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NON-AQUEOQOUS PROCESSING —AN INTRODUCTION

S. Lawroski*

May 1, 1957
The preceding portion of this symposium has dealt with those recovery
and purification methods which are characterized by their use of asqueous solutions
for reprocessing spent nuclear fuels. As already mrie clear from the earlier
discussions on fuel dissolution, it is not always easy to solubilize in equeous
media some of the rea.ctorr fuel compositions which have beep developed or

envieioned bty the fuel fabrication technologists. Moreover, when these methods

are employed for fuel recovery the overall reactor fuel cycle takes the rather

complicated form shovn schematically in Figure 1. An examination of this figure
reveals that many operations must still be performed after the chemical purification

step before the recoversd fuel can be re-introduced to the muclear reactor. From

'an economic standpoint there are two importent consequences resulting from & fuel

cycle with this degree of complexity. One of these is the expense of copducting

each of the operations noted and the second is the large inventory of fuel which
*Chemical Engineering Division, Argonne National Laboratory, Lemont, Itlinois.
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Fig. 1 - Reactor fuel cycle with solvent extraction process,

is accumilated in the various steps of the fuel cycle. Because of these disadvantazes
and others such as long cooling time (for Aecay of shorter half-life fission
products) end difficult vaste problems with equeous processes, determined efforts
to simplify this fuel cycle have led to serious considerations of pon-agueocus
rrocessing methods.

For some time now, non-aqueoue processes heve been under mtenﬁive study
toc esteblish their chemical and engineeriny feasibilities. In the next 'erevver&l
presentations the results obteined thus far ou fluoride volatility proceéees and
on pyrcmetellurgical processes will be reported. Although the applicat,ién :(;f

these methods poses some very difficult problems, e.g., operé.ting with molten
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metale at temperatures of 12009C. or ebove, preparation and hendling of PuFg, end
contl;aimnnf of co;‘r#éive salts at h:lga temper;tures, the expeﬂmce andr results to
dat; bave been sufficiently eacouraging to command tremendous mtéu;t end
continued developument efforts.

A compelling reason for this ix';terest stm fyom the fact that these
methods offer comsiderable promise of red.ucing ’the number of coperating steps
currently required in the reactor fuel cy;:le.r A schematic floveheet for a
reector fuel cycle emp].py:lng the nx_xorme volatility process for purification of
uraniuy s shown in Figure 2. A comparison of this flowsheet vith that shown in
Figure 1 (purtf;cation ‘by solvent exﬁractim) reveals that a lesser number of
operating atepe 1; required tgr the _reg.ctor t‘uel cycle in whichl & fluoride
volatility sepmﬁona process 1s employed. This reduction in number of steps
occurs vhether ox not an ieotopic re-enriching _cpera.tion is performed between the
recovery step and the u-hWim of fuel ‘to the reactor. A still mrthé:
sinmplification Qf the fﬁel_ c&cle may ‘be cbtatned vith & pyrometallurgleal type
of process. ‘mis is 1llustrated in Figure 3uh1ch depicts a fuel cyclerenviéioned
vith the use of pyromet%‘uurgical procesaing for:a power reactor of the taat‘
breeder type. It will ‘be noted that remote fuel fab#cétlon 15 required beeause
qnly partiel decontamin;ti;on is cbtained with thié type of 1;mceas. 7

 Another fmportsnt feature of non-aqueous reprocessing methods is that

they are much less susceptible to deieterious radfation effects than are certain
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Fig., 2 - Reactor fuel cycle with fluoride volatility process,

important aqueous methods, such as solvent extraction types using orgaric eolvents.
This means that shorter cooling periods and higher concentrations of irradiated
materiels can be readily accommodated. As a result, there cen be less inventory

of fisesionable materiel. In addition; there 15 a great potential advantage offered

MOLTEN
REACTOR |———a| DECLADDING |-SAtiORel  MAGNESIUM
EXTRACTION
'y
REACTOR
CORE
\ 4
REMOTE oxIDe
FUEL . -
FABRICATION DROSSING
Y 5 (EXCESS PRODUCT)

Fig. 3 - Reactor fuel cycle with pyrometallurgical process.

482



»

i)

)

by non-aqueous methods for obteinivg the flesion products in highly concentrated
form. This cen 'mbl.e more economic utilization or storage of these by-products.
The compactness of thece processes is particulerly outstanding in the case of

pymmetallu:gic&l methode since, in this case, the purification of irrsdiated

Teactor material is generslly echieved while retaining the metallic state

throughout. Since neutron modersting materials are absent, the critical mass

problems are less severe than with aquecus methods. Mention should also be made

‘here that some of the pyrometallurgical methods cen adequately purify the fuel

for re-use without losing certain expensive elloying metels (e.g., zircanium,
niéhiu’m, ruthanium, and molybdenum) which ere edded in fusl fabrication to
irprove fhe fuel. With pmsgnt processes ‘tb.ese msterials ere ufﬁéult to
ré;cover econonicelly and so th? recovery is not attempted.
The first non-a;queous method tor'rep:oceasing a:bent nuclear fuels which

\rui be presented -:ln ‘this portion of the synposium is the ’tluoxb':lde volaﬁﬂity
prdcéss. Variouﬁ aspects of this pr;ceaa’vill be preaéx#ed by Dra. Cathers,
n.mgei and \fogei. Although various voletility processes might be envistoued,
‘the mherex;t taforable characteristics of the ﬁmﬁde a}steﬁ ‘bave resﬁlted. in
ite s"elecﬁorx; fér detailed.‘ inﬁ;tigatims.

) N ‘A'ba.aﬁ“of puriﬁcation and recovery by thé ﬂuézide vélatutty processas

is suggested by the information given in Figure k. Thais information shows that
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fluorides as a function of the boiling points,
the differences in voletilities of the importent fluorides encountered in irrzdiated
material are more then adegquate for praciicable use of fractional distilletion.
Except for tellurium (and molybdenum, dud this is a short helf-life fission product)
which yields & fluoride much more volatile than UFg, the fission producis form
fluorides vhich are much less volatile then UFg. Therefore, the fission products
can»be readily aiepatatedvlrrcm uranivn by fractional distillation of the fluorides.
The sgme situation exists for plutonium hexafluoride as for uranium hexgﬂupz-?lde

since both of these have very nearly the same voletilities. However, as will be
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mentione4 later, it 18 much more difficult to fluorirate plutonium than uranium
to the hexafluoride. Ordinarily, the plutonius 1s fluorinated to lover fluorides
vhich are not volatile. This difference 1n eé.se of hexafluoride formation may de
c4vantagecusly used to obtain ui-mm.pmtonmm separaticns. As vill be discussed
by Dr. Cathers s the separation of urenium hexafluoride firom the fission products
can also be dom by an absorption-desorption method using sodfum fluoride.

In’thz p;-esent status of development the fluoride volatility processes
eppesr to be especially fevorsble for applications in vhich enriched uraniun is

to de :ecovend. For these applications, the nonevolatility of the lowver fluorides

of plutonium afforde e means of decontaminating the uranium from Plutonium as well
"as from fission products. From leboratory and pilot plent studies it bas elresdy

~ been established that excellent decontamination and recovery of uranium from

fission products can be achievad by the use of fracticnal distillation technigues

vith the fluoride volatility process. In Figure 5 are illustrative results

obtainedrinrpnot planf tests of this process. As a matter of fact, 1€ eppears
that 1t is move simple to achieve dccéntapdnation'tnctora of the order of 107 to
108 by & fluo'ﬂde vélétuity, process than by soivenf extractm mefhods. The
reason for this is that the e}hem.is‘t:yr of the Vﬂ.uorm volatility process is s@ler
than the chémiitzw encountexed in solvont extracticn methods. For a eimilar reascn
the effects of high redistion levels during p;-oceasmg 15 believed to be less of

& problem for the fluoride volatility processes than for solvent extraction methods.
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- DECONTAMINATION® | % ACTIVITY
FACTOR OF NATURAL U

TELLURIUM 1.4 x 106

I0DINE 2.3 x 105
| ALL FISSION PRODUCTS 1.3 x 108

PLUTONIUM ' 104

TOTAL BETA 2
TOTAL GAMMA 1

ACTIVITY /GRAM UFg IN CHARGE

" ACTIVITY /GRAM UFg IN PRODUCT

Fig, 5 - Uranium hexafluoride separation from fission products and
plutonium,

In addition to the use of fractional distillation with fluoride volatility processes,

absorption~desorption cycles with NaF have been successfully used to purify uranium

hexafluoride. The results of work related to processing of high elloy enriched
fuels will be presented in more detail by Dr. Cathers.

At the moment, the msjoxr problem with the use of a fiuoride voletility
process for enriched fuels is concerned with the techniquee and materials of
- construction for the feed dissolution step. This problem arises from the fact
that stringent dissolution conditions are needéd to dissolve the high alloy
conmpositions ordinarily assocleted with the use of highly-enriched fuels, At
present such dissolution is performed by the dispersion of hydrogen ﬂ.uoride .gas
in fused salt media ﬁeld at elevated temperatures. However, answers to this

problen elready appear imminent through the use of graphite-lided dissolution
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equirment. Tkers 1s currently considerable interest in volatility Pprocesses for

high alloy enrichied fuels becsuse of the waste han.dl:lng end storage problems
vhiich sre encountered vﬁen aqueous recovery methods are used. The volatility
processes give much less volume of waste uhich may be more economicelly dealt
wvith tharn wastes obtained from aqueous processes.

The application of a ﬂ.uor#de volatility process to natural uranium

fuels or to low alloy fuels generally has also been studied extensively. In this

-case, interhalogern agents such as BrF3 and ClF3 dissolve the fuel satisfactorily

end no serious problems of materials select:.Lon exlst for the dissolution step.
This step is followed by fractionsl distilletion. The results have been very
encouraging in both lsboratory and pilot plent tests. This work will be reported
by Dr. Vogel. As he will undoubtedly mention, there is, however, & problem vhen
plutonium recovery ic elso desired. The reason for this, as noted earlier, is
thet the fomati_on' of plutonium hexafluorid.e is not nearly as easily accomplished

as that of uranium hexafluoride, In addition, the chemicel reactivity of plutonium

- hexafluoride makes it a difficult material to hsndle in ordinary equipment without

decomposition to non-volatile plutonium fluorides. Recent studies on the

- preparation of plutonivm hexafluoride and ite 'transport bebavior in metel eqguipment

have been much more encouraging than would have been expected from the earlier

. studies slong these lines. Therefore, there has been renewed hope for the prospect
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of producing plutonium hexafluoride and handling this process material in
purification operations with irradieted fuel. If this ‘hope is borne out by
continued work, it 1s believed that the fluoride volatility process method will
prove apprecisbly superior to solvent extyaction methods, Until theée recent
encoureging results it appeared that plutonium from irradiated neturzl urapium
would have to be recovered by solvént extyaction techniques fyom the residues
obtained after the recovery of urerium by volatility methods.

Prelminazfy cost estimates have indicated that the combinetion of
uranium recovery by & volatility process and of plutonium recovery by solvent
extraction would be only slightly more econcmic than the use of solvent extraction
for recovery of both products. Simileay prelimipary estimates have shown that a
process cepable of recovéring both uranium and plutoniwn by & volatility process
would be very edventegeous. This fact, together with the likely future use of
plutonium fuels, hes stimuleted interest in working out the p?eparation end
handling problems of plutonium hexafluoride.

The next non-aqueous method wvhich will be discussed is the pyrometallurgleal
or pyrochemical type. Trere are several varieties of pyrometallurgicel methods.
All of them are characterized by the inkerent compactness resulting from avoiding
bulk chemical conversions of the materiel during purificetion. That is; the materiel

is processed while lergely maintained in the metallic state. In addition, featuree
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conmon to these methods are the high temperature of operation end the low
decontamination of product from fission products. However, the partial
decontemination is beliejred to be adequate for reuse of fuel in power reactors
but will necsssitate remots handling of fuel during febrication, The versions
of pyrometallurgiecal processing which have received the most study are axide
drossing (sometimes alsov referred to as oxide slegging or melt refining) and
solvent extraction of molten irradiated fuel with either immiseible metals or
fuosed salts, In eddition, sams investigations have been made of zone reﬁping
and fractional distilleticn btut these did not sppear to be immediately proamizing
or practicable, Onms other type which has received only limited study but vwhich
nevortheless appears still quite promising is non-aquegus electrolytié refining,

A review of the basic principles and the experimental results of
studies of pyrometzllurgical mthods‘uﬂ‘.l be presented by Dr, Feder and Mr, Burris,
As mentioned sbove, exide drossing and non-aguecus solvent extraction have
recoived ths moat attention, Sthdies on thes;e have consisted of laboratory as
well as semiworks develoment work,

‘The extension of these studies through the pilot plant stege is now
plenned in conjunction with three prototype power reactar projects. The Argomns
EBR-II (Experimental Breeder Reactor - II) projeot will have a reprooessing pilot

plant utilizing oxide drossing for purification of the enriched uranium or plutonium
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core and, on & demonstration besis; e ﬁolten magnesium extraction pmccss for
reprocessing the blanket material of depieted or natural uranium. - The “Brookbaven ,\
LMFRE (Li;;um Metal Fuel Resctor Experiment) contemplates tke ineorporation of a g’;
pilot plent with & fused salt extraction process on the liquid bismutkh-uranium fuel
employed in this reactor. The Atomics International SRE Project (Sodlum Resctor
Experiment) contemplates the use of oxidetive drossing for purification of the
uraniur fuel used in thig reactor.
The basis for the oxidative vdrossi'ng procesg is the relative differences
in étabﬂitg of the variocus metel oxides ez summarized ir Table 1. Thus it is
evident that many of the fieslon products erd, particularly, the rave earths,
cerium, aml strontium can be preferentially oxldized and xemoved as -oxide dross.

