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CHAPTER I. GENERAL DISCUSSION 

- 7- 

Before the development of reactors using non-aqueous f luid fuels 

can be advanced beyond the preliminary conceptual stage, it w i l l  be 
necessary to have a much broader background of knowledge of the inorganic 
and physical chemistry of relevant substances than is  now available. 
This report discusses the chemical problems of these reactors and suggests 

a program of experimental and theoretical chemical research broad enough 
t o  serve as  an adequate basis fo r  the i r  engineering development, 

The three main problems of non-aqueous fluid-fuel reactors are: 

1. selection of a fue l  system which meets nuclear and thermal 

requirements; 
control of corrosion of s t ructural  materials; 
development of an eff ic ient  and economical separation process. 

2. 
3. 
Discovery of a fue l  system which can be handled as a l i q u i d  and has 

desirable nuclear properties is of course essent ia l  t o  the successful 
development of these reactors. 
t igat ion of other groups considering non-aqueous reactor fuels  has shown 
the following fue l  systems t0 be of interest :  

The work of this project and the inves- 

For thermal reactors: 
1. Dilute solution of uranium i n  bismuth; 
2. Solutions of UF. in cer tain mixed fluorides 

For fast reactors with fuel circulated to  an external heat exchanger: 

Solution of UC14, UC13, and/or PuCl i n  cer ta in  chlorides, 3 
notably NaC1,  KC1, and/or PbC12. 
For f a i t  reactors internal ly  cooled: 

Concentrated solution of uranium and/or p l u t o n i a  i n  iron, 
nickel, bismuth, or  aluminum. 
The degree of so lubi l i ty  of reactor products , such as plutonium 

and individual f i s s ion  products, i n  each of these reactor fuels is ob- 
viously of importance second only t o  that of the i r  physical and nuclear 
properties, 

&e most d i f f i cu l t  single factor impeding developrnent of a Grkable  

Corrosion of st ructurkl  materials by these fue l  systems is  probably 

.* 

> 
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fuel or UF6 from a fluoride fuel; 
vacuum removal of noble gases and other volatile fiasip 4.  

reactor using non-aqueous fluid fuel. 
helpful in suggesting materials of superior corrosion resistance, and, 
by seeking to understand the mechanism of corrosion, should be able to 
suggest fuel compositions and operating conditions to minimize the rate 
of corrosion. -Structural materials currently receiving attention for 
this type of reactor include: 
service life), stainless steel, zirconium, tantalum, molybden’um, vanadium, 
graphite, and beryllium (as moderator). 

Chemical research should prove 

carbon steel (for components of short 

Separation processing for non-aqueous liquid fuels can be carried 
out by cooling, dissolving, and wet-processing by a modification of ex- 
isting processes. 
liquid fuels is to obtain the substantial simplifications and savings 
in separation costs which appear likely through adoption of high temper- 
ature separation processes conducted directly on a stream of liquid fuel 
without extensive physical or chemical changes in the bulk of the fuel. 
Even w i t h  the limited data available, a considerable number of such 
.processes have been proposed. 
include : 

However, one of the major objectives in considering 

t 

The processes of most immediate promise 

1. extraction between a liquid-metal phase,of which bismuth, iron, 

6. 

A chemical resear& progrkn aimed at, solution of the problems of 

fractional crystallization of one or more constituents from a 

liquid. fuel. 

fluid-fuel reactors will of necessity be concerned w i t h  the substances 
and mixtures I&&@ above which have potential reactor utility, but 9 M 

7.. . ‘e. e. . e.. r. . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . .  . P I  ....................... . . . . . . . . . .  : . t  ... 

4 .  

- @  

-_ 

.......... . . . . . . . . . . . . .  -A_-. ...... .-‘-.---A __-._c-__- ......... i L  2 
~~ 

- /  
. -__  ~-.__ , .- . 



c 
6 ;= . 

-9- 

should not be restr ic ted ent i re ly  to them. 

w i t h  these particular materials might delay discovery of other useful 
substances or  prevent formulation of useful generalizations which would 
not be forthcoming without data on additional materials. The most valu- 

able research program w i l l  have the dual objectives of (1) obtaining de- 
ta i led information on the chemical properties of the substances l i s t e d  
above, and (2) making fhndamental advances i n  high-temperature inorganic 
and physical chemistry. 
use of theoretical  methods to correlate and interpret  experimental 
findings. 
t ions of l iqu id  metals and of fused salts is one of the most challenging 
problems facing physical chemistry today, and would be one of the most 
valuable aids to  the development of reactors using non-aqueous fluid 
fuels  . 

Too exclusive preoccupation 

Such a research program should make extensive 

Development of an adequate theory of the properties of solu- 

This'report does not pretend to cover completely the chemical 
problems of liquid-fuel reactora. 
aspects which have arisen i n  our study, 
the i r  approaches, but which are  conveniently grouped together i n  a single 
report. 

Chapter I1 discusses i n  some de ta i l  the chemical problems which 
have arisen i n  planning a f a s t  neutron reactor with a core of fused NaC1, 
PbC12, U C 1  mixture and a blanket of fused UC14, except f o r  problems of 
the separation process. 

The next three chapters discuss three 
wfiich are very different  i n  

4 
The particular separation procees planned f o r  

this reactor i s  discussed i n  Chapter V of "Engineering Analysis of Non- 
Aqueous Fluid-Fuel Reactors"; more general matters related t0 separation 
appear in Chapter I V  of t h i s  report. 
neutron reactor w i t h  liquid-metal fue l  are somewhat simpler. 

discussed i n  Chapter I V  of the engineering analysis report, i n  the report 

The chemical problems of the thermal 

They are  

"Metallurgical Problems of Non-Aqueous Fluid-Fuel Reactors,w and i n  
Chapter I V  of this report. 

a t  Brookhaven on the distribution of various metals between l iquid bis- 

muth and fused-oalt solutions, and of other related experiments. 
presents a quantitative explanation of these resu l t s  i n  terms of a ' ra ther  

simple, and to us plausible, model. 

Chapter I11 gives a detailed discussion of the experiments of Bareis 

It 

It a lso  discusses some of the re- 
la t ions  of these experiments to reactor technology and to separation 

processes. 

.. ... ... -2*,3.. . . . . . .  .......... . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
( I o  0 0 0  0 V O O  0 0 e *  e o  D 0 0 0 0 0  0 .  
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.. ' , 
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Chapter IV gives a general discussion of non-aqueous, high tempera- 
ture separation processes, and includes two tentative flowsheets for 
treating liqdd bismuth fuels. 

Finally, Chapter V gives recommendations for research related to 
the development of non-aqueous liquid-fuel reactors. Although it makes 
no pretence to being complete, the coverage is fairly general for the 
more fundamental chemical research. Since suggestions for developmental 

research related to corrosion and to engineering are given in the 
report, "Engineering analysis of Mon-Aqueous Fluid-Fuel Reactors" 
(iaT-5002), the proposals for developmental research in this report are 
limited to separation processes. 

n 

-:;@&92 ...... ....... . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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CHAPTER 11. CHEMICAL PROBLEMS ASSOCIATED 
WITH FAST FUSED-SALT REXTORS 

H. M. Clark 

1. SELECTION OF FWSED-SfiT FUEL MIXTURE 

1.1 NUCLEAR REQU IRFMENTS 

For f a s t  reactors the choice of salts containing fissionable and 
non-fissionable elements i s  limited to those i n  which the non-fissionable 
elements have low slowing-down power and low crow sections fo r  absorp- 
t ion and ine las t ic  scattering of fast neutrons. 
fo r  set t ing a l i m i t  to the allowable amounts of moderating, 'low mass- 

As a very rough guide \ 

number diluents, Brooks (1) suggested tha t  the r a t io  of the number of 
atoms of diluent t o  the number of atoms of fue l  (U-235) should be l e s s  
than half  the atomic weight of the diluent. 

r, .. Compounds containing hydrogen, carbon, nitrogen, oxygen, and - - *  - -  
fluorine are  generally unsatisfactory because of the moderating effect  
of these elements. O f  the halides, only chlorides appear to be satis- 
factory. 

,w 

r c  
In the case of chlorides, the moderation is l e s s  than f o r  

4- - fluorides, end the capture of fast neutrons is l e s s  than f o r  bromides 
and iodides. 

Sulfides and phosphides may also-be satisfactory nuclearwise. The 
chlorides of glodium and lead are considered to be satisfactory as dilu- 
ents. 
chloride. 

m 

Sodium chloride appears to be somewhat better than potassium 

1.2 CHEMICAL FEQUIREMEgJTS 

CHEMICAL STABILITY. - Sal t s  which are suitable nuclearwise are 
- 

further res t r ic ted to those which  are thermodynamically stable a t  the 
operating temperature of the reactor. This temperature may be of the 
order of 7oOo-8oO0 C. 
uranium and the tr ichloride of plutonium are  stable. 

chlorides a f t e r  chlorides were selected f o r  nuclear reasons. 

- 
Both the trichloride and the tetrachloride of U 

'L 

0 ' 

1 Bo consideration was given to  the s t ab i l i t y ,o f  sa l ts  other *an - 
0 * Similarly, 

A the chemistry of plutonium chloride fuel  mixtures was not investigated 

....... . . - e 9  ........... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
0 0  El00 0 0 0 0  0 0 0 0  0 0  0 0 0 0 0 0  0 .  p, .- . _. . -. . 
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af te r  it became apparent tha t  a f a s t  fused-chloride breeder does not 
appear t o  be economically a t t ract ive.  

As a general rule  complex substances containing covalent chemical 

bonds are unsatisfactory because they are  much more readily decomposed by 
ionizing radiation than are ionic materials and metals. 

LIQUIDUS RANGE. - It is  reasonable t o  expect that  the maintenance 
of mechanical pumps, corrosion of the reactor shel l ,  etc., will be less 
severe the lower the operating temperature. 
which the fused salt can be cooled is  obviously s l igh t ly  above the 
freezing point of the salt. 
freezing point, the l iquid range of a s a l t  may often be extended by 
several hundred degrees. 
have been reported by Grimes and H i l l  (2) and by Shaw and Boulger a. 

The m e l t i n g  points are 835' C. and 590' C., 

The lowest temperature t o  

By adding other s a l t s  t o  depress the 

Tabulations of low-melting binary eutectics 

Both the tr ichloride and the tetrachloride of uranium have unfavor- 
ably high melting points. 

respectively. 
tetrachloride and other salts is contained almost ent i re ly  i n  one report 
of work conducted a t  Brown University (4) i n  1943. 

Information on binary mixtures of uranium trichloride or  

Data for  fluoride 
fue l  mixtures of in te res t  fo r  thermal reactors, such as the ARE a), 0, 
(r), have been helpful i n  the prediction of physical properties, e.g., 
viscosit ies,  of analogous chloride mixtures. 

The systema UC13-KCl and UC1 K C 1  were considered infer ior  t o  the 4- 
corresponding binary systems containing NaCl because of the formation of 

compounds of the type 2KC1-UCl3 and 2KC1-UCl4 having congruent melting 
points a t  625' C. and 650' C., respectively. In contrast, the phase. 
diagram fo r  the system NaCl-UCl consists of a single eutectic at  33 mole 3 

. per cent UClg with a melting point of 520' C. es shown i n  Figure 11-1. 
For the system NaCl-UCl the compound 2 N a C l - U C l  having an incongruent 4 4 
melting point a t  430' C. i s  formed. The phase diagram showing the eutectic 
a t  50 moleper cent U C 1  and a temperature of 370' C. i s  represented i n  4 
Figure 11-2. 

The melting point of the eutectic mixture of N a C l  and UC13 w a s  con- 

Preliminary design fo r  the 

, 

sidered undesirably high for  design purposes, although it is bet ter  
arclearwise because of the lower C l / U  ratio.  

fast heed-sal t  converter was  based on the lower-melting eutectic mixture 
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fast heed-sal t  converter was  based on the lower-melting eutectic mixture 
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of the NaC1-UClA system. 
mixture was sought. 
and processing) requirements, PbC12 was considered t o  be a satisfactory 

third component. 
i n  Figure 11-3. The data are  those of Treis (8). 
data  are  available for  e i ther  the ternary system o r  the PbC12-U*Cl 

system. 

For the f inal  design, an even lower melting 
W i t h  respect to both nuclear and chemical ( s t ab i l i t y  

The phase diagram fo r  the NaC1-PbC12 system is  shown 

Unforturately, no 

4 
Estimates of the expected melting points f o r  the ternary system 

fo r  various compositions were obtained by assuming ideal  nelt ing point 
lowerings f o r  the two pseudo-binary systems: 
PbC12 and (PbC12-NaC1, eutectic) + UC14. 
eutectic melting points were: 
t ion PbC12, 0.33 moles; NaC1, 0.23 moles; UC1 
f o r  System B with the composition PbC12, 0.43 moles; NaC1, 0.17 moles; 
UC14, 0.40 moles. 
there are  three breaks i n  the cooling curve f o r  System A a t  about 

524O C., 356' C., and 290' C. 

a t  315' C. and the other a t  295' C. 

suff ic ient ly  close to  the ternary eutectic and was chosen a s  the fue l  
mixture f o r  the fixed design of the fast, fused-salt reactor. 

(UC14-NaC1, eutectic) + 
The two predicted ternary 

320' C. fo r  System A having the composi- 
0.33 moles; and 250° C. 4' 

According to data supplied by A. R. Kaufmann (4)' 

For System B there are two breaks; one 
System B was considered to  be 

3- Consideration was given to the possible applfcation of system UC1 
U C 1  as a fue l  mixture. This system is  also of in t e re s t  i n  connection 
with the PbC12, N a C 1 ,  U C 1  mixture because of the possibi l i ty  (a) tha t  4 
U C 1  may be formed i n  some way during operation of the reactor, o r  (b) 
that the addition of UC1 may be of use in a precipitation-type separa- 

t ioa  process. Kraus (4) found a nearly l inear  liquidus curve up to 20 
mole per cent U C 1  the same liquidus temperature, 565O C., f o r  30 per 
cent as f o r  20 per cent, and no evidence of a eutectic h a l t  i n  t h i s  range. 
Butler 0, i n  the Ames work discussed on page 488 of Katz and Rabino- 
witch 0, agrees with this.  .'Kraus 'also carried one 20 per cent solution 
t o  high temperatures and f o q  a bre& i n  the cooling curve a t  830' C. 

He says, therefore, "The two compounds are only s l igh t ly  soluble i n  each 
other i n  the liquid phase." , C a l k i n s  (12) found breaks a t  838' C, and 
545' C. for 89$ UC13, and says, "The UCl,-UC14 phase diagram might be 
quite similar to the W r  -UBr di&ram.n 
that the latter has a eutectic a t  

tained with samples on tihe UBr side of the eutectic were.$ostly,of .a> * a 

4 

3 
3 

3' 

'7 

Calkins and Nottorf (12) found . 3 14 
UBr that "cooling curves ob- 3' 

' 4  

. ._. . .- . i .  . .  . . 
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poorly defined solid solution type,” and that “for this portion of the 
curve, the breaks i n  the cooling curve were not suff ic ient ly  sharp t o  
permit accurate determination of the solidus line.” 
the region investigated by Kraus fo r  the UC13-UCl system, and solid 

solution formation may account for  the absence of a eutectic h a l t  i n  
t h i s  work. 

This corresponds to 

4 

2. PROPERTIES OF THE FUSEDSALT COMPONENTS 

2.1 MAJOR COMPONENTS AND NEPTUNIUM AND PLUTONIUM 

Values fo r  the melting points, boiling points, vapor pressures, 
heats of formation, and free energies of formation l i s t e d  i n  Table 11-1 
were taken from Brewer e t  al w, and Kats and Rabinowitch (11) for the 
uranium chlorides, from Quil l  (14) for  sodium and lead chloride, and 

from Seaborg, Kate, and Manning &) f o r  neptunium and plutonium chlo- 
rides. 
source; values i n  brackets were approximated i n  this work from informa- 
t ion and methods described i n  Vhemistry and Metallurgy of Miscellaneous 
Materials: Thermodynamicst! 0. Data fo r  U C 1  have been included i n  
the table, since reference t o  the properties of UC1 
sections of the report. 

1000° K. 
pressures given are fo r  the supercooled l iquid a t  1000° K. 
estimated by extrapolation of vapor pressure data f o r  the l iquid a t  
higher temperatures. 
f o r  the two major vo la t i le  components, U C 1  and PbC12, is shown i n  
Figure 11-4. 

(727’ C.) was chosen. 
stable chloride i n  the l iquid state. 
properties intermediate between those of uranium and plutonium, both the 
tr ichloride and the tetrachloride a re  stable. 
develop during the operation of the reactor, the uranium tetrachloride 
should remain unchanged. 

Values i n  parentheses were considered approximate i n  the original 

3 
i s  made i n  other 3 

The vapor pressures are  fo r  the pure substances as l iquids a t  
For those substances which melt above 1000° K., the vapor 

These were 

\ 
The variation of vapor pressure w i t h  temperature 

r: 
As a reference temperature fo r  s t ab i l i t y  cinsiderations 1000° K. 

