removes 
approximately two- th i rds of the fission products through volatilization of 
some fission product elenaents and selective oxidation of o thers , by the 
z i rconia crucible , to form a d ros s . Noble naetal fission products such 
as z i rconium, niobium, molybdenum, and ruthenium are not removed by 
mel t refining. Thus, the recycled fuel becomes a uranium-noble laietal 
alloy, designated as "fissiuiai" alloy. To avoid a fuel of changing conapo-
sition, inactive noble meta l s have been alloyed with the initial fuel in their 
approximate equil ibrium concentra t ions .* The presence of noble naetals 
has proved to lend des i rable i r rad ia t ion stability to uranium. 

F igure 1 

SIMPLIFIED FUEL CYCLE FOR THE 
FIRST CORE LOADING OF EBR-II 

EBR-H 

(Naturak, 
Uranium) 

Main 

Fuel 
Pins 

Blanket 

U-Fs 
Alloy 

U, ~1 w/o Pu 

Blanket Rods 

Blanket 
Process 

U Product 

Pu Product 

U Product 

Skull 

Product 
Ingot 

5-10% of U 
5-10% of HM. 

-100% of other F. P. 

Skull 
Reclamation 

Process 
- . •F .P . 

90-95% of U 
90-95X of N.M. 

(U-Fs Alloy) 

Refabrication 
by Injection 

Casting 

Note: For convenience, the following abbreviations are used occasionally throughout this report: 

F.P. = fission products 

N.M. = noble metals 

Fs " fissium 

*Uraniuiai-5% fissium alloy selected for the initial EBR-II core fuel 
has the following composition (w/o): Zr (0.1), Nb (O.Ol), Mo (2.46), 
Ru (1.96), Rh (0.27), Pd (0.19), balance uranium. 



When the product ingot is poured in the mel t refining p r o c e s s , about 
5 to 10% of the uranium renaains in the crucible as a skull constituting a 
mixture of d ros s and unpoured meta l . In addition to uraniuna, the skull 
contains 5 to 10% of the original noble naetal content and nearly all of the 
more electroposi t ive fission product me ta l s , such as y t t r ium, the r a r e 
ea r th s , bar ium, and strontiuna. A liquid metal p r o c e s s , named the skull 
rec lamat ion p r o c e s s , has been developed for process ing melt refining 
skulls with three objectives to be achieved: (l) r ecovery of the uranium 
fuel in the skull, (2) removal of a sufficient fraction of the noble metal 
fission products from the recycled uranium to maintain a des i red equilib-
riuna concentrat ion of f issium in the p r imary fuel cycle, and (3) removal 
of the naore electroposi t ive fission product e lements which a re concen­
t ra ted in the skull ma te r i a l . F u r t h e r m o r e , it mus t produce a product 
suitable for reintroduction into a mel t refining charge . 

The percentage of noble meta ls which mus t be removed depends 
upon the fuel burnup and the fraction of the d ischarged fuel that en te rs 
the skull rec lamat ion p r o c e s s . In the EBR-II fuel cycle, noble meta ls a r e 
removed only in the skull reclanaation p r o c e s s . Therefore , to maintain 
any par t i cu la r fuel composition, the removal of noble meta l s must be 
equivalent to the amount generated in the reac to r . Fo r a skull fraction 
of about 7% of the fuel charge , to mel t refining, and a fuel burnup of 2%, 
complete removal is required to naaintain the p resen t f issium alloy com­
position with r e spec t to all alloying e lements except z i rconium. If the 
skull fraction exceeds 7% or if the fuel burnup is Icwer than 2%, the r e ­
quired removal of noble meta ls is proport ionately reduced. F o r example, 
if the skull fraction is 10% of the fuel charge (at a burnup of 2%), noble 
metal removals of only about 70% are required . If fuel burnups higher 
than 2% are achieved or if, at a 2% burnup, skull fract ions a re l ess than 
7%, the concentrat ions of alloying elements would gradually increase to 
a higher equil ibrium value even if completely removed in the skull r e c l a ­
mation p r o c e s s . Because meta l lurgica l scrap is a lso likely to be p roces sed 
in the skull reclamat ion p r o c e s s , thereby effectively increas ing the fraction 
of the fuel going through the p r o c e s s , it is possible that noble metal r e ­
movals as low as 50% will suffice. 

Zirconium is p resen t in the initial f issium alloy at a concentration 
much lower than i ts equil ibrium concentration (0.1% as conapared with about 
3.5%), and i ts concentrat ion in the fuel will simply inc rease a total of about 
0.25% with each fuel cycle (e.g., fromO.l to 0.35% after the f i r s t cycle). 
The ra te of inc rease in z i rconium content is re lat ively unaffected by z i r -
coniuna removal in the skull rec lamat ion p r o c e s s , since only 10% or less 
of the fuel is handled in this p r o c e s s . At equil ibrium, the required z i r ­
conium removal is the same as that for other noble meta l s as discussed 
in the previous paragraph . 

Rare ear th fission products , and to some extent alkaline ear th 
fission products , a r e concentrated in the skull ma te r i a l and must be largely 



renaoved in the skull rec lamat ion p r o c e s s . The requ i red removal is some­
what a r b i t r a r y , since some recycle back to mel t refining could be to lera ted 
Therefore , a 90% removal of these e lements is r egarded as adequate 

An overal l fuel r ecovery of about 99.5% is sought in the EBR-II fuel 
cycle. If 10% of the fuel pas ses through the skull reclaiaaation p r o c e s s , the 
r equ i red u ran ium recovery is 95%; if the fraction is 5%. the requi red r e ­
covery is only 90%. These a r e modest recovery r equ i remen t s . 

Although the skull rec lamat ion p r o c e s s has been developed as an 
adjunct to mel t refining, it is a lso cons idered to be a back-up procedure 
capable of p rocess ing EBR-II fuel direct ly in the event of difficulties with 
mel t refining. In this case , the requ i red fuel recovery would be 99.5%. 

It is the purpose of this r epo r t to provide a genera l description of 
the skull rec lamat ion p r o c e s s and to indicate i ts capabil i t ies and l imi ta t ions . 
This is the f i r s t of a s e r i e s of r e p o r t s on the skull rec lamat ion p r o c e s s , In 
succeeding r e p o r t s , the r e s e a r c h and developiaient work on individual steps 
m a t e r i a l s of construct ion, p r o c e s s demonst ra t ions , and p r o c e s s scale-up 
will be d i scussed in detai l . 



II. PROCESS DESCRIPTION 

The skull rec lamat ion p r o c e s s is i l lus t ra ted schenaatically in F i g ­
u r e 2. The bas ic s teps of th is p r o c e s s a r e : 

(1) Oxidation of the skull within the mel t refining crucible to 
convert the skull to a freely flowing powder which can be readi ly poured 
f rom the cruc ib le . 

(2) Selective reduction with zinc at 800°C of noble f ission product 
eleiaaent compounds from a suspension of the oxidized skull m a t e r i a l in a 
miolten halide salt flux, and extract ion of the noble me ta l s into zinc. The 
zinc phase is d i scarded to w a s t e . 

(3) ^After removal of the zinc phase , reduction at BOCC of the 
uraniuna oxides contained in the molten flux suspension by magnes ium, 
p r e sen t in an approximately 5 w / o Mg-Zn alloy. On reduction, the u ran ium 
dissolves in the magnes ium-z inc alloy. 

(4) Prec ip i ta t ion of the u ran ium as a u ran ium-z inc in te rmeta l l i c 
compound by cooling the alloy solution f rom 800°C to about 525°C, after 
which the supernatant phase is removed. 

(5) Decomposit ion of the in te rmeta l l i c compound and precipi ta t ion 
of u ran ium naetal by addition of magnes ium to about a 50 w/o concentrat ion, 
follo%ved by removal of the supernatant liquid. 

(6) Dissolution of the u ran ium meta l product in a zinc-magnesiuna 
alloy. 