In addition, some of the fission products such as cesiun end the vere geses are

volatilized under the operating comditions employed during drossing. - From the

combined effects of volatilization and oxide drossing the type of removal shown
in Table 2 is expected. It will be noted that the fission products which remoin
with the purified metal aye for the most part metals which metallurgists have
found to glve beneficiel effects to fuel under ixradistion. Some of the metals

aleo improve the physical properties from & fabrication standpoint. Thus, the

- ~incomplete removal of fission products obteined with these methods msy prove

adventegeous and -conmensa'be for same of the disadvanteges of remote fuel - T
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Table 1 —(GIBBS) FREE ENERGY. OF FORMATION
OF OXIDES AT 1500°K

~AF*(kcal /gm-~
Oxide atom oxygen)

:,g La,0y 109.7

’,g Cey0; 107.0

4 Nd,O4 105.7
330) 102.0

:4 Pu,0; 99.0

1,§’U03 98.9

4 Zr0, 97.0
BaO 95.0
NbO 66

:,4 MoO, 8

4 TeO, 4.7
Cs,0 3.6

4 RuO, =2.7

Table 2—FISSION-PRODUCT SPECTRUM AND FISSION-PRODUCT REMOVAL

BY PYROMETALLURGICAL PROCESSING

(175-day irradiation, 15-day cooling, plutonium fast fission)

"Total
fission products, Method of
wt.% removal
Rare gases (Kr and Xe) .18 Volatilization
Alkali metals (Rb and Cr) 11 Volatilization
Iodine o » | Volatilization*
Alkaline-earth metals.(Sr and Ba) - 5 ‘Oxide drossing
Yttrium and rare earths 28 Oxide drossing
Zirconium - - o 7 - Carbide drossing -
Light transition metals (Nb, Mo, i1 -t
and Tc) ‘
Platinum group metals (Ru, Rd, 20 B ¢
and Pd)
Heavy transition metals (Ag, Cd, 4
In, Sn, Sb, and Te)
100

*Recent experiments do not show appreciable volatilization of iodine.
tLevels of these fission products may be controlled by periodically.
processing with molten zinc using selective precipitation.




fabrication required in this instance. Pexfiodically, an auxiliary process will
bg needed to control the level of those fission products wvhich are not removed

by oxide drossing end voletilizetion. For this purpose, another pyrometallurgical
process involving selective precipitation from molten zime 1s being studied. This
process 1s expected to be useful also for recovery of valuable producte in the
oxide dross.

The study of solvent extraction employing molien metals immiseible with
molten urenium has been largely done with magnesium and silver. | While core
purification may be possible with the use of silver, the work on magnesium hes
been primarily directed to the processirg of urenium blanket materisl for
concentration and recovery of plutonium. Laboratory and semi-works results have
shown magresiun to possess more than adequate extractability end selectivity for

solvent extraction of plutonium from molten uraniun. Demcnstration tests with

synthetic btlanket material have slreedy been madé on a kilogram scale using
uwraniuvm-pluteoniuvn chearges contelning up to 1 per cent plutonium. After the
separation of the megnesium phase from the uranium phsse, the magnesium has been
distilled to concentrate the plutonium. This atep, too, has been satisfactorily
tested on a kilogranm scele, From ell the work done to date it sppeaa‘s ﬁmt
magnesium extraction vill be feasible for concentrgting tke plutonium in blenket
material to eoncentrations sufficlently rich for replenishing the core :vitb.

fissioneble material.
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" Wee use of solvent extraction processes erploying fused salts hes been

extensively studied et Brookhaven im comnection with the puriti_.c'ation of their

liquid bismuth-uranium fueled reactor. The Brookhaven lnvestigators have used

fused mixed chlorides to extraci many of the fission prﬁducts vhich heve high
capture cross sections with neutrons of thermsl energies. Most of their work hes
already beea reported in the open literature. ‘It will alsoc be summarized by Mr. .
Buxris in kis presentstion on economles and proposed engiﬁeeriné, applications of
pyrometallurgical processes.

As mentioned earlier, the pyrometailﬁrgical methods give only partial
decontamination, i.e., less than ten4fold rétiuction in overall fission product
removal. Iheréfore, the use of thése methods i,e rvery much dependent on &n economic
remote fuel fabrication operation. Such é; oz;e;'ation ié now eﬁv:lsioned for the
EBR-II project and t}ie Metallurgy Division at Argonne h‘as been studying this
problem. The results on rlsynth.etic fuels vith ccmp;)gitim smlaf._ing that cbteined
from pyrometallurgical processing Ly oxide droséing and volatiliggti.on duri..ngr

melting have been very ez;couraging. The metallurgists using equipment shown

‘gketched in Figure 6 have succeeded in 'tabricating'up to 20-inch lengths of

1/8-inch diameter fuel vhich requires only being cut to length. Tolerances of
£0.001 inch in diemeter have heen produced in epproximetely 96 per cent of the

castings. The method by vhich they accomplich this is to use vjcor tubing coated
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with veshes of colloldal graphite end sized to produce fuel with the desired

dimensions of dlameter end length. In operation of this method, the fuel charge

O

and e bundle of Vycor t.u'beq (closed at one end) arc placed in & furnace and the

furnace evacusted. The fumeace is connected to an argon pressure vessel. When

the furnece is evacuated the molten fuel charge is btrought up so that the ends of

/EK
o

-~ 000000
~ Q00000

Ui ' I‘LJ
ft:)fa’“ .
I\

Fig, 6 - Injection casting furnace,

the Vycor tubes are covered, At the same time the valve connecting the argon

pressure to the furnace is opened snd the connection to vacuum equipment is closed.,

This causes the fuel to be drawn up into the Vycor tubes. By proper heat balance

and temperature control the fuel is immediately solidified in the Vycor tubes.
Later the Vycor tubing is broken away. A remarkeble degree of dimensional

uniformity has been obtained in experiments vhich have simultaneously produced up “
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to 30 pleces of fuel in this mennexr. Because of the simplicity of this operation
and of subsequent fuel fabricstion steps, 1t 1s believed that remote fabricatlon
of fuel such as will be used in the EBR-II will prove practiceble. The succees

of this is obviously very importent to the intended use of the pymmetallurgical
pllot plant for the EBR-IY project. The development of remote fuel fabricetion
techniques may elso prove to be valusble in conjunction with even processes which
thoroughly remove fission products. This is because recycle of some fuels, at
least, will lead to radioactivity probleﬁxs from heavy isotopes, if not from fission
products.

Mock-ups of verious paris of the pyrometallurgical processing plant for
the EBR-II project are being designed and some alyready are comnstructed. In the
experimental work conducted to date on oxide drossing e.:;d solvent extraction with
mpl.ten .mae:esim, the prc;blems of conteninating envi.rc;tments bave been of minor
nature. This fact has been very encouraginz end elso very importaat in expediting
experimental reéul.ts in both tb.e laboratory apd in £he semivorks. It will slso be
en important factor in the design end operation of the conﬁenqale.ted pilot‘plaht.

At the present time, the !;qn-aqﬁebus methods of processing lack the
ccmpletensas of d.evelopmenﬁ end eXtensive operating experience which the aqueéus
solfent extmction ‘processes have ,\mdérgbne. 'H;.is 1s of itself a major disadvantege

But it mey be vell to recall thet e similar situation once existéd for solvent

495




extraction processes relative to the esrlier developed and used precipitation

processes. ¥While 1t 18, perhaps, too early to predict the success or fallure of

non-aguecus processes, the earlier mentioned potentiel advanteges of these

" processes has stirred a tremendous interest in them. Studies of their engineering
problems and economic cepability for specific applications have been well started.
Some of the resulte of these studies will be presénted in more detail by Dr. Rodger

aud Mr. Burris for fluoride volatility ard pyrometallurgical processes, respectively.

REFERENCES

Fluoride Volatility Processes

1.

2.

3.

G. I. Cathers, "Fluoride Velatility Process for High Alloy Fuels,.®
Prepared for presentation at Symposium on Chemical Frocessing,
Brussels, Belgi\m, May 1957.

R. C, Vogel end R. K. Steunenberg, "Fluoride Volatility Processea
far Low Allcy Fuels.®” Prepared for presentation at Symposium on
Chenical Processing, Brussels, Belgium, May 1957,

R, W, Kessie, S, lawroski, M. Levenson, R. C, Liimatainen, W. J. Mecham,
W, A. Rodger, W. B, Seofeldt, G. J. Vogel, G, E. Gering, and

0. J. Dufemple, "Engincering end Feoncmic Oonsidoratims of Volatility
Processes,® Prepared for presentstion et Symposium on Chemieanl
Processing, Brussels, Belgium, May 1957.

Errometallurgical Processes

b

2.

H, M, Fedsr, "Chenistry of Fyrometallurgical Processes: A Review,®
Prepared for presentation at Symposium on Chemical Frocessaing,
Brussels, Belgium, May 1957.

E, F, Motta, D, Siniger, G. Brand, J. Foltz, ¥, Gardner, J, Ballis,
J. Guon, G, Kendall, T, Imebben, and K, Mattern, "Pyrometallurgical
FProcesses: Procssa and Equipment Development.® Prepared for pre-
ssntation at Symposium on Chemical Processing, Brussels, Belgium,
May 1957.

4986

O

b

-




»

o

3.

e

5

J. H, Schuraidt, W, A. Rodger, M. Levenson, S. lLawroski, D, C. Hampson,
J. Grase, L. Coleman, L. Burris, Jr., G. Bernstein, and G, A, Bennett,
#Pyromstellurgical Processings Economics end Proposed Enginsering
Applications,” Prepared for presentation et Symposium on Chemical
Processing, Brussels, Belgium, May 1957.

E. Mottsa, J. Faltz, K. Mattern, R, Bewbtury, D. Jeneves, and W, Gardner,
sErief Description of the Pyrametallurgical-Refabrication Experimsnt
(FRE).* Prepared for presentation et Symposium on Chemical Processing,
Brussels, Belgium, May 1957.

C. Raseman, H. Susslkind, and G. H. Waids, "Liquid Metal Fuel Reactar
(IMFR) In-Pile Fuel Processing Loop.” Presented at Nuslear Congress,
Fhiladelphin, Pennsylvania, March 1957.

497




FLUORIDE VOLATILITY PROCESSES FOR LOW ALLOY FUELS
R. C. Vogel and R. K. Steunenberg*
May 1, 1857

I. Introduction

In a fluoride volatility separationg process the species in the
irradiated fuel are all converted to the fluorides. The uranium hexafluoride
| ~can then be separated by distillation from the fission product fluorldes.
it is believed that the converéion of the fission products and uranium to the
fluorides leads to a relatively easy separations problem in decontaminating
the uranium, The problems involved in the separation of uranium hexafluoride
from the fission product fluorides are depicted graphically in Figures 1 and
. 2. The activities are plotted as the percentages of total curies and the
percentages of total beta .and gamma watts against the boiling points of the
fluorides. It is of course appreciated that the boiling points are only
approximate indications of the separations problems. However, it is clear
that there is & wide difference in volatility between uranium hexafluoride
and the important fission product fluorides. Fluoride volatility processes
are also particularly attractive because of the unique role which uranium
hexafluoride can play in the field of nuclear energy.

The subject of this paper is the application of fluoride volatility
processes to that important group of irradiated fuel elements consisting of
natural or slightly enriched uranium containing fission products and

plutonium of recoverable amounts, Blanket materials in the future may be

*Chemical Engineering Division, Argonne National Laboratory, Lemont, Illinois.
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Fig. 1 - Fraction of total curies activity as a function of
boiling points of the fission rroduct fluorides,

of a similar nature. The uranium may be canned in aluminum, girconium or a
girconium alloj, Depending on the: irradia_tion conditions the plutonium
concentration in uranium can vary fi'om parts per million to several per cent.
Similarly the fission product concéntration may vary between wide lmits.
Vork ha‘#s' been carried out et Argonne, Brobkhaven, and Oak Ridge Natibhal
Laborjatories on the development of fluoriﬁe volatili£y processes for
naterials of this tjpe. oak Ridge National Iaborétdry has done laboratory
and pilot plant work ubing the chlorine f.riﬂuoride dissolution of the fuel
elements. The effort ueing the bromine ‘trifluoride dissolution of uranium

has been carried into the pilot plant stage at A'x:gonne1 andiBrookhaven2
National lLaboratories. A Brookhaven dissdlver now under construction is of

the continuous type while the Argonne dissolver is of the batch type.
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II. Laboratory Data - Bromine Trifluoride Process

The pertinent points of the chemistry of the b:omine trifluoride process
for the recovery and decontamination of uranium ‘and plutonium are discussed
in this section. The chemistry of the chlorine trifluoride procéss is very
gimilar, Since bromine triflunrids does‘not dissolve the common materials -
used for canning uranium, the slugs must be decanned mechanically or by the

common aqueous methods. The reaction of uranium with bromine trifluoride is
U(S) + 2 Bl‘Fa(/Z) —‘9UF6(,Z) + Brg(/e) °

A rapid and reversible reaction between bromine and bromine trifluoride also

takes place in the gas phase according to the equation
Brp + Brfy =% 3 BrF .

Ths plutonium is fluorinated to the tetrafluoride and is insoluble. The
bromine trifluoride can be completely regensrated with fluorine by the

reaction
3F2+3B!‘z"“-}’25!'F3 °

The volatile components are removed from the dissolver by volatilization

and separated by distillation. The plutonium can be recovered through
© solvent extraction techniques by dissolving the residue in aqueous aluminum

nitrat.a.‘ It is hoped that advances in the techniques of handling plutonium

hemﬂuoridé may eventually lead to & process in vhich both the uranium and
‘the plutonium are volatilized from the dissolver as the hexafluorides.

