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ABSTRACT 

Thermodynamic considerations indicate  t h a t  sodium should be favorable 
f o r  t he  one-step reduction of UF6 t o  uranium metal. A react ion vessel  w a s  
developed f o r  the  continuous reduction of  UF6 t o  metal with batch co l lec t ion  
of t he  products, and several  experimental t e s t s  es tabl ished t he  chemical 
feasibf1lt .y o f  t h i s  d f r ec t  and continuous reduction. Up t o  93.5% of  the  
uranium ioritent o f  UFs continuously reduced by sodium i n  a react ion vessel  
was reccsered as  massive uranium metal i n  t he  form of  a metal button of 
acceptable pur i ty .  A remaining problem i s  development o f  compatible 
mater ia ls  o f  construction.  

To be presented at  the  Nuelear Technology Subdivision o f  t he  American Chemical 
X ~ c i e t y  Meesing, Washington, D. C . ,  March 20-29, 1962, and f o r  review f o r  
~cbifcati?n i n  Indus t r i a l  and Engineering Chemistry. 
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1 .0  INTRODUCTION 

Much of  the  product and ta i l s  from the  gaseous d i f fus ion  process 
f o r  i sotopic  separation o f  uranium a s  well  a s  the  UF6 product from the  
Fused Sal t -Flu  r ' d e  V o l a t i l i t y  process w i l l  u l t imate ly  be reduced t o  
uranium metal. So fa, a two-step process with batch reduction has 
been adequate. ( 2 ~ 3 )  However, a one-step, d i r e c t  reduction o f  t he  UF6 
would be des i rable ,  and a program w a s  i n i t i a t ed  to establish.  t he  chemical 
and engineering f e a s i b i l i t y  of such a process with reduction of UF6 t o  
metal by s o d i m o  

2.0 PROCESS FLOWSHEET 

A process flowsheet f o r  sodium reduction s f  UFG should provide f o r  
both the  primary reduction s t ep  and f o r  a s l a g  processing s t ep  f ~ r  reehaim- 
ing uranlusl c u r i e d  over i n  t he  NaF s l ag  ( ~ i g .  2 , l ) .  The s l ag  precessing 
s t ep  may not  be necessary i f  lcw l eve l s  o f  uraniun carryover a r e  rxiintafned. 

I I 
Reduction : UF6-+J Continuous i BUranim Metal 

1 Reactor 

4 
Salvagefi Uranium 

Fig. 2,i. Reduction .and salvage prczess flowsheet. 

2,1 Reductf~n Step 

I n  t he  redaction str-p, sadi1.m m d  UF6 irn the  gasezue  for^ would be 
csrA5inugus%gr reax ,ed  aciording t~ tbe  stoiehiometry 





The r e su l t i ng  s l a g  ( N ~ F )  and uraniuni metal could be continuously removed. 
from the  reactor  a s  l i qu id s  and separated by difference i n  spec i f i c  gravi ty .  

2.2 Slag Processing 

If t he  s l a g  contains dispersed uranium metal o r  incompletely re6-uced 
uranium compounds, t h e  NaF could be dissolved i n  water and t h e  s o l i d  urmium- 
bezzing mater ia l  f i l t e r e d  o f f  and recycled. It i s  expected t h a t  t h e  urznium- 
b5aring so l i d s  w i l l  not  be appreciably water-soluble. 

3.0 THERMODYNAMIC CONSIDERATIONS 

Standard f r e e  energy of react ion da t a  ind ica te  t h a t  any o f  t he  common 
a l k a l i  o r  a lka  ne ea r t h  metals a r e  favorable f o r  t he  reduction of UF6 t o  
uranium Sodium w a s  used i n  t h i s  work s ince  it i s  cheaper a rd  
e a s i e r  t o  handle from an engineering standpoint  because of i t s  low melting 
and boi l ing points ,  low s l a g  ( N ~ F )  melting point ,  and high s l ag  s o l u b i l i t y  
f n :mter. 