(7) Trans fe r of the resul t ing solution of u ran ium (containing about 
12 w / o uranium) to a r e t o r t where the solvent me ta l s a re vapor ized. The 
product u r an ium meta l i s then recyc led by adding it to a mel t refining 
p r o c e s s charge . 

A. Skull Oxidation 

The purpose of the skull oxidation step is to provide a method for 
essent ia l ly completely removing skull ma te r i a l f rom the z i rconium oxide 
mel t refining c ruc ib le . The skull oxidation may be c a r r i e d out at 700 to 
800°C in an approximtately 20 v / o oxygen-argon a tmosphere . As the oxida­
tion p roceeds , the oxygen concentrat ion may have to be inc reased to maintain 
the des i r ed oxidation r a t e . Under these conditions the skull oxidation p r o ­
ceeds snaoothly and is usual ly complete within 8 h r . 

Iodine is expected to be the major activity evolved during skull oxi­
dation. Special off-gas-handling p rocedu re s a r e requ i red which ei ther t r ap 
the iodine, hold it up for decay, or acconaplish control led d i spe r sa l into the 



F i g u r e 2 

E B R - I I LIQUID M E T A L P R O C E S S FOR R E C L A M A T I O N 
O F M E L T REFINING SKULLS 

DILUTE Oj-ARGON MIXTURE OXIDES OF URANIUM AND FP'S 
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a tmosphe re . The disposal of the oxygen-containing combustion a tmosphere 
a lso r equ i r e s special gas-handling techniques, since i t i s not pe rmi s s ib l e 
to contaminate the ine r t argon blanketing gas in the EBR-II p rocess ing cell 
^vith oxygen. 

After oxidation, the oxidized skull miaterial is dumped from the 
cruc ib le . Carefully designed mechanical equipinent will be n e c e s s a r y for 
this operat ion in which it will be n e c e s s a r y to prevent fragmentat ion of 
the z i rconia crucible and the escape of oxide dus ts . 

B. Noble Metal Extrac t ion 

The purpose of the noble meta l extract ion step is to effect a s e p a r a ­
tion of the noble meta l fission product e lements f rom u ran ium. The noble 
meta l elemients consis t mainly of molybdenum, ruthenium, rhodium, and 
pal ladium, along with smal l quanti t ies of s i lver , cadmium, and antimony. 
Although severa l ineta ls a r e capable of reducing oxides or other compounds 
of the noble e lements without reducing the u ran ium oxides to u ran ium meta l , 
zinc is the logical choice because it is a consti tuent of the magnes ium-z inc 
alloy used in the subsequent reduction s tep. 

A chloride flux is employed to suspend the skull oxides (approxi­
mately 20 w / o skull oxide concentrat ion) and to make possible a clean 
separa t ion of the ex t rac tan t meta l phase . The skull oxides a re p r e f e r e n ­
tially wet by the flux and therefore r ema in suspended in it . As a resu l t , 
there is no oxide contamination of the meta l phase . 

The flux composit ion is dictated la rge ly by the r equ i r emen t s of the 
subsequent step for reduction of u r an ium oxide. The flux most likely will 
consis t of 47.5 m / o MgCl2, 5 m / o MgF2, and 47.5 m / o CaCl2 or LiCl 
Approximately a 1-to-l volume ra t io of flux to meta l is employed. Good 
mixing of the flux and meta l phases i s requ i red for efficient extract ion of 
the noble m e t a l s . Sat isfactory ext ract ion of noble me ta l s has been achieved 
"within 4 hr at 800°C. Operation at lower t e m p e r a t u r e s is feasible, but 
longer extract ion t imes would probably be n e c e s s a r y . 

The phases will be separa ted by freezing the flux phase (m.p. , 
~600°C) and siphoning off the zinc phase (m.p. , 420°C). This separa t ion is 
complicated by the fact that the l a r g e r pa r t i c l e s of oxide, wetted by flux, 
sett le to the bottom of the c ruc ib le . Since the zinc phase is thereby d i s ­
placed upward to a posit ion slightly off the bottom of the crucible , a special 
technique is n e c e s s a r y to effect removal of the molten zinc. In effect, this 
technique cons is t s of back-blowing argon through the t rans fe r tube during 
solidification of the sal t to maintain a zinc sump around the tip of the t r a n s ­
fer tube. 

To provide the n e c e s s a r y co r ros ion r e s i s t ance to the molten meta l 
and flux phase s , a tungsten crucible will be used for the noble meta l ex­
t rac t ion and succeeding steps up to the final re tor t ing step 



Zinc chloride will be employed as an oxidizing agent m the flux 
phase . The p resence of ZnCl2 would prevent loss of any uran ium metal 
which might not have been oxidized in the skull oxidation step. In the ab ­
sence of ZnCl2, any such u ran ium would be dissolved by the zinc and 
ul t imately be lost in the zinc waste s t r eam. The ZnCl2 will also oxidize 
u ran ium and magnes ium p re sen t in the crucible heel remaining after r e ­
moval of the uraniuna product solution. This heel resu l t s from presen t 
plans to use the same tungsten crucible for the noble laietal extraction 
through uran ium product dissolution s teps . Consequently, it is nece s sa ry 
to consider the effects of heels and their compositions on the succeeding 
operat ions . 

The quantity of ZnCl2 employed may be adjusted to naeet the needs 
of a pa r t i cu la r situation. Because ZnCl2 is fairly volatile, the oxidation 
of u ran ium and magnesiuiaa will be conducted at as low a t empera tu re as 
is p rac t i ca l , i .e . , around 650°C. The concentration of ZnCl2 may be kept 
low by adding it incremental ly . 

Through the use of ZnClj in the noble naetal extract ion step, it is 
possible that non-decannable EBR-II fuel pins (warped pins or pins 
broached by uranium) can be handled in this step. The uranium would be 
oxidized and extracted into the flux phase while the relatively noble naetal 
consti tuents of the s ta inless s teel can (iron, nickel, and chromium) would 
be expected to remain in the zinc phase. This possibility has received 
some pre l iminary experimentat ion with resu l t s about as indicated, 

C. Uranium Oxide Reduction 

In the uran ium oxide reduction step, uranium oxides suspended in 
the flux phase a r e reduced at 800°C to uran ium metal by magnesium p r e s ­
ent in an approximately 5 w /o Mg-Zn alloy. As the reduction proceeds , 
the u ran ium metal dissolves in the magnesiuna-zinc alloy. At complete 
reduction of the uranium oxides, the u ran ium concentration in the metal 
phase is about 4 w /o . The solubility of uraniuna in the metal phase at 
800°C is about 5 -w/o. The uran ium oxide reduction is effected at 800°C 
within 4 hr with good mixing. The volume rat io of flux to metal is around 1. 

Following the reduction step, the flux phase is removed by p r e s ­
suring it out through a dip tube. Some consideration is being given to 
postponing the removal of flux until after the final uraniuna precipi tat ion 
step. The MgO byproduct of the react ion is suspended in the flux phase 
and reaches a final concentrat ion of about 10 w/o . Reduction of uranium 
oxides is hampered by MgO concentrat ions above about 12 w/o . 

Under the conditions employed in the reduction step, the r a r e ear th 
oxides, mos t of the zirconium oxide, and any plutonium oxide which is 
p r e sen t a r e also reduced. Bar ium, s t ront ium, and cesium remain in the 



12 

flux. Rare ea r ths and z i rconium a r e , the re fore , the pr incipal contaminants 
accompanying u ran ium at the conclusion of the reduction step. 

D, Prec ip i ta t ion of Uranium-Zinc Internaetall ic Compound 

By cooling the u r an ium-magnes ium-z inc solution produced in the 
u ran ium reduction step f rom 800 to 500°C, essent ia l ly complete p rec ip i t a ­
tion of the u ran ium as a u ran ium-z inc in te rmeta l l i c compound occur s . 
After the prec ip i ta te has set t led to the bottom, the supernatant phase is 
removed and d iscarded . 