The important fission product fluorides in appro:dmatqu 100. day cooled
fuels are relatively non-volatile. The only exceptions to this in 100 day
cooled materizl are tellutfun hexafluoride (B.P. -35°C) ard fodine penta-
fluoride (B.P. 100°C), This latter fission product is not in high enough
yield to appear in Figures 1 and 2. The tellurium hexafluoride distills

averhead as a forecut while the iodine pentafluoride remains in the
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bromine trifluoride and can be recycled back to the dissolver., A possible

flowsheet demonstrating these operations which is being developed at

Argonne National Laboratory is shown in Figure 3, C
Continuous Product Brz 3k moles
Take-off 2,6 atm. 1st lyp 32 moles
and 120°C i Brfy 15 molog
('l‘e Fga HF, Oz BrFy Trace
(TI 4 , HF, &
0, #
ang | Bra g moles
UF; 18 moles [ |
UF¢ L2 moles
Brfy 6 molea | contam.
3r
- BrF; 315 moles
o R

] L2 moles

BeF, L20 moles
UF6 8 moles Dissolver

| &

stilll 3 atin.

120°c TO* goura
2,6 atm, Brr, 105 moles
8 moles
éo Recycle

moved by
lLaqueous was

Fig, 3 - Continucus mroduct removal flow sheet for processing
patural uranium,

A possible flowsheet involving continuous dissolution ig shown in
Figure h03 This type of flowsheet is being developed by Brookhaven National
Laboratory, In this scheme of processing the chemiatry is essentially the
same except that bromine pentafluoride rather than fluorine is used to

fluorinate the bromine formed during the dissolution.

A. Uranium Dissolution:

1. The Need for a Liquid Phase

When uranium metal is converted directly to the hexafluoride L)
. in an atmosphere of fluorire the heat released is about 2200 kcal/kg of
uranium. Even with modest amounts of uranium it has not proven practical to

remove this amount of heat when generated in a solid-gas reaction. A study —
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has been made of the ignition of uranium and other metals in liquid and gas

phase fluorinating agents.

It was shown when a liquid phase is maintained,

even at temperatures considerably above the boiling point, that ignition of

bulk uranium does not secur,

a smooth one.

uranium in various vapor phase fluorinating agents.

The data in Table 1 show that the reaction is

In Tables 2 and 3 are presented data for the ignition of

Table 1

Data are also available

EXPOSURE OF URANTUM METAL TO LIQUID FLUORINATING REAGENTS

Reprinted from "Behavior of Uranium and Other
Selected Materials in Fluorinating Heagents®,
Stein, L. and Vogel, R. C., Ind. and Eng. Chem,

L8, 118 (1956).
(Approximately 3 grams of alpha-rolled uranium used in each experiment.)

U Temp, 7C Contact Time,
Run No.  Reagent Initial Final min Resul ts
12 BrF, 170 180 Lb Smooth reaction
13 BrF, 205 205 26 Smooth reaction
19 BrF, 210 210 16 Smooth reaction
31 BrF, 25 160 17 Smooth reaction
27 BrFy + UFéb 195 220 22 Smooth reaction
13 Brfg 130 170 25 Smooth reaction
35 Brfg 25® 160 23 Smooth reaction
ln C1F, 25? 70 7 Smooth reaction

®ranium and halogen fluorlds heated together from room temperature.

bInitial solution, 10.3 mole % UF.

for the reactions of various other materials which might be involved in a

fluoride volatility processesol‘
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Table 2
IGNITION OF URANI'UM METAL IN VAPOR-PHASE FLUORINATION

Reprinted from "Behavior of Uranium and Other Selected Materials In Fluorinating
Reagents", Stein, L. and Vogel, R, C., Ind, and Eng. Chem. 48, 413 (1956).

Approximately 3 grams of alpha-rolled uranium used in each egariment. Pressure:
BrF, at vapor pressure of liquid reagent - i.e., at 145°, 16 , and 201°C, vapor
pressures are 1364, 2384, and S840 mm, respectively.

Initial Uranium Vapor Contact
Reagent Temp, Ignition Temp, Time,
Run Wo. ( Vapor) o¢ oc - min

A, Uranium Exposed to Vapor after Immersion in Liquid.

13 BrF, 205 205 2
1k BrF, 205 205 2
15 BrFy 155 185 8
16 BrFy 135 150 20
17 BrFy L5 . 208 u8
18 BrF, 150 150 2
19 BrF, 210 210 1
20 BrFy 185 185 1
21 BrF, 190 190 2
22 BrF, ' 185 185 2
23 BrF, 210 210 2
2l BrF, 175 175 2
25 BrF, 205 205 1
26 BrF, 260 260 1
30 BrFy 170 170 1
31 BrFy b : 160 160 2
28 Brfy ¢ UFg 160 : 170 17
32 - BrFy + UFg] ' 1S5 175 18
L9 BrFs + Bret - 135 170 n
S0 . BrFy ¢+ Br,@ 150 160 13
51 BrFy + Brp® 135 160 1y
52 BrFp + Brof 15 160 7
B. Uranium Exposed to Vapor without Prior Iiquid Immersion.
105 BrFy 25 . 190 &
106 BrFy ‘ 25 190 70

&prF, inadvertently distilled into cold trap; ignition produced by addition
of more BrF, vapor at 205 C.

Prnitial golution, 10,3 mole % UFge

©Initial sclution, 9.9 mole % Brs.
Ornitial solution, L.S mole % Bra.
®Initial solution, 17 mole % Bry.

fInitial solution, 16 mole % Bra.
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Table 3
IGNITION OF URANIUM METAL IN VAPOR-PHASE FLUORINATION

Reprinted from "Behavior of Uranium and Other Selected
Materials in Fluorinating Reagents®™, Stein, L. and
Vogel, R, co’ Ind. and mgo ChQYRc, Lé, hla (1956)0

Approx. Pressure Initial Vapor Contact
Run No. Reagent =t Ig’r;ition, 0 ggmp, Ignitigté Ter®s T:!i‘?n,
3L BrFy 5300 170 22 7
33 Brfg $500 170 20 20
3 BrFy > 6000 160 225 21
38 CLF, 750 25 No ignition®s® 33
L3 C1F, 750 25 275° 25
36 C1F, 1250 25 No ignition® S0
39 C1F, . 2000 25 225 29
37 ClF, 2550 25 270 L5
Lo C1F, 2800 25 205 2L
L2 C1F, 3600 25 270 23
Ia C1F, 5750 70 235 N
Lk F2 900 25 No ignitiond 52
us P2 600 25 260 2l
16 Fa 1800 25 355 33
L7 Fa kgoo 180 375 36

8Gas from cylinder allowed to flow over heated uranium at atrmospheric pressure.

PRun

terminated at 205°C.

°Temperature surged from 330° to h10°C, upon reducing pressure at end of run,

%un

terminated at 340°C.

2. The Rate of the Uranium Bromine Trifluoride Reaction

Like all heterogeneous reactions the rate of dissolution is

a function of the geometry of the solid, the purity and local crystal
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~orientation in the metallic structure as well as the surface area and degree

of agitation. In addition to the data cited below there are rate data
available on pilot plant scale dissolutions which will be covered in a later

section.

a, Whirling Cylinder Experiments: The kinetics of uranium

dissolution in bromine trifluoride have been investigated by whirling cylinders
of uranium in the diséolving reagent, Only a modest'am'ount of uranium was
allowed to dissolve before the experiment waé stopoed. This led to constant
surface area and solution composition throughout the experiment. Typicél

data are given in ;rable L. These data are for high purity beta quenched
uranium, At 85°C, using pure bromine trifluoride and conditions similar to
those indicated in Table L, it was found that alph.i rolled commercial grade

Table L

SELECTED EXPERIMENTS ON T{E DISSOLUTION OF PURIFIED URANIUM
- IN BROMINE TRTFLUORIDE SOLUTION

Dissolution rate is measured by weight loss of pure
uranjum cylinder’'rotating at a peripherial speed of
3000 cm/min over a 15 minute interval,

Penetration Rate ,b

~ Dissolving Mediun®. . Temp, °C mn/hr
BrF, | 6 ~ 0.010 £ .001
| | 85 ’ 0,015 & .00
| | 105 ' 0.036 £ 001
. BrFy = Bry (5 mole %) - 85 0,05 & .006
(10 mole £) 85 0408 % .006
- BrFy = UFg (5 mole %) 8s o 1.6

%o appreciable change in concentration took place during the experiment.

bThe 1ndiéated error is vthe average deviation from the mean of several
runs,
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uranium dissolved about three times as rapidly as beta quenched pure uranium.
In pure bromine trifluoride, variations in stirring speed have no discernible
influence on the rate, and the temperature dependence corresponds to an
activation energy of 6 to 7 kcal/mole. There is, however, a considerable

rate increase when uranium hexafluoride is added to the solution.

b, Batch Dissolution Without Area Control: Batch dissolutions

wereg carried out on approximately 10-grem uranium samples, In these

experiments area control wag sacrificed but temperature and solution composition

were maintained constant, The data are given in Table 5. From these data
the most important conclusion is that uranium hexafluoride at 75°C accelerates
the reaction more than an equivalent concentration of bromine (Run L vs Run 3)

in agreement with the whirling ¢ylinder experiments.

¢, Selection of Conditions for Uranium Dissolution: From

the data indicated above it is clear that a wide range of uranium dissolution
rates is available. The rate of the reaction can best be controlled by the
selection of a temperature and a pressure for dissolution. The pressure can be
maintained constant by bleeding off the products of the reaction at the
appropriate rate., This determines the uranium hexafluoride concentration in

the dissolver solution.,

B. Plutonium Behavior in a Fluoride Volatility Process

Earlier investigations withk bromine trifluoride dissolutions of
irradiated uranium containing small amounts of plutonium (ca. 10 ppm) gave
uranium hexafluoride fractions with d:tectable plutonium concentrations.

It was feared that a similar fraction of plulonium would be volatilized when
ufaninm containing & higher concentration of plutonium was employed. Iater

experiments in which more concentrated plutonium alloys were dissolved have

shown that there was no appreciable volatile plutonium carried over with the
uranium hexafluoride fraction even when the dissolutions were.carried out

~ with bromine trifluoride solutions containing hromine or uranium hexafluoride.
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Table 5
RATE OF REACTION OF COMMERCIAL GRADE ALPHA~ROLLED URANIUM WITH BROMINE TRIFLUORIDE SYSTEMS

Crmditions: Each experiment started with new cylinder; area not controlled; one hour

' at 75°C unless otherwise indicateds volume Brfs 200 mlj volume vapor space
50 ml; approximate initial sample area 5.6 cm®j system shaken during
digsolution; uranium sample tied to end of thermocouple well; data
corrected by subtracting amount dissolved in heating and rcooling cycle,

Run Number a 18,0 3 A S 6 o

HOI % BrF, ~100 100 9701 9792 9607 91‘!5 91‘55
Mol % UFg - 0.0k 2.8 2.9 2.9
Mol % Bl'z 2,9 ' ) .
Mol % B!'Fs 303 207 2.7
Blank, wt lossd 0.1095 0.0L437 0.1868 0.4493 0.0894 0.4230 2.5626
Original wt 11,0738 11,2916 9.8892 10,6130 11.1600 9.8377 11.3063
Total wt loss in run . 0,1825 0.7259 0,3802 2,2383 0.2682 3.3879 ~10
Net wt lo=s 0.0730 0.6772 0.193L 1.7910 0.1788 2.9599 ~17
Wt 1083, % 0365 6 2.0 16.9 . ) 1-6 3105 ~70 ‘
Very approx. penetration 0.007 0.06 0.02 0.17 0,017 0.23 ~ 0,74
rat.e, mm/hr : .

e'Pm'e BrF'._., attack giving small honeycomb type holes at the end, while Br; and UFg solutions givo pits
of greater diameter. .

bA possibility existed that this solution was initially contaminated with UF6; it was analyzed and found

to be 0,04 mol % UFg,

Experiment run at 120°C; due to an incident the run time was 25 minutes instead of 60 minutes. Results
only approximate,

d ,
On separate cylinder, taken through heating and cooling cycle only.




The data are presented in Table 6. These observations are also in agreement
with the data of Malm and Weinstock5 which indicates that plutonium hexa-
fluoride is reduced to a non-volatile form by bromine trifluoride.

If all volatile material is removed from the dissolver via the
vapor phase, the residual non=volatile plutonium and fission product fluorides
may be washed from the dissolver periodically with an aqueocus aluminum
nitrate solution capable of solubilizing these fluorides. Such a solution

_ might be processed for the plutonium by familiar solvent extraction methods.

Table &
PLUTONI UM VOLATILITY EXPERIMENTS

Experiments carried out on unirradiated 40O ppm plutonium in uranium alloy.
Series A: Attempts to prepare PuF¢ from BrF, dissolver solutions.

Weight of
Uranium- Approximate Total Uranium
Plutonium Dissolution Average Volatile Material
Alloy Time Temp Plutonium Balance
Run No. (grams) Reagent (hours) °c (per cent) (per cent)
1 0.5758 BrFy L1 100 (0.119)° 95.5
2 0.6243 BrF, 9.3 105 0.043 9.7
3 0.8421 BrF. 6.4 15 0.006 95.5
L 0.8203 12} mole $ By 9.5 100 0.009 96.4
in BrFy
5 0.6967 12, ,f, lgg%e £ Br, (8)* 105 0,017 83.4
6 0.7215 11,3 mole $ UFg  (2)* 95 (0.175)® 92.2
in BrF,
Series B: Residue from BrFy dissolution subjected to various treatments.
Weight of
Uranium- Total
Plutonium Reagent Used to Contact Average Volatile
Aoy Treat Plutonium Time Temp Plutonium
Run No, (grans) Fluoride Residue {hrs) oc (per cent)
7 1.4362 BrF, 2,0 50 0.077
8 0.72L6 Br 1.0 o 0,069
9 1.3286 ?5 +Fs L.8 25 0.03
10 1.3286 Brfg ¢ ¥, 4.2 25 0.026
11 1.3286 Fa 1.6 120 0,002
12 1.3236 C1F, 1.1 120 0.006

%1he experiment was interrupted overnight.