3.1 Free Energy and Heat o f  Reaction - 

Thermodynamic ca lcu la t ions  indicated t h a t ,  over the  temperature range 
of I n t e r e s t ,  t h e  o v e r a l l  r eac t ion  

i s  favorable. The standard f r e e  energy change var ies ,  over the  tempera- 
t u r e  range 500-2000°K, from -276 t o  -96 kcal Ig  mole of UF6 reacted (Fig.  

a d t h e  standard heat  of  reac t lon  from -313 t o  -82 kcalIg mole of 
UF6. 301)(7f The f r e e  energies of t h e  react ions  involved ind ica te  t h a t  i n t e r -  
mediate f luor ides ,  pa r t i cu l a r l y  UF4, may a l so  form a t  higher temperat,ures. 
The standard f r e e  energy change f o r  t he  react ion 

is always a l a rge  negative number, but t h a t  o f  

becomes pos i t ive  a t  approximately 1875'~; the re fore  UF4 may be a s t a b l e  
species a t  higher temperatures i n  t h i s  system. 

3.2 Equilibrium Compositions 

I f  t he  assumption i s  made t h a t  UF4, UF3, and U a r e  t he  only uraniun 
compounds presen t he  equil ibrium composition of the  TJF6-Na reac t ion  can 
be approximated. 1 5 )  Since most o f  t he  thermodynamic da ta  a t  t h e  higher 
3~ :npera tu res  a r e  ext rapola ted from much lower temperatures, and severa l  
component a c t i v i t i e s  have t o  be app1.-oximated, t h e  r e s u l t s  of  equil ibrium 
c e l c u l ~ t i ~ n e  ere qua l i t a t i ve .  These calcula t ions  ind ica te  eq~~ . i l i b r iwn  
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Fig. 3.1. Standard change in  free energy for uranium reduction reactions with so- 

dium. AF values from reference 7. 



UF4 and UFa contents of < 0.02% a t  t h e  spec i f ic  temperature of i n t e r e s t ,  
1200°C, although both species increase with increasing temperature. ( 5 )  
Thus, UF6 should be e s sen t i a l l y  completely reduced t o  uranium metal i f  t he  
k ine t ic  mechanisms a r e  su f f i c i en t l y  rapid.  In  t h e  experimental program, 
no intermediate f luor ide  compounds were iden t i f i ed  under conditions of 
excess sodium and good reactant  mixing, although both UF4 and a NaF-UF3 
complex were i den t i f i ed  i n  t r a c e  amounts by x-ray analysis  when there  was 
a sodium deficiency. 

3.3 Theoretical  Reaction Temperature 

The maximum theo re t i c a l  react ion temperature f o r  t h e  UF6 reduction 
with a stoichiometric amount of sodium was calculated t o  be 1 7 0 4 ' ~ ~  t h e  
boi l ing point  of  NaF, when t he  reactants  were i n i t i a l l y  at 100°C. ( 5 )  
This value ind ica tes  t h a t  t he  heat  of react ion w i l l  probably be su f f i c i en t  
t o  maintain t he  react ion zone above the  melting point  of uranium metal, 
1132°C. 

4.0 EXPERIMENTAL PROGRAM 

A semicontinuous reactor ,  f o r  t h e  continuous react ion of UF6 with 
sodium and batch co l lec t ion  of  t h e  products, was developed. This develop- 
ment phase represented the  major port ion of t h e  experimental e f f o r t .  

4 .1  D e s c r i ~ t i o n  of Assembled Reactor 

The semicontinuous reduction reactor  used i n  t h e  latter par t  of t he  
experimental program was a 6-in.-dia Inconel s h e l l  with t op  flange sur-  
rounding an insula ted and graphite-l ined react ion zone (Fig. 4 .1 ) .  Holes 
through t he  top  of insu la t ing  f i r e  br ick,  MgO l i d ,  and graphite l i d  were 
entrance por t s  t o  the  react ion zone f o r  a themowell ,  t he  two reactant  
nozzles, and an o f f  -gas l i n e .  The top  flange of t he  reaction vesse l  
allowed entry  of t h e  reactant  nozzles, th ree  themowells ,  an i n e r t  gas 
purge l i n e ,  and an o f f  -gas l i n e  with 1/2-in. valve. 