This step se rves a two-fold function: (1) volume reduction, and 
(2) u ran ium decontamination. By precipi ta t ion of the u ran ium and removal 
of the supernatant liquid meta l , the u r an ium is concentra ted froiai 4 -w/o 
to 12-15 w / o . Zi rconium is the only major f ission product removed in 
the supernatant phase . The other fission products , including the r a r e 
e a r t h s , and plutonium coprecipi ta te extensively Avith the uraniuiai. However, 
removal of z i rconium in this step is impor tant , since no other step in the 
p r o c e s s provides for sufficient z i rconium removal . 

TAVO u r an ium-z inc in te rmeta l l i c compounds have been identified in 
the u r a n i u m - z i n c - m a g n e s i u m sys tem: (l) a compound designated "delta," 
having the fornaula U2ZnjY, and (2) a compound cal led "epsilon," which has 
the approxiiaaate composit ion U2Zn23. The p h a s e - d i a g r a m boundar ies for 
these compounds have not yet been fixed, pa r t i cu la r ly in the t e r n a r y 
sys tem. 

F r o m a p r o c e s s standpoint, it is des i rab le to prec ip i ta te the epsilon 
phase because it p o s s e s s e s much be t te r settling c ha ra c t e r i s t i c s than does 
the delta phase , and thus provides a be t t e r opportunity for clean and max i ­
mum separa t ion of the supernatant phase . Exper ience has shown that the re 
is a likelihood of precipi ta t ing the delta in te rmeta l l i c compound if the 
magnes ium concentrat ion is much above 5 w / o . Therefore , to insure for­
mation of the delta coiaapound, the naagnesium concentrat ion is held below 
5 w / o , genera l ly in the region of 3 to 5 w / o . 

E. In te rmeta l l i c Compound Decomposit ion and Uranium Metal Prec ip i ta t ion 

Uranium meta l is l ibe ra ted by extract ing the zinc from the i n t e r ­
meta l l ic compound with naagnesium. During the course of the in te rmeta l l i c 
coiaipound decomposit ion, the u ran ium meta l s in te r s and clumps into 
aggrega tes of var ious shapes having fair ly high u ran ium dens i t ies . These 
sett le ve ry well , thus permit t ing efficient reiaioval of the supernatant phase . 

Magnesium is added to the internaetal l ic compound concentrate to 
produce a 50 w / o magnes ium-z inc alloy. This comiposition is nea r that of 
a eutect ic in the magnes ium-z inc sys tem at about 47 vsr/o naagnesium. The 



eutect ic mel t s a t about 350 C, and although the eutectic valley is fairly 
n a r r o w , on cooling to about '425°C, a lati tude of about -10 and +4% in the 
magnes ium concentrat ion is avai lable. Outside of this pe rmis s ib l e con­
centra t ion var ia t ion, magnes ium or a magnesiuna-zinc compound will 
begin to p rec ip i t a t e . By cooling to 425*^0, the u ran ium solubility is reduced 
to approximate ly 0.03 w / o . At SOO^C, the u ran ium solubility is in the 
neighborhood of 0.3 w / o . 

In exper imenta l work to date, magnes ium has been added as a 
solid to the in te rmeta l l i c concentrate and both have been heated to 800°C 
to effect the in te rmeta l l i c compound decomposit ion. St i r r ing has been ' 
employed above about 700°C. 

Al ternat ive p rocedures a r e now under investigation. The react ion 
of the solid phases is slow, so the min imum tenaperature for the de­
composit ion will probably be 650°C, the melting point of magnesiuna. In 
addition to t e m p e r a t u r e , the method of magnes ium addition (whether as 
a solid or a liquid), the digestion t ime , and ra te of cooling a r e yet to be 
es tabl ished. 

The r a r e ea r th e lements and plutonium do not coprecipi tate with 
uraniuna meta l . There fore , in the course of the internaetall ic compound 
decomposit ion, they a r e l ibe ra ted and dissolve in the eutectic phase . 
Separat ion of these e lements f rom u ran ium is then effected by removal 
of this supernatant phase . It is expected that at l ea s t a 90% renaoval of the 
supernatant phase can be rea l ized . Separation of these eleiaients to an 
extent g r e a t e r than that provided by the par t i cu la r percentage removeil of 
the supernatant phase would requ i re washing of the u ran ium product, 

F . Dissolution of Uranium Product Metal 

The uraniuiai product is dissolved in a 14 w / o magnes ium-z inc 
alloy at 800°C to give a final solution containing about 12 w/o uraniuna, 
12 w / o magnes ium, and the balance z inc . This solution will be t r a n s f e r r e d 
out of the crucible into the re tor t ing ves se l or cast into a mold for l a t e r 
t r ans fe r to the re tor t ing v e s s e l . 

It may be n e c e s s a r y , p r io r to t r ans fe r of the product solution, to 
imnaobilize a flux heel which renaains after the t ransfer of the flux phase 
to was te . This flux c a r r i e s through the two u ran ium precipi tat ion steps 
but causes no difficulty since it is solid at the tenapera tures at which the 
supernatant phases a r e t r a n s f e r r e d . However, it is molten at 800°C, the 
t empe ra tu r e at which the product solution is t r ans fe r r ed , and, therefore , 
could be t r a n s f e r r e d with the product . This is highly undes i rab le , since 
the MgO and other oxides which a r e p r e sen t in the flux would contaminate 
the final u ran ium product . To a s s u r e removal of a clean metal phase , the 
flux heel can be solidified by adding, p r io r to t r ans fe r of the product solu­
tion, al l of the MgF2, a h igh-mel t ing-point consti tuent of the flux, requ i red 



in the flux phase for the succeeding step for noble meta l extract ion. This 
step is the f i r s t step to be pe r fo rmed on the next batch of skull oxide. 

G. Retorting 

A re tor t ing operat ion is used to remove the res idua l magnesiuin 
and zinc assoc ia ted with the u ran ium meta l product after the in te rmeta l l ic 
compound is deconaposed. The vaporizat ion of the magnes ium and zinc 
can be effected under a var ie ty of conditions, e.g. , a tmospher ic p r e s s u r e 
at tenapera tures in the range f rom 900 to 1100°C, or at lower p r e s s u r e s 
and correspondingly lower t e m p e r a t u r e s . 

The u ran ium product may be poured f rom the crucible as a liquid 
or solidified and dumped f rom the cruc ib le , but to avoid tipping a r a the r 
la rge crucible , it is naore likely that it will be solidified and removed by 
tongs or some other suitable naechanism. 



III. GENERAL OPERATING PROCEDURES AND 
ENGINEERING EQUIPMENT CONCEPTS 

Development -work on the skull rec lamat ion p rocess has p rog re s sed 
through a se r i e s of siaaall-scale (lOO g of uraniuna) p roces s demonstra t ions 
and p re l imina ry operat ion of a pilot plant (l. 5-kg-uranium scale, which is 
about 1/3 full plant scale). Although sti l l in an evolutionary stage, opera t ­
ing p rocedures and equipnaent concepts a r e descr ibed below. 

In o rde r to oxidize the skull ma te r i a l in a naelt refining crucible , 
the crucible is f i rs t placed in a tight-fitting s ta in less steel can which holds 
the fragile, and possibly cracked, crucible together during the oxidization 
operat ion. The crucible will be lowered into a nar row cylindrical tank 
which is closed at the top by a cover or flange sealed in place by a liquid 
naetal f reeze seal . A "Calrod" type of e lec t r ic heater coil, of about 1.5-kW 
capacity, is suspended from the cover and fits into the crucible when the 
cover is in place. The hea te r is employed to heat and naaintain the c ruc i ­
ble at the oxidation t empe ra tu r e of about 700°C. 

