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The liquid-metal-fuel reactor under development at the Brookhaven National Labora- 
tory uses a fuel which is a solution of Urn, Mg, and Zr in liquid bismuth. For a power- 
breeder thermal reactor, high neutron economy is essential, and this calls for low concen- 
trations of those fission products in the fuel which are high neutron capturers. Roughly 
45% by weight of the fission products can be continuously removed from the fuel by salt 
extraction with alkali and alkaline-earth fused-salt mixtures. These fission products 
contain the highly “poisonous” rare earths. This paper will present a discussion of process- 
design considerations and proposed flow sheets. 

The L.M.F.H. (liquid-metal-fuel reac- 
tor) being developed for power purposes 
at the Brookhaven Sational Laboratory 
is a thermal brcccler reactor and uses as 
a fuel a dilute solution of uranium-233, 
m:rgnesiuni, and zirconium in liquid bis- 
muth. The breeding is done in  a blanket 
surrounding the core of the reactor, the 
most promising blanket material being a 
thorium-bismuthide slurry in bismuth. 
Since the 7 value for Urn* at thermal 
energies is only 2.31, it is necessary to 
maintain low concentrations of fission 
protlucts in the fuel in order to breed 
with g values significantly g m t e r  than 
unity. The L.M.l.‘.R. can also operate as 
a converter, “burning” 1;**6 and produc- 
ing U p = .  The 7 for P 6 ,  2.08, is even lower 
than that  for 1TzS3, indiC8ting that  if the  
I,.JI.E’.K. weir! to operate as a converter, 
neutron econoniy mould possibly be even 
more critical. 

For the low fission-product concentra- 
tions desired in the L.M.F.R. the  rate 
of fuel processing is necessarily high 
when one thinks in terms of the pounds 
of fuel which must be handled per day;  
but for :t highdensity liquid fuel such 
as uranium bismuth. where continuous 
operation can be used, actual flow rates 
are estim:tterl to be less than 1 gal./min. 
for reactors having heat rates BS high as 
1,000 AM~v. In o t h a  words, L.M.F.R. eco- 
nomics we apparently such t h a t  the con- 
centration of fission products in the fuel 
will be lev-. 

In  the L.hl.P.1t. the fission products 
can be divided arbitrarily into. three 
groups: (a) those elements, or compounds 
formed froni fission-product elements, 
which are appreciably volatile at operat- 
ing temperatures; (b)  nonvolatile ele- 

ments which form chlorides more stable 
thermodynamically than UCls and el+ 
ments which, as anions, form salts; and 
(c) norivoltrtilc elements which form 
chlorides less stable than UCls. For con- 
venience, the names of these three groups 
have been abbreviated to F.P.V., F.P.S., 
arid F.P.N., respectively. As reactor 
poisons, the first two groups are by far 
the worst, the first because of Xel35 with 
its 2.7 X l@--barn cross section, and 
the second because of the rare earths, 
particularly Sml49, with its 4 7 , m b a r r i  
cross section. The fission products in the 
third group, owing to  their low poisoning 
effect, can be allowed to build up to 
considerably higher concentrations in the 
fuel with less frequent processing of the 
fuel for their removal. I t  is proposed to 
remove the F.P.V.’s by a volatilization 
process, either gas sparging or simple 
desorption, the latter carried out under 
low pressure conditions if necessary. It 
is the F.I’.S.’s with which the present 
paper is concerned-their poisoning ca- 
pacity and thcir continuous removal from 
the fuel. 

I n  a commercial L.hI.F.IL. the indi- 
vidual concentrations of the three groups 
of fission products would, of coursc, be 
determined by economic considerations; 
however, it is felt tha t  their combined 
poisoning effect would probably be less 
than 57,; i.e., they would absorh less 
than one-twentieth as many neutrons as 
the uranium. 

POISONING EFFECT O F  F.P.S.5 

The method of determining the poison- 
ing effect of this group of fission products 
will be described. The  fission products 

extractable as chlorides by fused salts 
are rubidium, strontium, ythrium, cesium, 
barium, lanthanum, cerium, praseodym- 
ium, ncodymium, promethium, samarium, 
europium. and Kadolinium. In addit ion, 
icxline and bromine, as salts, ~vvould pre- 
sumahly transfer to the salt with very 
high partition coefficients. Table 1 gives 
the yields (for P 3 5 )  of the fission pro(1uct.s 
for the pertinent chains and the estimated 
atom fraction of cadi  chain which is 
rernoved from the fuel \vitli the F.P.S. 
group. 

Although the I,.M.I.‘.K. is rioniirinlly a 
thermal breeder, such reactors would 
have to  operate for some years as con- 
verters. For this reason. the treatment 
given below is based on the use of P 6 ,  

and not U*=, as the fissile material. 
With reference to Tttble 1 again. in 

estimating the fraction of certain Chains 
leaving the fuel stream as l‘.P.S.’s, i t  
was assumed arbitrarily that  1Oyo of the 
iodine and bromine left the fuel with the 
F.I’.V. group. From the figures in Table 1, 
the average mass numbcr of the F.1’3.’~ 
is calcnlated to be 128.0, and their weight 
percentage of the total fission products 
turns out to be 43.2. 