A t  t h i s  temperature plutonium tr ichloride is the 
For neptunium, which has chemical 

Unless reducing conditions 

..... ,A;-,.-. ........... ..... ............ . . . . . . . . .  ........ . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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TAE&E 11-1. Properties of FusedSalt Components 

Chloride 

N a C l  

pbc12 
UC14 

Melting 
' Point, 

OC 

800 

498 

590 

835 

734 

538 

800 

Normal 
Boiling 
Point, 

C 
0 

N O 2 9 8  
kcal/mole 

- 98.3 

- 85.7 

-251 1 

-215 . 5 

-229.3 

-237 

-216 

No9 kcalkmole 

298' K 

- 91.8 

- 74.9 

-229 .7 

-197 3 

- a 3  . 1 

-216 

-200 

500' K 

- 87*4 

- 67.8 

-215 07 

-186 . 7 

-202.3 

L200 J 
L-1831 

- 76.3 

- 52.9 

-184 

-161 8 

-176 3 

I '  
t. 
03 
I 

Vapor 
Pressure, 

a h .  

1000° K 

8.2 X l o 5  
5.3 x 

3.9 x 10-l 

- 3 X 1 0  -6 

-6 L O  x 10 - 3 x 10-1 

10-5 

I1 1 .,. 3' . 
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The density of the fused salt was estimated from the relation, 

= (1 - 2.5 x lo-%) (1) 
0 where t = C. and po = density a t  0' C. 

The density a t  Oo C., obtained by assuming an ideal  solution w i t h  

additive molar volume, was 5.01 gm./cc. for  the composition Pb:U:Na = 
43:40:17. Densities a t  25' C. for PbC12, UC14, and N a C l  were taken to 
be 5.85, 4.93, and 2.165, respectively. 

The specific heat of the fused-salt mixture was estimated from the 

specific heats of the three major constituents by assuming these to be 

additive. 
ture a t  100' C., 300' C., and 500' C. are  given i n  Table 11-2. 

The specific heats f o r  the constituents and that f o r  the mix-  

In  addition t o  the problems of handling UC14 which-arise from 
nuclear considerations, i.e., res t r ic t ion  of processing and storage 
quantit ies to  values far below that needed f o r  c r i t i ca l i t y ,  there are  

.- 

handling precautions necessary because of i t s  chemical propertiee. 
salt is very hygroscopic and reacts w i t h  water according to the 

following equations: 

The 

UCIA + 4H20 __r UC14 a20 
and 

U C 1  + HzO - U0Cl2  + WC1. 4 
If oxygen is also present, the additional reaction, 

U 0 C l 2  + 1/2 02- UO2ClZ 

can take place. Even i n  the absence of water, the following reactions 
proceed at a measurable rate a t  about 300' C. : 

UC14 + o2 ___) U02C12 + C12 

3U02C12 + O2 - UsOs + 3C12. 

The oxychlorides, TJOCl, and U02C12, a re  not readily converted back'to 
UC14. It is  apparent tha t  i n  the preparation of the fuel mixture and i n  
the operation of the reactor, extreme precautions would have to be taken 
i n  order t o  exclude water and air. Water and air  a re  a lso  undesirable 
because of t he i r  corrosive reactions w i t h  most s t ructural  materials a t  
elevated temperatures, 
stances must be :excluded from the reactor area because of the hazard 

Furthermore, water and other low mass-number sub- 

2@ 
27 25 
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TABLE 11-2. Specific Heat Data 

Substance 

40 UC14:'+3 PbC12:17 NaCl 

SDecific Heat, CE 

loo' c. 

0 . 0792 

0.0681 

0 . 517 
0.079 

300' c. 

0 . 085 

0.074 

0.224 

0.085 

/gm. 

500' C. 

. . . . . . . . . . . . . . . . . . . . . . . ... ... .. . . . . . . . . . ... .. .. 
0 0 0  0 0 0 0 . .  e o  

0 . 091 
0.122(4 

0 . 232 

0 , 109 
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result ing from the i r  action as neutron moderators. 
During operation of the reactor, the isotopic composition of the 

uranium i s  altered by the formation of 0-236 and U-237. 
is  harmful because it di lutes  the fue l  and is  a source of undesirable 
pu-238. The U-236 is  maintained a t  an acceptable .level by isotopic 
processing i n  a K-25 type separation plant. 
(6.63d) p--' emitter and introduces a holdup problem i n  the decontamina- 
t ion of uranium to  be sent t o  the isotope separation plant. 

problem is considered more fully i n  Chapter I11 of the engineering 
analysis report. 

2.2 FISSION PRODUCTS 

Too much U-236 

The U-237 is  a short-lived 

The l a t t e r  

For each f i ss ion  product the properties of the chemical species - --pT\ti.=- 

t o  be present i n  the fused-salt mixture a z a  temperature 
The selection of l ike ly  species 

-zx--u-.- 1 
are  given i n  Table 11-3. 

was based on thermodynamic considerations, and on descriptive information 

contained i n  Quill u), Sidgwick w, Latimer (S), and HGckel (19). 
No attempt was made to estimate the relat ive proportions f o r  the cases 
where more than one chemical species seems likely.  
high f l u x  of ioni2ing radiation i n  the core on the equilibrium distri- 

bution of chemical species corresponding to different  oxidation s t a t e s  

The ef fec t  of the 

i s  not known. 

chiefly in ionic form i n  the molten salt mixture. 

Presumably the majority of the chlorides will be present 

The values fo r  the melting points, boiling.points, heats of formation, 

- ,. 
:- 

? I  

.. 

IC .- 

and f ree  energies of formation given i n  Table 11-3 were obtained from 
Quill 0, t o  a limited extent from Latimer (ls), and fron NBS circular 

500 (20). 
i n  -the table is the same as fo r  Table 11-1. 

The significance of parentheses and brackets around numbers 
I n  addition, parentheses 

have been used t o  enclose the formulas of campounds which have been - - 
entered i n  the table w i t h  some reservation because of insufficient or 
conflicting data. 
pure substances as liquids a t  1000° KO  and were obtained f o r  supercooled 
l iquids i n  some cases. 
a t  1000° K. were estimated from values at  500' K. 

As i n  Table 11-1, the vapor pressures are fo r  the - 

For a few of the chlorides the vapor pressures 
- I- These chlorides, to- 

gether with the i r  vapor pressures a t  500' K., are  given i n  Table 11-4. 
.. 
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Elem. 

zn 
Ga 

- 

Ge 

0 .  
0 .. 
.I. . 

AS 

Se 

Br 

K r  ...... ...... .. x -  Rb . ,  
I ,> ...... ...... 

0 .. 
e .  ...... " .  ..... 

Sr 
Y 
Zr 

Atom 
of 

Fission 
Toducts 

: 10-5 
10-4 

1. 5 a 0 3  

4 .5a0-~  
0.22 

0.065 

1.03 
2.0 

4.4 
2.3 

14.9 

K 3  
12.1 

TABLE 11-3. Promrties of Fission Products i n  Fused Chloride Fuel 

Weight 9 
of 

Fission 
*ducts 

10-5 
10-4 

~ X L O - ~  

3 a 0 - ~  
0.15 

0,045 

0.73 
1.48 
3.3 
1.7 
11.6 

(2 
10.1 

Them- 
iynamically 
stable Fgrm 
(ca.1000 K.) 

inCl2 
G a l 2  
GaC13 
GeC12 
GeC14 
AsC13 

se2 

Br2 bronudes 
K r  
RbCl  
SrC12 

ZrC12 
ZrC14 

YC13 

NbC15 

Mo 
M0C14 
MoC15 

Melting 
Popt 

C. 

283 
171 
78 

- 49 
- 16 
217 

- 85 
305 

- 8  

0 . .  

... 
717 
872 

700 
727 
437 
212 

2597 
217 
194 

Normal 
Boiling 
Point 

OC . 
- 99.6 

(- 88) 

(- 90) 
-125 

(-170) 
- 71.5 
... 

- 20.0 - 46.1 
. . e  

... 
-105 1 

-197 . 8 
-235 

[:%] 
*.. 

(- Gj - 90.8 

No, kcal/mole - 

298' K. 

- 88.4 
:- 79) 
- l l2  
:- 80) 
{ -153 
- 61.7 
... ... - 26.6 
... 
.. 0 

- 98.5 
-186 . 0 

-219 

, 409  ;-1341 
... 
0 . .  

[- 60) - 68.8 

500O K. 

- 81.1 

(- 72) 

(- 74) 
1-1403 
- 58 

-103 

... 

... - 15.1 

..* 

... 
- 93.8 
-178 . 1 

-208 

kzl ... 
(-3) 
- 55.3 

Vapor 
Pressure a p .  
1000 K. 

9 . 5xlO-l 
4.5 
1 . 5Y102 

~6 x lo2 
'"1 

2 -5 x 10 

- 3  
* 5  x lo2 

0 - 0  ... 

1.9a0;~  
1 . 2a.o 
3. 8KL01 

1 
@a 2 

1.2KLo1 w 5.6Xl.O I 
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I 

w) 
49 
ra, 
c7 

ru 
dh 

Elem, 

Tc 

Fhl 

- 

Rh 

Pd 

4z 
Cd 
In  

Sn 

Sb 

Te 

Atom $ 
of 

Fission 
Product6 

3.1 

6.2 

1.85 

0.75 

0.015 

0 033 
0.005 

0.05 

0.03 

1.30 

TABLE 11-3 . Prope_r_ti-g-oesy.io.i products ij.Fused Chloride Fuel (continued) 

Weight 5 
of 

Fission 
Produc te  

2.6 

5.3 

1.62 

0.67 

o.ol4 
0.031 
0.005 

0.05 

0.03 

1.44 

I I :  

Thermo- 
dynamically 
Stable Fgrm 
(ca.1000 9.) 

Tc 
TcC13 
Ru 

(Ruc12) 
Rum3 

RhC12 

RhC13 

Rh 

Pd 
PdC12 

SgCl 
CdC12 

Incl 
I&13 
InCl2 

SnCl2 
SnCl4 

Te2 

SbC13 
SbC15 

TeC12 
TeC14 

1967 
( 677) 

0 . .  

1555 
678 
445 
568 
225 
235 
586 
227 
- 33 

73 
4 

453 
175 
224 

Normal 
Boiling 
Point 
oc_,- 
(4727) 

4227 
... 

(1;;;) 

3877 
dec . 958 
1 atm.C12 

3167 
1027 
1564 
967 
608 
485 

498 mbl. 
652 
113 
219 
172 
987 
322 
392 

0 . .  

, 
1 I '  . '  . 

m0298 
:cal/mole 
_.- 

0 . .  ... 
0 . .  

e. b ,  

- 46 

... 
- 39 
- 55 

- 43 
- 30.3 
- 93.0 
- 4 8  
- 90 
-126 
- 81.1 
-127 . 4 
- 91.4 
-104.9 

.. . 

.*. 
0 . .  - 77.4 

Do kcal/mole 

298' K. 

0 . .  

e.. 

0 . 0  ... - 31 

0 . .  - 29 

- 40 

- 33 
- 26.2 

0 . .  

- 82.7 
- A3 
- 80 
-lll 

- 71.5 
-110.4 
- 77.7 - 85.16 ... 

0 . .  - 58.2 

500' K. 

0 . .  

0 . .  

... 
0 . .  

- 21 

0 . .  - 22 

- 30 
0 . .  - 26 

- 23.6 
- 76.0 
- 39 - 72 
-101 

- 65.1 
-102.0 

- 71.1 
- 73.4 

e.. 

0 . .  

- 47.4 

1 
03 

Vapor Y 
Pres sure 

a?. 
1000 K, 

4.5 3 
1 x lo2 

6.7 X 10 

2.2 - 1 x 103 
4 x lo2 2 

w 7 x l . o  
5 x 

dl x 10 

2 - 2 x lo2 
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k 3  
LT 

'. w 
cp9 

Elem. 

I 

X e  
cs 
B a  
La 
Ce 

P r  

Nd 

Pm 

sm 

Ehl 

k G d  

xzijr- 
of 

Fission 
Products 

0.60 

8.9 
8.3 
3.2 
3.2 
8.2 

2.9 

8.9 

1.30 

1.15 

0.09 

0.01 

TABLE 11-3. Properties of  Fission Products i n  Fused Chloride Fuel (continued) 

TGz$iw 
of 

F i  8 8 ion 
Products 

0.66 

10.1 

9.5 
3 07 
3 07 
10.4 

3.4 

10.9 

1.62 

1.45 

0.12 

0.01 

Thermo- 
dynamically 
Stable Fgnn 
(ca.1000 K.) 

Xe 
. C S C l  
BaC12 
LaC13 

CeC13  

PrC13 

NdC13 

( C e C l * )  

( P q  

(NdC12) 

(pmc12) 
-3 
=l2  s"cs 
Em2 

GdC13 

EuC13  

Jlelting 
Point 

OC . 
113 

... 
642 
940 
852 

802 

7% 

760 

737 
740 
678 
727 
623 
609 

... 

. . e  

0 . .  

... 

Normal 
Boiling 

Pgint 
C .  

183 

-108 . 1 
1300 
1827 

(1747) 

(iiii) 

(1%) 

(Gi) 
(1%;) 

2027 
dec . 

(2027) 
dec . 

(1577) 

m0298 
kcalble 

e..  

. . e  

-106 3 
-205 3 
-264 

. e .  

-260 
.. 

-258 

-254 
0 . .  

(-25; j 
(-205 
(-24.8) 
(-210) 
(-233) 
-245 

QFo 

0 . .  

... 
- 99.4 
-193 3 
-a7 

-243 

-u 
-237 

e . .  

0 . .  

... 
-2% j 
-194) 
-231) 
-199) 
-217) 
-229 

jrcd/mole 

500° K. 

... 

.. e 

- 94.5 
-185.6 
-236 

0 . .  

-233 
... 

-231 

-227 

(-225) 

0 . .  

0 . .  

(-186) 
[ -221) 

(-206) 
[ -192 ) 

-218 

... 
0 . .  

- 83.2 
-165 0'7 

-209 

-206 

-205 

-201 

... 

. .e  

... 
0 . .  

[-200) 

(-197) 
[ -170) 

(-176) 
:-183 ) 
-195 

Vapor 
Pressure 
ap. 

lo00 K. 

0 . .  

0 . .  

9.3 x 10-4 
4 x 10'7 
2 x lo4 
* lo4 

tu la4 

- lo4 

-8 

-8 

-8 

3 x 10 

4 x 10 

5 x 10 

-8 1.3 X lo4 
3.4 x. 10 
9.4 x lo4 

I, 
I 
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 TAB^ 114. Vapor ~reasures at  500' K 

Chloride 

A&13 
GeC14 
Se2C12 

SbC13 
SbC15 
T&l2 
T&14 

=4 

Vapor Pressure, atm. 

7.5 
1.9 X lo1 

7.5 
1.1 x lo1 

1.2 
2.7 

8.9 X lo-* 
1.0 x 

-. 
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For some of the substances the c r i t i c a l  temperature i s  below 1000° K. 

However, the product of the extrapolated vapor pressure given i n  Table 
11-3 and the ac t iv i ty  is a convenient approximate measure of the vola- 
t i l i t y  in di lu te  solutions. 

Bromine and iodine might be present i n  elemental form, as inter-  
halogen compounds, as bromides and iodides, or as mixed halides such as 
UC1 r, etc. 

t o t a l  of f i ss ion  products is given both as an a t o m  per cent and as a 
weight per cent in Table 11-3. The assumptions used in estimating the 
atom per cent values were (a) tha t  the thermal f i ss ion  yields for  U-235 
may be taken as a reasonable approximation to the fast f i ss ion  yields, 
and (b) tha t  the reactor had operated for  several months d t h o u t  removal 
of f iss ion products. Fission chain yields were obtained from the Plu- 
tonium Project (21) and from Coryell and Sugarman (22). 
were assigned to the last member of each chain except fo r  those chains 
containing a relat ively long-lived radioactive f i ss ion  product. 
f i s s ion  products w i t h  half-lives greater than 100 days are  l i s t e d  i n  
Table 11-5. 

The contribution of each f i ss ion  product, as the element, to the 
9 

The chain yields 

Such 

For the weight per cent values i n  Table 11-3, an average mass number 
was assigned to each f i ss ion  element. 
i n  estimating the re la t ive  importance of various f i ss ion  products on a 
weight basis rather than on a radioactivity basis. 
wieght of the f i ss ion  products results from the eleven elements: Sr, Z r ,  
Mo, Ru, Xe, Cs, Ba, La, Ce, Pr, and Nd. 

The percentage values are of use 

For example, 82% by 

No single fission product seems to  be a much more effective nuclear 
poison than any other for fast reactors. 
fast reactors i s  tha t  the tolerable concentration of f i ss ion  products i n  
general is greater than fo r  thermal reactors. 

men  the fue l  i s  subjected to chemical processing fo r  f i ss ion  prod- 
ucts, the spectrum of f i ss ion  products a t  steady state  is altered. 
f o r  example, a uniform processing rate of 2$ of the f i e l d x t u r e  per day 
w i t h  complete recovery is assumed, the mean processing age or  residence 

time of the f i ss ion  products becomes f i f t y  days. For a f i ss ion  product 
production ra te  of 1 kg. per day, the fie1 would contain 50 kg. of 
f i s s ion  products a t  steady state.  