Subsequent p r o c e s s steps up to the re tor t ing step a r e , according 
to the p resen t ly favored operat ing p rocedure , to be conducted in a single 
tungsten crucible . P rev ious to operat ion in a single tungsten crucible , the 
4 w / o - u r a n i u m solution produced in the reduction step was t r ans fe r r ed 
from a tungsten crucible to a beryl l ia crucible where the u ran ium-
precipi ta t ion steps v/ere performed. The use of a single tungsten crucible 
was suggested re la t ively la te in the development of the p r o c e s s , mainly 
because of the poor per formance of l a rge beryl l ia c ruc ib les , but has 
proved to be an a t t rac t ive p rocedure since it e l iminates one crucible and 
an ent i re furnace unit requi red for housing and heating the crucible. 

The design concept of the pi lot-plant equipment for the liquid metal 
p r o c e s s s teps is shown in F igure 3. The equipnaent consis ts essent ia l ly 
of a l a rge ( l2- in . OD by 19-in. high) tungsten crucible which is positioned 
centra l ly within a metal bell j a r (about 30 in. in dianaeter by 40 in. high). 
The bell j a r cover will be tightly sealed for maintenance of a high-puri ty 
iner t atnaosphere ^within the bell j a r . Heating will be effected by means 
of a graphite susceptor heated by uncooled induction coils. Solution r e ­
naoval for the n e c e s s a r y phase separa t ions will be effected by p re s su r ing 
the liquids out through dip tubes, a p rocedure known as p r e s s u r e siphoning. 
Although it is thought that the full p lan t - sca le equipnaent will be sinai-
la r to the pilot-plant equipiaaent, the induction coils may be located outside 
the bell j a r in the plant equipiaaent. This would requ i re the use of a m o r e 
tightly fitting bell j a r or container around the crucible than that shown in 
F igure 3. 



16 

PORTS FOR TRANSFER 
LINES, SAMPLERS, AND 
LIQUID-LEVEL MEASUREMENT 
DEVICES 

FUME TRAP/ 

METAL FREEZE 
SEAL 

WASTE CONTAINER 
OR PRODUCT 
SOLUTION RECEIVER 

F i g u r e 3 

P R E P L A N T VERSION O F 
SKULL R E C L A M A T I O N 
P R O C E S S E Q U I P M E N T 

The m a j o r o p e r a t i o n s for p h a s e s e p a r a t i o n a r e : 

l ) S e p a r a t i o n of m o l t e n z inc con ta in ing noble f i s s i on e lenaents 
f rom the flux con ta in ing the skul l ox ide a f t e r noble m e t a l l e a c h in the f i r s t 
c r u c i b l e . T h i s s e p a r a t i o n i s laaade by cool ing to about 500°C, wh ich f r e e z e s 
the flux but l e a v e s the zinc m o l t e n . The z inc is then p r e s s u r e s iphoned 
f r o m benea th the sol id i f ied flux to a w a s t e c o n t a i n e r . 

2) R e m o v a l of the flux p h a s e a f t e r the r e d u c t i o n s tep by p r e s s u r e 
s iphoning m o l t e n flux at 800°C to a v^aste c o n t a i n e r . The p r e s s u r e e m ­
ployed i s suff ic ient to t r a n s f e r the flux p h a s e but not the u n d e r l y i n g , naore 
d e n s e m e t a l so lu t ion . D u r i n g t r a n s f e r of flux, the t r a n s f e r tube i s s lowly 
l o w e r e d into the flux p h a s e . The t r a n s f e r of m a t e r i a l s tops when the 
t r a n s f e r tube e n t e r s the m e t a l p h a s e . C o n s i d e r a t i o n i s a l s o being g iven 
to pos tpon ing the r e m o v a l of the flux p h a s e unt i l a f t e r r e m o v a l of the 
naetal s u p e r n a t a n t so lu t ion of the final u r an iuna p r e c i p i t a t i o n s t ep . T h i s 
would pe rna i t r e m o v a l of a l l l iqu id m a t e r i a l s , the flux and m e t a l -waste 
s o l u t i o n s , and the f inal u r a n i u m p r o d u c t so lu t ion t h r o u g h a fixed t r a n s f e r 
tube hav ing i t s open end n e a r the bottona of the c r u c i b l e . The u s e of a 
fixed t r a n s f e r tube would sinaplify reiaaote o p e r a t i o n s . 

3) S e p a r a t i o n of a 5% m a g n e s i u m - z i n c s u p e r n a t a n t so lu t ion frona 
the p r e c i p i t a t e d u r a n i u m - z i n c i ia te rnae ta l l ic compound at a,bout 525°C by 
p r e s s u r e s iphoning the zinc to a w a s t e c o n t a i n e r . 

4) S e p a r a t i o n of the 50% naagnes iuna -z inc s u p e r n a t a n t frona the 
p r e c i p i t a t e d u ran iuna . The s e p a r a t i o n i s naade a t abou t 425°C by p r e s ­
s u r e s iphoning the n a a g n e s i u m - z i n c so lu t ion to a w a s t e c o n t a i n e r . 



5) Removal of the uraniuna product solution, an approximately 
12 v^/o u ran ium-12 w/o magnes ium-z inc solution, by p r e s s u r e siphoning 
the solution at 800°C to a naold or to the re tor t ing crucible. 

6) Removal of the solvent m e t a l s , naagnesium and zinc, frona the 
u ran ium by vaporizing thena in a re tor t ing operation. 

As pointed out above, the u ran ium will be removed from the 
tungsten crucible by dissolving it to a 12 w/o concentration in a 
14 w/o magnes ium-z inc solution and t r ans fe r r ing the solution to a mold 
or d i rec t ly to a re tor t ing crucible . Vaporization of the solvent meta l s in 
the re tor t ing step will be effected at a low p r e s s u r e , probably l e s s than 
10 to r r . It i s p resen t ly planned to perforna the re tor t ing operat ion in a 
mel t refining furnace unit by placing a radiat ion-cooled condenser above 
the re tor t ing cruc ib les . The re tor t ing crucible will probably be a beryl l ia 
crucible or a crucible of another naaterial which has been internal ly coated 
with beryl l ia . Considerable work is requ i red before a definite select ion 
of crucible m a t e r i a l s can be made. 

It has also not yet been decided whether the uranium metal p rod­
uct should be renaoved from the re tor t ing crucible as a s intered cake or 
whether it should be further consolidated by melting it. If the uran ium 
product is melted, it may be poured frona the crucible and cast in a mold. 

Ma te r i a l s of Construction. The only naetallic ma te r i a l s which have 
good r e s i s t ance to attack by the molten meta l and halide salt systenas of 
the skull rec lamat ion p r o c e s s a r e tungsten and cer ta in tungsten alloys. 
Tungsten, which is v i r tual ly unat tached by these sys tems , has been se ­
lected for the crucible naaterial for the steps involving liquid meta l s . 
Because tungsten is difficult to machine , auxil iary i t ems , such as agi ta­
to r s and t rans fe r tubes, will be fabricated from a 30 w/o tungsten-
molybdenum alloy. This alloy, although l e s s r e s i s t an t to corros ion than 
tungsten, appears suitable for these purposes . 

It is intended to use a beryl l ia or bery l l ia -coa ted crucible for the 
re tor t ing operat ion since beryl l ia is not significantly attacked or wetted 
by molten uran ium. 

Bell j a r s and other enclosing ves se l s will be fabricated of a 
300 s e r i e s s ta in less steel . Internal s ta in less steel surfaces which a r e 
exposed to a t tack by meta l and salt vapors may have to be protected by 
tungsten coatings or tungsten shields . 
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IV. FLOWSHEET AND PROCESS PERFORMANCE 

A detailed flowsheet indicating s t r e a m composi t ions, fates of 
u ran ium and fission products , activity leve ls , and fission product heating 
values is given in Tables 2 through 8 beginning on page 19.* In Table 1 
useful design information derived f rom the detailed flowsheet is sumiaiarized. 