There :ire eight nuclides which are 
particularly bad poisons--Sr~~, 1131, ?;dlu, 

Nd145, Sm149, Smlbl, Eu166, and Gd157, 
and they must tx given special corisidera- 
tion. As a result, there will be three 
subgroups of the F.P.S.’s-group -4, con- 
sisting of the chains listed in Table 1 
minus chains 89, 131, 143, 145. 149, 151, 
155, and 1.57; group B ,  consisting of 
chrtinsP9, 131, 143, 14.5, 149, 151, 155, and 
157 minus the eight high-cross-scction 
nuclides listed above; and group C, con- 
sisting of the eight nuclides. Group A is 
shown in Table 2. Many of the cross- 
section values used in this paper were 
taken from a recent Brookhaven Iabora- 
tory report ( 3 ) .  

From the figures given in Table 2, 
the average cross section for group A 
is calculated to be 7.9 barns. The poison- 
ing effect of this group is relatively 
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TABLE 2. F.P.S.'s IN GROUP A 

Mass 
81 
83 
85 
87 
88 
89 
90 
91 
92 

127 
129 
131 
133 
137 
138 
139 
140 
141 

TABLE 1. FISSION CHAIXS FROM U*s' RELATIVE TO F.P.S.'s 

% 
Yield 
0.18 
0.62 
1.55 
2.80 
3.64 
4.40 
5.13 
5.60 
5.73 
0.21 
1.08 
3.0 
6.74 
6.15 
6.36 
6.34 
6.23 
6.00 

Estimated fraction 
in F.P.S.'s 

0.90 
0.05 
0.05 
0.25 
0.20 
1 .OO 
1.00 
0.95 
0.05 
0.90 
0.90 
0.50 
0.05 
0.90 
0.80 
1.00 
1.00 
1.00 

Mass 
142 
143 
144 
145 
140 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 

?& 
Yield 
5.68 
5.35 
4.55 
4.00 
3.15 
2.45 
1.85 
1.28 
0.82 
0.49 
0.26 
0.11 
0.05 
0.03 
0.02 
0.01 
0.002 

I I I I I I I 

Wl.U .rSa.u .- 01 .*' I , " lL  c4.3 

Fig. 1. Poisoning effect of F.P.S.'s in L.M.F.R. 

Fraction 
in F.P.S.'s 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1 . 00 
1.00 
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Fig. 2. Comparison of Urn and Urn with respect to F.P.S. poisoning effect. 

small and assumed to be the same for all 
conditions of reactor operation. The 
poisoning effects of the other two groups 
varies appreciably with operating con- 
ditions, and the methods used in csti- 
mating them will be explained. The 
following treatment is based on the con- 
tinuous removal of the F.P.S.'s, the 
existence of steady state conditions, and 

the assumption that all the F.P.S.'s 
transfer from the metal to the salt phase 
to the same degree. 

The concentration of a given nuclide 
in the fuel stream depends upon a number 
of processes which govern its rate of 
formation and its rate of disappearance 
from the system. The following rates are 
involved, expressed in atoms/sec.: 

M:lS 
81 
83 
s.5 
87 
8s 
90 
91 
92 

127 
129 
133 
137 
135 
139 
140 
141 
1.12 
144 
146 
147 
148 
150 
152 
153 
1 ,i4 
156 
158 

'Assumed. 

(% Yield) X 
(fraction in 
F.P.S.'s) 

0.16 
0.03 
0.08 
0.70 
0.73 
5.13 
5.32 
0.29 
0.19 
0.97 
0.34 
5.53 
5.08 
6.34 
6.23 
6 0 0  
5.68 
4.75 
3.15 
2.45 
1.85 
0.82 
0.26 
0.11 
0.05 
0.02 
0.002 

Cross 
section, 
barns 

2 .6  
10.0* 
0.9 
0.14 
0.005 
1.0 
1.52 
1* 
6.1 

11.0 
29.0 
2 0  
0.6 
8.1 
1.0* 

10.01 
1.8 
5.0 
9.Y 

60.0 
3.3 
2.9 

I50 
420 

750 
5.5 

4.0 

1. Rate of formation from fission 

2. Rate of formation resulting from 
neutron capture 

= N ,  V,u,c#J 

3. Rate of formation resulting from 
decay of parent 

= X,N,Vt 

4. Rate of disappearance by decay 

= XNV, 

(3) 

5. Rate of disappearance by neutron 
capture 

= hrV,m#J (5) 
6. Rate of disappearance by extraction 

in fused salt 

Of course, not all the foregoing proc- 
esses apply in a particular case. In fact, 
for practical purposes process 2 can be 
neglected entirely, because it so happens 
that none of the really serious poisons 
have significant rates of formation as a 
result of neutron capture, owing to the 
low cross sections of the neutron-captur- 
ing species. 