'rhe low-level plutonium analyses were done by the LaF; method; the results are
probably high due to uranium background.
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This procedure is satisfactory from a chemical point of view. It does offer
engineering difficulties in view of the incompatibility of bromine tri-
fluoride aélutions and aqueous solutions and the potential hazards involvad
in employing such solutions in the same equipment. |

To refluce the problem of incompatibility, the plutonium might be
removed from the dissolver as a‘slurxy in liquid bromine trifluoride and
concentrated in a small auxiliary vessel where subsequent operations should
present a substantially reduced hazard. This procedure might involve the
'additioh of a finely divided insoluble fluoride, e. g., aluminum fluoride,
to the bromine trifluoride. Alternatively, a high temperature fluorination
of the residual plﬁtonium migh‘tfbe employed for this step,.

C., Fisgion Product Behavior in a Fluoride Volatility Process

The best decontamination data are those obtained on the pilot plant

scale. Therefore discussion will be deferred on this subject to that section.

As the flowsheet in Figure 3 shows, bromine trifluoride is re-
circulated to the dissolver. The bromine trifluoride appears to be readily
separable by simple distillation from all the fission products except the
iodine. Since this reagent would be re-uséd in the dissolver, no real
docontamination is required. The bulk of the fission product waste will be -

concentrated with the plutonium and will ultimately appear as wastes from

the plutonium processing.

D. Stability of Bromine Trifluoride to Irradiation

Serioﬁs problems are not expected with bromine trifluoride processes
due to irradiation &écomposition. This arises since it is proposed that the
bromine be fluorinated after the dissolution stap. Therefore any species
formed as a result of irradiation decomposition could be expected to be
converted back to bromine trifluoi’ida.. ' ‘

At Brookhaven National Laboratoty‘bromine trifluoride was exposed
to an accumulated gamma ray dosage of 1.7:107 r. It was estimated that
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0.1 weight per cent of bromine was formed. It was concluded that the amount
of bromine produced would be negligible compared to that produced by the
dissolution reaction,

At North American Aviation (Atomics International) the chemical
effects of 1 Mev electrons in bromine trifluoride were considered.®
Pressure measurements taken during the irradiation suggested the presence
of bromine and bromine pentafluoride., The radiation effect seemed to reach
saturation when approximately 10 per cent of the bromine trifluoride was
destroyed. A qualitative comparison of irradiation dosage with that expected
from highly irradiated spent fuels revealed tl.lat little decomposition of
bromine trifluoride is to be expected.

E. Corrosion of Possible Equipment Materials in a Fluoride Volatility
Process

Corrosion studies have heen conducted on several materials of
construction commonly used for interhalogen systems. Most of these studies

have been static tests.

1. Corrosion of Materials in Interhalogen Systems

Data are given in Table 7 on the corrosion at 125°C of various
metals in pure bromine trifluorids and bromine trifluoride containing bromine
pentafluoride, bromine or uranium hexafluoride.

The data for nickel, Monel and K Monel show that these metals
have excellent corrosion resistance. Inconel and Duranickel also are
probably satisfactory. Stainless steel, mild steel, magnesivm and aluminum
are suitable for less critical applications. WNicloy-9 is unsatisfactory.

At Brookhaven National Laboratory stainless steels 302 and 347 were immersed
in boiling bromine trifluoride, bromine pentafluoride for 3 months, The
penetration rate was around 5 mils/year. Alternate exposure to aqueous
systems and bromine trifluoride indicated that these materials were
definitely unsuitable for this type of appliétion.
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Table 7
CORROSION IN INTERHALOGEN SYSTEMS AT 125 C

(Reprinted from Corrosion Studies Pertinent to Bromine Trifluoride Processes, Schnizlein, J. G.,
Stemenberg, R. X. and Vogel, R, C., ANL=-5557, April 1955.)

Coupons: 1 3/8 in. x 1 3/8 in. x 1/16 in, initially polished with fine steel wool and scouring
cleanser paste, washed, degreased and dried at 110 C.

Supports: Insulating Teflon spaeers.

Fluoride Film Removal: 1 M A1(NOy)y, 0.05 ¥ sulfamic acid, pH 0.5

‘Penetration in Mils pouaar"

: Exposore Pure Brf," 10% Brfg - 90% Brfy 10% Br, - 90% BrFy _ 10% UFc® - 904 BrP,
Metsl - (weeks) Vapor Interface Liquid Vapor Interface lLiquid Vapor Interface Liquid Vapor Interface Liquid
Nickel n +d + * + 0.006 0,012 + 0,002 0,00; 0,008 0,018 0,008
Welded Nickel 1n + - 0,0004 * 0 0.012 0.005 + 0,001 . 0,006 0,007 + 0.0008
Monel - 1 + + 0.005 + 0,025 0,029 + 0,020 0,024 0.004 0.003 0
Welded Mone) 11 . + 0,005 = 0,00k 0,029 0.018 + -0,015 0,033 0,005 0,002 0
K Monel 11 0,0002 0.003 0.007 0.009 0.031 0,036 0.008 0,025 0,034 0.005 0,004 0.004
Inconel n 0,005 0.010 0,027 . 0,0008 0,045 0,046 + 0.029 0,01 0.020 0.011 0.015
Duranickel L 0.12 0,28 0,30 0.23 0.30 0,26 0.3 0.37 0.37 0,05 0,02 0.009
Incolo'y h 1-3 302 3.6 ' luh 105 1.7 o.?h 100 o.9d 007 1.2 2.5 \
Aluminum® X 0 0.1 0.70 = 0.19 0.10 £ 0 0.17 # + + +
Mggnqsiumg . L =N - » P - * - - * - - -

. Stainleas steel 1 2.8 3.6 3.k 5.3 6 69 1.3 2,0 2,0 2.5 2.9 kol

(Type 0L) ,

Stainless stesl 1 2. 3.3 5.9

(Type 347) ’ ‘ ‘

Mild Steel 1l h.9 7.7 708 1 16 19 2.7 llo9 hol - 608 5:2 9.0
. Niclﬂy—9 1 - 7h - - 1& - - 27 - - - -

&Tn cases when the corrosion rate is of the order of less than 0.1-mil penetration per year, the actuval numbers carry
1ittle significance.

Brhe exposure time for pure BrF, nickel through Inconel was 20 weeks instead of 11.

CInitial UFg concentration in liquid. Removing and replacing samples necessitated some loss of UF6 8o the final UF6
cancentratgon was 5.1 mole %, ,

4+ indicates a veight gain less than 1 mg,
®Concentrated HNO, wash used to remove fluorids film from aluminum,
fwetgnt gain 7.8 mg total.

- 8o method devised for f£ilm removal without attack of coupon, Weight changes are of the same order of magnitudo as

Duranlickel, 80 penatrations should be of the same order of magnitude.
MMinus indicates no measurement made,




In the corrosion tests presented above the corrosipn products
were allowed to accumulate in the refluxed interhalogen in which the coupons
were immersed. Although very low rates of attack were observed, it was
necaessary to know to what extent the corrosion products in solution might
:Influencé the rate. By incorporating a condensate receiver into a loop
designed to test valve operatlons, coupons could be maintained in the
bromine trifluoride condensate. The condensate was reheated to 70°C and
it overflowed from the coupon container through the test valve back into
the still pot. The data in Table 3 show attack at from l to 20 times those
in static long term tests., However, the rates are still satisfactorily

- Yow for any use.

Table 8

CORROSION IN BROMINE TRIFLUORIDE CONDENSATE AT 70°C FOR 650 HOURS

(Reprinted from Corrosion Studies Pertinent to Bromine Trifluorids
Processes, Schnizlein, J. G., Stewnenberg, R, K. and Vogel, R. C.,
ANL-5557, April, 1956.)

1 3/8 in, x 1 3/8 in. x.1/16 in. coupons initially polished with fine
steel wool and scouring cleanser paste, washed, degreased, and dried

at 110°C. Supported in interhalogen condensats between Teflon spacers. .

Fluoride films were removed with 0.1 M A1(NO3),, 0.05 M sulfamic acid,
pH 0.5 solution before weighing. -

miljyr
Nickel 0.036
Welded Nickel 0,02}
Monel 0.10
Welded Monel ) o.n
K Monel 0.19

Dynamic corrosion tests hive been carried cut at Brookhaven
National Laboratory on Monel plate specimens 1/8 in, thick. The operation
of the loop was such that the bromine trifluoride was static for 132 hours
at room temperature and flowing for 7.7 ft/sec for 100 hours at 6300. The

plane of the plates was parallel to the line of flow. The corrosion rate
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was betweén 3 and 4 mils/year. These samples were examined for stress
corrosion cracking and no evidsnce of it was found in either welded or

non-welded areas.

2, Corrosion of Materials by Aqueous Systéms

Since ths present scheme of processing plutonium-uranium
alloys by a fluoride volatility method suggests the removal of plutonium and
fission product fluorides from the Monel or nickel vessel by washing it with
an aluminum nitrate solution, it vfas appropriate to investigate the corrosion
under these circumstances.

The corrosion of Monel by aqueous aluminum nitrate is
acceptable only in a narrow pH range and might become serious because of
mal-operation of equipmeht or operational mistakes. It was found that
sulfamic acid is an affective corrosion mhibitor."‘ ‘The conditions of the
experiments and typical data are presented in Figure 5 to illustrate the
effects of time &1d suli‘amic acid concentration. It is important to
emphasige that in this type of operation the total penetration is a function
of the ratio of metal area to solution volums, and that the variable of

solution pH is controllable only at the beginning of the experiment.

3. Corrosion of Materials in Cyclic Exposure to Agqueous and
Interhalogen Systems :

Since it is proposed in the processing of plutonium-uranium
alloys to expose alternately the disbélving vessel f.o interhalogen and to
arueocus systems it was necessary to examine the corrosion resulting from
this type of cyclic opera't.i.cn'u.7 A _cyc'lic operation was set up to duplicate
that which might be expscted in a typical aepératibns i:lant using the |
flowsheet previously shown. Coupons of nickel, welded nickel, Monel,
welded Monel, K-Monel and Inconel were welghed at the completion of the
first, second, third, tenth, twelfth and fourteenth cycles. The attack
was uniform throughout the test and weight losses corresponding to about

0.0205 mil per cycle were found for all coupons. From these preliminary
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corrosion data it appears possible to cycle between interhalogen and
aqueous systems under conditions similar to those set forth in the

experiment,

ITI. Laboratory Data - Chlorine Trifluoride Process

Both laboratory and pilot plant work have been carried out at the
Oak Ridge National Laboratory on the chlorine trifluorids method of
processing reactor fuels, The\important process chemistry of the chlorine
trifluoride process will be discussed in this section. The chemistry is
similar in most respects to that of the bromine trifluoride process.

Since chlorine trifluoride, like bromine trifluoride, does not dissolve
the common materials used for canning uranium in slugs they must be
mechanicdlly decanned or decanned by the common aqueous methods. The

reaction with uranium is
U(s) * 3 CIFy( L) ——> UFg( L) + 3 C1F(g)

The uranium hexafluoride is recovered and decontaminated by distillation.
The chlorine trifluoride consumed is regenerated by reaction of chlorine

monofluoride with fluorine at about 300°C according to the equation
C1F + Fp -—299294>-01F3 o

In the chlorine trifluoride process as with the bromine trifluoride process
the basic reaction consumes only fluorine. The plutonium is fluorinated to
an insoluble fluoride. It is recoverabls by dissolving the residue in
aqueous aluminum nitrate and decontaminating by solvent extraction. The
fission product behaviors are essentially the saﬁe g8 in the bromine tri-
fluoride process.

A possgible flowsheet demonstrating these operation is shown in

Figure 6.
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Fig. 5 = Inhibiting nitrate corrosion of Monel with sulfamic acid,

A, Uranium Dissolution

Data on the ignition of uranium by chlarine trifluoride vapor are
given in Table 3. | |
Ag with the bromine trifluoride uranium reaction the kinetics of

the chlorine trifluoride uranjum reaction are quite complicated.

1. Rate in Pure Chlorine Trifluoride

; Rates of solution of uranium in puré chlorine’ trifluoride
have>be'en éstimated. About 1500 hours are required for ’the dissolution of
a 1.13 in, ‘diameter slug at 30°C and 900 hours at 80°C. The uncatalyzed
reaction is obviously too slo;: for the development of a comrercially

feasible process.. -

2. Effect ¢f Hydrogen- Fluoride Addition
The addition of anhydrous hydrogen fluoride was found to.
accelerate the reaction between uranium and chlorine trifluoride. The

effect of different hydrogen fluoride concentrations on the initial reaction
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rate at 30°C in the absence of uranium hexafluoride in the fluorinating

mixture is illustrated in Figure 7. The maximum rate of reaction was
g obtained at approximately 60 mole per cent chlorine trifluoride (molar
R ratio of chlorine trifluoride to hydrogen fluoride of 1.5). This rate
is more than an order of magnitude faster than the rate obtained using
pure chiorine trifluoride. |

-§00
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Ng 700 }=
> °
5 0 |
0 <]
=
§ s0 - 7N
b v ’ [}
3 J/ '
;3 W00 b~ 0 0 © 4 o
S o ’ \‘
; 7,
g L "% o\
' -7 ° \
o - o
200 - ° 0’6' o\
Pad \
: LT \
100 |- //’ \\
l’ Q\
0 z J l ' l i T g
r 0 20 1o 60 80 100
; CIF‘, Mole ‘
Fig, 7 - Average rate of reaction as a function of hydrogen fluoride
concentration at 30°C,
3. Effects of Uranium Hexafluoride and Hydrogen Fluoride
Additions
The presence of uranium hexafluoride in the reaction mixture
was found to influence the rate of the reaction in a complicated way.
This 1s demonstrated in Figure 8. The addition of uranium hexanﬁoride to
. _ . .
those chlorine trifluoride-hydrogen fluoride solutions which gave.the ..
maximum rates in the absence of uranium hexafluoride depressed the rate of
- reaction. The rate was found to be essentially independent of uraniuix hexa-
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g
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Rate of Reaction, Mg UFg/em
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Fig, 8 - Influence of uranium hexafluoride upon rate of reaction at
various mole ratios of chlorine trifinoride to hydrogen fluoride,

fluoride concentration at a mole ratio of chlorine trifluoride to hydrogen
fluoride of 0.3.

k. Effect of Temperature

Using the composition of the dissolver solution of & molar
ratio of chlorine trifluoride to hydrogen fluoride of 0.3 the temperature
dependeénce of the reaction was investigated between 10 and 90°C. The
reaction proceedsd smoothly under all conditions studied and gave no

indications of becoming uncontrollable at elevated temperatures. The
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reaction’ rates expressed in terms of the time required to dissolve a
1.43 in. diameter slug and in terms of the rate of removal of uranium metal
are given in Table 9, A plot of log K vs. 1/T gives a break at about L8°C.