Table i 

SUMMARY OF PERTINENT DESIGN IWORMATIOM FOR SKULL RECLAMATION' PROCESS 

Operation 
or Steam 

Ten Melt Refining 
Sk j i i sand Crucitles 

Oxidizing Gas 

Skull Oxidation Off-qas 

Wa'ite Gas 

Ten Separate Oxidized 

Skulls 

Crucible Waste 

Zinc to toble Metal 
Extraction 

Flux to Noble 
Metal Extraction 

Total Charge to Nobie 
Metai Extraction 

Excess Z n C i , 

Zinc Waste from \oble 
Wetal Extraction 

Flux Heel from Product 
Solution Steo 

^oble Metal Extraction 

f lux Product 

•vietai Heel to Reduction 

Zinc-5"' Mg to Reduction 

Total Charge to Reduction 

Steo 

Flux ivaste from 

Reduction 

Zinc Product Solution 
from Reduction 

Intermetallic Compound 
Potn Sieo 

Zinc Waste from Int 
Compound Ppt Step 

Intermetall ic Compound 
Cake 

'tlagnesiun Ctiarge to 

Uranium Ppt 

Total Ctiarge to 
Uranium Pot 

Metal Waste from 
UPpt 

Supernatant Metai 
to U Solution 

U Product to Solution 

Product Solution Step 

V,etal to Product Soiut io i 

"roduct Solution Heel to 
Noble Metal Extraction 

U Product to Retorting 

Retorting Step 

Metal Condensate 

U Product 

Stream 
Mo. 

1 

2 

3 

4 

5 

0 

7 

8 

-
9 

12 

13 

10 

11 

14 

15 

16 

18 

17 

19 

-

20 

21 

22 

-
23 

25 

24 

-
26 

27 

(Basis: 

Handling 
Temp (°CI 

-700 

30 

30 

30 

-700 

-100 

30 

30 

800-500 

-30 

500 

800 

500-800 

800 

30 

800 

800-50 

800 

800-525 

525—50 

500 

30 

800-425 

425—200 

425 

425 

800 

30 

80O 

800 

700-900 

900-50 

900—50 

approximately 10 kg of uranium) 

Weight 

(kg) 

104.3 

1.9 

0.04 

0.04 

11.9 

94 

143 

39.5 

200 

0.8 

132 

2.2 

52 

14.7 

198 

264 

42.3 

220 

22 

147.1 

73.1 

60.9 

133 

119 

6.2 

8.8 

75 

58.8 

3.7 

69 

69 

60.6 

8.4 

Volume 

(liters) 

50 

1334 

24 

24 

4 

50 

23 

20 

50 

146 

21 

1 

29 

3 

37 

65 

20 

39 

39 

27 

12 

39 

51 

48 

2 

0.5 

15 

12 

0.8 

15 

15 

14.5 

0.5 

Activity Level 
(Curies! 

1.8 X 10^ 

0 

-2000 

0 

1.3 x 106 

4 . 9 x 1 0 ^ 

0 

0 

1.3 X 10'-

0 

2.3 X 10-" 

1.1 X 104 

1.3 X 10^' 

2520 

0 

1.3 X W^ 

2.0 X 105 

1.1 X 10^' 

1.1 X W^ 

1.5 X W^ 

9.6 X 105 

0 

9.6 X 10^ 

8.4 X 105 

4.4 X 10" 

7.4 X 10 ' 

1.2 X 105 

0 

6.5 X 103 

1.1 < 105 

1.1 X 10 ' 

m 
1.1 X 105 

Fission Product Heating 
|Btu/hr(/3'I0»y)] 

16,000 

0 

0 

0 

11.500 

4.460 

0 

0 

11,500 

0 

86 

100 

l l ,o00 

10 

0 

11.600 

1.815 

9,700 

9.700 

1.100 

8.600 

0 

8.600 

8,000 

415 

190 

610 

0 

40 

570 

570 

Mil 

570 

*In order to facilitate material balance calculations, many more figures are shown than are significant. 
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Table 2 

EQUILIBRIUM MATERIAL BALANCE AROUND THE SKULL OXIDATION STIP 

( T ) ffiasteGas 

FiDerfrax 
Trap 

© 
10 Melt Refining 
Skulls and Crucibles^ 

Skull Oxidation 
(10 batches) 

7O0-800OC, 
4 hr/batch 

( ? ) Skull Oxidation Off-gas 

(T) Crucible Waste 

0 Skull Oxide 

(WjnYans fe rd i * 

( ? ) Oxidizing fe -
ihanii Argonl) 

Ten Melt Refinino Ssulls 
ana Crucibles^ 

Constiiuent 

U 
IIQ.. 
Pi. 
PuO^ 
Kr 
Rt^O 
SrO 
' 0 
Zr 
ZrO 
Ni 
Mo 
fc 
Ru 
RP 
Po 
Ag 

Ir 
Sn 
SD 
le 
C5 20 
EaO 
( R F H O , 

H SOOOCuriHS 
Z i O j 

Crucibles 

Total 

Cjries 
Btu'hr 
Voijme 

GiaiTis 

7,760.7 
m9.j 
"xl 
12.0 

-0.3 
1.1 

79.5 
44.>. 

137.1 
/U.4 
S.7 

.'12 y 
iZ-J 

105.0 
?r,i 
17.i! 
i j . i 
0.1 
0.3 
0.2 

21.3 
b.G 

93.V 
6S2.1 

2.0' 

93,775.7 

104 179.1 

l.*!I9.477 
15,984 

~50l l teis 

Uxidizimj fiast: 

(.jhsfitueni (^laiiis 

0 , 
Ar 

IQR/.H 

3.1.0 

Total 1921.0 

SkuM CMIfld-IJ' 

Ofi-ias 

umsti t ert Crai is 

f. 

Ar 

I ( 2000 I iiriesi 

Total 

?U 
34.0 
0.0 

u.n 

41.C 

ftaste Gas, 

Constituent Granis 

0 . 
Ar 
Kr 
AS 

I; 

7.0 
34.0 
0,0 
0.0 
f i 

Total 41.0 

Skull Oxide 
107.3 Transiei • 

y 0 
PuO 
Rh 0 
srO 
1 0 
ZrO 

(Fission 
"roJuc? 
ZiO 

(LtuCI'ile 
Fiai nients' 

m 0̂  
VoO 
TrO 
RuO 
RnO: 
PdO 
Aj (1 
In U 
SnO^ 
ShjO 
T'-O 
Cs ~0 
Bau 
(RE. 0" 

|( 3000Curies' 

Total 

fiians 

«,928.0 
110.8 

U.2 
15.9 
35.̂ j 

204,2 

119.U 

I urifes 
Siu/ni 
VolURli' 

12.4 
'M.J 
43,5 

2l6. i 

35.3 
2^.6 
n.l 
0.1 
0.4 
0.2 

25.U 
1.2 

lii.h 
613.9 

1,?(1 

11,092.0 

1,328,132 
11.52« 

~4 liters 

Crucible i'.as'e 

Constituent 

L-0 
PuO-> 
Rft 6 
SrO 
•i 0 -
T.'Oi 
Cs-0 
Pa 6 
( R t K i 
7ru^ 

Crutibits 

Giairs 

255.0 
3.0 
0.9 

03.D 
9.0 
1.7 
7.4 

75.1 
08.2 

93.8S1.0 

Curies 
Btu/nr 
Vulune 

lotal 94,364.9 

489,345 
4.45D 

-50 liters 

^Bases- Fuel burnup 2 ot neavv atoms in 135 oavs. Fission proDuct concnntrations are those ot 10th Dass. 
Total skull weight - 10 kg, i.e., 10 skulls eacn iveigtiinfj acout 1 sti. In accuinulaiing 10 skulls for 
crocessing. the rool.ng timns ,",ni,ld hecor n apDrf«miatelv 15 da-s toi t"p last si u I, 'b oaxs !0i tn^^ 
creceding one, etc. 

DArqon used as oxvgen diluent in oxidation fuinace; oxvgtn supDiKd as reiuireo to sustain reaction. 

CBased on l/16th of iodine in nielt refinintj charge plus decay correction^. 

d|t was assun '̂eo that no IOJS of iodine .sould occur in OXKJS hanoling; ho.-.tvt-r, an loaine loss of as niucn 
as 0.5"' nav occur. 