From the foregoing equations, the 
steady state concentration of a chain- 
initiating nuclide or a nuclide whose 
precursors have negligibly short half- 
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lives is found to be expressed by the 
equation 

which can be converted to the more 
convenient form 

4- 

(74 J N =  

(A + t )v t  U 

3.15 X 101'P + 

For a nuclide inside the chain ends, the 
corresponding equations are 

and 

and for a chain-terminating nuclide, the 
two equations are 

and 

( 9 4  XPNP 
1 3.15 X 101'uP 
- t ,  VtusfN235 

N =  

In the foregoing equations the factor 
3.15 X 1016 represents the number of 
fissions per second per megawatt of heat 
release. 

By use of the preceding equations, say 
(7a), (8a), and (9a), the concentration 
of each of the nuclides in the eight chains 
containing the high-cross-section species 
can be determined. From this point on, 
in illustrations of the method of deter- 
mining the poisoning effect, the calcula- 
tions will be based on the following set 
of typical operating conditions: 

1,000 p.p.m. U236 in fuel 
300 tons fuel in system 
500-Mw. (heat) reactor 

2Oday residence time for F.P.S.'s in 

For these conditions, Tables 3, 4, and 5 
summarize the calculated results. Tables 
3 and 4 present the results for groups B 
and C ,  respectively, and Table 5 shows 
a comparison of all three groups. The 
average cross section of 40 barns for 
group B is very much of a guess, as it is 
based primarily on the assumed cross 
sections shown in Table 3; but since this 
group contributes less than 1% of the 
total F.P.S. poisoning effect, the un- 
certainty of its average cross section does 
not have a significant effect on the results. 
It will be noticed that, for the conditions 
considered, the eight nuclides of group C 

fuel 

' TABLE 3. F.P.S.'s IN GROUP B FOR Us5 

Calculated fraction 
Nuclides of total chain 

89 chain minus Sr 0.208 
131 chain minus I 0.000 
143 chain minus Nd 0.548 
145 ch'ain minus Nd 0.018 
149 chain minus Sm 0.380 
151 chain minus Sm 0.000 
155 chain minus Eu 0.000 
,157 chain minus Gd 0.351 

Cross section, 
Chain yield, % barns 

4.40 1 .4  
3.00 
5.35 50* 
4.00 10' 
1.28 50* 
0.49 
0.03 
0.01 1 , ooo* 

*Assumed. 

account for 96.3% of the F.P.S. poisoning 
effect, and it is interesting to note that 
one of these ( S m 9  alone accounts for 
70.5%. The rare earths, as a group, 
account for 93.5%. The reactor poisoning 
due to the F.P.S.'s, expressed on a 
percentage basis, will be 

In the present case N*35 and a, are 
2.51 X 1019 atoms/cc. and 687 barns, 
respectively, which makes p equal to 1.02. 
Thus for every 100 neutrons absorbed 
by the U235, 1.02 will be captured by the 
F.P.S.'s. It is felt that this would be a 
typical figure for an eventual commercial 
L.M.F.R. power breeder with fully 
integrated fuel processing. For the con- 
ditions of the foregoing example, the 
concentration of the F.P.S.'s would be 
16.85 p.p.m. This would seem a very low 
concentration upon which to base a 
continuous-extraction process, but for 
a high-temperature liquid-metal-fused- 
salt system such cts the one under con- 
sideration here, it is more than adequate. 

Figure 1 shows a family of curves 
presenting the poisoning effect of the 
F.P.S.'s as a function of their average 
residence time in, and the power density 
of, the reactor system. Offhand, one might 
expect the poisoning effect to be pro- 
portional to the power density rr because 
of the direct effect of concentration; i.e., 
for a fixed residence time and total heat 
rate, when rr is doubled and V T  is halved, 
then the concentration must be doubled. 
But- the average cross section of the 
F.P.S.'s does not remain the same, 
owing to the fact that the more concen- 
trated the F.P.S.'s, the less the relative 
concentrations of the high-cross-section 
nuclides. The concentrations of such 
nuclides, owing to the fact that their 
disappearance is due primarily to neutron 
capture, tend to remain constant. 

Figure 2 shows a comparison of U23S 

and U235 with respect to the poisoning 
effects of their respective F.P.S.'s. It is 
seen that, other things being equal, the 
poisoning effect with U S 3 6  is appreciably 
greater than that with U233; for example, 
for 1% poisoning, under the conditions 
of the plot, the average residence times 
for the F.P.S.'s from U236 and U238 are 
10 and 19 days respectively. Or, in other 
words, the concentrations would be 18 
and 3% p.p.m., respectively. The con- 
siderably greater poisoning effect of the 
F.P.S.'s from U236 is due to the much 
higher fission yields of the rare earths 
from this isotope. 

The power figures in the foregoing dis- 
cussion are on a total basis; i.e., they 
include all the heat obtainable from the 
radioactive decay of the fission products. 

TABLE 4. 