Fu r themre ,  one advantage of 

If, 

Due to this short residence the, 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  .; ,^-c 3 c c o  0 3 0 0  LIC F - d 0 0 0  0 0  
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TABLE 11-5. Low-Lived (T>100d) Fission Products 

Isotope 
79 Se 

Rb87 
90 Sr 
93 Zr 
99 Tc 

p&W) 
123 Sn 

SbU5 

135 
137 
1441 

1129 

cs 
cs 
Ce 
hU7 
&.&151) 
&155 

, 

Half - L i f  e 

6.5 x loby 
6.0 X l0loy 

19.9 Y 
- 5  x 1 o y  6 

5 

- 5  x 1 o y  6 

130 d - 2.7 y 

n J 3  XlOy 

2.12 x 10 y 
1.0 y 

7 
2.1 x 10 6 y 

33 Y 
275 d 

- 4 Y  
N 1000 y 

2.0 y 

C' 

: i '  
L' 

. 
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however, the yield of a chain can no longer be assigned t o  i t s  last mem- 
ber. 
approximately as follows: 

For example, the yield of chain-95 i s  distributed along the chain 

Z r  95 c__j 6% Nb 95 ~ M o  35d 95 Is). 
65% 18% 1% 

Similarly, the yields of other chains such as those of mass 89, 91, and 
103 will be distributed along the chains, and the t o t a l  yields f o r  each 
f i ss ion  element given i n  Table 11-3 w i l l  be altered. 
rate, then, the distribution of chain yield along each chain will vary, 

For each processing 

A complete calculation would require consideration of the increase i n  
yield along each chain and removal of chain members by neutron capture, 
radioactive decay, and chemical processing. 

2.3 CHLORINE BALANCE AND RADIATION DECOMPOSITION 

It is of in te res t  to  know whether or not chlorine i s  released i n  
the process of fissioning UZ3'Cl and converting U238Cl to Np and Pu, 
I n  these nuclear processes, conservation of oxidation s t a t e  cannot be 

4 4 

assumed. 
in which the products are represented i n  the i r  most stable oxidation 
state: 

This may be i l lus t ra ted  by the following two f iss ion reactions 

~'~(2%) + 4Cl- + n 4 Kr0(94) + Ba+2(140) + 2C1- + C 1 2  + 2n 
~ ' ~ ( 2 3 5 )  + 4Cl -  + C12 + n 4 ~ ~ ' ~ ( 9 0 )  + d3(14r*) + 6Cl- + 2n 
If it can be assumed that the steady-state distribution of oxidation 

s t a t e s  of a l l  components i n  the fused-salt mixture i s  tha t  predicted 
thermodynamically, i.e., that the high flux of ionizing radiation i n  the 
reactor core does not alter the steady-state distribution, the f i ss ion  
products could combine w i t h  more chlorine than is available from UCl 
This is  based on the yields i n  Table 11-3. 
state i s  stable,  the lower oxidation states and chlorine are  favored i n  
the chemical steady s t a t e  at  higher temperatures. 
ruthenium, for  example, the tr ichloride shows appreciable decomposition 
to the elements a t  temperatures on the other hand, for  

the rare-earthe the tr ichlorides would probably be favored over the di- 
chlorides by reactions of the type 

4' 
%ere more than one oxidation 

I n  the case of 

m o a  700' C. 

.,s 
. "  ...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  

o ~ ~ ? ~ - ~ o e  . . . . . . . . . .  _ _  i__ 0 C O . 3  c : ; c  . c o  c z 3 100 D O  

23 
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UCl, + SmC12 e UC13 + SmC13; LyFo = ry 5kcal. a t  1000° K. 

For the formation of Np and PU the various over-dll nuclear chemical 
reactions are 

/ N ~ ~ ~ ~ c ~ ~  ---+ pu239c13 + 3 c12 
4, 

\ Np239C13 + 3 C12 

o r  

There would be produced, then, one atom of C 1  
produced. 

f o r  each atom of Pu 
This neglects the additional chlorine associated w i t h  the 

steady-state quantity of Np i n  the +3 state.  
The presence of free chlorine i s  very undesirable from the stand- 

point of corrosion, 
and one a t o m  of C 1  f o r  each atom of U which undergoes fission, can be, 
taken care of by replacing the U as U C 1  
reduced by the addition of elementary sodium dissolved i n  the sodium 
chloride makeup. however, it would 

probably be necessary t o  add controlled amounts of chlorine i n  one of 
the proposed processing streams. 

The atom of C 1  corresponding to each a t o m  of Pu, 

Additional chlorine could be 3' 

If there were an excess of U C 1  3' 

The possibi l i ty  of radiation decomposition of salts w i t h  the re- 
lease of chlorine, i n  the case of chlorides, has been generally recog- 

nized. 
fluorides containing U-235 has been conducted a t  Oak Ridge 6, 6, 2 ) .  
Decomposition appears t o  be negligible. Almost no data, however, are 
available fo r  radiation decomposition of fused chlorides. According to  
Report Y-854 @), "A eutectic mixture of L i C l  and K C 1  showed no change 
i n  i t s  cooling curve after two weeks i n  the (ORPIL) pile.!' 

I n  general,substances containing ionic bonds are  res i s tan t  to 

A l imited  amount of research on the effect  of radiation on fused 

pemanent radiation damage, 
gsnerally be removed from solid salts by thermal annealing. 

sal te ,  electronic disturbances should anneal instantaneously. 

S m a l l  disturbances such as coloration may 
For molten 

-_ 
i 

- m  
v 
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2.4 DEPOSITION OF SOLIDS FXOM FUSED-SALT MIXTURES 

For a circulating-fuel reactor, the formation and subsequent 
deposition of sol ids  i n  pipes, pumps, etc. can be a serious matter. For 
the fused-salt fue l  there are several ways i n  which solids may be formed 

other than as the resu l t  of simply cooling the salt. Since the melting 
point of the fue l  i s  determined by the chemical composition, a t  a given 
pressure, the fue l  composition of a reactor operating a t  a fixed t e m -  

perature close t o  the eutect ic  temperature must be controllad within 
narrow limits t o  avoid precipitation of one of the major components. 

Although the mole f ract ion of f i ss ion  products (and Np and Pu) w i l l  

generally be small, it i s  possible fo r  the f i ss ion  products to lead t o  

sol id  formation i n  a t  l e a s t  two ways. A few of the f i s s ion  products, 
such as Ru, Pd, snd Mo, may be present i n  par t  i n  elemental form w i t h  

very limited solubi l i ty ,  and others may form re la t ive ly  s table  compounds 
such as BaUC16 and Ba2UClg having limited solubili ty.  

Neptunium and plutonium tr ichlor ides  should be similar t o  uranium 
tr ichlor ide and would be expected t o  have limited solt lbil i ty i n  U C 1  

according t o  Kraus &), but to be quite soluble according t o  Calkins (m, 
see above. 

1, 

Solids may also deposit as the result of thermal mass transport con- 
s i s t ing  of the dissolution of container material a t  high temperatures 
and deposition a t  lower temperatures. 
problem of corrosion of materials i n  contact w i t h  fused salts, although 
it I s  not limited to these high-temperature fluids. Tbe matter is con- 

sidered briefly in the following section and more extensively i n  
Chapter V of the engineering analysis report. 

2.5 CONTAINER MATERIAL FOR FUSED SALTS 

I n  selecting a container material for a fused-salt reactor, two 

This i s  a serious aspect of the 

approaches may be followed. 
corrosion resistance may be used w i t h  provision f o r  frequent replacement. 
Alternatively, more durable but probably more expensive material may be 

used. 
be tolerated,  and since the very operation of replacing a fluid-fuel core 
or  blanket is a difficult  remote control operation at  best, it is to be 

avoided. 

Relatively inexpensive material w i t h  fair 

Since the fue l  is expensive and even small t ransfer  losses cannot 

A material which is  highly res i s tan t  to corrosion by fused 

aa l ts  is therefore preferable. 
--z 

ip . . , . . . . . . . . . . .  .. . .  . .. .... .. 
_ _  

. . . . . . . . e . . .  
0 0 0  e 0 0  0 0  0 0 0 ' 0  . cI 2. c-: C 0 C i  0 0  C C 
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Techniques fo r  handling large quantit ies of U C 1  a t  elevated tern- 4 
peratures were developed a t  the Y-12 magnetic separation plant &.). 
Unfortunately, very l i t t l e  information on the per fomnce  of the con- 
tainers i s  reported. 
s u b l i m a t i o n ,  and enrichment of U C 1  were: 4 

nickel fo r  gas-heated furnaces used fo r  the vapor phase 
chlorination of U03 a t  temperatures between 35.0' C. and 450' C.; 

type 316 stainless  s t ee l  fo r  sublimation stills; 

Among the materials used a t  Y-12 i n  the preparation, 

1. 

2. 
3. Hastelloy C f o r  charge-boats used with the s ta inless  s t ee l  

stills; 
tantalum electrodes i n  the calutrons; 
carbon collectors i n  the calutrons. 

4. 
5 .  

Apparsntly the UC1 was contaminated w i t h  f e r r i c  chloride when processed 
i n  s ta inless  s t ee l  containers. I n  any case, the various containers used 
at Y-12 w e r e  cleaned periodically and were not subjected t o  the continu- 
ous operation and higher temperature expected fo r  the reactor core, heat 
exchanger, etc. 

4 

Griines and H i l l  e), i n  a l i terature  survey of high-t, om p erature 

fuel systems, re fer  t o  experiments conducted a t  Westinghouse on the 
electrodeposition of uranium fr0m.a molten bath containing UF , KF, 
CaC12, and N a C l  a t  800° t o  900' C. Apparently a graphite crucible and 
a molybdenum cathode were used successfully. 

Types 304 and 316 stainless  steels up to  about 900' C. f o r  the dis- 
t i l l a t i o n  of metallic potassium fron a potassium chloride-sodium melt. 
It i s  stated tha t  "attack that could be attr ibuted t o  the a lka l i  metal 

4 

Reference is  made i n  the Liquid Metals Handbook &) t o  the use of 

and/or chloride w a s  limited to an unexplained carbonization." 
The f a c t  tha t  considerable success has been experienced i n  finding 

corrosion -resistant container materials fo r  metallic fluorides has been 

-fluoride mixtures 

Illium R has been recommended.for UF reactors a t  the Mallinckrodt r, 

21325 .*:3*2 : ' . .  ... .. .. . .  .. 
.e ... . 

-_ 

- .  
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I n  the absence of actual performance data fo r  the resistance of 
various materials to  attack by the particular mixture of sodium, lead, 
and uranium chlorides proposed for the fast reactor, certain predictions 
can be made on the basis of thermodynamic considerations. 
assumed tha t  the container dissolves through the formation of chlorides 
of the container materials, those elements which form relat ively unstable 
chlorides a t  the temperatures involved should be re'sistant to  attack by 
fused chlorides. 
of chlorides a t  1000° K., estimated from data given by Quill (s), the 
elements i n  Table 11-6 should be corrosion resistant.  The estimated 
f ree  energy changes a t  1000° K. fo r  the reaction between the element and 

U C 1  
The extent of corrosion by U C 1  

some U C 1  
the table are unsatisfactory for  use i n  construction of vessel walls, 
pipes, moving parts  of pumps, etc., because they do not have the desired 
physical properties a t  high temperatures, o r  because they have poor 
nuclear poper t ies ,  or because they a re  too expensive. It i s  t o  be 

hoped tha t  fabrication techniques can be developed fo r  materials, e.$., 
molybdenum and graphite, which a re  not subject to  these objections. 

If it is 

S t r i c t ly  on the basis of the f ree  energies of formation 

t o  give U C 1  4 3 and the chloride l i s t ed  has been included i n  Table 11-6. 
should be decreased somewhat by maintaining 

Obviously several of the elements i n  
4 

i n  the circulating fuel. 3 

Unfortunately those materials which show promise fo r  containing 

molten fluorides are not necessarily of in te res t  fo r  chlorides. 
respect to  uranium halides, the f ree  energies fo r  reaction of container 
metals w i t h  U C 1  and UF differ appreciably as shown i n  Table 11-7. "he 

typical reaction of uranium with the constituents of Inconel i n  a 
uranium-containing fluoride o r  chloride mixture would be 

With 

4 4 

2 U X 4 + M  * 2 U X  +MX2. 
~ ,l - 1 .  ~ -. -- _c_ 3 - --  - .- c-- 

i From the data fo r  the conetituents of Inconel i n  Table 11-7, it can be 
I 

predicted, i n  a qualitative way,- tha t  all- three metals-will--reac$ _with 

U C 1  and UF p n  fo r  a value if AFo as high as +25, the extent of 
reaction may be suff ic ient  t o  pernit thermal mass transport as pointed 

-.-~ :; f :z-- -- 

4 - 4  i 
out by Bredig w. 
l i s t ed  i n  Table 11-7, indicate that  the equilibriun; constants decrease 

w i t h  increasing temperature for  corrosion of chromium by ei ther  U C 1  or  
UF4 and of i ron by UC14, which would lead t o  mass transfer from cold to  

hot container w a l l s .  

The enthdpy changes for these reactions, d s o  

4 

. . . .  
2 - 2  o s 0  0 0  0 O O C  D O  0 0  

. . . . . . . . . . . . . . . . . .  ...  . .  .... . . . . . . . . . . . . . . . .  
. -  ......................... 
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TABLE 11-6. Elements with Relatively Unstable Chlorides 

Element 

Carbon 
Molybdenum 
Ruthenium 
Rhodium 

P€Ll.ladium 
Silver 
Tungsten 
Iridium 

Platinum 

Gold 

Chloride 

m o o  

MoC12 
h C 1 3  
R h C l  
RhCl, 

WClZ 

Irc12 

Ptcl ,  

PdC12 

A g C l  

Ircl 

P t c l  

AuC1 

AFo 
Formatign at 

1000 K 
kcal ./mole 

(+I 
e~ - 16 

- 1  

- 5  
- 7  
- 8  

- 19.2 

- - 9  
- 2  
- 2  

+ 3  
+ r ,  
+ 3  

No( lOOd0 K )  
Corrosion 
Reaction 
kcal  ./mole 

(a> 

0 . .  

+ 28 

+ 65 
+ 17 
+ 37 
+ 36 
+ 3  
+ 35 
+ 20 
+ 4 2  
+ 25 

+ 4 8  
+ 25 

0 

1 e -  

-. 
. I  

g . 

i s  given for the reaction M + . n U C l  MCl, + nllC13 4- 

r 

i 

1 .  

...................... . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
~ C C _ - 2 " - - _  __ -- ._ --_ - 
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TABLE 11-70 
(a,b) Estimated Free Energy and Enthal~y Changes for Corrosion Reactions 

- Metal 

Ni 

Fe 

Cr 

+ 5  

- 9  

-20 

k, kcal. 

"4 - 
+ 25 

+ 15 

+ 4  

No 298' 

UC14 - 
+ 4  

- 6  

-20 

e 

(')For reaction of type 2 IJX 4 + M ;;f 2 I J X ~  + M X ~ ;  where 
X =halogen, and M = container metal. 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  
$ 0 3  3 0  c a c o  = a  0 0  

d l  I " "" ..- >I " - "-- I- 
0 0 :  . . . . . . . . . . . . .  
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For the application t o  solutions a t  high temperatures of enthalpy 
s 

changes f o r  unit ac t iv i ty  a t  room temperature, the uncertainty is so 

great that we should probably l i m i t  our conclusions to  the hope that  the 
temperature coefficients are small so that  mass transfer may perhaps be 
unimportant, Then it should be possible to reduce corrosion by the 
addition of uranium tr ihal ide and of small amounts of the container 

- 

metal halides t o  the fuel. O f  the three metals considered above, nickel 
appears t o  show the l e a s t  tendency to  corrode, and chromium the greatest 

teIidency. 
w i t h  uFq. 
as tha t  of chromium to  react w i t h  the fluoride a t  the same temperature. 

Even i f  attack of the container by a common chemical reaction is 
unlikely, corrosion may resu l t  simply from the solubi l i ty  of the material 

i n  the molten salt. 

(u, 27). 
halides involves the formation of lower valent ions (subhalides), which 

may be relat ively more stable at high temperatures. Thermodynamic data 
are  not available f o r  predicting the extent of t h i s  type of corrosion. 
This problem i s  discussed i n  more d e t a i l  i n  Chapter 111. 

A l l  three metals appear to  react more readily with UC1 
The tendency of nickel t o  react w i t h  the chloride is as great 

t h a n  4 

Solubili ty data are available fo r  several metals 
One proposed mechanism for  the solubi l i ty  of a metal i n  i t s  

It is  of i n t e re s t  t o  note that  the corrosion problem f o r  U C 1  

4' 

is 3 
A typical corrosion reaction much less severe than that  f o r  UC1 

would be 
2 UC13 + 3 N i  2 U + 3 N i C 1 2  

3 
4, 

Assuming tha t  a fuel containing UC1 would require a higher operating 
temperature than one containing U C 1  
a t  150O0-K. was calculated and was  found to  be +201 kcal. 

subhalides are not formed, it should be relat ively easy t o  find corrosion- 

3 
res i s tan t  container materials for  U C 1  

at tacks quartz but not steel. 
the alloying of uranium i n  the container w a l l s  i s  discussed i n  the 

engineering analysis report. 

a value of Do f o r  t h i s  reaction 

If uranium 

Kraus (4) noted that U C 1  3-  
The effect  on this type of corrosion of 

# 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
(10 0 0 0  0 - 0 3 0  " ^  - O  a p e  _ _  
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CHAPTER 111. CHEMISTRY OF 
L I Q U I D - W A L  FUSED-SALT SYSTEMS 

S. Golden and A. Boltax 

11. 