Reactant Entrance Nozzles 

Since t he  system operated with excess sodium, there  w a s  a continuous 
sodium phase i n  t h e  reactor  i n  contact with t h e  o u t l e t  of t h e  UF6 entrance 
nozzle. The UF6-Na react ion appears t o  be very rapid,  and react ion was 
s i gn i f i c an t  a t  o r  near t he  t i p  of  t h e  UF6 nozzle. This resu l ted  i n  
excessive temperature a t  t h e  nozzle t i p ,  which necess i ta ted heat  removal 
a t  t h a t  point  t o  prevent melting O r  corrosion of the  rlozzle. 

The most successful  UF6 nozzle design t e s t e d  was one i n t e rna l l y  
cooled with gas. It w a s  a 1/8-in. -dia Inconel tube surrounded by an 
Inconel jacket, which allowed a cooling gas t o  c i r cu l a t e  around t he  tube,  
thus removing heat  from the  hot port ion (Fig.  4 .2) .  

A l i4- in . -0 .d .  s t a i n l e s s  s t e e l  tube was used f o r  t he  sodium inlet ,  
nozzle with no s ign i f ican t  de te r io ra t ion .  
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Fig. 4.1. Schematic of assembled reactor. 
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4.3 Reaction Zone Containment 

Reaction zone containment was another development problem. Although 
t h i s  phase of the  development w a s  not completed, a usable system w a  devel- 
cpsd and possible revis ions  were indicated by experimental r e s u l t s .  79 ) 
The c o n t a i n ~ e n t  zone design philosophy used was t o  completely contain 
t he  hot react ion zone and the  resu l t ing  products while i so l a t i ng  them 
53th physlcaily ar,d thermally from the  react ion vessel  proper. This 
i so l a t i on  was necessary because of t he  high temperature and corrosive 
z n t . ~ ~ r e  of  t he  react ion zone environnient and i t s  inconpatabi l i ty  with 
the  Inconel reac tor .  

Graphite withstood t he  temperatxre and corrosive act ion of t h e  
reaction zone b e t t e r  than e i t h e r  magnesium o r  alumina but cracked with 
severe thermal cycling, especia l ly  when sodium was present.  The biggest  
probiem with t he  graphlte react.ion zone l i n e r  was t h a t  t h e  NaF s l ag  ve t ted  
t he  graphite and escaped t he  l i n e r  because of t h e  graphite porosity;  however, 
graphit.e d id  contain t he  u r a ~ i i m  metal formed. There i s  some evidence t h a t  
2 ceramic coating of low-porosity graphite may prevert  escape o f  t h e  NaF 
s1:3g withoat decreasing t he  good thermal and corrosion res i s tance  proper t ies  
of t h e  graphite.  This type of graphite was not t e s t ed  i n  t he  experimental 
pro gram. 

! Auxiliary Equipment 

~h~ a"v" -.,,,,,, i --.. e q u i p ~ e z t  =ceded f o r  thc  cxperimcntal f a c i l i t y  ( ~ i g .  4.3) 
consisted of (1) a sodium melting and metering sect ion with provisions f o r  
-:aporization p r io r  t o  i t s  entry  t o  t he  reac tor ,  (2)  a UF6 vaporizing and. 
ae te r ing  sect ion,  (3 )  an induction heater  f o r  i n i t i a l l y  heating t h e  reac tor  
t o  operating temperature, and (4)  a reac tor  off -gas  system capable of 
trapping sodium o r  VF6 t h a t  escaped t he  reac tor .  