Nuclide 
Sr*9 

Nd1" 
Nd145 
Sm1" 
Sm161 
Eu166 
Gd157 

I131 

F.P.S.'s IN GROUP C FOR Urn 

N ,  Ql 

atoms/cc. barns 
3.39 x 10'6 110 
1.07 X 1016 600 
2.33 X 1016 290 
3.81 X 1016 52 
2.65 X 1016 47,000 
3.22 x 1015 7 , 200 
1.56 X l O I 4  13,000 
7.93 X 10l2 160,000 

CHEMISTRY 

The use of fused chlorides for extracting 
fission products from a uranium-bismuth 
reactor fuel was first proposed by Wmsche 
and studied experimentally by Bareis at 
Brookhaven. Equilibrium results on some 
of the rare earths in the U-Bi/LiCl-KCl 
system were shown by Wiswall to be 
consistent with the postulation that the 
transfer of the rare earths from metal to 
salt was due to their selective oxidation, 
the degree of transfer being determined 
by the limitations of chemical equilibrium. 
An article by these three workers recently 
appeared in the unclassified literature (4). 

TABLE 5. POISONING EFFECTS OF F.P.S. SUBGROUPS FOR Us5 

ZN,  8, [ (ZN)8]  X % of F.P.S. 
Group (atom~/cc.)lO-~~ barns 10-20 poisoning 

A 6.27 7.88 0.0494 2 .8  
B -  0.394 40 0.0158 0 .9  
C 1.120 1,518 1.700 96.3 

Total F.P.S.'s 7.78 225 1.765 100.0 
- - - 
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- AF, 
k(-:rI./g. ntom CI 

no 8 5  

x7.5 
87 
x5 
85 
$5 
84 
83 . .i 
xz 
81 
70 
70 

Table 8 pwst!nts freeuner~y-of-forni:i- 
tion values for the rare earths. :ilkali 
nietals, :rnd certain other metals of par- 
ticular interest in the present discussion. 
These figures a m  for .5OO"C., on the b:isis 
of tin atom of ctihrine, antl were obtained 
principally fmni two sources ( 1 ,  2) .  They 
give H direct nie:isure of chemical stability 
or tendency to  cltlorii,le formntion. I t  is 
seen th:it the free cticrgy of forniation 
of I:C& is ~vel l  helo\v that  for :my of the 
tire earths :itiil the fission i)rodiicrts in 
groups Id. 11.4. :ind 111.4 of the Periodic 
Tahlc, indicating t h t  i t  slioultl be 
possible to  osidize t.hcse elenieiits out  of 
a Iu-,inium-hirtiiiit.h solution wit.hout 
materially :rfferting t.lie uranium. There 
:ire t.wo :ippm:whcs to accomplisliing this. 
One irivolves the usc of R buffer system. 
and the  other is hasel oii the  us(! of the  
soi.:illd "stoic.liiotiietric." nicthocl. 

The only t)uffcr systcm which has thus 
far shown I)miiiise of sucrcss is the 
k1g + *-Jig systcni. Fmni thc free-energy 
values in Tal)le fi .  one would predict that  
if :L salt misture of KCI-S:iTaCII-MlgCI~ 
were contacted with :I iiietal phase ron- 
sisting of U-.Bi-Hm. tlie Sni would reduce 
the MgC12 :inrl transfer from the nietal 
to the s:rlt pli:rse, :icronling to the eqna- 
tion 

MgC12 + d m  + M g  + SniCI, 

I t  is asumetl ,  of voiitse, that  thc sola- 
bilities \voubl be such thiit tlic reduced 
M g  would tr:insfer yu:uititAvely to the 
metal phase and the SmCI? to tlie salt 
phase. Moreow. the degree of separation 
achieved woulcl tlepeiid on the ":ictivities" 
of the reacting troinponents in the two 
phases, Ixsiiles thc question of the extent 
of approach to equilibrium. The  M g  in 
the mekil p l i : ~  wo~iltl bul'fer the uranium, 
tending to prevent it froni I)eing oxidized. 
The  cJxidation-reiIiic.tioii potential of this 
typc of system is not affecrted by small 
changes in concciit.r:itioti of the MgCIz in 
the s:ilt or M g  in the mctal and therefore 
cirri be easily controlk?d. The  concentm- 
tions of the M K  :mrl MgCh will :ilw:iys te 
greirtly iti excess of those of the F.I'.S.'s 
in tlic two phaises. With the system 
KCL-N aCl-MgC12,'- Bi- U-It.E.*, scp:irti- 

*R. E. = llarc earth. 
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- AF, 
Compound kcrl./g. atom (:I 

70 
69 
67 
B5.5 
6.i 
61.5 
59 
5s 
35 5 
29 
21 
18.5 

t.ion factors in the order of 100 h:rvc been 
ol)t*ined. T h e  sepulrtioii factor is tlefinetl 
by the relation 

(p.p.ni. F.P.S. in salt)!(p.p.ni. U in salt) 
(p.p.iii. F.I'.S.itimet~l),'(p.~).~ki.I~iiimetal) 

.. - .- -- - .- - 

.-Ipprcrial)ly increasing or tlecreasing the 
concentr:rtion of M g  in the metal will 
inske the system mole or less reductive, 
respectively, c\'eii though tlie scp:irirtion 
factor reiliains substant.i:illy constant. 
With the eutertic: mixt.iire KCl-N:iCl- 
MgCI, (in+. 396°C.) the  M g  concentra- 
tion in tlic tnetul should be iin nioiy! th:iii 
al)oilt 100 p.p.111. 