1.1 SIGNIFICANCE OF EXPERDBNTS 

E& UILIBRIA BETWEEPJ SOLUTIONS IN L I Q U I D  BISMUTH AND F'USED SALTS 

The recent work by Bareis (1) at  BNL has pointed toward a poten- 
t i a l l y  simple and powerful method for  the treatment of nuclear reactor 
fuels  i n  order to  remove and possibly t o  separate the products of re- 
action. Bareis' experiments have been concerned w i t h  the processing of 
l iquid uranium-bismuth alloys by means of an equilibration of such 
l iquids with a fused-tidt phase (consisting of the eutectic mixture: 
59 mole $ LiC1-4l mole $ KC1). 

based upon the general principles involved in this kind of process w i l l  
include the possibi l i ty  of processing fused-salt fue ls  by equilibration 
w i t h  l iquid metals, as well as the possibi l i ty  of u t i l i z ing  l iquid 
alloys and fused salts of compositions which may differ significantly 
fron those employed by Bareis. 
suggests the processing of fused fluorides by equilibration w i t h  l iquid 
zinc . ) 

It is clear, however, that variations 

(For example, W. Grimes (2) of ORNL 

To assess the poten t ia l i t i es  of the processing scheme suggested by 
Bareis' experiments, an investigation has been made of the thermodynamic 
equi l ibr ia  which may be expected t o  occur i n  the systems fo r  which ex- 
perimental data have been obtained. 
the equilibrium constants of such reactions which may occur, based upon 
the thermodynamic functions compiled by L. Brewer (2). 
by Bareis have been subjected t o  analysis and generalization. 

1.2 DESCRIPTION OF EXPERIMENTAL SYSTEM 

A n  attempt has been made t o  estimate 

The data reported 

For completeness, the experimental system that has been employed by 
B a r e i s  (4) will be described briefly. 

A KC1-LiC1 eutectic mixture w a s  prepared by heating the mixed C.P. 

salts slowly under vacuum u n t i l  dehydrated and fused. 
melts were obtained by the addition of other salts to the fused eutect ic  
mixture, The salt m e l t  was contacted w i t h  bismuth o r  bismuth-uranium 

Various salt 

I 

i . 
.- . 

- .  

.. 
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alloy t o  which had been added amaJ.3. amounts of rare-earth and other 
elements and which had been cleaned to  remove oxides. 
took place i n  a coarse Pyrex f i l ter  tube. 
slowly under vacuum u n t i l  completely fused. 
t o  enter the tube above the m e l t ,  which forced the l a t t e r  through the 
f i l t e r  in to  a section of tube below. 
off under vacuum. The metal had the appearance of mercury, and the 

fused salt appeared a s  a water-like liquid. 

The contacting 
The melt w a s  then heated 

Pure argon gas was allowed 

A t  this point the melt was sealed 

The sealed capsule then was placed i n  a constant temperature bath 
0 and allowed t o  equilibrate overnight a t  a temperature near 500 

following day, the capsule was allowed t o  cool. 
not clear,  but contained suspended material which subsequent microscopic 
examination disclosed to be metallic bismuth, Before analysis, the s a l t  

phase was separated from the metal phase, fused again under vacuum, and 
f i l tered.  

washed to remove s a l t .  

C. The 
The salt was usually 

This resulted i n  a clear  salt phase. The metal ingot was 
Both plases were then analyzed. 

In  l a t e r  work b) the procedure was varied s l igh t ly  by f i r s t  
f i l t e r ing  the salt phase and then sealing below a coarse Pyrex f i l t e r ,  
while the bismuth alloy was placed above the f i l t e r .  The system w a s  
then evacuated, heated, and when the alloy was molten, it w a s  f i l t e red  
i n  contact w i t h  the salt phase by application of helium pressure. 
sealip&, equilibration took place a t  about 450' C. 

cooled, and s a l t  and metal phases separated. 
under vacuum and f i l tered.  
then were subjected to analysis. 

After 
The capsule was  

The salt phase w a s  melted 
The metal phase w a s  washed. Both phases 

Generally the experiments with rare earths were conducted with 

tracer amounts, and analyses f o r  these substances were made by counting 
techniques. 

1.3 EXPERIMEXTAL RESULTS 

I n  Figure 111-1, which i s  taken from Bareis 0, i s  presented a 

summary of the distribution of the elements Ce ,  La,  and Pr between U - B i  
alloys and a fused eutectic m e l t  of KC1-LiC1. 

from Bareis (& 5 A, 1) 
summarized i n  Figure 111-1. 

I n  Table 111-1, also taken 
are  the data pertinent t o  the experiments 

...................... . . . . . . .  ._,. . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
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TABLE 111-1. 

e 
o *  (3. 

Liquid B i s m u t h  6 .  and Fused Chloride at 4.60 
, * .  

Sample 
No. 

166 
167 
170 

- 

in 
172 
207 
208 
209 
210 
226 
229 

175 
176 
177 
180 
181 
182 

213 
2u 
215 

Rare 
lartb 

La 

- 
11 

n 

n 

n 

n 

n 

n 

n 

n 

n 

Ce 
n 

n 

n 

n 

n 

Pr 
n 

n 

Rare Earth 
ppm in S a l t  

5.0 
3.3 

24L 
74. 
u. 
23.4 
29 
53 . 
34. 
54. 

222. 
478 . 
2u. 

96. 
40. 
86. 

83 . 
239 
30 

5 04 

0,066 
0.oll - 0.022 

8. 
1.08 
0.3 - 0.32 
2.6 - 3.5 ppb 

0.2 
L2 - 14 PPb 
30 - 32 PPb 

0.27 
-077 

6.6 

5.1 
0.96 - 1.0 
0.024 - 0.052 

0.12 - 0.17 

32 

0.22 - 0.21, 
2.2 
0.52 - 0.54 

Uran 
ppm i n  S a l t  

5 03 
83 

1.4 

3. 

0.1 

0.35 

6. 

0.3 

m 
ppm i n  B i  

900. 
770. 

475 . 

17.648 

6 . 933 

320 . 

250 . 

170 

it .. Note that BNL log data (4, Z, h, 1) and those incorporated in BNL-125 
(l) differ slightly. For consistency, since U distributions are reported 

only in former, these former data are used i n  the aaal;rsis which follows. 

.I - 
...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
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Three significant findings are to be noted from Figure 111-1. 
1. In the presence of uranium there appears to be a more or less 

uniform "distribution coefficientfl between the fused salt- 
bismuth alloy of the elements indicated above. 
centrations in the bismuth al loy  of the elements indicated above 
are reasonably proportional to their concentrations in the fused- 

Thus the con- 

salt phase, when uranium is present in the system and the con- 
centration of these materials is not too great. 
slope may be fitted to the lower curve of Figure 111-1, which 
emphasizes this result. 
Data obtained in the absence of uranium, however, are incapable 

A line of unit 

2. 
I 

of yielding a ndistribution-coefficient" which does not vary 
significantly with the concentration of the material in the salt 
phase, 
suggests that the concentration in the metal phase is roughly 
proportional to the third or fourth power of the concentration 
in the salt phase. 
Inasmuch as the uranium content of the systems examined was 
limited in extent, it seems re'asonable to conclude from 
Figure 111-1, that for increasing concentrations of the materials 
mentioned and for fixed uranium concentrations there will be 
increasing departure from a constant "distribution-coefficient." 

Indeed, the slope of the upper line in Figure 111-1 

3. 

These qualitative characterizations of the process examined by 
Bareis require an explanation in terms of principles that will facilitate 
the assessment of such a process for the separation of the products formed 
by a nuclear reactor. 
bearing also upon the evaluation of anticipated corrosion problems to be 
associated with container materials for fused-salt mixtures. 

Such an explanation will undoubtedly have some 

2. CORRELATION OF EXPERIMENTAL RESULTS 

2.1 MODEL FOR EQUILIBRIUM BETWEEN FUSED SALTS AND LIQUID METALS 

At the outset, it seems clear that there can be listed three model 
mechanisms3which might possibly account for the experimental results 
which have been obtained, 

...... . . . .  . . . . .  . . . .  . . . .  
0 0  D O *  0 

. . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . . .  
D 0 0 1  0 0  0 0 0 0 0  D O P I ,  

.. .. . .  .. 0 .  

P O  

3 (I 
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1. Physical dissolution of metals i n  fused ionic compounds, and 

vice versa. To explain Bareis' experimental r e su l t s  i n  terms 
of this mechanism, it would be necessary to  postulate signifi-  
cantly non-ideal solutions, even a t  very s m a l l  concentrations 

of dissolved materials. 
2. Chemical reactions between metals and cations of fused ionic 

compounds that deterinine the extent of so lubi l i ty  of the metals 

i n  the ionic compounds, and vice versa, by vir tue of hetero- 
geneous chemical equi l ibr ia  between metal-free salts and salt- 
f ree  alloys. 
A proba5ly more r e a l i s t i c  mechanism which involves a combination 
of the essent ia l  features of the two preceding mechanisms. 

The model whiah has been employed by Bareis to account f o r  his re- 

3. 

sults i s  one i n  which physical dissolution of the various metals takes 

place i n  the fused-salt phase. H i s  experiment represents, therefore, 
the dis t r ibut ion of a single chemical species between the two phases. 
This model stems from h e  investigations of Eastman, Cubicciotti, and 
Thurmond (8) concerning the so lubi l i ty  of metals i n  their corresponding 
fused halide salts. 
t he  so lubi l i ty  of t he  a l k a l i  metals i n  fused a lka l i  - and alkaline earth 

Further support for  this model i s  t o  be found i n  

halides (e>. 
However, the possibili-ty of chemical reaction between m e t a l s  

dissolved i n  fused ionic compounds and the oationic constituents con- 
tained therein requires consideration of a chemical sort, if for no other 

reason than completeness. In  the present report-, an attempt will be made 
to exploit  the consequences of a purely chemical mechanism (io@., the 
second mechanism, above). 

For simplicity, consider the simple chemical equilibrium: 

nM(diss. i n  metal) + mN* (diss. i n  s a l t )  

d mN (diss. i n  metal) + (diss,  i n  salt) 

which may be writ ten i n  an alternate form, 

nM (diss. in metal) + mNXn (diss. i n  salt) 

4 - mN (diss. i n  metal) + n !  (diss. i n  s a l t ) ,  

where 5, I?, refer to  metals, a n d z  refers t o  a halide. Then fo r  each 

a 
I 

. I  

.I .,; .. ............ . .  . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
0 0  0 0 0  0 e o 0  0 0 0 0  0 0  0 0 0 0.. 0 .  
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such reaction an equilibrium constant may be written, 

where the brackets refer  to thermodynamic ac t iv i t i e s  re la t ive to some 
(as yet, unspecified) standard state of reference of the individual 
chemical species i n  their respective environments. 

To obtain some idea of the magnitudes to be encountered for  the 

equilibrium constants, use has been made of the thermodynamic data of 
Brewer e t  al (2, a, to estimate the standard free energy changes, AF, 
f o r  the reactions, 

1 1 1 1 - m Pi + n NCln  * - m MCl, + - n N, 

where the standard states of reference are the normal state of each 

pure substance. 
to  equilibrium constants, 

The standard free energy results have been converted 

1 1 

(2) AF .L c-ii rN]; 
E' = (K)* = 1 1 =eXP. (-E) 

[MI [PI - 
They are  summarized i n  Figure 111-2. 
changes f o r  the corresponding fluoride system exist (lo), and these 
have been u t i l i zed  t o  provide a comparison between cer ta in  reactions i n  
the chloride and fluoride systems. 

Figure 111-3. 

Gra*s of standard f ree  energy 

Such a comparison i s  given i n  

If the ac t iv i t i e s  i n  Eq. 2 may be approximated by the appropriate 
mole fractions (ideal solutions based upon pure substances as standard 
state of reference), it i s  clear, from Figure 111-2, that L i C l  and K C 1  

should serve as suff ic ient ly  good oxidants to  transfer preferentially 
cer ta in  rare-earth elements in to  a fused-salt phase from a metallic 
phase containing bismuth, uranium, and plutonium, i n  addition t o  these 
rare-earth elements. This conclusion is  confirned by Bareis' (I.) ex- 
perimental results. Also, incorporation of BeC12 in to  the fused-salt 

'*phase w i l l  favor the transfer of uranium as w e l l  as certain rare-earth 
.L 

elements from a m e t a l  phase in to  a salt phase. 
been observed by Bareis. 

This result also has 
For a quantitative theoretical  description of 

L-?&,Y"%>&"@ p,i$d: ............ -:*. .. . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
46 27 25 
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these resu l t s  beyond the level  indicated, i t  is  clear  tha t  the idea l i ty  
assumption will require*examination. 
possibly semi-quantitative viewpoint, there seems to  be some measure of 
support f o r  the chemical model herein described. 

Support fo r  this model may be obtained: 

1. 

However, from a qualitative, and 

from experiments dealing with the equilibria between K-Na 
al loys and the fused hal ides  of these elements (ll) and 
from the experimental resul ts  of Bareis i n  which bismuth was 
employed as a metal solvent. 

2. 

Rinck (12) has measured the equilibrium, 

K(alloy) + NaC1( salt melt) St Na(al1oy) + KC1( salt melt) . 
The equilibrium constants which he reports are  given i n  terms of mole 
fractions. Since independent measurements (11) on both the m e t a l  and 
salt phases support the assumption of such ideali ty,  the comparison be- 
tween the experimental and calculated values i s  noteworthy. 

sults are summarized i n  Table 111-2. 

These re- 

I n  addition to these results,  there are available two experiments 

by Bareis (7) i n  which Na4i a l l o y s  were equilibrated i n  contact w i t h  

eutectic L i C l - K C l  melts. 
these experhents was of such smal l  molal amounts re la t ive t o  the amounts 
of the other substances that i t s  effect can be disregarded comparatively.) 
For one of these experiments (Ref. 7, Run #190), it was possible to m a k e  
a material balance which revealed tha t  1.86 X 

and potassium were transferred t o  the m e t a l  Wase as against 1.97 X 

gram-atom of sodium which were transferred to the s a l t  phase, agreeing 
to within 6 per cent. A comparison between measured equilibrium con- 
stants and computed values a re  also given in Table 111-2. Because of 
the mrked deviations from ideali ty,  i n  the above sense, to  be expected 
from alkali-metal-hismuth alloys a t  the tem2erature a t  which measurements 
were made m), as w e l l  as the ,possibil i ty of non-ideality i n  the salt 
phase a t  these temperatures, the comparison between measured and computed 
values is quite satisfactory, though perhaps fortuitous. 

(The uranium present in each of the phases i n  

gram-atom of lithium 

Encouraged by this p r e l w n a r y  analysis, we now attem2t to  interpret  

Bareis! results, summarized above. To do so, the standard states of 
reference i n  any phase will be chosen to be inf in i te ly  d i lu te  with regard 

c .. .. .. .. 0 0  

..... . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  
" C ?  n -"n 0 0 0 0  0 0  0 
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. 
TABLE 111-2. 

muilibria between Alkali Metal Alloys and 
Fused Alkali Chloride Melts 

Equilibrium Reaction 

K + NaCle Na + KC1 

K + LiCl *Li + KC1 

Temperature 
0" 

Ci. 

Measured 
Ea. Constant 

Calculated 
Eq. Constant 
(Fig . 111-2) 

10.2 

38.5 

38.5 

6.7 

6.7 

(a) Ref . 12 
(b) Ref. 7, Run f190 

('I Ref. 7, Run #216 
It should be noted that agreement in (a) between calculated and 

measured values was known at the time the tables of free energy of 
formation values compiled by Brewer were published. See Ref. 8, 
pp. ll6-u7. 

. ^  ,. 
- .  
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to the substances transferred t o  that phase. 
which appear i n  the following, therefore, represent a modification of 
Eq. (1) i n  which the ac t iv i t i e s  have been replaced by mole fractions. 

The analysis may be simplified somewhat by noting from the 
equilibrium constant (Table 111-2) , 

The equilibrium constants 

tha t  

- Li -10 , K 

and tha t  the amount of potassium which may be transferred to the m e t a l  

phase as a resu l t  of chemical reaction is  negligible compared t o  the 
amount of lithium which may be so transferred. 
fore, mention of potassium is  omitted, w i t h  only s l igh t  e r ror  caused by 
t h i s  omission. 
into account.) 