Table 3 

EQUILIBRiUa MATERIAL BALANCE AROUND THE i\0BLE METAL EXTRACTION STEP 

Zinc Metaia 
143 kg, -23 i 

- j , Skull Oxide from Oxidation Step 

•25) 
Metal Heel from Product 
Dissolution Step 

Flux 
39.5 kg. -20 i 

C3' 
Flux Heel from Product Solution Step 

^ 9 ) 
Excess ZnCl j 

Noble Metal 
Extraction 

800°C,4hr 
Volume =-50.8 

Flux to Reduction Step 
* 1 0 ) 

Metal Heel to Reduction Step 
( W J of Total Metal I 

-»^r2^ Zinc Extract to Waste 

-WiT, 

(D '7^ nil '13' 

Skull Oxide 
from Oxidation Step 

Constituent 

U-?0r 
Pu02 
Rb?0 
SrO 
Y,03 
Zr02 
(Fission 
Producti 
ZrO? 

(Crucible 
Fragment) 

NbaOs 
MoO: 
TcO? 
Ru02 
RhO? 
PdO? 
AOJO 

10203 
SnO 
Sb203 
Te02 
Cs?0 
BaO 
(REI2O3 

l( SOOOCuriesi 

Total 

Curies 
Btu/hr 
Volump 

Grams 

9.928.0 
116.8 

0.2 
15.9 
35.8 

204 2 

119.0 

12.4 
281.7 
43.5 

216.3 
35.3 
22.6 
0.1 
0.1 
0.4 
0.2 

25.0 
1.2 

18.8 
613.9 

1,2 

11,692.6 

1,328,132 
11,528 

~4 liters 

Zinc Metal 

Constituent Grams 

Zinc 143,400 

p 6 3 g/cn 3 

Volune - 22,8 liters 

Flux 

Constituent Grams Mole' 

CaCI-
MgCI? 
Mgr?B 
ZnCl2 

100,0 

20,200 
14 456 
1200 
3,600 

Total 39.456 

p - 2.0g/cm3 

Volume - -20 liters 

Excess ZnCI? 

Constituent Grams 

ZnCb 780 

Flux to Red 

Constituent 

CaCI? 
MgCI, 
MgF? 
MoO 
ZnO 
U30> 
UCI3 
PuO? 
PuCb 
Rb?0 
SrO 
Y?03 
YCl -, 
ZrO? 

(Fission 
Producti 
ZrO? 

(Crucible 
Fragment) 

i\b70=, 
MoO 9 
TcO? 
RuO, 
RhOo 
PdO, 
TeO, 
CsjO 
BaO 

action Step 

Grans 

21,263.2 
17,075.2 
1,263.2 

235.6 
734.0 

9,930 6 
632.0 
116.8 

0.4 
0.2 

I0.7 
36.0 
0.2 

207,2 

119,0 

12.5 
28.5 
4.7 

23.0 
3.5 
2.3 

26.3 
1.2 

19.S 
(REHOs 617.0 
(REICI3 2,1 

Mgl,( SOOOCuriesi 1,5 

Total 

Curies 
Btu/hr 
Volune 

52,373.1 

1,320,019 
11,569 

-25 liters 

10" Metal Heel 
to Reouction Step 

Constituent Grams 

Zinc 
Mo 
Tc 
Ru 
Rh 
Pd 

Total 

Curies 
Btu/hr 

Volume 

l l 

14,692,0 
19.2 
2.9 

14.2 
2.4 
1.7 

14 732.4 

2,519 
9 

- 3 liters 

Zmc Extract 
(90- Metal Transferia 

Constituent 

Zinc 
Mo 
Tc 

Ru 
Rh 
Pd 
Ag 
In 
Sn 
Sb 

Total 

Curies 
Btu/hr 
Volume 

Grams 

132,227.5 
173.0 
26.5 

127.4 
22.0 
15.7 
0.1 
0.1 
0.3 
0.2 

132 592.8 

23,285 
86 

-21 liters 

Product Solution 
Step (5'3 of total fiu<i 

Constituent Grams 

CaCl^ 
MgCl? 
MgF? 
U3O, 
MgO 
RbjO 
SrO 
Y2O3 
ZrO? 
feOj 
cs,6 
BaO 
(REl,03 
Mgl? 

Total 

Curies 
Btu/hr 
Volume 

1,063,2 
862,7 
63.2" 
2,6 

235,6 
-0,0 

0.8 
0.2 
1.1 
1,3 
0,1 
1,0 
3,1 

-0,1 

2,235.0 

11,099 
99 

-1 liter 

Product Dissolution 
Step 

Constituent Grams 

Mg 436.0 
Ln 2,816,5 
U 436.0 
Pu 0.3 
Y 0.1 
Zr 2.3 
Nb 0.1 
Mo 0.9 
Tc 0,1 
Ru 1,3 
RE 1.2 

Total 3.694.8 

Curies 6,592 
Btu/hr 37 
Volune 0.8 liter 

^The amount of zinc employed was based on the desirability of a 90% metal transfer and on the assumption tnat the heel volume would be 3 liters. This heel 
volune is equivalent to 3 1-in.-thick layer of metal remaining in tne crucible. If the heel volune can be reduced, e.g., oy use of a crucible y.itn a sloping 
bottom or built-in sumo, the weight of zinc metal charged and of the zinc extract could be corresoondingly reduced. Achievement of 3 1-liter netal heel 
would reduce these amounts by a factor of three. 

I'AII of the MgF J may be charged just before dissolution of tne uranium product in order to immobilize the flux neel by producing 3 salt phase with 3 melting 
DOint higher than that used for dissolution of the uranium (800°CI. This would increase the amount of MgF^ in Stream 13 to 1263 granis and would eliminate 
MoFo from Stream 8, 



Table 4 

EQUILIBRIUM MATERIAL BALAl\iCE AROUMD THE REDUCTId'^ STEpa 

(m 

& 

« 
Metal 

Flux from Noble 

Metal Extraction Step 

Zinc Heel (lO'tl from 

Zinc 187.2 kg 
Mg 11 kg 
p =5.5g/cm3 
Vol = -37 i 

Noble Metal Extraction Step 

^.. Flux to Waste 

Reduction 

800°C, 4 hr. 
Vol = -65 i 

Metal to Intermetallic ~ 

Compound Precipitation Step ^ 

Flux Heel (5%) to Intermetallic . , -

Coinpound Precipitation Step 
(13; 

(10) (l l j (B-- (16) 

Flux from Noble 
Metal Extraction 

Constituent 

CaCI? 
MgCIs 
MgF2 
MgO 
ZnO 
UjOs 
UCU 
PuO? 
PuCIs 
Rb-,0 
SrO 
Y?03 
YCI3 
Zr07 
(Fission 
Producti 
ZrO? 

(Crucible 
Fragnentsi 

NbjOr; 
M0O2 
TCO2 
RuO? 
RhO? 
PdO? 
TeO? 
Cs,0 
BaO 
(REI2O3 
(REICI; 
Mgl? 

Curies 
Btu/hr 
Volume 

Grams 

21,263.2 
17,075.2 
1,263.2 

235.6 
734.0 

9,930.6 
532.0 
l lb .8 

0.4 
0.2 

16.7 
36.0 
0.2 

207.2 

119.4 

12.5 
28.5 
4.7 

23,0 
3.5 
2.3 

26.3 
1.2 

19.8 
617.0 

2.1 
1.5 

Total 52,373.1 

1,320,019 
11,569 

-25 liters 

Zinc Heel (107̂ 1 from 
Noble Metal Extraction Metal 

ffletaito Intermetallic 
Compound Precipitation Step 

Constituent 

Zinc 
Mo 
Tc 
Ru 
Rh 
Pd 

Total 

Curies 
Btu/hr 
Volume 

Grams 

14,698.0 
19.5 
3.0 

14.9 
2.4 
1.6 

14,739.4 

2,519 
9 

- 3 liters 

'.13, 

Flux Heel 15" .)to 
Intermetallic Coinpound 

Precipitation Step 

Constituent 

CaCi? 
MgCI? 
MgF? 