The  stoirhiometric nicthod involves tlie 
use of a mlativcly strung oxidant in the 
salt. niixture, like [XIn or BiCl,, in con- 
cmtrations just great enough t o  reniovc 
the greater portion of the F.P.8.k from 
the fuel s t remi  without oxidizing a n  
appt.eci:hle amount of the uranium. 

With I!C& :IS the  oxitlent, uranium is 
added to  the inctal, which me:rns that  in 
actual practice this method of F.P.S. 
reniovd h i s  the atl\*:uitage of :icbling 
uratiiuiii make-up to the fuel. The  
stoichiometric relationships are such. 
however, tha t  t.he v.P.8.'~ will not 
trmsfer siifiicient uranium to replace 
th:rt wliicli is consumed. The  additioniil 
uraniuni can be transformed with m3g- 
nesium. 

JJisinuth rhloride is a very strong 
oxidizing agent, :itid one which does not 
add a solute to the  fuel. I t  must, of 
course. be ad(led to  the carrier salt in 
just the right amount to extnict the 
F.P.S.'s and not the uranium. It should 
give separation factors at least as great 
3.3 tliose obt:iinable with MgCIz. The 
E'.P.Y.'s are, as i t  were. titrated out. I t  is 
evident tha t  this niethod h:rs the d i d -  
vantage of requiring very careful control 
of the oxidant in the salt stream. On the 
other himd. the buffer system described 
above may work only when the M g  con- 
centration is lxlow that  t l e s i d  in the 
fuel for inhibiting corinsion antl mass 
transfer. For this ieiwm, the stnichio- 
nietric method appears more prnmising. 
In such H s y s k m  the salt mixture carrying 
the oxidant coaltl be any satisfactorily 
low-melting mixture of chlorides with in- 

dividual salts at least. as s t a l h  as n ~ g -  
nesiuni chloride. 

PROCESS DESIONS FOR F.P.S. REMOVAL 

The flow sheets desc!rihed Inlow are 
not baed  on the  results of wntiniiorts 
pilot plant operation hut  :ire i)roi)osctl for 
such on the basis of sm:ill I)atcli-type 
experiments. 

Us. of Bulhr Syrbm 

A flow eheet, with t.ypic-:il riuiiicrival v:il- 
ues, esplaining the retnovrtl of F.P.S.'n from 
tlie I,.Jl.F.R. fuel antl h:iw?d o i i  t IIC '.l)uffc!r" 
rhemic*:rl egstem dest!rilwd : i I )~ i . ,  is shown 
in Figtin. 3. The flow rm's. c!orii*rritrations. 
ant1 cqiiilibriunl etngcs intlii-:ttcvl oii this dia- 
gram atre baaed on a tot:il 1ir:tt r:rtn! of 570 
J iw.  and a F.P.S. conc:cntrat.ioii it1 the f u d  
of 15 [).p.m. For a L"Ss c.oiiclerit,r:il.ioii of BOfl 
[).p.m. nrid a n!prewntative fuc4 irivcritory 
of 300 tonn, or LI r of iil)out 2, this \r.ould 
amount. to  about 1.0"6 re:wtor poisoning. 
The nuincricrl values iii tlie flow slitwt arc 
bawd on the followiiig four :issumptioris: 
(a )  thrre ie no entrainnic!nt: fh) partition 
coc!fIieicwts for F.P.d.k :ind I: 1wtwe:rri salt 
and mcrtxl phases arc- i-oiist:irit ovw con- 
wntrrt.ion ranges in\-olvcd; ((*) :dl F.l'.S.'s 
hnve tlicr sumc part.it.ioii c-ovfiii.ii~iits; f t f )  the 
wparat.icm factor, ns di~liiicd :tl)ovc* is I I IP  
name for all cxtract.inii i.oluiiiiir :tiid c~qri:ilu 
100. Tlic individwil va1uc.s for tlic 1:.1'.S. 
: ~ i i t l  U pnrtitioti ooc!fiirinrit.s Iwt w ( ! n  n d t  
and mvt.nl phase8 delmids ori t l w  I)uff(*ring 
action, and therefow tlir c.oiic.c.iitr:iI.ioii. of 
t.1ie magnesium in t.hc ni(!t:d. Thr proc*cw 
outlined in Figure 3 Ct0c.s iiot rcrl)rc*scnt :L 
cwcful optimization of the srvc*l:il oprniting 
variablw but in ncwr thchs  Iwlicw!tl to Ix! 
typical :is far aa indic*:rt.cd sizw, roiic:cnt r:i- 
t ioris, nitd flow rates art! c*oiic.cwic!d. 