For simplicity, there- 

(A more complete analysis could readily take t h i s  e f fec t  

Consider, therefore, the following equilibria which may be expected 
to be of importance i n  the Bareis experiments: 

* 
. .  -. U(Bi-alloy) + 3 L i + ( s a l t  melt) 3 3Li(Bi-alloy) + U3+(salt m e l t ) ,  

R(Bi-alloy) + nLi+(salt melt) * n L i ( B i 4 o y )  + $+(salt melt), 

n lJ(Bi4loy)  + 3R*( salt melt) * nU3+( s a l t  m e l t )  + 3Rne(Bi-alloy), 

where g stands fo r  a metal of interest ,  possibly a rare-earth. 

equilibria, which are not independent of one another, have equilibrium 
These 

cons t an ta  : 

and 

t .- i I 
For equilibration experiments i n  which uranium and the rare-earth 

metals initially are  in the bismuth alloy, a material balance requires 
that 

~~~~~~~ 5f 
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where q depends solely upon the re la t ive  numbers of moles of the al loy 

and f'used-salt phases, 

(8) 
No. moles of salt phase 
No. moles of metal phase 

o ( =  

Substi tution of Eq. (7) in to  Eq. ( 5 )  gives, 

(9) 

* . 

This equation presumably describes the s t a t e  of affairs existing a f t e r  
equilibrium has been established between a s a l t  phase i n i t i a l l y  con- 
s i s t ing  of the L i C l - K C l  eutect ic  mixture and a metal a l loy which con- 
tains uranium and one other element&. 
fe r ,  of course, t o  equilibrium mole fract ions i n  the appropriate phase. 

Equation (9) exhibits all the qual i ta t ive character is t ics  observed 

The quantit ies i n  brackets re- 

from Bareis' experiments. F i r s t ,  consider the case i n  which uranium 
concentrations greatly exceed those of a rare-earth. Then, 

I .  

so tha t  in the presence of considerable excess uranium i n  the salt phase 
re la t ive  t o  &, and fo r  d reasonably constant, a more o r  l e s s  uniform 
dis t r ibut ion coefficient is predicted i n  accordance with Bareis' ex- 
perimental resul ts .  
centration i s  negligible com2ared t o  the rare-earth. 

Next consider the case i n  which the uranium con- 

Then, 

so that i n  the absence of uranium the dis t r ibut ion coefficient [Rn+]/[R] 

i s  predicted t o  vary w i t h  concentration as [Rw]-n, which i s  again i n  
accord w i t h  the experimental resul ts ,  since d does not change appreci- 
ably from one experiment t o  the next. For fixed uranium content, i t  i s  
c lear  t ha t  Eq. (11) w i l l  be approached as the mole fract ion [R*] be- 
comes larger,  again in accord w i t h  the experimental results.  

-. 

- *  I "  ...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
\ . . . . . .  . . . . . . . . . .  ....... . 
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* 2.2 QUANTITATIVE RESULTS 

L -  . 

- 

_ -  

I 

I n  t h i s  section an a t t e  t o  describe the experimental 
data more quantitatively i n  terms of &e foregoing model. 

Accordingly, Figure 111-4 represents a test  of Eq. ( 6 )  t o  estimate 

a value of - n. 
value, but a value between 1.5 and 2 i s  i n  reasonable accord witb the 

The data do not permit unequivocal deterinination of i t s  

data. I n  view of the uncertainties involved, the value n = 2 i s  
adopted here f o r  convenience and implies that the elements lanthanum, 
cerium, and praseodymium, insofar a8 they can be grouped together as 
regards these experiments, exist i n  the salt phase as sub-halides 
rather than nomud halides. There is some evidence fo r  t h i s  fo r  certain 
of the rare-earths 0, which are  presumably similar to the elements 
treated here. 

Uitfi the assignment of n = 2, Figure 111-4 yields, 

= 1.1 x 10-5 . KO-R 

Similarly, Figure 111-5, which represents a t e s t  of Eq. (9), w i t h  
n = 2 yields 

2.3 DISTRIBUTION OF PLUTONIUM 

Inasmuch as plutonium is apt t o  be present i n  many reactors now 
being contemplated, the manner i n  which this material ultimately may be 

separated from uranium, f iss ion products, and solvent by a process which 
involves l iquid alloy-fused s a l t  mixture equilibration is  of considerable 
interest .  
suff ic ient  to  know the equilibrium extent of chemical reaction between 
uranium and plutonium halide. 

According to the model herein described, it is  necessary and 

Unfortunately, only two experiments have been reported by Bareia 
i n  which plutonium w a s  a constituent. However, there have been reported 
&) similar experiments which involve the dis t r ibut ion of trace amounts 
of uranium and plutonium betw 

markedly from those employed by Bareis. 

nd salt phases tha t  d i f f e r  

By making the most optimistic 

212s 53 :%: , , ........... 
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of assumptions, namely, that the standard states of reference for both 
the uranium and plutonium in infinitely dilute solutions are virtually 
independent of the nature of the alloy or ionic compound in which they 
may be dissolved, it is possible to correlate the information relevant 
to the chemical. equilibrium between uranium and plutonium distributed 
between ionic compounds and metals. 

There is some feeling (14) that the valence of plutonium in dilute 
solutions of ionic compounds is +2. 
the chemical equilibrium, 

Accordingly, we are interested in 

Pu(diss. in metal) + 2/3 U3+(diss. in salt) 

Pu2+(diss. in salt) + 2/3 U(diss. in metal)', 

which has the equilibrium constant, 

Adequate data for testing the concentration dependence (or lack thereof) 
of Eq.(15)  are at present unavailable, 
available, however, are given in Table 111-3. In Fisre 111-6, the 
equilibrium constants are plotted in such a way as to suggest their 
correlation with the temperature at which the measurements were made, 
Considering the diversity of the data, it is rather surprising to obtain 
as good a correlation as seems indicated. 

Those pertinent data which are 

If these results are significant, and not simply fortuitous, then 
the ideality assumptions noted above seem reasonable w i t h  some modifi- 
cation. 
Table 111-3, it would be desirable to estimate the effect of this 
difference alone. 

Thus, since both solid and liquid phases are represented in 

By assuming a standard state corresponding to a liquid phase in- 
finitely dilute in plutonium and uranium, it is necessary to estimate 
t h e  standard free energy change associated with the solution of these 
substances in solid phases. 
assumed for the solid phases relative to a solid phase infinitely 
dilute in plutonium and uranium, it is necessary to modify the 
equilibrium constants for the latter in order to put them on a basis 
comparable with the constants for liquid phases. 

In other words, if ideality may be 

This has been done by 

........ .." .& . . . . . .  _ _  . *  . . e  2725 56 :: . . . . . . . . . . . . . . . .  *:: e-: *::: ....................... 
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TAB 

Equilibration Expe rimente for Plutonium and Uranium 

Ionic 
Compound 

Temp. 
C. 0 

~- 

900 

111;o 

lo00 

760 

760 

622 

622 

460 

460 

Pu2+/m u3+/u 

1 

1 

7 0 - .  

0.72 (4 1 

(a) Ref. l.4 

(b) Ref. 7, Run #232 

Ref. 7, Run #235 
. .  

............ :*. :** ... : . . . . . . . . . . . . . .  
0 0  0 9 0  0 t.0 : : 0 0 .  0 0 -  : : : :eo :e.* 

. . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . .  
_ _ -  ---__I_ ._ - - _ _  

KPu-u 

16 

28 

40 . 

4.5 

1.2 

0.37 

0.71 
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estimating the change in h4 of Eq. (15) induced by fusion of both 
plutonium and uranium.~-As a consequence of this analysis, it appears 
that the hypothetical liquid equilibrium constants associated w i t h  the 
experiments which involved solid phases are 'somewhat smaller than those 
reported for the solid,phases. 
applied, considerable improvement results in the correlation, 
results are not reproduced here.) 

1 ,  

Indeed, when such a correction is 
(These 

The two data which involve bismuth alloys differ significantly from 
the value estimated by extrapolation of the higher temperature data. 
This disparity emphasizes the speculative character of the correlation 
suggested here. 
which would tend to improve the correlation, it seems unwise to do SO. 

The uncertainties associated with the as yet unconfirmed concentration 
dependence of the equilibrium product ratio, Eq. (15), far overshadow 
the uncertainties to be associated w i t h  a uniform set of standard states 

while possible explanations could be suggested here 

of reference to bring all the measured equilibrium constants to a comnon 
basis of comparison. 

It ie worth noting that, apart from the bismuth alloy data, no 
aignificant change in Figure 111-5 results from taking the uranium and 
plutonium valences in the salt phase to be the same. 
the curve, the enthalpy change for the reaction is approximately 19 
kcal/gran a b  plutonium. This value a l l o w s  an estimate to be made of the 
entropy change for the reaction, which at about 900' K amounts to about 
21 entropy units, 
exist between the uranium and the plutonium under the conditions of the 

From the slope of 

This value suggests that rather marked dissimilarities 

experiments, and provides some support for the assignment of a valence 
to plutonium different froin that of uranium. 

2.4 CRITICISM OF MODEL 
- - 

In spite of a moderately successful correlation of the experimental 
results by the chemical model employed here, certain deficiencies may be 
noted: 

- 
1 .  i 

1. No evaluation has been made of the effect of physical dis- 
-. 
1 solution of metals in salts, and vice versa, upon the 

equilibria; 

I '  

f 

.-2.. .. . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
0 0  0 0 0  0 0 0 0  0 m . O  .. D 0 e 0 0 0  0 .  
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2. 

3. 

4.  

There has been an emphasis on the formation of "sub-halides" 
of certain elements i n  the salt phase, when there is m di rec t  
evidence bearing upon t h i s  point; 
It has not been possible t o  make a quantitative correlation be- 
tween the values of the equilibrium constants determined from 
experiment and values estimated from the standard f ree  energies 
of the reactions postulated; t h i s  deficiency may be traced t o  
lack of information regarding the standard states of reference 
t o  be used fo r  the reactants and products as well as the 
occurrence of non-ideality of the solutes i n  the i r  respective 

phases; 
NO quantitative dis t inct ion has been made between cerium, 
praseodymium, and lanthanum, when it is expected that smal l  

differences do exist. 

3. APPLICATIONS OF THEORY TO REACTOR PROBLEMS 

3.1 GENERAL 

I n  spi te  of 'the l imitations which have been pointed out f o r  a 

chemical model of alloy-fused s a l t  equilibria,  it is of in te res t  to  ex- 
amine the relat ion of the model t o  the two important reactor problems, 
processing and corrosion. 
i s  a single oxidation-reduction potential which can be expressed con- 
veniently as the logarithm of the ac t iv i ty  of the halogen, even though 
t h i s  ac t iv i ty  is far too s m a l l  f o r  d i rec t  measurement. 
ac t iv i ty  i s  fixed by the r a t i o  of ac t iv i t i e s  of any redox pair, and f ixes  

the r a t i o  of ac t iv i t i e s  of every redox pair. 

I n  any alloy-salt system a t  equilibrium there 

The halogen 

For the chemical reaction, 

2 2 - M + X2 = ; MXm m 

11 
and K can be computed a t  each temperature from the standard free energy 

of fornation of MXm. Figure 111-7 shows log p1x / M vs. log C12 .. C ml [I I 1 for 
cer ta in  chlorides a t  1000" I(. 
ments and of the halides stable a t  t h i s  temperature. 

The standard s ta tes  are  the forms of ele- 
Quantitative use 

41p .. .... - i :. 9:: :: . . . . . . . . . . . . . . . . . .  -6'0 :: :: ::: : :*: : * :  ::: ................. -- ,525 /--::*:- . _ _  --_--.- --- - I_ I_- 
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of such a graph would require a s  standard s ta tes  of reference inf in i te ly  
d i lu te  solutions i n  the solvent metal o r  salt. 

fore only i l lustrat ive.  
This diagram is there- 

3.2 SEPARATIGN P_RoCESSES 

0 

described are: 

The significant processing questions to be recognized and 

1. 

2. 

3. 

4 .  

5 .  

6. 

F .  
= Y 

What metal solvent-fused salt solvent combinations are rela- 
t ively ine r t  with respect to  each other? 
matters of solubi l i ty  of uranium i n  the metal, o r  of compounds 
of uranium i n  the fused-salt phase, and of the temperature re- 
quired to  assure stable l iquid phases of proper f lu id i ty  and 
vapor pressure, are  not considered at  this point.) 
What substances can be added to  the salt phase to  effect  re- 
moval of uranium, plutonium, and f i ss ion  products from an alloy 
containing these substances? 
added t o  a metal solvent t o  e f fec t  removal of uranium, pluto- 
nium, and f i ss ion  products f roa fused-selt mixtures containing 
compounds of these substances? 
What substances may be added to ei ther  phase t o  effect  a 
separation and concentration of the constituents of a nuclear 
fue l  i n  the other phase? 
Is there a l i m i t  to  the possible separabili ty fo r  the various 
constituents? 
conditions may it be obtained? 

Are there any equilibrium limitations imposed upon continuous 

processing? 
How is processing affected by changes i n  equilibration 
temperature? - 

(The practical  

Conversely, what metals may be 

If so, what i s  i t s  value, and under what process 

An attempt can be made to answer many of these questions i n  terms 
of t h e  model which has been discussed. I n  addition, there are important 
pract ical  problems that cannot be attacked by means of t h i s  model alone: 

7. 
8. How complete can th, separations of the phases be 

What i s  the ra te  of approach t o  equilibrium? 

made? 
How reactive is ei ther  the alloy or fused salt w i t h  regard to  9. 
container materials? 

- -  .- 

.... ...... . . . .  . . . . .  . . . . . . .  . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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10. How significant w i l l  radiation damage be i n  a l loys  and fused 
ea l t s ,  and how w i l l  processing be affected? 

The choice of e m e t a l  solvent-fused salt solvent pair ,  the nernbers 

of h?lich are  relatively ine r t  towards each other, i s  restr ic ted sig- 
nificantly by nuclear and @ysical considerations. Thus, i n  a thermal 
reactor employing a l i q d d  a l l o y  fuel,  bismuth appears to  be the choice 
of a solvent which w i l l  e f fect  the best  compronise between limited 
solubi l i ty  of uranium, low temperature for  solidification, and smal l  

losses due to  parasi t ic  capture of neutrons. In  such a case, we need 
know only the fused ionic compounds which are  re la t ively ine r t  chemi- 
cal ly  toward bismuth. The fused a lka l i  chlorides and fluorides (with 
t he  exception of lithium compounds because of nuclear considerations) 
would serve adequately i n  th i s  application. 
Table 111-4, which contains equilibrium constants estimated for  the 
reaction e), 

This can be seen from 

- B i + - ; ; M X n  1 1 = - B i x 3 + ; ; M  1 1 9 

3 3 

1 with - 1 

rMin 
1 - 

a d s  being ei ther  chlorine or  fluorire.  
For fused-salt fuels, the salt melt w i l l  contain relat ively large 

amounts of uranium compounds, so that suitability of metal solvents can 

be inferred from Figures 111-2 and 111-3. 
adequate f o r  such purposes. 
clusions may be reached from differences i n  the ordinates i n  Figure 111-7. 
%e m e t a l  phase should contain elements f o r  which the c,pves are  well 
below that of uranium; the salt phase should contain elements w i t h  

curves w e l l  above tha t  of uranium. 

Bismuth would appear to  be 
For j l l o r ides  at 1000° K, the same con- 

In  separation from an al loy ' fuel ,  such a s  a l iquid bismuth alloy, 
it w i l l  be necessary t o  add an oxidizing agent equivalent to the amount 
of material which i s  to be removed. 

BiC13, and UC1 o r  C12 might be useful i n  certain cases. 
t ra t ion  of decontamination l e t  us assume that 0.1 per cent of the PU may 

A very convenient one would be 

As an i l lus-  3 
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TABLE 111-4. Eauilibrium Constants for Reaction: 

1 --L 1 1 1 *MXn - - s i x 3 + - M  n - B i + -  3 3 

L i C l  
K C 1  
Z r C l 2  

UC13 

caF2 

LaF3 
m3 

LaC13 

NaF 

KF 
ZrF2 

500" K 

1.6 x 10-~9 
1.8 X 10 -24 

1.1 x 10-l~ 

3.6 x 10-~5 

2.5 x 
4 10-32 

1.7 x 10-l~ 

3.6 X lo-'' 

1.6 X 

1.3  X loea 
3.8 X 

1000" K 

6.3 x l0- l5  
1.8 x lo-11 

1.1 x 10-l2 
5.6 x 

2.5 x 10-l3 

2.2 x 10-l2 

1.2 x 10-l~ 

-8 2.5 X 10 

1.3 X 

6.1 X lo-'' 

-10 2.2 x 10 

1500" K 

3.8 X 10-l' 

6.3 X 10 

4.5 x 10 

2.4 x 10 

-8 

4 

9.6 x 10-9 

7.6 x 10-9 
1 x 10-10 

3,g x 
3-1 x 

4.2 x 10-7 

-6 

-8 1.9 X 10 - 

- - .  

. ,.. _ -  

.......... cc . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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be extracted i n  the first stage. For equimolal quantit ies of solvents, 
this would correspond i n  Figure 111-7 to [C12] of loea a b .  

3 X lo-’ per cent of the U would be transferred, and only 0.01 per cent 
of the La would remain i n  the metal. 
would be treated with another l o t  of bismuth which contains reducing 
agent equivalent to  the salt to be reduced, The m e t a l  corresponding to 
an a l k a l i  o r  alkaline earth chloride i n  the salt phase should be sat is-  
factory for  t h i s  purpose. 

Only 

To scavenge the Pu, the salt phase 

If the Pu i s  t o  be separated from the U i n  a subsequent stage, 
more oxidant would be added. 
metal phase i n  one stage, for example, Figure 111-7 indicates t ha t  the 
[C12] should be increased to  
also be extracted, 
more bismuth-containing reducing agent as i n  the scavenging process 
described above, but this step might not compete with the wet processing 
which w i l l  presumably be necessary for the f i n a l  purification, 

If three per cent of the Pu is l e f t  i n  the 

atm. and one per cent of the U would 
The Pu can be purified by treating the salt  w i t h  

This equilibrium is probably not direct ly  applicable to a fused- 
salt fuel. 
emd the Pu (and remaining U) then decontaminated by the process described 
above fo r  scavenging Pu, 

Instead, most of the U could be removed by volati l ization, 

Figure 111-6 indicates that a t  low temperatures the Pu might be re- 
moved without much U. 
duce a l l  the U t o  the t r ivalent  state. 

However, it would certainly be necessary t o  re- 