The equations for the rate constant below and above 148°C are, respectively

logK = "“50)‘1 - _'_7_5_'%_-_8_

and

log K= 5.6783 - L017.7
: T

K is expiessed in molés of uranium per squére centiﬁeﬁr per second. It
should be emphasized that rather high pressures are associated with the
higher témeratms. |

Table 9

RATE OF REACTION BETWEEV URANI'M AND HYDROGEM FLUORIDE=-CHLORINE
" TRIFLUORIDE SOLUTION AS A FINCTION OF TE:PERATURE

Mole Ratio of C1F, to HF of 0.3

Time to Dissolve y 8

o 1.43 inch diameter = Kx 10
Temp, C Slug, hr moles U/c:xrx2 sec

B - @8 32

0 12,0 . 90.8

o 8.8 1.2

6o I T
s 300 - B
W . ne
2 | L _'hh9‘ ' . ,k As.h .

10 ) 590 - - 6.5
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B, Plutonium Behavior in the Chlorine Trifluorids Volatility Process

'l‘herebhas ‘been no indication of plutonium volatility, i.e.,
formation of plutonium hexafluoride, during the dissolution of irradiated
natural uranium in chlorine trifluorids. The pluionium remains behind as &
residue with the fission products after the volatile material has been
distilled from the dissolver.' It cen be dissolved in 5 per cent aluminum
nitrate at a pH of o,s.B At 100°C the dissolution rate is quite rapid and
can probably be dissolved in about 3 hours, The plutonium caﬁ be recovered
by solvent extraction.

There are corrosion data on Monel at room temperatui'e obtained by
Benton and Gustison that appear to be at variance with the data obtained
by Schniglein » Steunenberg and Vogel.7 For example for 5 per cent aluminum
nitrate a pH of 0.5 the former investigators found a corrosion rate of about
150 mils per year while the htﬁr found a rate of about 20 mils per year.
Of course, the addition of sulfamate further inhibits this corrosion.

C. Considerations in the Distillation of Uranium Hexafluoride from
the Dissolver Solution

There exist uranium hexafluorids~hydrogen fluoride and uranium

hexafluoride~hydrogen fluoride-chlorine trifluoride azeotropes. The existence

of these azeotropes presents difficulties in isolating pure uranium hexa-
fluoride. One solution to the problem would be to add sufficient chlorine
trifluoride to the system to remove hydrogen fluoride as the ternary
azeotrope, which contains only a small quantity of uranium hexafluoride.
Application of this technique would require an additional unit operation for
breaking the chlorine trifluorids-hydrogen fluoride azeotrope. The best
solution, however, seems to be to avoid breaking the uranium hexafluoride~
hydrdgen fluoride azeotrope remaining after the distillation of the ternary
ageotrope but to maintain in the dissolver solution a quantity of urani\m‘
hexafluoride sufficient to satisfy azeotropic requirements. Then the
uranium hexafluoride obtained from the reaction of the solution with

uranium can be recovered by distillation.

b22
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The fission product considerations are similar to those mentioned
in the bromine trifluoride process. The best fission product behavior data
are those obtained on a pilot plant scale and will be given in a later v

section,

IV. Pilot Plant Programs

Ao : Bromine Trifluoride Process - Argonne National laboratory

A pilot "plant constructed of Nickel and Monel is at present in
opémti.on at Argonne' National Laboratory.? The basic pieces of equipment are
a dissolver, three distillation columns and two scrub towers. The methods
chosen for handiing the bromine fluorides were (1) measurement by weigh
tank, (2) sampling and transfer by the vapor pressure of the materials
themselves, (3) heating the qqntents of tanks by heaters metalligzed to
their surfaces, (L) heating the éﬁrfaces of tanks with an.external blanket
heater and maintaining adiabaticily by adj’usti.ng to zero the temperature
drop acrbsis,a layer of insulgtién an.dv(S), heating lines by tracing with
electric heatiﬁg wire and ir;su]r.at’ing., The létest run carried out at 'high
activity levels have demonstrated a total fission product decontamination

factor of over 108.

1. ( Equipment

’ The pilof 'plant ﬁ;s: designéd to demonstrate the flowsheet'
shown m»« Figuie' 3. It is, howevéf,‘ rather flexible and has been also uséd
to demonstrate other ’process‘es.* About 10 kg of irra.diated slugs can be
handlad. ~An séhematic equipment diagram is preée_nf.ed in Figure 9. A Mdnel
dissolver of 90 liters capacity‘ is;provided with réxtemal cooling coﬁs
bonded to the vessel wall with éoépet '5px‘ay tﬁatal'o vater 1s used as the
coolant. A special hazard is presenif.ed by the fact that water and organic
1liquid coolants react explosively whenbroughf into dire‘ct contacf. with

bromine triﬂhoride or fluorine, Ifan ordinary. coolant jacket were used

523



http://trifluori.de

¥es

Y,

g — Weight Tank

® ~ Pressure Gouge

@ ~_Differenticl Pressure Gauge

@ = Thermocouple

UF,

s
c
R
u
8
T
Vent 0 Ng NHy, HF S - Sompler
E
R .
| ]_
g < F?
BrF: Bst f
Stor- Store Steom
oee o NOH
1 BrFa
arFs
BeF, BeFg
BeF,, BiFy, UF, R - BeF )
Doleevming AN l) G
olution 33
EFW Seln. | BrFs .
aNOy . g BrFy g g
L I T ‘ UF, o o
E B, | Ufe % m
® 1| ® ©
Y
]
3 P AI(NO.)
é BeF ; Doccmi:'v’uaSo
9 (g rF
; $ . . :“P C'd: Light
Addi- Dissolver e oc'. Froction <
tion U Slugs 5l $sill
\ d Teon
Fig, 9 - Equiment schematic for fluoride volatilization process
studies,
-

UF,

Col-
lect
Tank




for a process vessel, a wall leak might then be catastrophic. Consequently,
vessel cooling is provided by separate cooling coils wound around the

- outside of the vessel and bonded to the vessel wall, with a metallizing
techniquqo A leak in the process vessel wall will not immediately contact
the cooling water cbil and an alternate path for process fluid is offered.
The method of construction as shown in Figures 10 and 11 wasused for all
vessels and condensers, Steam is used in the dissolver coils for heating,
but all other process heating is electrical.

' On top of the dissolver a connection is made, through valves,
to & 1,75 inch I.D. distillation colum with a nine-foot section packed
with nickel (0.2} in. by 0.2} iﬁ.) Cannon protruded packing, The dissolver.
is thus used as 2 still pot, At the top of the column is & reflux condenser
and a connection to an overhead fessel to receive the distillation product.

" A second purification colum unit consists of a 53 liter
still pot with electric resistance hsaters bond_ed., _tfo the wall with copper
spray metal in the same manner aé'cooling coils, The packed section of this
tower is 1,75 inches I.D. and 16 fost long, the packing being Helipak (3919).

\ Material charged to and discharged from the various process
components 1s determined by weight, Each of the colum overhsad product
recelvers is a weigh tank using a remote head scale, This method of
measurement waé‘selected because optical liquid level devices are not easily
used and because other types tehd to be mechanicélly complicated or require
thin metal parts, | 7 7

Fluorine addition is followed by 6bservihg,pressqré drop in
either of two 17.6 cubic feet steel storage ’tanks. A manifold systen permits
either of these two tanks to be !‘illed from 6 lb 409 psi shipping cylinders.

Lines are welded except for connections to vassele themselves
and to pfocess Yalves s which use gaskgted Joints and standard 150 1b flanges.
Most of the liquid lines are 3/8-inch 0.D. nickel tubing although some
1/2-inch and l-inch pipe is also used. The smaller lines use 1/2-inch
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Fig, 11 -

Weigh tank installed (before insulation).
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valves and flanges, and the later used l-inch valves and flanges. Gaskets

‘are a spiral wound Flexitallic type, seating on a smooth faced flange

surface.

The pilot plant has about 30 process valves., These are Monel

- packless type (Model No. 306k, Fulton Sylphon Division, Robertshaw-Fulton

Controls Co.) using a bellows seal with a pneumatically Operéted'stem. The
valve is a simple shut off type with Teflon seat gasket and a machined seat
integral with the body. Similar smaller 1/k inch manual valves (Model 1197,
Hoke, Inc.) are used on the sampler system. A slug éhute for the dissolver
is closed with a two~-inch 1ift plug valve activated by an extension handle.

Each vessel is equipped with a thermowell for temperature
indication and a2 Monel bourdon tube pressure transmitter for pressure
indication, All lines are traced with nichrome heating wire and insulated
to keep ‘tamperatures above the solidification point of uranium hexafluoride
(64°C). The fractionating colums can be kept adiabatic by controlling
heating mantles to give zsro temperature differantial across a layer of
insulation.

Safety features include, (1) a leak detector on each valve
bellows, (2) a rupture disc on each process vessel, (3) an emergency cooling
system on the dissolver, activated by either a temperature or pressure set
point, and (L) an interlook on still pot heaters shutting them off in case
of water failure. The operation of the leak detector is as follows., Any
leak in the seal bellow escapes first into the leak detector cavity in the
valve, The leak dstector consists of a Monel wire épring prevented from
making electrical contact with the valve body by being tied by a nylon
fishing line. Halogen vapors immediately decompose the line allowing the
spring to contact the ‘metal valve body and this flashes a light on the
panel board.

Two spray towers are employed. One process scrubber is used

to dispose of interhalogen vapors by hydrolysis and neutralization in 10 per
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cent potassium hydroxide. A similac but much larger unit is used to serub
all ventilation air from the equipment area to remove halogens resulting
from equipment leakage. This scrub tower hﬁs been described elsewhereom
The process equipment is mounted in previously installed
concrete shielded cells, A1l process equipment, including shielding walls
and floor personnel access areas for sampling (except the ventilation |

exhaust air scrubber) is contained in a volume 10 by 36 by LD feet high.

. Instruments &nd controls are centralizéd on panel boards mounted on the top

of the cell structure.

2. Rate of Dissolution on Pilot Plant Scale

The rates of complete slug dissolution on the pilot plant
scale are«given in Table 10. In the first experiment, D-1, there was no
uranium hexafluoride present at the beginning of the dis?olution. The rate
tﬁerafore is much slower., In run D-5 the slugs were lightly irradiated
material. In run D-6 the charge was a highly irradiated slug. It appaé.rs

that the rate of the reaction is reasonable for process application,

3. High Llevel Run
At the time of writing a single run on high level materials
has been garr:led out to test the flowsheet pregented in Figure 3. The data
on this run will be discussed in some detail. No attenpt was made to
recover and decontaminate the plutonium by solvent extraction since it was
felt that these procedures are well established. The charge to the dissclver

was 1‘;7.9-kg of irradiated natural uranium metgl that had been cooled 80 dziys
at the beginning of fractionations. The sequence of operations 1s give:i

in Table 11, The cladding had been removed prior to charging. The

dissol:utioﬁ“ medium consi_.éte‘d of 186 1b bromine triflvoride and 23 1b
uraniui;ﬁ he#afluoi‘ide. After dissolution, the material collected overhead -
was returned to the di‘.ss‘élvar,‘ and the combined solution was slowly sparged
with éii;amﬁtal ﬂuorine to reg‘enerate'brox’nine" trifluoride from bromine
produced during dissolution,
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Table 10
SUMMARY OF DISSOLUTIONS

Dissolver Charge

Uranium (B,F3f°§:§if"UF6) Hole £ UFg in Soln ' Dis;g;:tion  Temp Pressure
Run No, (1b) (1b§ Initial Pina)ld (hours) (c) (psia)

D-1 7.7 162 0.0 2,5 31 125 132 20 s
D-2 7.6% 167 2.9 5.0 8 110 122 38
D-3 22.8% 168 2.4 3.0 9 120 30
D~ 8.4 233 3.7 3.1 9 120 L0
D-5 5.2° 200 2.3 3.7 8 120 10 25 50
-6 30.6° 209 b.6 3.7 11 120 38

a‘Slugs 1.35 inches diameter.
®Slugs 1,10 inches diameter.
®Slugs 1.43 inches diameter.

dconcentration at end of dissolution ovefore product blaedoff is returned.




The decontamination operations consisted of batch fraction-
ations of the re-fluorinated dissolver solution. Boilup rates were 20 to
62 1b/br in all distillations. Conditions under which these operations
wore carried out are summariged in Table 11 (Steps 3 through 5 for the
dissolver column, and Steps 6 through 11 for the purification column),.

Data on p::ocess fractions are summarized in Table 12, After
a total reflux start~up period, a small volatile waéte forecut (fréction L,
Table 12) was collected and then vented to the process scrubber, A uranium
hexafluoride rough product cut, (fraction 5) which included the bulk of
the uranium hexafluoride (and more volatile components), was then taken
overhead and subsequently transferred to serve as the still pot charge to
the purification column. . ‘

After a total reflux start-up period in  the purification
column, two forecuts (fractions 7, 8, Table 12) were taken overhead, serving
to remove most of the bromine pentafluoride and tellurium. After another
total reflux startup period, the uranium hexafluoride product cu_t.

(fraction 10) was. taken overhead., Finally, the entire column residue was
collected overhead in two portions (fraction 11).