(!olunins 1, 2, nriil 3 :trv c*ouiitewurrc.nt 
mtraction columns of ii.!), 4. I ,  aid 4.5 
cquilihrium atages. respcrtivc.ly. T h y  coulcl 
all 1)c spray columnli iii whit-li thc liqiiid- 
metal fuel fell in t.he form of tiiie drophats 
through the slowly risirig s:ilt. The* coluniris 
whould prefernbly cmI.:iin some 1)affiinp; to  
prevent vertical mixing of t.hc salt. %sc*os- 
its, intcrfaeial tension. :tnd c1viisit.y condi- 
tione art: such as 1.0 makc. the bismuth-srlt 
nyntcm 11 good one for this tylw of oper:itioii. 
(!arryovr?r, or entrainmetit, as jut.lgei1 on thr  
basis of smalkcnle 1at)or:itory t!spc*rimc*rits, 
whould t)e negligible. Tlic rclat.ivc! vc4oc!ity 
of t.hc falling metal with rcspwt to thv rising 
salt should be ahout. 2 ft.. /s(Y-. This, togrtlirr 
wit.h thr fnct that the flowing strr:ini* an' 
very smdl, means that thc! c1i:rnietern of t.hc 
volumnu am also very rirn:ill. 14'1)r c~s:imph!, 
column I ,  the largest, \r.ould nwtl to bc no 
more than 3 or 4 in. in clinnie.tt!r. Thv Iicighta 
of the c!olumns will dcp!ntl OIJ tlicir efii- 
cicncies rind the separutioris rcquircd, hut in 
any caw it  is expcctcd 1-h:ct thyv would not 
need to  he much taller tluii 3 f t .  The height 
of column equivalent to u tlicorvt ic:rl stage 
huu not been expcrimetit:illy tle.tcwninc!tl but 
has been cetimated on the hwis of  mrrcury- 
water heat tranefer in spray c.oluinns, UBC 
h i n g  made of the analogy Iwt\r.ccvi 1io:it and 
mass tranefcr. Rates of approach t.o cquilih- 
rium in 1)ismuth-aalt syrterns :;I. 500°C. :&re 
found to be extremely rapid iti siiiall-sc*xlo 
hatch cxperimenta. Geiierally rp*:iking, dif- 
fullivities in liquid-mrtal :tiit1 fused-salt 
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Fig. 3. Proposed flow sheet for F.P.S. removal from L.M.F.R. fuel by use of 
buffer method. 
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I I 
81. 500 LWDAY 

25afOAY M9.44 9fDAY 
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Fig. 4. Proposed flow sheet for F.P.S. removal from L.M.F.R. fuel by use of 
stoichiometric method. 

systems at this temperature are high in 
comparison with those in ordinary liquids. 

I n  column 1 the fission products are ex- 
tracted from the fuel; in column 2 the 
uranium is recovered from the salt leaving 
column 1; and in column 3 the uranium is 
recovered from the processing metal stream 
by the incoming salt. The same salt stream 
passes through all three columns. The parti- 
tion coefficients, indicated on the flow sheet, 

are varied among all three columns by 
changing of the oxidation-reduction poten- 
tial in each by variation of the Mg concen- 
tration in the metal phase. It is estimated 
that the Mg concentrations in columns I, 2, 
and 3 should be about 50,65, and 35 p.p.m., 
respectively. Column 2 is more reductive 
than 1 to promote transfer of uranium to the 
metal phase, and column 3 is more oxidative 
than 1 to promote transfer of uranium to 

the salt. Units 4 and 5 on the flow sheet are 
for adding Mg to, and removing Mg from, 
the processing metal stream, respectively, $o 
give the desired partition coefficients in 
columns 2 and 3. The Mg could be added by 
means of an electrochemical cell in which 
Mg and Bi are the anode and cathode, re- 
spectively, and in which the salt bridge 
could consist of the ternary KC1-NaC1- 
MgCIz. Or the Mg could be added mechan- 
ically in the form of a bismuth solution. 
Item 5 is a salt-metal contactor in which 
sufficient BiC1, is added to the carrier salt 
to  oxidize the desired fraction of the mag- 
nesium without oxidizing a significant 
amount of uranium. This operation would 
probably be done on a batch basis, owing to 
the very small flow rate of the processing 
metal stream. 

After leaving column 1, the salt must be 
cooled to  remove decay heat; but heat ex- 
changers have not been included in the figure 
for the sake of simplicity. Heat release from 
tve F.P.S.’s will be discussed briefly in a 
later section. The dashed portion of the flow 
sheet in Figure 3 is simply a schematic 
representation of the salt-decontamination 
step as it relates to  the main processing 
plant. 