As regards the ef fec t  of processing temperature, it appears from 
fhe equilibrium constants which have been estimated 
large differences may be obtained a t  lower temperatures that make f o r  
favorable separations, and the differences generally tend to become sig- 

that in general 

. .  ‘ I:. 

~ c. 

? *  

I . - .  

, 

. ,  ,- 

nif icant ly  smaller a t  high temperatures. However, some exceptions do 
exist and may be taken advantage of, as i n  the separation of Pu and U 
discussed above. 

In summary, we are  able t o  suggest the character is t ics  of a 
separations process f o r  reactor fuels h i c h  contain uranium, plutonium, 
and f iss ion products either in an alloy or i n  a fused salt: 

....... ,*;:-.- ...... . . . . . .  . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
. .  
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Liquid-Metal Fuel 

1. $Bismuth appears t o  be a chemically suitable metal solvent. 
2. ' I n  order t o  prevent nuclear poisoning of a reactor by fused 

salts which may be entrained fron; the separation process, it has been 
considered desirable t o  r e s t r i c t  the choice of anion to  fluoride fo r  
thermal reactors. Alkali-fluorides (excepting lithium) and alkaline- 
earth-fluorides appear to be feasible  salts. Eutectic mixtures of 60 
mole % NaF - 40 mole KF with a eutect ic  temperature of 700' C., or  

53 mole $ NaF - 47 mole $ CaF2 w i t h  a eutect ic  temperature of-810° C 

would seem t o  be suitable. 

factory, the choices are much wider and will not be l is ted here. 

electrochemical procedure may prove feasible &) . 

l For fast reactors, where chlorine 1s sat 6- 

3. The oxidant employed may be such a substance as BiF3, o r  an 

Temperatures should be as low as possible f o r  decontamination. 
Enrichment of plutonium w i t h  respe'ct t o  uranium in the s a l t  

At lower 

* 
4 .  
5 .  

phase w i l l  probably require temperatures In excess of 800' C. 
temperatures it seems reasonable to  suppose that uranium may be oxidized 
i n  preference tp plutonium. 

F'used-Salt b e l  

1. The choice of salt melts now contemplated involve fluorides o r  
I n  e i ther  case bismuth would be adequate f o r  the contacting chlorides. 

metal phase only i n  the absence of tetravalent uranium salts. 
the bismuth w i l l  transform the tetravalent halide t o  the t r iva len t  
halide. \ 

Otherwise, 

. 2. A t  low temperatures enrichment of plutonium re la t ive  to uranium 
may be effected i n  the metal phase. 
earth elements are re la t ive ly  more d i f f i c u l t  t o  reduce, decontamination 
of the plutonium w i l l  cer ta inly be effected. 

Since f i ss ion  products such as rare- 

Electrolytic processing, 
With a cathode of liquid bismuth, would m e r i t  consideration i n  this s o r t  

of groceesing scheme. 
sumably become enriched i n  p l u t o n i d  re la t ive  to f i s s ion  products and 

I n  such a scheme, the bismuth cathode would pre- 

u' The experiments a t  Argonne National Laboratory i n  which pure uranium i e  
'being prepared by electrolysis  from fused LiCl-KCl mixtures containing 
UCIA have yielded a decontamination factor  of between 10 and 100, which 
is roughly anticipated from the foregoing analysis. 

. . . .  . . . . . .  
r . . . . . . . . . . . . . . . .  ....................... i . . . . . . . . . . . . . . . .  
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perhaps to uranium, and adequate control of the amount transferred 
could be maintained easily. 

products in a fused s a l t  from uranium. 
3. Extraction by a liquid metal wili not serve to remove fission 

,- 

3.3 CORROSION 

The considerations given above may also be useful in studying t h e  

corrosion of conMner vessels, in particular 
In Chapter I1 is discussed the relation of corrosion to the free energy 
of formation of corrosion products, and the relation of mass transfer to 

in studying mass transfer. 

and to the enthalpy change of the corrosion reactions. 
ss transfer may result from a large variation with 

the solubility of t h e  con;taiaer walls in the contained 
fluid. 
it is probably unimportant w i t h  fused salts. 
it is necessary that the salt of the container m e t a l  and a reducing agent 
both be carried by the fluid and that their equilibrium vary greatly wi th  

the temperature. 

by fused alkali fluorides may be due to reactions such as, 

This may be an important means of transfer by liquid metals, but 
For chemical mass transfer 

- 
r -  

- 
- Bredig (16) has suggested that the mass transfer of Cr, Fey and Ni 

. -  

Fe(s) + KF(&) FeF2(diss.) + K(diss.) , 
\ 

which are favored at high temperatures and reversed at low temperatures. 
It is also possible that a sub-haU.de of the container metal may be 

both oxidizing and reducing agent if it is stable at high temperatures 
and disproportionates at low temperatures to give the higher halide and 
the metal, as, 

ZFeX(diss.)= Fe%(diss.) + Pe(8) . 
For the thermodynamically stable halides, disproportionation increases 
w i t h  increasing temperature, which does not lead to mass transfer from 
high to low temperature. 
temperature upon the disproportionation of unstable sub-halides. 

ii, Fe, or Cr, such aa, 

We do not know, 'of course, the effect of 

It was shown In Chapter I1 that the reaction of UC1 or uF4 With 4 

2UC14( a) + Fe( a) * 

.................... . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  
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is ahost independent of the temperature. Therefore a mixture of 
reasonable proportions, say at least 10 per cent of each component, 
should act as a buffer to prevent the chemical mass transfer of 
container metal by any other reaction. For example any K which is 
dissolved in the salt at high temperature will react at low 

temperatures much more w i t h  UC1 than with FeC12, since the former 
w i l l  be present in much larger quantity. 
avoided, corrosion can be reduced by the addition of approximately 
equilibrium amounts of the corrosion products. The possibility of 
application of these conclusions to U C 1  and UC1 mixtures depends, 
of course, upon the mutual solubilities of these substances discussed 

in Chapter 11. 

4 
If mass transfer can be 

3 4 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
.- ._ 

t i - .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
> 

I - -  

_-. ' 



-69- 

1. 

2. 

3. 

4 .  

5 .  

6. 

7. 

8.  

9. 

A Continuous Fission Product Separation Process, BNL-125, Bareis, 

Private Communication, Grimes, V., ORNL 
"he T h e n n o m e  Properties and Equilibri-a a t  High Temperatures 
of Uranium Halides, Oxides, Nitrides, and Carbides, MDDC-1543, 
Brewer, L., Bromley, L. A,,  Sil les ,  P. ??., and Lofgren, N. L., 

84 pp., DECLASSIFIED, September 20, 1945. 
Fuel P roeess i . I -n t e r im  Report, BNL Log Iplc-4213, Bareis, D. W., 

4 pp., SECRET, September 8, 1950. 
Summary Report of Fuel Process-i_ng Group Activit ies dxring 1950, 
BNL Log #C-4509, Bareis, D. Y., 7 pp., SECRET, January 18, 1951. 
- Fuel Processing I-nterlm Report, BNL Log #C-47l4, Bareis, D. W., 
8 pp., SECRET, April 3, 1951. 
Interim Report of the Fuel Processing Group, BNL Log #C-572S, 

Bareis, D. V., 13 pp., SECRET, January 15, 1952. 
"Temperature-Composition Diagram of Metal-Netal Halide Systems,ll 
Eastman, E. D o ,  Cubicciotti, D. D., and Thurmond, C. De? pp. 6-12; 
"The Thermodynamic Properties of the Halides," Brewer, L., Brornley, 

L. A., Gilles, P. H., and Lofgren, N. I,., pp. 104-115, 123-125; i n  
w r m d f i  
dynamics, N.N.E.S., Div. I V ,  P.P.R., Vol. 19B, Quill, L, L., 
Editor, 329 pp. , UNCLASSIFIED, (McGraw-Hill, 1950). 
Elektrochenie Geschmolzensr Salae ,  Drossbach, P., pp. 101 e t  seq, 

D. W.9 23 pp.9 SECRET, July 1, 1951. 

11. Thermodynamics of Alloys, Wagner, C., Chapter 7, (Addison-Vesley 

Press, 1952) 
12. Rinck, E. Ann. Chim l0, 395 (1932) . 
13. Der Aufbau der Zweistof- Hansen, M., pp. 336-308, 

3U-316, (Julius Springer, Berlin, 1936) . 
The Chemistry, w i f i c a t i o n  d - M e t a l l u r B  of Plutonium, MtJC-JCW- 

223, pp. 133-3&, SECRET, December 1944. 
14.. 

15. Personal Communication to from D. F. Peppard, ANL. 

16. Personal Communication, B L. ............... . . . . . . . . . .  . . . . . . .  



-70- 

CHAPTER IV. SEPARATION PROCESSING 

R. Schuhmann, Jr. 
- -  

1. INTRODUCTION 

This chapter represents a preliminary appraisal of the problems 
and possibilities of separation processing for plutonium-producing re- 
actors using non-aqueous fluid fuels such as liquid metals and fused 
salts. 
lems associated w i t h  the two specific reactors selected for detailed 
engiceering analysis by the M.I.T. Nuclear Engineering Project. 
reactors required the following principal separations: 

In this study some emphasis was placed on the separation prob- 

These 

1. For the thermal reactor, the removal of plutonium and fission 
products from a dilute solution of these constituents and 
uranium in liquid bismuth. 

For the fast-reactor core, the removal of plutonium and fisston 
products from a concentrated solution of UG1 
chlorides. 
For the fast-reactor blanket, the removal of plutonium and 

fissionJproducts from molten UC1 

2. 
in other fused 4 

3. 

4' 
Originally it was thought that the costs of fuel separation and 

reprocessing represented a large fraction of the total cost of producing 
plutonium in present solid-fuel reactors. 
for the development of fluid-fuel reactors was the hope of reducing the 
cost of,plutonium by the substantially lower separation and processin@; 
costs which appeared possible with fluid fuels. 
AEC on the breakdown of the unit cost of producing plutonium in Hanford- 
type reactors and Redox separation plants, however, indicate that re- 
actor costs so overshadow separation and reprocessing costs that re- 

Accordingly, a major incentive 

Recent data from the 

duction of separation costs no longer appears to be the prime incentive 
for considering fluid-fuel systems. 
of view, but the fact remains that savings in separation and reprocessing 
costs through use of fluid fuels might be very substantial. 

This represents some shift in point 

The separation processes m w  in use and proposed for solid-fuel 
reactors appear readily adaptable to the treatment of non-aqueous f lu id  

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . .  ... .. ... .. ..: : : : *..&@! ... 
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fuels,  and it is  l ike ly  tha t  one o r  more of these better established 
processes will be used f o r  sone of the more c r i t i c a l  seyara thns  i n  the 
treatment of l iquid fuels. 
makes it possible t o  consider processing by continuous (or  semicontinuous) 
removal of l iquid from the reactor, psssage as l iquid through a simple 
separation plant, and return t o  the reactor s t i l l  i n  the l iquid s ta te .  
W i t h  this procedure the bulk of the fue l  would not have to  be taken 
through the many steps of complete physical and chemical change which 
now account fo r  a substantial  f ract ion of processing costs. 

However, the use of l iquid reactor fue ls  

2. STOICHIO~TRIC REQUIFGNENTS 

2.1 OE3R-ALL MATERIALS BALANCES 

Figure IV-1 represents a generalized reactor and separation system, 
w i t h  the principal streams of ma;terial indicated by sol id  arrows. For 
the liquid-fuel systems under consideration, the system as a whole a f t e r  
an i n i t i a l  start-cp period should approach a steady state, so that the 
UOmpoSftion6 of the principal streams W i l l  not vary With t h e .  
the f u e l  stream leaving the reactor w i l l  be of the same composition as 
the fuel in the reactor. 

Moreover, 

For these conditions, it i s  easi ly  shown that 

y=axR (1) 

i n  which 

y = rate of producing this element i n  the reactor, i n  any 
convanient units per day. 

a = total steady quantity of a given elenent o r  given isotope 
present i n  the reactor, i n  the same uni ts .  

x = fraction of reactor contents fed to separation plant per 
day ( x  can be greater than 1). 

R = recovery of the element i n  the final product stream, ex- 
pressed as a fraction of this element i n  the stream from 
the reactor. 
returns to  t&e reactor. 

It is assmed that the unrecovered fract ion 

Thus, i f  Pu is produced a t  the rate o f g  grams per day, we wish to lMt 
the quantity i n  the reactor t o  2 grams, and we have a separation process 
which will recover i n  final' form the f rac t ion  E of the pu i n  the fuel 

stream, this equation gives the necessary r a t e  of feed to the separation 

)I 
I *  -?L .. ............. . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
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process x. 
Pu or limiting the extent of poisoning by a given fission product, this 
relation shows that there is no necessity for attempting to make very 
high over-all recoveries in the separation plant. 
no doubt be cheaper to maintain a given level of g i n  the reactor w i t h  

x = 0.1 and R = 0.9 than w i t h  x = 0.091 and R = 0.99. 

From the standpoint of maintaining a desired concentration of 

For example, it would 

bd/ 7--+ 
A major advantage of the liquid-fuel systens as compared /present 

solid-fuel systems is that the liquid fuel eliminates t h e  severe require- 
ments on the nature of the stream returning from the separation process 
to the reactor. Specifically the separation "tailingst' do not have to be 
decontaminated, freed of plutonium, refined, and re-formed. 
stringent separation requirements, of course, justify the hope that 

simple, rapid,and cheap separation processes might be used, although 
they fall orders of magnitude short of giving the separation factors 
necessary for present solid-fueled reactors, 

These less 

The use of liquid fuels of course in no way lessens the severe re- 
quirements to be met by tine final products leaving the reactor system 
and separation plant as a whole. 

be decontaminated to a high degree and otherwise of sufficient purity to 
meet military standards. 
other waste streams, must be substantially free of plutonium and a l s o  

should not contain appreciable quantities of uranium or other valuable 
constituents of the fuel. 

Thus the final plutonium product must 

The waste stream of fission products, and any 

2.2 HIGHER ISOTOPES 

Processing requirements for reactors with high burn-up rates for 
the fuel, such as the faat fused-chloride reactors, are complicated by 
the formation of higher isotopes, U-236 and U-237. Details of this 
problem are considered in Chapter V of the engineering analysis report. 
From the standpoint of the separation plant, however, this problem re- 
quires the separation of uranium and its purification, decontamination, 
and conversion to tn?60 
plant which returns uranium ta the reactor system. 

2.3 

The m6 is processed isotopically in a diffusion 

SUMMARY OF SEPARATION FBQlJI-TS BMD OBJECTIVES 

In the light of the foregoing discussion, the principal require- 
ments to be met by the complete separation process for a liquid-fuel 

r -  ....... ..... . . . .  . . .  ..... ........ . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  
0 0  0 0 0  0 0 0 0  0 0 0 0  * o  0 0 0 0 0 0  0 .  
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system may be summarbed as follows: 
The final product stream of Pu must be of acceptable military 
grade and purity. 
The effluent streams of fission products and other waste ma- 
terials must be economically low in Pu, U, and other valuable 
fuel constituents. 
The separation process must aaintain the fuel composition in 
the reactor within the,desired limits, in accordance with the 
relation p = axR which was discussed previously. 
Losses of Pu and other valuable materials must be low. 
If isotopic processing of U is required, the separation plant 
must yield a pure, decontaminated, and Pu-free stream of U 
or UF6 suitable for feed to a diffusion plant. 

1. 

2. 

3. 

4.  
5 .  

In order to realize the full advantages of a liquid-fuel system, 
the following additional objectives should be considered: 

6. Simplicity of operation, manipulation, and control, especially 
for all parts of the process With streams high in fission pro- 
ducts and requiring shielding and remote control, 
Separation steps on the main stream of liquid fuel should be 
such that the bulk of the liquid fuel passes through the 
separation plant without chemical changes. That is, separation 
steps on the main stream should be in the direction of removing 
"concentrates" of Pu and fission products from the liquid-fie1 
phase and returning the bulk of the liquid unchanged chemically 
to the reactor. 
Low holdup of Pu and other valuable fissionable elements in 
separation plant. 

7. 
r 

8. 

9. Elimination of "cooling" period. 

e 

_ -  . .  

2.4 PRESEPARATION 

On the basis of present knowledge of high-temperature separation 
processes carried out on liquid metals and fused salts, it appears un- 
likely that such processes alone Will meet all the requiraments listed 
i n  section 2.3, and in particular may not be capable of yielding satis- 
factory final products in accordance w i t h  requirements 1, 2, and 5 .  On 
the other hand, the wet processes in use for solid fuels are known to be 

.... ......... .. . . . .  ..... .... . ..... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ....................... 
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capable of meeting these requirements but lead to complex and expensive 
procedures which do not satisfactorily meet requirements 6 to 9 of 
section 2.3 
separation processes cakried out directly on liquid metals or fused salts 
is for preseparation or rough concentration of plutonium and fission 

Accordingly, at &is the the most promising way of utilizing 

. ’i. 

i- =. 

,, 
i . ”  

T 

products i n t o  one or more crude products. 
of flowsheets based on the use of rough preseparation steps. The primary 
separation steps conducted directly on liquid fuel yield relatively crude 
products with moderate recoveries of Pu ani3 fission products while the 
bulk of the fuel passes through quickly without chemical change and is 
returned to the  reactor. The primary PU concentrate is retreated first 
in a separation step designed to yield a Pu product sufficiently decon- 
taminated to be fed without cooling and without heavy shielding to the 
final wet refining by solvent extraction, ion exchange, or precipitation. 
Similarly, the primary fission-product stream is retreated for the pur- 
pose of scavenging any Pu or other valuable fuel constituents. 

Figure IV-2 is representative 