‘ rIn spite of’ the rather high activit.y level and short cooling
tims of the slugs charged, a very sm#ll amount of fission product activity
(other than tellurium) followed the uranium hexafluoride overhead from the
dissolver solution., Gamma scans of liquid samples of product distillate |
immediately after collection showed no peaks other than uranium-237, exceot
for very slight tellurium peaks. - |

To confirm the absence of fission products when the strong
uranium-237 peaks were not present, another gamma scan of a product ‘
fraction was mada later at a t;:tal of 110 days cooling, This scan showed
n§ peaks other than those presen£ in natural uran:lﬁm. The scan range was
30 to 2000 KEV. From the above scans, it was considered that fission
products having gammas in the energy region greater than 0.3 MEV were
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Table 11
SEQUENCE OF PROCESS OPERATION IN RUY D-6

Approximate Conditions

Temp, Press, Reflux Ratio,
Step __ Description of Operation c psia L/D
Operations in Dissolver and Colum
\ 1 Dissolution of Slugs 120 Lo - :
2 Re-fluorination with Fy 50--70 55 -
3 Column starteup | 75 Ls
k Volatile waste forecut (43 ks high®
S UFg rough product cut? 85 Ls 10
Operations in Purification Colwm
6 Column start-up 85 Lus
7 Volatile forecut 1 90 L5 20
8 Volatile forecut 2°¢ - - -
9 Colum start-up | 90 LS
10 UFg product cut 90 LS 20 é
11 Colunn residue collection = - -
X
“Internittent take-off.
Prnis fraction was used as charge to the purification colum
CConsisted of hold-up in colum collected as separate fraction.
contributing less than one per cent of the gamma activity of aged
unirradiated natural uranium, For fission products with energies below
0.3 MEV, there was possible coincidence with the several uranium peaks,
but their contribution could not have been greater than 10 per cent of the ¥
uranium activity,
The individual fission product decontamination factors were .
baged on chemical separatiohs. The total fission product decont‘aminatioh ;
! !
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Table 12

COMPOSITION OF PROCESS FRACTIONS - RIN D-6

a Amount UF6
Step Description : (1b) Weight &
1 Metal Charge .7 -
2 Dissolver Solution after 225 27
Refluorination
4 ' Volatile Forecut 2 kL
5 UFg Rough Product Cut 66 78
7-8 Purificgtion Colum 23.6 60
Forecu
10 Product UF6 21.1 100
1 Column and Still Residue®  10.2 100

856 Tablekllo
bComposite of two cuts,
cCompos:lte of column holdup and still pot residue.

factor given in Table 13 was calculated as the total activity charged to
the dissolver (per gram of total uranium present in the dissolver before
distillation) divided by the sum of the activities (per gram of uranium in
sample) determined in specific fission product analyses. Justification

for this procedure was based on the evidence cited abéve of the ﬁbsence of
gamma-emitting fission products other than tellurium and iodine and was
gupported byréonsideratiohs of the fission yleld, half-life? and volatility
of fluorides of fission products in general, which limits sources of
contamination to tellurium, iodine, antimony, niobium and ruthenium;

) A good activity bélance on lodine was obtained., Subqtantially
all the iodine'entéring with thé‘slugéyuas c§ntainéd'in the recovered
bromine trif}uorids, A saparateriodihe‘removal step was considered feaéible,
but was nbt'cafried 6u£iin thése opefations, The actiﬁity material balancé
around the purification step is poor and it is presumed that this ﬁroblem

will be considered in further runs,

533




Table 13
URANIUM DECONTANINATION FACTORS - RUN D-6

A1l data corrected to 90-days cooling.

activity per gram uranium hexafluoride in charge
activity per gram uranium hexafluoride in product cut

Decontamination Factor =

Tellurium Todine Total

Operation Beta Beta Fission Product
Dissolver Distillation:

UF Rough Product Cut 1 2.2 x 103 1.6 x 10°
Purification Distillation:

UF Product Cut 9.6 x 10} 1.1 x 10° 8 x 108
Over-all;

6 oS 8
UF6 Product Cut 1.4 x 10 2,3 x 1 1.3 x 10

Preliminary results indicatsd that plutonium in any overhead
fraction was less than 20 parts per billion uranium.

Bromine compound contamination of uranium hexafluoride product
is being studied at the tims of this writing. In the run here reported the
product fraction contained about 0.6 wt per cent expressed as bromine. Some
samples showed as little as 0,01 per cent bromine, but fractionation behavior
was not consistent at low bromine levels.

Further work needs to be done to demonstrate that the bromine compdund

contamination can be substantially reduced.

B, Bromine Trifluoride Process - Brookhaven National Laboratory

There have been two pilot plant units built at Brookhaven National
Laboratory., The first one, was called the light eqda geparations unit. It
hasg now be;n dismantled, The second unit has been built to study the
continuous dissolution of uranium and at the time of writing has just |

started on cold runs.’
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1. Light Ends Separation Unit - Equipment

From the early data on the fluoride volatility process it was
thought that tellurium and possibly iodine might be limiting fission product
activities in the decontamination of uranium hexafluoride. A unit was
therefore built at Brookhaven to study the separation of the hexafluoride
from the ﬁore volatile contaminants. Since it was believed that the
eventual process would be continuous it was decided to study the light end
distillation separation with tracer amounts of activity as a continuous
process with recycling of the column overhead and bottom streams,

The flow sheet-for the light end separation unit is shown in
Figure 12. The unit consisted of two distillation columns connected with
storage tanks, pumps and other uuxilaries. These were connected in such a
manner that a synthetic mixture of uranium hexafluorids, bromine trifluoride
(with or without bromine pentafluoride) and light end fission product
activity ~ould be pumped to the first column where the hexafluoride would be
stripped of the more volatile components, The colurn bottoms , consisting
of the v.hexafluoride s bromine trifluoridé and such other fission product
. components not rremoved as overhead were pumped as feed to the second column
where the hexafluoride product was taken off aﬁ overhead and the bromine
trifluoride removed as bottoms for recirculation.

' A detailed description of the various aystam components can
be found in a summary report written by w. R. Page et al.? The colums were
nine feet high and packed.v with 5/32=inch ID aluninum single turn helices
made from 2l B+S gauée 28 alloy wire. Thé pumps weré 3-gph Lapp pulsa-feeder
units with double diaphragnm hydraulic puiaa transmitting systems. The
primary diaphragms were located outside the temparature'-controlled box which
houses the pildt plant and the pulses were transmitted by means of -KelF
oil to the secondary diaphragms inside the box. These diaphragms actuate
check valve systems in the process streams, All pump parts in contact with

process fluids wére either Monel or Teflon. The flows werer metered by
means of rotometers.
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Fig, 12 - Flow sheet of Brookhaven light ends separation unit,
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The liquid levels in the storage tanks and still pots were
measured with fluorothene sight glasses. The condensers were water cooied '
and were equipped with ;iquid dividing heads which were specially _
constructed go that thetgas flowed up from the colﬁrm by a separate path and
the condensed liquid flowed down through a gas sezl to a solenoid-actuated
nickel bucket which distributes the condensate between distillate and reflux
streams., The preséure on the saparations unit was regulated by means of an
air-actuated diaphragnm valve ‘and\ Taylor fulscope combination as shown in
Figure 12, | '
| The feed preheateis for the colums consist of 6-ft lengths
of 1/Lk~in. nickel tubing one end of which was grounded, the other end of
which was insulated from the system with a teflon flare wnion in the line
and was connected to a low voltage, high current transformer to permit
heating of the nickel tube wall directly. Pressures at various parts of the
gystem were measured with standard Bourdon tube gages. Iron constantan
thermocouples in appropriate wali structures were used throughout with the
leads. connected to recorders on the outside of the box.

Aluminum alloys (25 and 3S) were used for construction of
most 61’ the equipment. A1l liquid and gas lines were 2S and 3S 1/L-inch
aluminum tubing with thg exception of the "A" ﬁickel feed preheaters and
the 1/L-inch copper gas transfer lines to the trap system. Parker 17ST, ‘
2LST and 14ST aluminum flare fittings were used in comnecting the tubing
to the various components of the system. |

2,7 - 1ight Ends Separation Unit - Data and Results

In order to test the system with fission product 1ight end
activity, a synthetic feed was mads up,which consisted of about 3 mol per
cent uranium hexafluoride and 97 mol per cent bromine trifluoride to which

were addsd the volatile fluorides from 45 grars of irradiated uranium

tetrafluoride, The uranium tetrafluoride had received an irradiation of

about 44 x 1018 neutrons/sq em (3.5 weeks in the Brookhaven reactor) and
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had cooled for 30 days at the time of procesasing. The uranium tetrafluoride
was fluorinated with a mixture of 100 ml of bromine trifluoride and 20 ml
of bromine pentafluoride.
This feed was pumped to the first column at & rate of 1.7L gph.
The column head was operated at total reflux and the heat to the feed and
still pot was such that the feed was close to its bolling point and the
still pot boilup rate was 90.3 gM/hr based on bromine trifluoride, Under
these conditions 3.5 per cent of the tellurium activity entering with the
feed left with the mixture of uranium hexafluoride and bromine trifluorids
overflowing from the still pot. This bottom mixture was then fed at a rate
of 1.39 gph to the second column where the uranium hexafluoride was sgparated
from the bromine trifluoride. The second column was operated with a reflux
ratio of 30 to 1, with the feed as liquid at the vaporization temperature
and with a still pot boilup rate of 57.7 gi/hr of bromine trifluoride.
Analysis for tellurium activity per gram of uranium hexafluoride in the
uranium hexafluoride product, the feed and the still pot from samples taken
during the run showed that the product uranium hexafluoride contained one-
sixtieth of the activity of the feed to the second colum. The tellurium
activity per gram of still pot solution was only slightly less than that
found per gram of feed, indicating, a closer association of the tellurium
with the bromine trifluoride than would have been expected. '
The over-all decontamination factor for tellurium for the
two columns was thus about 1707, Since neither iodine nor molybdenum
~activity was found in the product uranium hexafluoride, the gross gamma
decontamination factor for the runs was estimated to be about 1()6 and the
gross beta decontamination factor about 2 x 105 based on the activity of
the original LS grams of uranium tetrafluoride. Analysis for bromine in
the uranium hexafluoride product showed no detectable halide; analysis

would have detected about 1 part bromine in 1020 parts uranium hexafluoride,

¥
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The &till pot solution contained 0.0005 M fraction uranium hexafluoride in
bromine trifluorids.

On the basis of these analyées, the number of plates in the
second column was calculated to be a minimum of 1B, based on the Raoult's
law assumption and the re;pective vapor pressures, The HETP for the 9 ft of
2«3n, colum packed with 5/32-in. helics was thus estimated to be less than
€.3 in. Calculations of a similar nature on other runs yielded HETP values
of between L.5 and 6.0 in., roughly twice the values obtained when the
column was originally tested with nnheptanevand‘methylcyclohexane.

The distillation results indicate that when fission product

tellurium in uranium tetrafluoride is fluorinated, part of the tellurium

.18 present in a less volatile form than tellurium hexafluoride since it

leavea-from the bot*tom of the first column. However, on being feed to the
middle of the second column the activity splits, a small part going overhead
and part remzining b@hind, in later experim@ntslj'it wag confirmed that
partial reduction of rédioactive tellurium hexafluoride to a non-volatile
form by internal conversion reactioné does occur. It was demonstrated,
however, that bromine trifluoride reoxidizes thié non-volatile material
to volatile tellurium hexafluoride. It was also found that no non-volatile
complex or compound is formed from mixtures of tellurium hexafluoride
and uranium hexafluoride. Therefore the tellurium behavior in the pilot
plant expefiments Just cited is different from the data indicated by
laboratory work. Also in the high level uranium hexafluoride decontamination
experiments carried out at Argonne on overall tellu:ium decontamination of
106 was obtained as compared with the overall factor of 2 x 103 Just cited.
On January 20 1953 a fire and an explosion occurred during

a check out of the distillation columns descrlbed above., It is believed

that the use of aluminum.contribnted to the difficulties which occurred in
in this incident. The direct cause, however, was the breakage of a column

feed line spraying interhalogen over combustable insulation. The equipment

was badly enough damaged so that it was not rebuilt.
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3. Continuous Dissolver

The Brookhaven group felt that the continuous distillation
experiments established that continuous operation of this phase of a process
for the uranium-plutonium system was possible. They have gone on to
construct a continuous dissolver. It is hoped that the over-all data will
indicate the feasibility of a completely continuous process of the type
suggested by Figure l. |

In the newer Brookhaven unit it is planned to dissolve
continuously about 5 pounds of uranium per hour. The dissolver is to be a
pipe. The dissolver solution will circulate through the dissolver at about
S0 gal/min or eight dissolver volumes per minute. The heat of the reaction
is removed by circulating through a heat exchanger. The dissolver solution
is to be continuously fed to an evaporator. The condensate from the
evaporator is bromine trifluoride, uranium hexafluoride and an amount of
bromine pentafluoride depending on the mode of operation of the dissolver;
this is fed to a continuous colum. The overhead from the column will be
uranium hexafluoride with bromine pentafluoride while the bromine
trifluoride will be removed from the bottom of the column.

An important contribution of the Brookhaven group to the
development of fluoride volatility processes has been the demonstration
that a modified Model E chempump may be satisfactory for interhalogen solutions.
A detailed description of the equipment is not appropriate at this time
gince the equipment has not operated fcr an appreciable length of time. It
is very likely that in 18 months such a description, along with run data,

will be available in the open literature.

C. Chlorine Trifluoride Process - Oak Ridge National Laboratory

In the chlorine trifluoride pilot plant at Oak Ridge National
Laboratory essentially three operations were carried out. The first was
di.ssplntion of the uranium, the second was distillation of the uranium

hexafluoride from the dissolver solution, plutonium and fission oroducts
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and the third was the recovery, in an aqueous solution, of the plutonium
and fission product fluorides. This procedure followed the flowsheet
given in Figure 6. A discussion of the data for three high level runs

follows:

1. Dissolution.

In a typical dissolution about 2.5 kg of irradiated uranium,
cooled about 90 days, was dissolved in L.5 kg of dissdlver solution at
30%C. The pressure of fluorine maintained on the system was allowed to
vary from 37 to 50 psig. About 5 days were required to dissolve, at 30°C,
all of a batch of uranium slices varying from 1/8 to 1/2 inch in thickness
with a dissolver solution containing about 2 moles of chiorine trifluoride
per mole of hydrogen fluoride. Using a2 ‘dissolver solution having a chlorine

trifluoride to hydrogen fluoride mole ratio of 0.3 to 1 at 80°C, the
dissolution time for an unsliced slug 1.b3 in. in diameter is estimated as

19 hours. Vhen the reaction was compléte, as indicated by the cessation of
fluorine consumption, the reaction mixture was transferred, as a vapor, to
the fractionating colum. In the simple distillation from the dissolver a
beta decontamination factor of 10" to 105 for reaction and simple distillation

and a pamma decontamination factor of gbout 1()3 were achieved.