The sodium meter w a s  an electromagnetic flow meter(8) with con t ro l  
-:alve. UFs vas metered by an instrumented o r i f i c e  meter with constant  
n,."C ,, ,- . 2 a ~ r e  - ?., . control .  Reactor of'f -gas bras t r e a t ed  by a cold t r a p  f o r  l i c u i d  
sodiun: remcval, (packed column operatsing a t  1 5 0 ' ~ )  followed by an n-butyl 
s lcohoi  wash t o  remove sodium vapor and calcium s ld f a t e  t r a p s  for-UFG 
rznl~va.1. A l l  process l i n e s  were heated t o  above 100°C. 

4.3 Experimental Procedures 

For continuous reactor  operation t he  react ion and product co l lec t ion  
zanes must be at  temperatures above t he  melting point of uranium m e t d  
(2132"~) t o  expedite separation of  t,he NaF s l a g  and uranium metal by 
3ii"recnee ic l i q u i d  spec i f ic  gra7ri t i?s.  A temperature of 1200*C was 
chosen as  t h e  goal f o r  operatior, of t h e  reactor  system. 

In a l l  experimental t e s t s ,  t he  react ion zone was preheated t o  above 
t3e melting point  of  urani-m metal (> 1 1 3 2 ' ~ )  . Sodium was then introduced 
t~' -;he r e a c t i o ~  zosle a t  a constant r a t e  while helium w a s  introduced through 
n UFG entrance nozzie t o  prevent plugging. Shortly a f t e r  t h e  i n i t i a l  
c,-,.J: ..- 2 - 4  -"-.a,-c.4: 
d,ur,,L r i A u L v d d b v r O z ,  VFti V8S f n f J m 6 L i ~ ~ 2  a t  a C O G S ~ ~ L Y ~  ~ 8 t C  t h ~ t  xaz l e s s  





than the  stoichiometric amount. The helium introduction r a t e  t o  the  m6 
nozzle was gradually decreased u n t i l  pure m6 was being introduced. The 
induction heating un i t  was turned of f  and the  m6 and sodium r a t e s  were 
adjusted t o  give the  proper react ion zone temperature from t h e i r  heat of 
reaction.  The run was allowed t o  progress u n t i l  approximately a t h i r d  of 
the  reaction zone was f i l l e d  with reaction products o r  there  was an equip- 
ment malfunction. 

5.0 EXPERIMENTAL RESULTS 

A number of t e s t s  were made i n  the  semicontinuous reactor ,  using 
various entrance nozzle and react ion zone containment designs. 

5.1 Chemical Feas ib i l i ty  of Reduction 

Although the  main experimental program emphasis was t e s t i n g  t he  design 
of the  various reactor  components, some of the  experimental r e s u l t s  a l so  
indicated the  chemical f e a s i b i l i t y  of the  primary reduction equation, 
UF6 + 6 ~ a  + U + 6 ~ a ~ .  Several of the  t e s t s  resul ted i n  production and 
consolidation of s ign i f ican t  quant i t i es  of uranium metal. 

Although no t e s t  was e n t i r e l y  sa t i s fac tory  from the  standpoiht of 
equipment se rv iceab i l i ty ,  some conclusions may be made on the  e f f e c t  of 
operating var iables  on the  reduction. In general, temperatures above the  
melting point of uranium were necessary f o r  good metal consolidation and 
recovery. Sodium excess g rea te r  than loo$, but not exceeding 200%) 
appeared necessary f o r  complete reduction, and r e l a t i ve ly  low UF6 feed 
r a t e s  (< 40 g/min) were necessary t o  ensure good reactant  mixing. These 
f igures  would be applicable only f o r  the  reactor  geometry used i n  these  
t e s t s .  

In one run, 93.576 of  the  uranium introduced was recovered a s  consoli- 
dated uranium m e t a l  (any m a s s  of  metal with a dimension grea te r  than 114 in .  ). 
This run ult imately was terminated because of off-gas l i n e  plugging. Both 
the  graphite and MgO reaction zone l i n e r s  i n  t h i s  t e s t  were removed i n t a c t ,  
and the  UF6 nozzle was not damaged ( ~ i g .  5.1).  