The primary function of preseparation is to reduce substantially 
the quantity of material to be treated by the relatively elaborate and 
costly separation processes which are necessary to yield acceptable final 
products. 

Another benefit which might be realized w i t h  flowsheets involving a 
simple preseparation process is that none of the steps in principle need 
be operated to attain an extremely high recovery. 
realized in a flowsheet like that in Figure IV-2 in which each step re- 
turns unfinished intermediate products to a preceding step, or eventually 
back to the reactor. 
final Pu product meeting military standards but does not at the same time 
have to yield a final Pu-free product because all the unrecovered Pu is 

I 

This possibility is 

The Pu-refining step would be operated to yield a 

- - returned to the main system. Thus, t h e  existence of a return circuit of 

reduction in the work to be done in the more expensive separation steps. 
unfinished material back to the reactor represents a further important 

L 

-3. UNIT PROCESSES 

3.1 WETPROCESSES 
_ -  

e .  Separation processing of solid reactor fuels at present is based on 
wet processes, and several of these have been developed to a high degree 
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to meet the severe recovery and decontamination requirements of solid- 
fuel systems. The wet separation processes fall into aree groups: 

1. Precipitation 
2. Solvent extraction 
3. Ion exchange 

These processes are well described in AEC classified publications and 
have been appraised w i t h  other types of separations by J. H. Arnold et al 

0 
(L) 

As already discussed i n  section 2 of this chapter, the proper role 
of these wet processes in liquid-fuel systems is in the steps of puri- 
fying or decontaminating the final products leaving the system, espe- 
cially the plutonium product. On the other hand, separation schemes 
based entirely on wet processes would eliminate some of the major savings 
to be sought by adoption of a liquid-fuel system. 

3.2 PROCESSES FOR LIQUI-U FUELS 

For reactors w i t h  liquid-metal fuels, such as the dilute bismuth 
solution considered in the engineering analysis report, the preseparation 
step necessarily requires a process o r  processes in uhich the bulk of the 
fuel remains as liquid metal while the desired elements are removed into 
another phase. M a n y  separations of this kind are carried out on a large 
scale in the refining of common metals. 
studies of liquid-metal separations on possible reactor fuels have given 
promising results. 
processes comprise an important field for further extensive study as 
p a r t  of the over-all program of developing non-aqueoue, liquid-fueled 
reactors. 
have possible utility in processing solid fuels. 

Also, preliminary experimental 

Thus it is evident that liquidmetal separation 

I 

Also it should be kept in mind that liquid-metal separations 

A convenient basis of classifyik liquid-metal unit processes is 
according to whether the second phase into which the elements are  

separated is (1) gas, (2) liquid, or (3) solid. 
classes of processes is extensively used in the large-scale refining of 
common base metals such as lead, copper, bismuth, tin, and iron, so that 
a variety of techniques are w e l l  worked out. The further development of 
1iquid-msta.l separations for nuclear fuels will require mainly studies 
of the chemistry of specific systems and engineering adaptation of the 
processes to the special requirements of nuclear reactor systems. 

Each of these three 
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LIQUID-GAS. - I n  principle, separations of vo la t i le  elements and 
removal of dissolved gases are the simplest kinds of separation carried 
out on l iquid metals. 
krypton and other re la t ive ly  vola t i le  elements (Ba, Sr, Rb, Cd, I, B r ,  
etc.) will account f o r  important proportions of the fission-product 
ac t iv i ty  i n  liquid-metal fuels,  it appears almost inevitable that a gas- 
phase separation w i l l  be one major step i n  the processing of a liquid- 
m e t a l  fuel. 

Since radioactive gases such as xenon and 

The common techniques of rdoving  gases include (1) simple heating 
to a high temperature a t  atmospheric pressure, (2) flushing w i t h  an in- 
e r t  gas, and (3) vacuum degassing. 
metals, these separations are  generally conducted i n  batch apparatus. 
Preliminary tests of the separation of gaseous f i s s ion  products from 
melted uranium fue l  elements gave promising results i n  the Ames Labor- 

atory (2). 
(2). Experiments reported from Chalk River (4) indicate that possible 
vola t i l i za t ion  and loss of plutonium must be considered. Virtually no 
experimental data are  available on g a s a e t a l  equilibria,  gas solubili-  

ties, vapor pressures of solute elements, rate of separation, and tech- 
niques of continuous operation, so that a t  present engineering speci- 
f ica t ions  can hardly be made of a process fo r  removing gaseous and 
vo la t i l e  elements from liquid-metal fuels. 

In melting and refining the common 

Brewer  has considered t h i s  process on thermodynamic grounds 

LIQUID-LIQUID 'SEPARATIONS. -  any poss ib i l i t i es  ex i s t  f o r  separa- 
t ions by t reat ing the l iquid metal w i t h  a second immiscible l iquid phase. 
The extracting phase may be (1) another l iquid metal, (2) a fused- 
halide mixture, or  (3) slags, such as oxides, s i l i ca t e s ,  alkalis, etc. 
Slag-metal systems form the basis of a majority'of the separations made 

i n  smelting and refining ordinary base metals, but a t  this time the 
halide-metal systems show the most immediate promise fo r  processing re- 
actor fuels. 
mve rare-earth f i s s ion  products from d i lu t e  solutions of uranium i n  
bismuth. 
i n  d e t a i l  i n  Chapter 111. 
chloride-liquid metal systems are  the basis of a number of coinmercial 
metal-refining processes, col lect ively termed selective chlorination 
processes because the behavior of a given metal i n  this process depends 

Bareis &) has shown that fused-chloride mixtures w i l l  re- 

These data and the i r  theoret ical  interpretations were considered 
It might be pointed out a lso  tha t  fused 

.. 
.- , -.. 

.; . 
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primarily on i t s  chemical a f f in i ty  for  chlorine as measured, for  ex- 
ample, by the f r ee  energy of formation of the chloride. 

Brewer (2) has suggested tha t  separations of rare-earths, plutonium, 
and uranium might be niade by selective oxidation of t he i r  l iquid alloys. 
This process merits consideration fo r  reactor fuels  based on l iquid bis- 
muth because bismuth i t s e l f  i s  not readily oxidized and because the 
selective oxidation process i s  now successfully used i n  commercial bis- 

muth refining. 
o r  as an oxide slag. If an oxide slag i s  produced, it probably w i l l  be 
desirable t o  add auxiliary oxide fluxes t o  lower the slag melting point 
and to improve the se lec t iv i ty  of the separation. For example, caustic 
soda and soda ash are  used fo r  these purposes i n  selective-oxidation 

processes of lead refining. 

The separated oxide might be removed e i ther  as a solid 

Commercial separations based on systems w i t h  two immiscible l iquid 
metals are  rare, but t h i s  combination is  of some in t e re s t  because work 
a t  the Amee Laboratory (6) has indicated that l iquid s i l ve r  and perhaps 
l iquid copper w i l l  extract  plutonium from l iquid uranium. It would not 
be surprising i f  other useful systems of two immiscible l iquid metals 
were discovered, but so far none has been proposed involving l iqu id  bis- 

muth as one of the phases. 
LIQUID-SOLID SEPARATIONS. - Two general methods of separating im- 

purities from l iquid metals as sol ids  may be distinguished: 

1. f ract ional  crystal l izat ion o r  liquation, i n  which the original  
l iquid m e t a l  i s  cooled slowly t o  cause precipitation of an in- 

soluble phase, and 
precipitation by adding a chemical which reacts  with the im- 
pur i ty  t o  form a s table  sol id  compound. 

2. 

In  e i ther  case, the sol id  phase i s  separated after precipi ta t ion by 
skimming, decantation, o r  f i l t r a t ion ,  depending on engineering re- 
quirements. 

As an example of fractional crystal l izat ion,  uranium can be re- 
moved from solution i n  l iqu id  bismuth by cooling to  near the freezing 
point of pure bismuth. -The uranium separates as sol id  mi2 and near 
285* C. only 0.038 % U i s  l e f t  dissolved i n  the l iquid bismuth. 

A number of processes have been proposed f o r  selectively pre- 
c ip i ta t ing  various constituents of l iquid reactor fuels. These may be 

29'5 e p g  ...... ....... .................... . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
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classif ied on the basis  of the kind of compound precipitated as follows: 

(1) oxides 0, (2) carbides (2, 2) , (3) ni t r ides  (2, 3, and ( 4 )  inter-  
metallic compounds (6). 
chemical grounds, and preliminary t e s t s  a t  Ames have given favorable 
infications,  

3.3 PROCESSES FOR FUSED-SALT FUELS 

All four groups show promise on physico- 

As w i t h  liquid-metal fuels, it appears tha t  the separation pro- 
cessing of fused salts will require the use of established wet processes 
fo r  the steps of purifying the f i n a l  products which leave the reactor 
system. 
of d i rec t ly  processing fused salts. 
considered primarily f o r  preseparation and other primary separations 
steps not requiring high separation factors. 

I n  t h i s  section a re  described b r i e f ly  several possible methods 

These methods a t  present are to  be 

F'USED SBLT-LIQUID METAL PROCESSES, - The experimental studies of 
Bareis (2) and the theoret ical  considerations of Chapter I11 have dea l t  
pr inar i ly  w i t h  the use of fused salts to t r e a t  liquid-metal fuels. 
When l iquid bismuth containing U ,  Pu, and rare-earths is treated w i t h  

fused halides, the rare-earths tend to  enter  the fused-salt phase ahead 
of the U and Pu so that a d i r ec t  separation of f i s s ion  products can be 
made while leaving the valuable fissionable elements i n  the liquid- 
metal fuel. 
l iquid bismuth, the rare-earth metals would not be extracted into the 
bismuth u n t i l  a l l  the U and Pu had been removed from the salt. Thus, 
the order i n  which the metals tend t o  enter the l iquid metal under re- 
ducing conditions means that applioation of the process to fused-salt 
fuels  would require a roundabout and complicated flowsheet, 

On the other hand, i f  a fused-salt fuel were treated w i t h  

DISTILLATION. - Many of the halides of the metall ic elements pre- 
sent i n  reactor fuels  are  suff ic ient ly  vola t i le  that d i s t i l l a t i o n  o r  
selective volat i l izat ion appears t o  be an a t t rac t ive  possibi l i ty  fo r  
prinary separations of the constituents of fused-haU.de reactor fuels.  
This unit process i s  considered i n  some d e t a i l  i n  the engineering 
analysis of the fused-chloride reactor. 
this reactor, w i t h  a fue l  consisting primarily of NaC1,  PbCl 2 , U C 1  

and h r C 1 3 ,  involves a preseparation s tep  i n  which UC1 

of the f i ss ion  products are d i s t i l l e d  from the salt mixture while the 

The proposed flowsheet fo r  

4' . 
and a portion 4 

~ 
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a 

1 

nonvolatile PuCl remains i n  the d i s t i l l a t i on  residue. 3 
No data are available to p e d i c t  the behavior of the noble gases 

xenon and krypton i n  the d i s t i l l a t i on  of mixed halides, but it appears 
l ike ly  tha t  separation of these f iss ion products w i l l  be re la t ively 

% straightforward. 'i. 
1 '  

VOLATILE FLUORIDE PROCESSES. - Processes based on UF6 volat i l izat ion 
ts,*a&- under investigation 
parently i t  i s  possible 

ride process (2), so such a 

.- ' 

3 and involving C l F  o r  BrF 

a t  several AEX ins ta l la t ion  
to  decontaminate uranium by 
step may be worthy of particular consideration for  reactor systems i n  
which uF6 must be prepared for  isotopic processing i n  a gaseous-diffusion 
plant e 

3 

FRACTIONAL CRYSTALLIZATION. - Constitution diagrams fo r  various 

binary salt mixtures indicate various rough separations which might be 
made by cooling the melt and removing the solid phase. 
data on the constitution of binary, ternary, and multicomponent salt 
systems are needed, however, before any significant appraisal can be 
made of the chances of making useful separations by fractional crystal- 
l ization. system 

might have a simple eutectic w i t h  extensive solid solution formation on 
the UC1 rich side, l i k e  the W r  -Wr system. Kraus (U), however, 
believed tha t  UC1 
(See Chapter 11, 1.2). 
with Pucl 
rough separation. 

More complete 

For example, C a l k i n s  (ll) believed that the U C 1  - U C 1  3 4  

4 3 4  
and UC1 3 4 are  only s l igh t ly  miscible as l iquids  

If Calkins i s  correct, crystal l izat ion of UC13 

and trichlorides of f i ss ion  products might give a useful 3 

IMMISCIBILITY IN F'USED-SALT SYSTEMS. - If Kraus is  correct about 
the UC1 -UC1 
of a two-liquid separation process i n  which plutonium and/or rare-earth 
trichlorides are concentrated i n  one phase while U C 1  and other con- 4 
s t i tuents  are recovered i n  the other l iquid phase. Further work on the 
constitution of fused-salt mixtures may disclose other two-liquid 
systems which might form the basis of useful. separations. 

system, however, there i s  the very interesting possibility 3 4  

ELECTROLYSIS. - Electrolysis i s  a potential method of separation 
for  fused-salt fuels, but data are not available for  a significant 

8% Z'"9; 
:*. :** .*- : :" :*. I t .  cd ..... . . . . .  . . . .  . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ........................ 
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analysAs of the method a t  t h i s  time. 
been used fo r  the purification of uran im a t  Argonne (Q). 

Electrolysis in fused salts has 

METATHESIS. - Selective removal of p l u t o n i k  and/or rare-earth 
f i s s ion  products from fised&ali.de fue ls  by treatment w i t h  sol id  com- 
pounds such as oxides and carbides appears thermodynamically feasible. 
This type of process involves a metathesis, with the metallic element 
from the fused-halide combining w i t h  the oxygen o r  carbon of the added 
reagent to  form a sol id  insoluble product. 
several specific processes of t h i s  kind. 

Brewer (2) has suggested 

4. 'fENTATIVE FLOWSHEETS FOR PROCESSING Bi-U-PU FUELS 

I n d f i c i e n t  data  are  available t o  jus t i fy  engineering specifica- 
t ions of any complete separations process fo r  liquid-metal fuels.  

ever, enough information is available on specific un i t  processes of 

t reat ing liquid-bismuth solutions t o  jus t i fy  some speculation as to 
possible conbinations of individual un i t  processes in to  complete flow- 
sheets. Accordingly, t h i s  section presents a few tentative flowsheets 
which may be of some use as a guide i n  planning further work. 

flowsheets involve primarily the following unit processes: 

How- 

These 

Fused salt- l iquid metal separations 
Vacuum removal of noblergas f iss ion products 
Selective oxidation 
Fractional c rys ta l l iza t ion  

Also it is  assumed tha t  one of the established wet processes w i l l  be 
used for the f i n a l  s teps  of decontaminating and purifying the plutonium. 

Figure IV-3 gives 8 re la t ive ly  simple type of flowsheet which is  
similar to the flowsheet described i n  Chapter I V  of the engineering 
analysis report. 
rough concentrate of Pu and rare-earths for  feed t o  wet processing. 
I n  order to obtain a reasonable recovery of Pu i n  the fused-salt phase, 
the f luorine ac t iv i ty  W i l l  have to be maintained relat ively high (for  
example, by adding BIF ) and a substantial f rac t ion  of the uranium 
probably w i l l  be driven in to  the salt phase. A s  has been shown i n  

Chapter 111, high temperatures are  expected to favor the selective 
concentration of Pu re la t ive  to U i n  the salt  phase. 

The fused salt-liquid metal s tep  is used t o  make a 

3 
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Figure IV-4 gives a flowsheet involving three separ te  steps of 
fused-salt treatment of the liquid-metal fuel. 

the ac t iv i ty  of fluorine is regulated (increased by adding BiF 
creased by adding Na o r  Ca) to control the direction and extent of 
separation. 
to  separate a maxinnm of f i ss ion  products even a t  the expense of driving 
a portion of the Pu and U into the fused sal t .  
reducing conditions are provided to  drive vir tual ly  a l l  the PU and U 

back in to  the l iquid metal. 
products w i l l  be returned t o  the fuel  i n  the scavenging step, but it is 
hoped tha t  the fused-salt product of this step w i l l  be suff ic ient ly  low 
i n  Pu and U to  be discarded as the principal fission-product reject .  
The fused-selt product of the hr-separation step should contain only 

fluorides w i t h  dissociation pressures close to  those of PuF 
pared to  the flowsheet i n  Figure IV-3, t h i s  flowsheet should permit use 
of a simpler and smaller wet plant w i t h  a l e s s  serious shielding problem. 

I n  each of these steps 
de- 3' 

I n  the fused-ealt decontamination step, the objective is 

In  the scavenging step, 

Under these conditions, par t  of the f i ss ion  

As com- 3' 

Some doubt exists as t o  whether an adequate separation of Pu from 
U can be made i n  the fused salt-liquid metal system. 
flowsheet'to meet this d i f f icu l ty  i s  obtained by substituting a selec- 
tive-oxidation step f o r  the fused-salt Pu-separation step i n  Figure 

IV-4. 
oxidized ahead of U (2)9 t o  give a plutonium oxide concentrate f o r  feed 
to  the wet plant. 

An alternative 

This alternative i s  based on the expectation tha t  Pu would be 

It would not be surprising i f  a process such as that  shown i n  
Figure IV-4 would allow some f i ss ion  products to  build up i n  the liquid- 
metal fuel. 
t ing and discarding elements which f a l l  i n  this category, but i n  view 
of the probable re la t ively high cost  of the alkali metals i s  best 

suited fo r  application to  a fract ion of the t o t a l  stream of l iquid 
metal through the separation p l a t .  In principle, this procedure 
should bleed from the system a l l  elements which w i l l  not tend to come 