2. Distillation,

The distillation column was constructed of a L 1/2-£t length
of 3/h-in. Monel tubing packed with Podb:.elniak Jeli-Pak. Under total
reflux and a throughput of 200 mi/hr, the column had about 28 theoretical
plates, giving an HETP (height equ:.valent to a theoretical plate) of
: 1.93 in, By auitably adjusting the throughput and reflux ratio the 'ETP
of the column cowld b varied from 1.93 to 13 in. This distillation results
obtained in the three hot runs are given in Table lb The over-all beta

decontamination factor for the process varied from. 6 x 106 tO 20 x 106,
whereas the gammt decontamination factor was about 107. During the first
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Table 1L
SUMMARY OF DISTILLATION DATA AND DECONTANINATION DATA
FOR HIGH LEVEL RUNS b}
-
Run Number 1l 2 3
Throughput, ml/hr 155 200 200 3
Reflux Ratio 59 13.7 7.5
HETP, in. 2.7 9.0 18
Theoretical Plates 20 6 3
Uranium Recovery®
Product S8 8o 76.5
Foreciit 3.5 12.1
B
Heel 16.5 1.k
Decontanination Factors, Product UFg®
Pr, ¥, 'd 3.4x10% 10° 3.2x10%
ar ox105  ~107 ~ 107 ’
Ru 7.5x105 ~107 ~107 '
Te ~ 106 mo® o107
Cs L 0°  ~107 ~ 108 s
Ce 3106 ~ 108 5x100
Sr ~10" ~10 107
Pu 7.30t 10° 2.5:105
%per cent of the uranium in the still charge.
bDecontamination factor is defined as (activity in charged Uranium. per egran
activity in product uranium per gram
run a low product yield of 53 per cent was obtained because a completely *
adequate distillation teéhnique was developed only after the compiet:lon of
this run. The last two runs were made with the column head operating at .
66 C during the entire distillation. This method of operation ensured that V

542



all components in the system were iiquid at all times. Since the colum
‘was a batch column and the holdup was about 20 to 25 per cent of the total
amount of uranium hexafluoride charged, a product fraction containing 75 to
60 per cent of the uranium charged would be the largest fraction obtainable.
The data in Table 1h show the decontamination effected by the

process for individual fission products.

3. Plutonium Fluoride Dissolution

N The plutonium and fission-product fluorides were recovered
from the reactoo pot ﬁith a S per cent alufninum hitrate solution at a pH of
9.5, The olutonimn recoverv solution contained about 1 grom of plutonium
per liter. The dissolution was carried out at room temperature and required .
about two days. W¥ith temperat.ur_es near 100 C , & dissolution time of 2 or
3 hours is probable, The aqueous aluminum nitrate solution can be

processed by modified solvent-extraction ‘techniques.

V. Possible Improvemento = Plutonium Hexafluoride

Although it ia’ possibl'e'v that a fluoride volatility process 1= somewhat
less costly in the processing of uranimn-plutonium systems ‘than solvent
extraction, the full potential of a volatility process has probably not
been realized until pluionium is convarted to the hexafluoride and separated
from i‘isoioo products through its' volatility. , A possible procedure might
involve tﬁe following stepss (1) dissolve ihe uranium-olutooium alloy in
bromine ‘or chlorine ti‘iﬂuorides; (2) 'distill the dissolver aolotion ‘
~ leaving a non-volatile residue of plutonium and most of the fission
products- then decont.aminate the uranium hexafluoride by distillation;

(3) heat the non-volatile tesidus to perhaps 10O C and fluorinate with
fluorine to form plutonium hexaﬂuoride; ruthenium and niobium pentafluorides
will probably volatilize at this point, (k) decontaminate the plutonium A
hemnuoride oy distillation; (5) remove the fission products by dissolving
them in a fused fluoride and store them in this form.
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There are certain areas for inténsive defelopment work if a flowsheet
of this type is to be put on a firm basis., Early data on the preparation
of plutonium hexafluoride indicated that a temperature in the neighborhood
of 607 C was necessary to fluorinate plutonium tetrafluoride at a practical

rate to the hexafluoride. Also, early data on the stability of the

hexafluoride were discouraging as far as process applications. Recently,

however, encouraging information has been a ccumulated on the kineties of
fluorination of plutonium tetrafluoride by fluorine gas, on the kinetics

of decomposition and on methods of handling the material without
decomboaition. Experimental work needs to be started on the fission prod@gt

removal and storage problems,

A. Kinetics of Fluorination of Plutonium Tetrafluorids

Experiments have been carried out at Argonne National Laboratory
to establish the temperature necessary to achieve a practical rate of
fluorination of plutonium tetrafluoride. These experiments were done on
two different batches of material (designated as A and B) and on the
residue obtained by dissolving plutonium uranium alloys in bromine
trifluoride. The data consist of weight losses of plutonium tetrafluoride
over a specified period. The data have been converted to a rate per square
centimeter of exposed top surface area. It was assumed that the samples
were uniformly spread over the bottom of the reaction boat. The data are
shown in Table 15 and Figures 13 and 14. It can be seen that the raﬁés
are considerably greater for fluorination of residuss from the bromine
trifluoride dissolution of plutoniume-uranium alloys than those obtained for
fluorination of plutonium tetrafluorides from batches A or B, It can also
be seen from a comparison of Figures 13 and 1l that the temperature
coefficients of the rate of the reaction are different for the residues
from f.h,e bromine trifluoride dissolutions, Extrapolation of the data
obtainéd using dissolution residues indicates & rate of fluorination of
plutonium tetrafluoride of about 200 grams hr=1 £t-2 at 300 C. Application
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Table 15
FLIORINATION OF PLUTONIUM TETRAFLUORIDE AT ELEVAT:D TE‘PERATURES

Flow system; fluorine at one atmosphere; flow rates 50-200 cc/min, tube 0.625 in ID.

Rate calculated from welght loss and the top surface area of the sanple. Surface
area calculated from the reaction vessel geometry, weight and bulk density of
1.3 g/cc. (Experimental for batch A.)

Rate (mg 1 an"z)

PuF,
Temg Sanple wt® Time PuF, PuFg 14 Pu—U Allovg 10 Pu-U Al
{mg) (min) Batch A Batch B Dissolution Dissolution
7.4 30 0
200 Sh.1l 60 2.5
200 kh.3 (4] 3.0
200 18.5 30 h
250 sh.l kS 2.9
259 49.1 L5 k.2 . ’
250 52.1 120 9.9
250 .2 20 6k
300 52,3 ks 15
300 21.5 20 27°
300 32.1 20 23¢
300 Sk.0 LS 27
300 9.5 [ ; 189
390 L8.2 6 S 22)
375 57.2 20 7L
375 313.1 20 98¢
375 - 629.7 20 8o¢
375 52.1 20 . 91
375 k9.6 10 82
375 95.3 10 226
375 53.1 6 293
375 k2.0 ] 222
375 L5.7 6 222
375 87.3 6 L
375 175.3 é 285
375 ol 6 175
k50 50,0 [ 242
500 §7.1 S 231
00 k6.7 S 367
0] 39.1 1. K511
600 L7, 1.5 886
. 60 1.5 826

- 8rpitial sample weight. Surfaces areas are calculafed on the basis of average

samole weight,

- Dpastdue from the dissolution of alloy in bromine trifluoride with subseqmnt

removal of bromine nuoridea and uraniun hexanuoride.

k cSpecial reaction vessels. Top sur!ace area accurately 6ontro].1ed at 2.11 em2,
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Fig., 13 - Rate of fluorination or pPlutonium tetrafluoride, Suhnittod
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of this value to process scale equipment should recognize the fact that the
geometry of the laboratory apparatus restricted the depth of the tatra-
fluoride to about 1,25 mm for an average (50 mg) sample. 7

A more detailed study of the rzte of fluorination of batch A of
plutonium tetrafluoride was undertaken. Samples were exposed repeatedly
to fluorine at the same temperature and the weight loss determined at
aeiected times. These experiments were carrj.ed out at various temperatures.
It ;138 found that even when the fluorination was carried out until only

10 per cent (at 205%¢) or 1 per cent (at 500°C) of the original starting

material remained the rate of fluorination did not decrease seriously.
It is believed that these experiments show that the reaction of
fluorine and plutonium tetrafluoride procesds at a practieal rate at

modest temperatures.

B. Stability of Plutonium Hexafluoride and Some Methods for Handling It

Plutonium hexafluoride has acquired at well deserved reputation for
instability, It is first of all, highly reactive and thus subject to chemical
reaction with container materials., Secondly, it is chemically unstable. The
rate of this decomposition is & function of temperature. Finally it is
decomposed by the alpha radiation of plutonium, For example when plutonium
hexafluoride is stored as the solid phase the amount of this decomposition
corresponds to the destruction of about 1.5 per cent of the volatile material
per day.5 In order to decrease the loss of the hexafluoride due to
irragiation decomposition the rmaterial can be stored.as a vapor in a nickel
container. In this state, dependent on the geometry of the container and
the pressure of the gas, a large fraction of the alpha particle energy is
absorbed by the walls of the container and does not result in decompositioﬁ.
Weinstock and Malm's losses were aboﬁt 0.1 per cent per day undsr these
conditions, ‘I‘km; s the -thqrmal instability and radiation decomposition can
be minimized by keeping the contaiﬁers below‘ 100°C and by keepifxé T1;he

plutonium hexafluoride in small amounts, diluted with an inert material,
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or in the gaseous state where possible.

Nickel is one of the best container materials and the losses on

u vessel walls due to chemical reaction can be minimized by proper pre~
s fluorination. The effect of prefluorination of nickel equipment with respect
to recovery 6f plutonium hexafluoride is illustrated by the results from
several experiments shown in Table 16. In these experiments the equipment
»
wasg prefluorinated under various conditions. Plutonium hexafluoride was
. Table 16 |
- RELATIONSHIP OF PREFLUORINATION CONDITIONS TO VAPORIZATION
OF PLUTONIUM HEXAFLUORIDE FROM A NICKEL TRAP
Equipment: The trap consisted of a "U" tube of 3/6 in. 0.D. nickel
: heated by resistance winding. length about 35 cm, internal
surface area approximately 70 cm?, '
Experimental Conditions: PuF, vaporized from trap by a helium flow
rate of 100 cc/min for 30 min. PuF, was kept as a solid
in the trap for a period of 20 minutes to one hour. 12
to 21 mg of plutonium used in each experiment.
1 ‘ S I Per cent PuFg Docomposed
S - ,_ (i.e. amount remaining in trap)
Y Prefluorination Time of Prefluorination ,
Temp (C) (min) .15 30 60 90
280 . R I, 100 i
L3 _
300 : : . , oo n
330 - ‘ : e 1o
1\ 2 e P - (L7)
w - o 70 : . 8a7
W ' (29)
560 | - S !
hd condensed in a nickel trapi and then revaporiied in @ helium stream. The loss
in volatile plutohium hexafluoride was a measure of the inadacjuacy of pre-
- ﬂuorihation.' It also must be i'emembered that radiation decomposition was

occuring ai.multaneously. P:efluorination for 90 minutes at 56000, is
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apparently sufficient to allow recovery of much of the plutonium. The two

figures in pareﬁtheées gseem to be out of line for an unknown reason. These

experiments are, of course, with rather small amounts of plutonium. When the &Ei
amount is increased it is believed that a smaller fraction will be lost. % |
Experiments need to be carried out to tests this assumption.

In addition a study was made of the decomposition of plutonium
hexafluoride on nickel wool in which decomposiiion temperature, prefluorination
conditions and the atmosphere (helium or fluorine) were varied. In these
experiments nickel wool was inserted in & nickel tube furmace. Plutonium |
hexafluoride was passed through the nickel wool and caught in a cold trap.

The nickel wool was remgvable from the tube furnace and the plutonium was
recovered by leaching, The plutonium found on the nickel wool was thus a
meagure of the amount of plutonium hexafluoride lost by dscomposition. The
area of the nickel wool was estimated to be 1500 cm? and was held in a tube
0,625 inch ID and 10 inches long., The prefluorination conditions of the
nickel wool were varied as well as the decomposition temperature. The
hexafluoride was prepared by passing fluorine over plutonium tetrafluoride v
at 500°C. When the decomposition was studied in the presence of fluorine
the gaseous mixture was passed directly into the nickel wool. When the
decomposition was studied in the absence of fluorine the hexafluoride was
trapped in a liquid nitrogen trap placed between the preparation furnace
and the nickel wool decomposition zone, The plutonium hexafluoride was
then removed by volatilization in a helium stream purified by passing through
a charcoal trap immersed in liquid nitrogen. The data are given in Table 17.
The following conclusions may be drawn:
(1) The decomposition product can be refluorinated at modest
temperatures. (See vertical column 2,) Thus, with no prior 3
prafluorination of the nickel wool, less plutonium hexa-
fluoride decomposition product is found as the iemperature

increases if the transport of thé hexafluoride is done in
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Table 17

DEPENDENCE OF RATE OF DECOMPOSITION OF PLUTONIUM HEXAFLUORIDE ON TEMPERATURE

Definitionas Residence time = Yoiume of packed tubs
‘ flow rate of carrier gas

(PuFg decomposed)(l@)
(PuFg used)(residence time)

3 PuF, decomposed/sec. «

Experimental Details: Linear flow rate about 12.5 em/min,
Residence tire varied from 70 to 200 seconds,
Surface area of packing about 1500 em?,
Experiments used 1 to 20 mg of plutonium,
Nickel packing was preﬂuorinated except where
indicated otherwise,
Helium used as carrier gas except whera notedo

Decomposition % PuFg Decomposed per Second

Temperature - © Prefluorination Temp (C) a 210 250 350 350 450 450 LSO 560 560
() Conditions Tine (min) a 75 30 30 90 30 6 9 30 9
120 | 1.8°  0.09° 0.01°

0,13
| 0.13 |
180 o : : 0.  0.05° 0,12 0.51 0.63 0,12 0,07 0. 11
SRR 0.30 0.07
| 0.0L°
210 ~ | - 0.3° 0.94 0.82 0,38
0,01

A\ickel packing not prefluorinated,
PFluorine used as carrier gas instead of helium.
Doubtful values,




the presence of fluorine, Since it is to be expected that
the rate of decomposition will increase with increasing
temperature the decomposition product can be assumed to be
refluorinated. In experiments not reported here it has been
found possible to move the decomposition product through a
nickel wool plug by fluorination below 2500.