U,Os 
MgO 
Rb?0 
SrO 
Y?03 
ZrO? 
TeO? 
CS2O 
BaO 
(RE) -0-, 
Mgl? 

Curies 
Btu/hr 
Volume 

Total 

Grams 

1,063.2 
862.7 
63.2 
2.6 

235.6 
-0 .0 

0.8 
0.2 
1.1 
1.3 
0.1 
1.0 
3.1 

- 0 . 1 

2,235.0 

11,099 
99 

~1 liter 

Constituent 

Zinc 
Mg 

P 
Volume 

_ Grans 

187,172.0 
10,940.0 

Total 198,112.0 

5.5 g/cm"' 
" -37 liters 

Flux Heel to Waste (95'-;! 

Constituent 

CaCI? 
MgCI, 
MgF, 
Ll,0. 
Mac" 
RbjO 
SrO 
Y?03 
ZrO.. 
TeO? 

CsjO 
BaO 
(REIjO, 
Mgl? 

Total 

Curies 
Btu/hr 
Volume 

Grams 

20,200.0 
16,390.5 
1,200.0 

50.6 
4,713.0 

0.2 
15.9 
3.4 

21.9 
25.3 
1.1 

18.8 
58.7 

1.4 

42,700.8 

201,296 
1,815 

-24 liters 

Constituent 

Mg 
Zn 
U(4 w/oi 
Pu 
Y 
Zr 
Nb 
Mo 
Tc 
Ru 
Rh 
Pd 
RE 

Total 

Curies 
Btu/hr 
Volume 

Grams 

8.090.0 
202,460.5 

8,804,4 
103.4 
25.5 

22s. 1 
8.8 

40.5 
6.6 

32.5 
5.1 
3.4 

477.1 

220,287.9 

1,110,143 
9,dt>4 

-39 liters 

'Bases of reduction operation are; (1) 99.6% reduction of uranium oxides, (2i maxinuni uranium concentration of4vy/o in magnesium-zinc solution, 
and (3) 957» transfer of flux to waste. 

''The flux transfer may be delayed unti l after the intermetallic precipitation step, but its composition would be nearly the same as above. 
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Table 5 

EQUILIBRIUM MATERIAL BAUMCE AROUND THE 
INTFRMETALLIC COMPOUND PRECIPITATION STEPa 

/.-> Metal Phase from 
' S ' R-eduction S t e p — 

~ Flux Heel from 
i J Reduction Step 

Internetall ic 
Compound 

Precipitation 

800°C to 525°C 
2 h r : Vo l~39 i 

Intermetallic 
Compound Cake 

Flux Heel to 

-«.(17i 
To U Metal 
Precipitation 

U Metal Precipitation' 
^•13 

• 

'18 

Supernatant Metal 
Solution ISO"*-. Transfer! 

(13) 16. QZ' 

Flux Heel from 
Reduction or 
Metal Precip 

Constituent 

CaCI, 
MgClj 
IVIgF2 
U,08 
MgO 
Rb-,0 
SrO 
Y-f ls 

Z r O j 
Te02 
Cs,0 
BaO 
(RE'jOs 

Mglp 

Total 

Curies 
Btu/hr 
Volume 

to Uranium 
tation Step 

Grams 

1.063.2 
862.7 
63.2 
2.6 

235.6 
- 0 . 0 

0.8 
0.2 
1.1 
1.3 
0.1 
1.0 
3.1 

~0.1 

2,235.0 

11,099 
99 

~1 liter 

Metal Phase from 
Reduction 

Constituent 

fflg 
Zn 
U(4 w/o) 
Pu 
Y 
Zr 

m 
Mo 
Tc 
Ru 
Rh 
Pd 
RE 

Total 

Curies 
Btu/hr 
Volume 

Step 

Grams 

8,090.0 
202,462.5 

8,804.4 
103.4 
25.5 

228.1 
8.8 

40.5 
6.6 

32.5 
5.1 
3.4 

477.1 

220 287 9 

1,110,143 
9,664 

-39 liters 

Intermetallic Compound 
Cake (12"'. Ui 

Constituent 

Mg 
Zn 
U 
Pu 
Y 
Zr 

m 
Mo 
Tc 
Ru 
Rh 
Pd 
RE 

Total 

Curies 
Btu/hr 
Volume 

Grams 

1,390.0 
62,321.3 
8.774.4 

102.4 
18.7" 
45.6 
1.8 

18.8 

1-3,. 
25.5 *̂ 
1.0 
0.7 

466.8'^ 

73 168 3 

956,150 
8,576 

-12 liters 

Supernata 
Solution (80 

Constituent 

Mg 
Zn 
U(0.0021) 

Pu 
Y 
Zr 
Mb 
Mo 
Tc 
Ru 
Rh 
Pd 

RE 
Total 

Curies 
Btu/hr 
Volume 

nt Metal 
I Transfer' 

Grams 

6,700.0 
140,141.2 

30.0 
(0.34 w/o U loss) 

1.0 
6.8"̂  

182.5 
7.0 

21.7 
5.3 
7.5^ 
4.1 
2.7 

IO.3C 

147,120.0 

153,993 
1,088 

-27 liters 

^Basis: 807t transfer of supernatant solution v/ith U ^ n p 3 as the precipitated uranium phase. This results in an overall 
U concentration in the intermetallic cake of 12%. 

''Based on an assumed Doerner-Hoskins coprecipitation coefficient of 0.2. 

'-Based on a Doerner-Hoskins coprecipitation coefficient of 0.66 (see AML-5924, pp. 135-136). 

"Based on an assumed ruthenium solubility of 0.005 w/o in zinc in the presence of precipitated uranium. This value agrees 
with experimental data obtained in pilot-olant-scale runs. 



Table 6 

EQUILIBRIUM MATERIAL BALANCE AROUND THE URAiNIUM PRECIPITATION STEP̂  

i l9i 
Metal 

171 Intermetallic Compound 
• iV ' ClikP. n? win U) 

Mg = 60.9 kg 
p = 1.6 g/cm 3 
Vol =•-39 liters 

13/• 
Flux Heel from Intermetallic 

Precipitation Step 

Precipitation of 
U Metal 

800°C to~425'='C 
2 hr; Vol " 51 i 

, , „ Supernatant Metal Solution 

'?^ ' ^ t o Waste (957. Transfer! 

Uranium Concentrate 

to Product Solution Step 
*• 22' 

Flux Heel to Product 

Solution Step 
~».(13 

Supernatant Metal Heel (5V 

to Product Solution Step 
• - , 2 1 ' 

'13) .19 (21. 