ou t - in  the final salt solution of f i ss ion  products, i n  the gaseous 

waste product, o r  in to  the Pu-refining circui t .  

The pa r t i a l  flowsheet i n  Figure IV-5 is one way of separa- 

The above-discussed flowsheets by no means exhaust all the possi- 
b i l i t i e s  which might be devised from present information, but fur+thar 
speculation without more quantitative data on the unit processes hardly 

i 
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CHAPTER.V. SUGGESTIONS FOR RESEARCH PROGRAEl 

1. INTRODUCTIOJ 

'Rie following suggestions f o r  a research progran are  based upon 
the need6 which we have fomd i n  connection with the study of'liquid- 
fuel reactors and related separation processes. 
r e l a t e  these suggestions t o  current research projects because of our 

No attempt i s  made to  

incomplete knowledge of these projects. 
soue items which we suggest are now being studied. 

The greatest  need i s  for  theoretical  studies. 

We do know, however, that  

I t  is  generally 

recognized tha t  our understanding of l iquids i s  far behind our knowledge 
of e i ther  gases or  solids. 

theory of fused s a l t s  i s  probably the most limited, particularly for  
s a l t  systems containing complex ions. The theory of l iquid alloys, 
particularly those containing intermetallic compounds, is almost as 

limited. Many of the systems of in te res t  i n  reactor technology are  
rich i n  complex ions o r  intermetallic compounds. 

O f  a l l  l iquids  and l iquid mixtures, the 

It is inherent i n  theoretical  research, however, tha t  it cannot be 
programmed, except f o r  detailed developnents. 
opens up new f i e lds  fo r  development. 
modest way, by Chapter I11 of this report. 
which may lead to  a new theory depends greatly upon the breadth of 
knowledge. 
should prevent the l imitation of research t o  systems of immediate prac- 
t i c a l  interest .  
or  lithium o r  cesium s a l t s  w i l l  be used i n  o r  w i t h  reactor fuels. 

Each advance i n  theory 
This i s  w e l l  i l lus t ra ted,  i n  a 

We do a l l  know tha t  insight 

Therefore, our appreciation of the importance of theory 

For example, it i s  unlikely tha t  bromides or  iodides, 

Yet 
- they are so important in the series of the halides and of the alkalis 

metals should not be ignored. Primary emphasis must be placed, of course, 

- 
tha t  t he i r  behavior i n  mixtures w i t h  the salts of uranium and other 

3. 
= *> 

on materials of practical  interest .  

The elements of greatest  importance i n  this work are  U, Pu, and Np. 
They are  l i s t e d  above i n  the order of decreasing importance but also i n  
the order of decreasing knowledge. 

The substances of present principal in te res t  are the metals, t he i r  

_ Y  

* 

. 

f .  
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' f  

chlorides and fluorides, 
might lead to better separation processes, 

However, more knowledge of oxides and carbides 

2. PURE SUBSTAXCES 

2.1 PHYS1CA.L PROPEXTIES 

Before fluid-fuel reactor processes can be designed in detail it 
w i l l  be important to have reliable information on physical properties 
of fluorides and chlorides of U and Pu, particularly melting points, 
vapor pressures, densities, viscosities, specific heats and latent 
heats, and similar information on solvent metals'and salts, where such 
data are not available. 

2.2 CHEMICAL PROPERTIES 

Reliable data on the heats of formation and free energies of 
formetion of the fluorides and chlorides of U, Pu, and Np, of fission- 
product elements, end of iron, nickel, chromium, zirconium, molybdenum, 
tantalum, and other structural materials are of key importance in de- 
vising fused salt-liquid metal separation processes, and in understand- 
ing corrosion by fused sa l ts .  

thermodynamic properties of compounds of U 0, Pu 0, and other 
elements (2) are noteworthy contributions, but many of the entries are 
necessarily based on inaccurate experiments and many only on analogies. 
These should be replaced by results of precise experiments. In partic- 
ular, some of the properties for-% derivatives are assumed to be the 
same as for the  corresponding U derivatives, and they are, therefore, 
of little value for studying the separation of these elements. 
values for Np are available. 

Brewer's valuable compilations of the 

No 

Any sub-halides of U, Np, Pu, of the fission products, or of the 
structural metals, even those which are too unstable to exist in the 
pure form, ere extremely important for reactors, 
is meager indeed. 

Our knowledge of them 

3 .  MIXTURES 

3.1 ALLOYS 

Phase diagrams for manjj binary al loys containing U are available 
and are summarized i n  recent articles in the Journal. of Metallurgy and - - 

......................... . . . . . .  ..... . . . . . .  . . . .  : t  $ j, ,i; i 0 9 
0 0  o a o  0 0 0 0  D 0 0 0  e e  0 :7j ; &a: 
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Ceramics (4, 5) .  "here is need for correspondingly complete infomation 
on binary alloys of PU, to help select fuel systems for breeder reactors 
and to suggest possible separation processes for liquid-metal fuels. 
Information is a l s o  needed on ternary alloys of U, Pu, and the promising 
solvent metals, bismuth, iron, nickel, and aluminum. Phase diagrams for 
alloys of each of these solvent metals, U, and individual fission pro- 
ducts would be helpful in working out separation procedures, and phase 
diagrams for each of these solvents metals, U, and individual structural 
elements would aid in the study of corrosion. 

. 

In all of these studies, the liquidus curves will give valuable in- 
formation, but we should also know the compositions of the solid phases, 
particularly those of intermetallic compounds. 
activities of the components, where obtainable from vapor pressure or 

Measurements of the 

electromotive force measurements, will be particularly valuable in 
understanding these system. 

excellent picture of methods of studying alloys and of the information 
which is important. 

The recent book of Wagner (6) gives an 

Early work at Ames, recently confirmed at Chalk River, has shown 

that Pu may be selectively extracted from molten U by molten Ag or Cu. 
Complete liquid-liquid equilibrium diagrams for the systems U-Pu-Ag and 
U-Pu-cU including t h e  solubilities of U and the effects of added com- 
ponents should be studied. 
ducts between U and Ag and Cu also need to be known. 

The distributions of individual fission pro- 

The presence of gases in reactors may be so disturbing that it is 
important to know, as functions of the temperature and pressure, the 
solubilities of the gaseous fission products, particularly of the noble 
gases, xenon and krypton, in liquid uranium, liquid bismuth, and in 
other potential fuels. 

The vapor pressure of zinc in liquid zinc-bismuth-uranium alloys, 

end of mercury in liquid mercury-bismuth-uranium a l loys  may be of prac- 
tical interest since these alloys have been suggested (7) as fuels to 
be used with evaporative cooling. 

3.2 SALT MIXTURES 

The needed studies on salt mixtures are very similar to those 
described above for alloys, but with complex salts instead of inter- 
metallic compounds. The important methods of study are essentially 

I . .  ......... 
:: .:: .::: . . . .  . . . . .  . . . .  . . . . . .  ....................... 
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the same: liquid-solid and liquid-liquid equi l ibr ia  o r  phase diagrams; 

vapor pressure and electromotive force measurements to determine activ- 
i t i e s .  
f o r  ac t iv i ty  determinations and to be of practical  importance i n  re- 
actors and especially i n  separation processes. 
complication tha t  an element may be present i n  a salt mixture i n  more 
than one state of oxidation. 

More of the s a l t s  have vapor pressures large enough to be measured 

There is an additional 

The oxidation-reduction equilibria of pairs such as U-Pu or  U- 
Subhalides which are  not f iss ion product need t o  be investigated. 

known as pure substances may be stabilized i n  salt mixtures, and may 
have considerable practical  importance, especially i n  corrosion. 
i s  one of the more pressing problems fo r  research. 

This 

The system UC1 UC1 has been described as giving.two immiscible 3- 4 
liquids, and also as forming a simple eutectic w i t h  solid solutions on 

h 

* -  
I- 

*% . 

d 

4, 

'*? 

the UC14-rich side (Chapter 11). 
i n  UC1 

Knowledge of the solubi l i ty  of UC13 
i s  very important to reactor design. Moreover, i f  FW13 and L 

the rare-earth chlorides behave approximately l i ke  IJC13, this system 
may be used f o r  a convenient separation process. 
process would depend upon the s t a t e  of the trichloride-rich phase. 
More detailed and accurate knowledge of this system i s  particularly 
important. 

studied e), and several fused-fluoride mixtures containing UF have 
been studied a t  Oak Ridge i n  connection w i t h  the ARE project. Work on 
the chlorides particularly needs extension. 

The nature of the 

A few fused-chloride mixtures containing UC1 and U C 1  have been 3 4 
4 

3.3 METAL-SALT SYSTEMS 

Equilibria between l iquid alloys and fused salts, as discussed in 
Chapter 111, afford the bases for separation processes, and also means of 
studying the behavior of fused-salt systenis which may be par t icular ly  
important i n  uniierstanding corrosion. 

I I 

Studies of the equilibrium between a single e a l t  and the metal 
corresponding t o  i t s  cation, such as those of Eastman, Cubicciotti, and 

Thurmond (4) should be extended, and an attempt should be made to  de- 

termine the nature of the species present i n  the salt phaee. 

studied should include U, Pu, f i ss ion  products, bismuth, a lkal is ,  al- 

kaline earths and s t ructural  metals. 

The metals 

The meta l  phase may be solid, 
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l iquid,  o r  vapor. 
Measurements 

should include i n  
on systems containing two metals and their  salts 
addition the determination of the distribution of each 

element between the two phases. 

tems, such as those of Bareis (see Chapter 111) but including higher 
concentrations, should be extended to give the dis t r ibut ion ra t ios  of 
important pairs  as a f'unction of the temperature and the compositions 
of both metal and salt phases. A radioactive material o r  any material 
easily measurable i n  small quantit ies may be used as indicator for  the 
oxidation potential  i n  the system. 
pract ical  importance i n  reactor technology w i l l  probably be Pu-U and 
individual f i s s ion  products - U,  with the metal largely l iquid bismuth 
and the salt largely fused mixtures of a lka l i  and/or alkaline earth 
chlorides o r  fluorides, but theoretical  studies may w e l l  involve a much 
greater range. 
ful  tools fo r  studying fused salts. 

Finally, studies of more complex sys- 

The distribution ra t ios  of greatest  

Studies of these equilibria offer  one of the most power- 

4.  RBDIATION STABILITY 

Studies should be made upon the effect  of reactor radiation on 
chemical equi l ibr ia  i n  fused-salt systems. 

fluorides the ac t iv i ty  of chlorine o r  fluorine is important i n  re la t ion 
t o  corrosion i n  reactors. 
also. 
containing complex ions,such as n i t r a t e  o r  mlfate,because of the 
greater r i sk  of decomposition by radiation. If these s a l t s  are inter- 

esting i n  other ways fo r  a thermal reactor, the e f fec t  of radiation on 

them should be studied. 

In  fused chlorides and 

Sub-halides may be important i n  t h i s  re la t ion 
In  t h i s  project it was considered unwise t o  consider any fuels  

5 .  KINETICS 

The rate of approach to  equilibrium i n  metal-salt systems may be 
as important as the position of equilibrium so that it may be desirable 
t o  study the r a t e s  of various processes, including diffusion, phase 

separation, dis t r ibut ion between phases, and chemical reactions, both 
homogeneous and heterogeneous. 
simplicity of the reactor systems tend, however, to  reduce the importanoe 

of rate studies. 

The high temperatures and relatiire 
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6. PHPSICAL PROPERTIES OF FUELS 

Physical properties of cer ta in  pure substances must be known as a 
preliminary to reactor design. 
tures used as fuels i s  of even more d i rec t  importance. 
are density, viscosity, heat capacity, thermal conductivity, and vapor 
pressure. The viscosity, thermal. conductivity, and vapor pressure may 
vary greatly with compound formation, and they may be decisive i n  the 
selection of reactor fuel. 

The study of the properties of the mix- 

Such properties 

7. UNIT PROCESSES FOR SEPAFUTION 

"he objectives i n  unit process research a re  the development of 

effective and economical separation steps and the quantitative under- 
standing of the basic process variables and how they are related to  each 
other. The logical  s tar t ing points fo r  developing separations processes 
are favorable thermodynamic data fo r  the prirnary reactions, but the mak- 

ing of a usable process requires measurement and integration of data on 
energy requirements, materials flow and materials handling, reaction 
and mass transfer rates,  apparatus design, materials of construction, 
etc. Unfortunately, the special requirements to be met by separation 
processes f o r  reactor fue ls  i n  general w i l l  not be m e t  very w e l l  by 
many of the techniques and operating procedures which a re  standard i n  
the metallurgical industry. 

7.1 LIQUID-METAL PROCESSES 

The discussion below deals with processes i n  which a separation i s  

made f r o m  a liquid-metal phase in to  a second phase which may be solid, 
l iquid,  o r  gas, depending on the process. 

7.2 MTRACTION WITH FUSED SALTS. - On the basis of present knowledge, 
the treatment of liquid-metal fuels  with fused salts promises to be a 
very useful process fo r  separation of rare-earth fission-products, U, 

and Pu from liquid metals. 
be considerably expanded beyond the present program a t  Brookhaven and 

the theoretical  study now being started by North American Aviation. 
i t  i s  found tha t  s i n g l e s t e p  extractions do not give the necessary 
separation factors,  techniques of counter-current multi-plate extraction 

should be developed similar to those used i n  conventional solvent 

The research program on t h i s  process should 

I f  

extraction. 
-=-.  93 
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7.3 GAS-IvlETAL SEPARATIONS. - Some of the fission products may be 
permanent gases and others may be sufficiently volatile to be separated 
fron; the liquid fuel by boiling, vacuum distillation, or flushing with 
inert gas. 
volatilities are available which could serve as the basis for designing 
a continuous process of removing gases from liquid metals. 

At present virtually no data on solubilities or relative 

7.4 
common metals are based on selective oxidation. 
Pu might be separated from liquid U in this way (a, and a similar 
separation should be feasible if the Pu and U are initially present in 
liquid Bi. A serious problem to be considered in connection w i t h  this 
and other processes in which a solid phase is precipitated from liquid 
metal is to find a suitable method of performing the solid-liquid 
separation, especially if the quantities of solids are small. 
be possible to add an inert  flux so that the oxides could be more easily 
separated in a liquid phase. 

7.5 PRECIPITATION OF INTERMETALLIC COMPOUNDS. -Work at Ames some 
years ago indicated that Pu could be precipitated from liquid U in the 
form of intermetallic compounds uith tin and possibly other metals. 
This type of process is of particular importance in presentaay lead 
refining. 

SELECTIVE OXIDATION. -Many of the procedures of fire refining of 
Brewer suggests that 

It might 

7.6 IMMISCIBLE LIQUID METALS. - Systems Kith liquid silver or liquid 
copper in contact with liquid uranium or iron-uranium alloys are said 
to be under investigation at Ames. 

7.7 
brium data show what separations are possible by cooling and crystal- 
lization of liquid alloys, but considerable further research on tech- 

FRACTIONAL CRYSTALLIZATION. - Constitution diagrams and equili- 

niques of phase separation and continuous operation is needed to 
develop a complete separation process. 

7.5 ELECTROLYSIS, LIQUID-METAL ELECTRODES, AND FUSED-SALT ELECTROLYTES. 
The work on fused-salt extraction of liquid Bi alloys suggests the 
possibility of electrolysis w i t h  two liquid Bi alloy electrodes and a 
fused-salt electrolyte or with various combinatiyso ofr one $.' quid Bi 
electrode and one solid electrode. 

zL3 w 4  
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7.9 SELECTIVE CHLORINATION. - Another process similar i n  principle t o  
the fused-salt process would 
the l iquid metal to  form a s a 1 t 
from the l iquid fuel. 
and Pu from a decontaminated Bi-U-Pu alloy. 

i n v o l v e  passing chlorine gas through 
phase of chlorides of metals derived 

This might be a good way of separating U o r  U 

8. ENGINEERING DEVELOPMENT OF COMPLETE SEPARATION PROCESSES 

On the basis of the limited quantitative information now available 
on the individual unit processes, an extensive program of testing com- 

plete  processes would be premature. However, the available data do 
ju s t i fy  a limited program, and this program should be expanded rapidly 
a s  the unit processes are developed. 
could be planned now for  the engineering development of complete pro- 

I n  particular, modest programs 

cesses f o r  the following feed materials: 
1. Irradiated Bi-Pu-U liquid alloys. 

2. Liquid fuels  based on Fe-U system. 
3. Melted Hanford slugs. 

4. 
5 .  Irradiated UC1 i n  fused alkali chlorides. 
6. Irradiated UF i n  f ised a lka l i  fluorides. 

Liquid fuels  based on A k J  system. 

4 
4 

9. CONCLUSION 

It should be emphasized again that a t  the present s t a t e  of develop- 
ment of non-aqueous fluid-fuel reactors,research on the design of com- 
plete  reactors may w e l l  be subordinated to studies of unit processes. 

Still more important i s  the basic study of the properties of the ma- 

terials and systems related more or less closely to  those used i n  o r  
with such reactors. 
be the broader and more fundamental theoretical  studies suggested by 

the reactor problems. 

The most important research, however, w i l l  probably 
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