5.2 Uranium Metal Pur i ty  

Uranium metal recovered from the  more successful t e s t s  was consoli-  
dated i n  metal buttons found i n  t he  bottom of  t he  graphite l i n e r .  These 
buttons were comparable i n  appearance t o  t h e  metal buttons from small 
UF4-calcium bomb reductions ( ~ i g .  5.2). 

Although the  UF6 feed was not analyzed, complete chemical and spectro- 
graphic analyses of some of the  metal buttons showed up t o  99.9% uranium 
 a able 5 . 1 ) )  with t he  major contaminants, n ickel  and carbon, probably coming 
from the  Inconel m6 nozzle and the  graphite l i n e r .  



UNCLASSIFIED 
PHOTO 48442 

Fig. 5.1. Intact crucible and l iner after run i n  which 93.5% o f  the uranium was recovered as massive metal. 
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Table 5.1. Analysis of Reduced Metal Product 

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

Element Amount Element Amount 

99 9%" 
0 . 0 3 6 % ~  
o .019$~  
0 .014%~ 

< 0.2 ppm 
30 PPm 

< 0.5 PPm 
0.6 ppm 
4 PPm 

< 10 ppm 
< 5 PPm 

< 1 PPm 
< 5 PPm 

13 PPm 
< 1 pprri 
< 1 ppm 

a 
Chemical determination; o thers  determined spectrographically.  

5.3 Slag Recycle Feas ib i l i t y  

In order t o  t e s t  t he  f e a s i b i l i t y  of  t he  proposed s l ag  recycle scheme 
f o r  recovering uranium-bearing mater ia l  i n  t h e  s l ag  (Fig. 2.1),  t he  amount 
of water-soluble uranium i n  t he  products of several  runs was determined. 
The amount of uranium soluble i n  two hot water r inses  of all reac tor  
components was found t o  be l e s s  than 0.5% of t he  t o t a l  uranium present 
i n  a l l  products analyzed: 

Uranium Material Balances i n  Three Experimental Tests,  $ 

Water -Soluble As Massive Metal In Other Solids 

0.40 19.7 790 9 
0.03 41.7 58.3 
0 .  30 82.3 17.4 

I f  s l ag  processing i s  necessary, water d i s so lu t ion  of t h e  s lag  with 
recovery of the  uranilm-bearing material  as a so l i d  appears feas ib le .  

6.0 EVALUATION AND APPLICATION OF FtEDUCTION PROCESS 

The chemical f e a s i b i l i t y  of  t he  d i r e c t  reduction of m6 t o  metal by 
sodium was confirmed. The engineering f e a s i b i l i t y  of such a process has 
n0.i been es tabl ished,  and addi t ional  engineering development w i l l  be 
necessary before complete economic evaluation of t h e  process i s  possible.  

A eompletely continuo,us yeduction system would be desi rable  ( ~ i g .  6.1) , 
including provisions fo r  metering UF6 vapor and l i qu id  sodium in to  a l ined  
~ e a c t f o n  vessel .  The reactor  would be a t  a temperature high enough t o  
ensure t h a t  a l l  products were l i qu id  so t h a t  t he  metal could be readi ly  





separated from the  s lag.  There should be provisions f o r  continuous removal 
of the  products. An off-gas system would allow trapping and recycle of 
excess sodium. 

Such a system, if operable, would of fe r  several  advantages over present 
methods, par t i cu la r ly  f o r  UF6 highly enriched i n  U-235 i n  which nuclear 
c r i t i c a l i t y  considerations are  important. In such a system, s m a l l  batch 
reductions are expensive, and use of the  continuous reduction system with 
removal of uranium metal a s  a l i qu id  may a l so  by-pass the  metal casting 
operation. It appears that the  reactor  s i ze  used i n  t h i s  development 
program could be operated c r i t i c a l l y  sa fe  with high U-235 enrichment by 
a combination of mass flow r a t e  control  and geometry control .  
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