Flux Phase from Intermetallic 
Compound Precipitation and 

to Solution Step 

Constituent 

CaCIs 

MgCIa 

MgFj 

U3O8 
MgO 
RbjO 
SrO 
Y-JOS 
ZrOj 

Te02 
CS2O 
BaO 
(RDjOs 
Mg 

Curies 
Btu/hr 

Volume 

Grams 

1,063.2 
862.7 
63.2 
2.6 

235.6 
-0.0 

0.8 
0.2 

1.1 
1.3 
0.1 
1.0 
3.1 

-0 .1 

Total 2,235.0 

11,099 
99 

~1 liter 

Metal 

'dlj 

Intermetallic Compound Cake 

(12 w/o U) 

Constituent Grams 

Mg 60,931.3 

p = 1.6 g/cm 3 

Volume = 39 liters 

'20 

Supernatant Metal Solution 

to Waste (955 Transfer) 

Constituent 

Mg 

Zn 

u 
Pu 
Y 
Zr 
Nb 
Mo 

Tc 
Ru 
Rh 

Pd 
RE 

Total 

Curies 
Btu/hr 

Volume 

Grams 

1,390.0 
62,321.3 
8,774.7 

102.4 
18.7 
45.6 
1.8 

18.8 
1.3 

25.5 
1.0 
0.7 

466.8 

73,168.3 

956,150 
8,576 

-12 liters 

Constituent 

Mg 
Zn 
U 

Pu 
Y 

Rh 

Pd 
RE 

Total 

Curies 
Btu/hr 
Volune 

Grams 

59,205.3 
59.205.3 

60.8 

97.3 
17.8 
1.0 
0.7 

443.5 

119,031.7 

838,199 
7,970 

-48 liters 

Supernatant Metal Solution 

HeeH57» of Total) 

Constituent 

Mg 
Zn 
U 
Pu 
Y 
Rh 

Pd 
RE 

Curies 

Btu/hr 
Volume 

Total 

Grams 

3,116.0 

3,116.0 
3.2 
5.1 
0.9 

-0.0 

-0.0 
23.3 

6,264.5 

43,702 

415 
~2 liters 

Uranium Concentrate 
to Solution Step 

Constituent 

Mg 

Zn 
U 
Zr 

Nb 
Mo 

Tc 
Ru 

Curies 
Btu/hr 
Volune 

Total 

Grams 

-
-

8,710.4 
45.6 

1.8 

18.8 
1.3 

25.5 

8,803.4 

74,249 
191 

-0.5 liter 

^Basis: 95% transfer of metal supernatant solution. 
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Table 7 

EQUUIBRMJM MATERIAL BALA^CE AROUND THE PRODUCT SOLUTION STEP 

23 
Mg 5 6 kg 
Zn - 52.0 kg 
p 4.9g/cm3 
Vol - -12 liters 

.22). 
Uranium Phase 

21) Metal Solution 
Heel 

23, Flux from U 
Precipitation Steps 

Uranium Solution 

S00°C 

2 hr- Vol - ~15 i 

Product Solution Heel 
(5%) to Noble Metal 
Extraction Step 

Flux Heel to Noble 

• 25. 

Metal Extraction Step^ 
*• 13. 

Product Metal Solution 
(95"'o of Totali to Retorting 

«. 24 

•13^ 23; .'2l> 

Flux from Uranium Metal 
Precipitation or to Noble 

Metal Extraction 

Constituent 

CaCl2 
MgCl2 
MgF-, 

U3O8 
MgO 
Rb20 
SrO 
Y2O-, 
Zr02 
TeO, 
CsjO 
BaO 
(RE) ,03 
•Mg 

Total 

Curies 
Btu/hr 
Volume 

Grams 

1,063.2 
862.7 
63.2 
2.6 

235.6 
-0.0 

0.8 
0.2 
1.1 
1.3 
0.1 
1.0 
3.1 

-0 .1 

2.235.0 

11,099 
99 

- 1 liter 

Supernatant Metal Solution 
Heel(5f of Total! 

Constituent 

Mg 
Zn 
U 
Pu 
Y 
Rh 
Pd 
RE 

Total 

Curies 
Bw/hr 
Volume 

Grams 

3,116.0 
3,116.0 

3.2 
5.1 
0.9 

-0 .0 
-0 .0 
23.3 

6,264.5 

43,702 
415 

'2 liters 

.-22) 

Uranium 

Constituent 

U 
Zr 
iNb 
Mo 
Tc 
Ru 

Phase 

Total 

Curies 
Btu/hr 
Volunt 

Grams 

8,710.4 
45.6 
1.8 

18.8 
1.3 

25.5 

8,803.4 

74,249 
191 

-0.5 liter 

Metal 

Constituent 

Mg 
Zn 

_ Grams 

5,597.6 
51,989.3 

Total 57,586.9 

p ° 4.9 g/cm 5 
Volume =-12 liters 

^24; 

Product Metal Solution 
(95% of Total) 

of Retorting Step 

Constituent 

Mg(121) 
Zn(76"') 

mz") 
Pu 
Y 
Zr 
Nb 
Mo 
Tc 
Ru 
RE 

Total 

Curies 
Btu/hr 
Volume 

Grams 

8,277.6 
52,288.8 
8.277.6 

4.8 
0.8 

43.3 
1.7 

17.9 
1.2 

24.2 
22.1 

68,960.0 

111,359 
569 

-15 liters 

ProductMetai Solution Heel 
(5*. of Total to Noble Metal 

Extraction Step 

Constituent 

Mgtl21.) 
Zn(76»'J 
U(12y.) 

Pu 
Y 
Zr 
Nb 
Mo 
Tc 
Ru 
RE 

Total 

Curies 
Btu/hr 
Volume 

Grams 

436.0 
2.816.5 

436.0 
0.3 
0.1 
2.3 
0.1 
0.9 
0.1 
1.3 
1.2 

3,694.8 

6,592 
37 

-0.8 liter 

' in order to immobilize the flux heel and prevent its transfer witn the metal product solution, all of the MgF,, a high-nelt ing-poirt constituent 
of the flux, required in the flux in the succeeding noble metal extraction sten (see Table 3). may be added prior to transfer of the metal solution. 
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Table 8 

EQUILIBRIUM MATERIAL BALANCE AROUND THE RETORTING STEP 

Evaporated Solvent ,y^ 
Metals to Waste '.2' 

i24). 
Uranium 
Product Solution 

Retorting 

700 to 900°C 

6 hr; Vol - -15 t 

Uranium Metal 
Product 

- • .27 

«• 

Uranium Product Solution 

Constituent 

Ma 
Zn 
U 
Pu 
Y 
Zr 
Nb 
Mo 
Tc 
Ru 
RE 

Grams 

8.277.6 
52,288.8 
8,277.0 

4.8 
O.g 

43.3 
1.7 

17.9 
1.2 

24.2 
22.1 

Total 68,960.0 

Curies 
Btu/hr 
Volune 

111,359 
569 

-15 liters 

26-

Evaporateo Solvent Metals 
to Waste 

Constituent Grams 

8,277.6 
52,288.8 

Total 60,566.4 

Volume -14.5 liters 

Mg 
Zn 

!27 

Uranium Metal Product 

Constituent 

U 
Pu 
Y 
Zr 
Nb 
Mo 
Tr 
Ru 
RE 

Curies 
Btu/hr 
Volume 

Grams 

8.277.6 
4.S 
0.8 

43.3 
1.7 

17.9 
1.2 

24.2 
22.1 

Total 8,393.6 

111.359 
5o9 

-0.5 liter 

Minimum process ing losses of uranium based on solubility in 
waste s t r e a m s a re as follows: 

Step % Uranium Loss 

Skull Oxidation 
Noble Metal Extract ion 
Reduction 
Intermeta l l ic Compound Precipi ta t ion 
Uranium Metal Precipi ta t ion 

2 
<0 

0 
0 
0 

5 
1 
5 
4 
7 

Total 4.1 

Losses in the in termeta l l ic compound precipitation and uranium metal 
precipi tat ion steps will be increased by the entrainment of uranium p r e ­
cipi tates in the supernatant solutions removed in these s teps. Actual 
losses may be as much as two to three t imes higher than the minimum 
losses of 0.4 and 0.7%. The detailed flowsheets a re based on the minimum 
loss values. 
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Potential f ission product decontamination fac tors as r ep re sen ted by 
the es t ima tes on which the calculat ions for the detai led flowsheet a r e based 
are as follows: 

F i s s ion Product P e r c e n t Removal Decontamination Fac tor 

Strontium 
Yt t r ium 
Zirconium 
Niobium 
Molybdenum 
Technetium 
Ruthenium 
Rhodium 
Palladiumi 
Te l lu r ium 
Barium. 
R a r e Ea r th s 

.•̂ '99 
98 
82 
81 
92 
96 
85 

>99 
>99 
>99 
>99 

96 

>100 
44 

6 
5 

12 
27 

7 
>100 
>100 
>100 
>100 

26 

These fission product removals a re sat isfactory and, in fact, exceed the 
r equ i remen t s for skull rec lamat ion . 
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