Use of the Stoichiometric System 

A second flow sheet for a proposed 
L.M.F.R. fuel-processing plant, based on 
the stoichiometrir chemical system, is shown 
in Figure 4. From an engineering standpoint, 
the two flow sheets are similar. The second 
flow sheet is based upon a 500-Mw. heat rate 
with U233 as the fissile material. 

With reference to the figure, the fuel from 
the reactor is first held up in a heat ex- 
changer D to allow the fission products to 
“cool off” before flowing through extraction 
column A .  In  this column approximately 
two thirds of the F.P.S.’s are removed from 
the fuel; but before it is returned to the 
reactor, its Mg concentration is brought up 
to  its original value by the addition about 
once daily of a 3% solution of Mg in bis- 
muth. The uc l3  carried in the salt from 
column A is nearly all recovered in column 
B by contacting the salt with a Mg-Bi solu- 
tion. The uranium, accompanied by a small 
amount of F.P.S.’s, is recovered from the 
metal stream leaving column B by contact- 
ing i t  with the incoming salt in column C. 
The electrochemical cell G introduces BiC13 
into the inlet salt stream and magnesium 
into the processing metal stream in the 
proper stoichiometric quantities to accom- 
plish the two-step transfer of the uranium 
from the out-going salt to the in-going salt. 
Uranium chloride is added to the salt stream 
from mixing tank F a t  the required rate to  
supply the necessary U make-up to the fuel 
stream. In  other words, uc l3  as the oxidant 
in the salt simultaneously removes the 
fission products from, and adds U to, the 
fuel. The stoichiometric quantities are such 
that a small amount of Mg must be oxidized 
along with the F.P.S.’s in order to add the 
required amount of uranium. The UC18 ad- 
dition of 768 g./day does not include the U 
make-up required for neutron capture by 
the U. If it  is not desired to  add the uranium 
to the fuel by this method, then the oxidant 
would be BiCl,. 

In  the stoichiometric system a typical 
carrier salt ,would be the NaC1-KC1-MgClZ 
eutectic. The salt stream, of course, becomes 
very radioactive and must be cooled. As in 
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Figure 3, the heat exchangers for this have 
been omitted. It is pointed out again that 
the numerical values shown in Figure 4 are 
not the result of careful economic optimisa- 
tion but are nevertheleas believed t o  be 
fairly represcntative of commercial opera- 
tion. 

It will be noticed that the flow rates shown 
in Figures 3 and 4 are very small, an indica- 
tion that the equipment is correspondingly 
d. The largest conduit lines need to be 
no greater than in. in diameter and the 
largest contactor column 3 in. in diameter. 
The small equipment, which is mainly a 
consequence of the facts that the operation 
is continuous and that the chemistry is non- 
aqueous, means that the shielding re- 
quired, though thick, is not expensive. 
From the standpoint of investment costs, 
instrumentation and control equipment will 
be major items. It is expected that electro- 
chemical cells can be used for adding small 
amounts of solutes to both salt and metal 
streams and that electromotiveforce cells 
can be used for control of concentrations of 
critical materials. A t  Brookhaven both the 
austenitic type-347 and thc ferritic 400- 
series stainless steels have been used with 
good success, as long as the systems are 
quite oxygen free. As Table 6 shows, the 
chlorides of iron, chromium, and nickel are 
at the bottom of thc list, an indication of 
their relatively low tendency of formation. 
Pretreatment and conditioning of equip- 
ment before use includes such operations aa 
electropolishing, degassing under high vac- 
uum at  temperatures in the neighborhood of 
800”C., and contacting with magnesium- 
bismuth solutions. It is essential that the 
equipment and piping be absolutely gas 
tight. This calls for either canned-rotor or 
canned-motor pumps and bellows-sealed 
valves and pressure transmitters. 

Since the average residence time of the 
F.P.S.’s in the reactor would probably be 
only a fcw days, they are very radioactive at 
the time of their removal and provide an 
excellent source of high-intensity ionizing 
radiation. For an average residence time of 
20 days, it  is estimated that the specific 
activity of the F.P.S.’s may be as high aa 
50,000 to 100,000 curics/g., depending upon 
their holdup time after removal. The radia- 
tion capacity associated with the F.P.S.’s 
dissolved in thc fused salt in a large 
L.M.F.R.plant,sayoricof500to1,000 Mw. 
heat rate, could be aa great as several million 
curies. Moreover, since the F.P.S.’s are dia- 
solved in the molten salt, they are in an 
easily hnndlablc form. Thus, i t  is assumed 
that high-intensity gamma-radiation facili- 
ties would be an integral part of a commer- 
cial L.M.F.H. power plant. 

After a suitable storage period, the salt 
can be purified for reuse. Complete decon- 
tamination, however, is unnecessary. The 
F.P.S.’s can be removed from the salt by 
contacting it with liquid lead containing a 
strong reductant like magnesium or calcium 
and they can then be removed from the 
lead by direct oxidation with an air stream. 
Alternatively, they may be left in the lead 
for indefinite storage. 

Presumably, in the stoichiometric scheme 
the salt could be uscd over and over again 
with just “cooling” bctwecn cycles. What 
limits the concentration of F.P.S.’s in the 
salt during each pass through the plant is 
simply the resulting heat-generation rate 
per unit volume of salt. 

lo’E , I I 9 I 

c 

I I I 
m” I 10 10z ~d lo‘ 10’ ~d 

Fig. 5. Energy release from F.P.S.’s. 
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TlUE AFTER R E W V A L  FROU WEACIOR. SEC 

HEAT RELEASE FROM FISSION PRODUCTS 

An important consideration in the 
design of processes and equipment for 
handling radioactive fission products is 
the  problem of heat removal. This is 
particularly true in  the present case, 
because of the  relatively shor t  age of 
the.fission products at the time of their 
extraction from the fuel. However, heat 
removal from fused salts does not present 
a difficult problem. 

Figure 5 shows a family of curves 
giving the specific heat rates for the 
F.P.S.’s as a function of average residence 
time in the reactor and time after 
removal therefrom. The curves were 
calculated from fission-product heat- 
release da ta  obtained from the Argonne 
National Laboratory (5).  Extrapolations 
t o  short decay times were made with the 
aid of the Way-Wigner (6) expression for 
fission-product-decay heat. 

In  Figure 4 the exit salt from Column 
A contains 865 p.p.m. of F.P.S.’s which 
have been held up 20 min. after removal 
from the reactor. Assuming a typical fuel 
inventory of 300 tons, the average resi- 
dence time of the F.P.S.’s in the fuel 
will be about 18 days. From Figure 5 it 
is seen tha t  the specific heat release for 
the F.P.S. under these conditions will be 
about 850 watts/g. This  amounts to a 
total energy release of about 130,000 
B.t.u./(hr.)(cu. ft.  of salt). Had the 
F.P.S. concentration in  the fuel been 
5 p.p.m., the corresponding figure would 
be about 400,000 B.t.u./(hr.)(cu. ft. of 
salt). The energy will be divided about 
equally between beta and gamma radia- 
tion. Thc former energy will be liberated 
as heat at essentially the  point of libera- 
tion, but  the fraction of the gamma 
energy converted to heat in the heat 
exchanger will depend upon design of the  
exchanger and dcnsity of the coolant. 
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NOTATION 
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N136 
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P 
t 
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P. 
U 

Q1 

a6 4 

4J 

= fraction of uranium atoms fission- 
ing t o  a particular m a s  chain 

= breeding ratio, atoms of fissile 
material produced per atom of 
fissile material burned 

= (atoms F.P.S./cc in exit salt)/ 
(atoms F.P.S./cc. in  fuel) 

= concentration of a given nuclide 
in fuel, atoms/cc. 

= concentration of parent nuclide 
in radioactive decay, atoms/cc. 

= concentration of target nuclide in 
neutron capture, atoms/cc. 

= concentration of U235,  atoms/cc. 
= percentage of poisoning, defined 

= thermal power of reactor, Mw. 
= time, sec. 
= average residence time of N in 

fuel, sec. 
= fuel volume in core, cc. 
= fuel volume in reactor system, cc. 
= sdt  flow rate, g./sec. 
= number of neutrons produced per 

thermal neutron absorbed in 
uranium 

= average residence time in fuel, 
days 

= radioactive decay constant for N, 
set.-' 

= radioactive decay constant for 
parent nuclide, set.-' 

= power density, Mw. of heat per 
ton of fuel 

= salt density, g./cc. 
= thermal-neutron cross section for 

= thermal-neutron c r o s  section for 

= thermal-absorption cross section 

= thermal-fission cross section for 

= thermal-neutron flux, neutrons/ 

by Equation (10) 

N, barns 

t:trget nuclcus, barns 

for Ua36, barns 

U*35, barns 

(sq. cm.)(sec.) 

LITERATURE CITED 

1. Brewer, L., personal communication to  
H. M. Clark, Rensselaer Polytechnic 
Institute, Troy, N. Y. (July 19, 1954). 

2. Glassric:r, A., Argonne Natl. Lab. Rept. 
ANL-5107 (August, 1953). 

3. Hughes, D. J., and J. A. Harvey, Brook- 
haven Xatl. Lab. Rept., BNL-325 (July 
1, 1955). 

4. Bareis, D. W., R. H. Wiswall, and W. E. 
Winsche, Chem. Eng. Progr. Symposium 
Series, 50, No. 12, 228 (1951). 

5. Steinberg, E. P., Argonne Natl. Lab., 
Lemont, Ill., private communication to  
0. E. Dwyer (May 13, 1955). 

6. Wigner, E. P., and K. Way, “Paper 43,” 
National Yuclear Energy Series, Div. IV, 
Vol. 9, McGraw-Hill Book Company, 
Inc., n’ew York (1951). 

Presented at A’uclear Scienu and Engincerino Con- 
weea, Claelrcnd. 

Page 168 A.1.Ch.E. Journal 
.-. 

June, 1956 