(2) As prefluorination conditions become more severe, less
plutonium hexafluoride decomposes in the absence of fluorine.
For example, for a decomposition temperature of 2L,0°C the
per cent decomposing decreases from 0.9 to 0.4 as the pre-
fluorination tenperature is raised from 350 to L4S0°, For a
decomposition terperature of 189° the percent decomposed
per second decreases as the prefluorination conditions become
more severe although the trend is not very marked.

(3) The effectiveness of transporting plutonium hexafluoride in

a fluorine atmosphere can be appreciated by comparing the
experiments done with and without fluorine when the equipment
was prefluorinated for 30 minutes at 3500 and the decomposition
studied at 2L0°, i.e. 0.9 per cent vs 0,01 per cent.

The results of these experiments indicate that plutonium hexafluaride
‘can be transported in a fluorine atmosphere when (1) the temperature is 250°
.or higher and (2) an excess of fluorine is present., It is believed that
experiments are necessary to clarify further the proper conditions for
keeping and transporting plutonium hexafluoride. These experiments should
be carried out at higher plutonium levels.

The Knolls Atomic Power Laboratory has also carried out work with
‘plutonium hexafluoride. This program has not had the direct objective of
the development of a separations process. The investigators were interested
in (a) methods of preparing the hexafluoride by induction heating, (2) some

of the chemical reactions of the hexafluoride and (c) the consumption of
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pluvonium hexafluoride on possible materials of construction. The latter
program objective is particularly pertinent to separations pfécess
development. These investligators have made a study of the stability of the
fluoride layer resulting from préfluorination at temperatures from 75 to
ITSOCo The sarples were prefluorinated at the selected temperatures for
1 hour at 25 mm pressure. The prefluorination was fOllﬁWBd by an exposure
to 10 mm pressure of plutonium hexafluoride for 1 h§ur at 7500, The samples
were then counted and the data reported in micrograms cm™ 2 The data are
shown in Figure 15, For all the metals except nickel the optimum
prefluorination temperature lies within the range studied. The abrupt rise
in deposition rate fbr the other metals suggests a partial destruction of
the passivatingvmetal fluoride layer due to enhanced fluorine corrosion as
the prefluorination tempqrature is incréasedo It is not appropriate to
compare these data with the Argonne data just cited since the range of
prefluorination conditions is quite different. Howavér it appears that the
data do nétydisagreeo

C. Corrosion Studies Pertinent to Plutonium Hexafluoride Preparation

Corrosion studies have been carried out on nickel in a fluorine
atmosphere to see if corrosion difficulties would be expected in the plutonium
hexafluoride preparation sfep, The data are given in an abbreviated form in
Table 18, These data indicate that even at temperatures of 550°C nickel
may be a satisfactory material of construction. Since, it was found that
the preparation pioceeds at a much morelrapid‘rate‘than originally
aﬁticipated an operating temperature of much less SBemS reascnable. These
corrosion studlies were not carried out in the presence of plutonium and
such a study should be eventually done. There are indicatibﬁs that the
presence of plutonium does not complicate the corrosion problem. A'boat
used for the preparation of plutonium hexafluoride under a variety of
cond1tions was sectioned and examined metallographically hy R. J. Dunuorth
and L. Kelman of the Metallurgy Division of Argonne National Laboratory.

Tt was found that there was no evidence of intergfanular penetfation;b A
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Plutonium Deposition (pgn/om?)

Copper

347 Stainless Stesl

0 | ; 1 ! !
75 100 125 150 175

Pre-Fluorination Temperature (°C)

Fig, 15 - Effect of prefluorination temperature on subsequent
plutonium deposition,

VI. Comparison of Fluoride Volatility and Conventional Processes

Of prime interest is a comparison among a fluoride volatility process
with aqueous plutonium recovery, an all fluoride volatility process and an
aqueous solvent extraction process. Sore idea may be gained by considering

the block diagrams in Figures 16, 17 and 18.
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Table 18

CORROSTON OF MATERIALS IN GASEOUS FLUORINE AT ATMOSPHERIC PRESSURE

Sample area:

Times

2,5t 6

1 to2in

2
hours

CorrosiOn data calculated from weight gains of sample.

Corrosion Rate mils/year

Tomperature, °C 550 650 750
Material
Nickel L 60 350
¥onel Lo 2900
Inconel 3200 “T00 25000
Copper 10 k30 750
Reactor —# Dissolution |—>| Solvent —)[ Denitraticn
Irradiation Extraction
\
\ .
/4
Mettallurgy piracslonal Reduction
7N ‘ \ ‘
\\ 1
v 4
Reduction \ dro-
Step 2 \ nugin:tion
/N B W I
f \ B
N 4
- m :
R;::;ti.on Saseous SL]G-—— Fluorination .
F:I.g. 16 - Uranium ‘oycle - plutonium production reactor, ~ Simplification

introduced by fluoride volatinty Frocess,
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Solvent
Extraction

Dissolution of Uranium

Oxalate
Precipitation

)

Calcination

Hydrofluorination

4

Reduction of
PuF,

steps in obvious.

reactor shown in Figure 16,

of the bulk constituent.

/ ‘\
-~

A

Dissclution of
Fluoride Residue

.

Solvent
Extraction

~

Oxalate
Precipitation

L

Caleination

Rydrofluorination

i
Ll

Reduction of
Puh
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the conventional process handles the bulk constituent.

Fig, 17 - A typiecal plutonium cycle - plutonium production reactor,
Fluoride volatility process,

Let us first consider the uranium cycle for a plutonium producing
The impressive simplification in the number of
Instead of ten steps in the uranium cycle there are only

It is also important that this simplification occurs in the handling

In Figure 17 is shown the plutonium block flowsheet for the conventional
procedure compared with that of a fluoride volatility process.
important to remember that the solvent extraction equipment for the fluoride

volatility process is scaled to handle only the plutonium, while that for

figure, however, that plutonium handiing will not be gréatly simplified by

It is clear from this

¥
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the fluoride volatility process. Figure 18 shows the simplification involved

if an advanced volatility process is achieved. .

Dissolution of Uranium
‘,,/" N
Solvent Fluorination of
Extraction : Residue
) l A » T
4
.. "2
Oxalate i D;cgﬁFmbi;a;::n
o -
. Precipitation tillat
. ’ Y
L _ ¥
Cal . Reduction of
cination ,.Pul‘é
L]
Rydrofluorination Reduction of
PuF,
' Reduction of
PuF,

Fig. 18 - A typlcal plutonium cycle - plutonium production reactor,
Advanced fluoride volatility process,
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FLUORIDE VOLATILITY PROCESS FOR HIGH ALLOY FUELS

) G. I. Cathers*
May 1, 1957

Introduction

The processing of high alloy urenium fuels with good corrosion
resistance is difficult by squeous methods. This is the case for fuel
elements with & core or cladding of zirconium or stainless steel, An .
attractive elternative 1e fused salt dissolution of these materials in
conjunction with fluoride volatility processing. The essential steps
of a fused salt--fluoride volatility process are shown schematically in
Fig. 1. The fused salt dissolution converts the solid fuel alloy into
e liquid conteining UFh’ which is readily fluorinated to volatile UF6.
The UF6 product 1s decontaminated in the lest step to the extent required
by future use.l-u

The fused salt--fluoride volatility process has a number of advantages
_ over aqueous processing. A major adventage is that the product UF6 is
returnable to either the diffusion process or metallurgy without many of
the chemicel conversion steps necessary in aqueous processing. The fission
product waste is also more highly concentrated and in e eolid form convenient
for disposal. The absence of water reduces the criticality problem and
mekes the process spplicable to highly enriched fuels. The nature of the
process indicates a high plant capacity relative to aqueous processing

although not as high as that of metallurgicel processing.

*Oak Ridge National Laboratory, Oak Ridge, Tennessee.
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[ Metallurgy Lr L Reduction
High Alloy |
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UF6 Product
Fused Salt rug/a salt Final
Dissolution Volgfilization Ui‘?
(Hydrofluorination) (¥)lorination) R Decontanination
600°¢ UFy in Fused Salt 600°%C UFg + Fo + F.P. T
. ~ |
{
{
Waste Salt |
and € —— - —— ——— — d

Fission Products

Fig. 1 Fused Salt Volatility Process Cycle

The materiel pfesented here is & brief survey of development work on

the fused salt--fluoride volatility process being carried out at the Argonne

and Oak Ridge Nationel Laboratories. It covers the fused salt dissolution

and fluorinstion work in eddition to NaF asbsorption as a proposed new

technique for decontaminating and handling the product UFg.’ | The

alternative of distillation has been adequately described.

Process Alternatives

A varlety of methods and conditions may be applicable in each of

the three major steps of the process. Some of the procedures tested

are given in Table 1. Ih the fused salt dissolution end fluorination

steps there is & wide choice in the ﬁalt system and fluorinating agent.

The essential requirement of the salt system is compatibility with all

the fluorides of the fuel elem‘ent.» In early work ‘1<'>w-temperature ;nglts,

€, Na.EI‘a and KHF,, vere tried vith generally unsatisfactory reulf.s.

Although corrosion is higher, the use of high-temperature binary or ternary

melts is preferred in the current work at both Argonne and Oak Ridge National
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Teble 1. Fused Salt--Fluoride Volatility Process Methods

System Temperature (°C) -
Dissolution
KHF, (8F) > 250
KH,FeHF (HF) >125
KF-BrFa (BrFs) . >335
FaF-2rF, 600
NaF-LiF 700~ 600
L Brl"s, 1)

NaF-LiF-KF| > 450
KF-LiF > 500

UFG Volatilization

NaF-ZrF, Bi¥g, CIF;, F, 600
UFS Decontamination
Distillation JBr¥.-BrF.-UF, ~~ 100
cng-clr?mf
e
Ka¥F absorption 100-400
Gas filtration ——-
Sorption .

Laboratories, with anhydrous hydrogen fluozfide as the dissolution agent.
The most attractive melts are underlined in the table .5’8

The dissolution procedure is based on the following reaction for
uranium (or uranium oxide):

U(solid) + 4HF(solution) ——» UFu(aolntion) + aa(gas)

with & similer reaction for structurel metals and fission products. In
the second, or fluorination, step a fluorimation agent such as Bth » 01!'3,
or F2 is used., In the case of F2 the reaction is

UFh(solution) + Fa(gas) — UFs(ga.s)

In some work Fa or BrF5 achieved both dissolution end UF6 volatilization.
There seems to be little economic justification for this » however, in
view of the much lower cost of hydrogen fluoride.

In the third major step of the procéss, the alternatives for complete

decontamination of the UF6 are distillation, absorption, or gas filtrationm.
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It is probable that gas filtration would alweys be used in conjunction with
one of the other methods.

Flowsheets

Emphasis 1s being placed on use of NaF-ZrFu salt for processing
fuel elements. The Argonne and Oak Ridge fused salt processing schemes
differ in two principal points., Argonne has emphasized the use of Ber5
rether than F, as the fluorinating egent, and Oak Ridge has proposed
that the decontamination of UF6 be carried out by a NaF ebsorption-
desorption cycle rather than by distillation. The two processes are

illustrated schematicelly in Figs. 2 and 3.

Dissolution Step

Points of interest in the hydroﬂuorination step include:

1. Geometry and type of gas=salt contactor

2. Composition of meit

3. HF sparging rate

L, Pressure

5. Temperature

 6. Metallurgical variations.
The NaFleFh melt has been atuﬁied the most completely with respect to
these variables, It has proved d:lffipult to evaluate the relative
importance of theée factors owing to their independence. The HF
sparging ratg ’ ,preaauz;e ’ and temperatixre are 1nﬁortant , possible because
of the mecessity of keeping the salt saturated vith EF. The ealt compo-
gition 1s also 1:&portant since it changes cbntinually during batch
dissolutions. The effect of temperature on the dissolution rate 1s
emall (Tebles 2 end 3).5°8 | |

The Ne.F-ZrFu -gystem is8 .suited to the ‘dissolution of zirconium-coﬁtain-
ing fuel elements. A convenient initial salt composition would be 40 or

45 mole % ZrF), with the final concentration being 55 to 60 mole %. A
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Fig, 2 ANL Fused Salt Volatility Process Flowsheet
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Fig, 3 ORNL Fused Salt Volatility Recovery Process Flowsheet
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Table 2. Effect of HF Spaﬁrg_ig Rate and Pressure on Dissolution
Ha.F-ZrF), Medium

Material diuolveds girconium~tin-uranium alloy, 1.5% tin,
1% (over-sll) uranium, remainder zirconium

Pressure HF Rete Penetration Rate
(atm) (g/min) (milefnr)
1/2- 0.25 2.8
1/ ' 0.h2 5.6
1 0.70 5.2
1 0.66 T2
2 0.43 5.6
2 1.1h 15.0

Teble 3. Dissolution of Zirconium in Fluoride Melts by Hydrofluorination

: Composition Dissolution Rate gnillgﬂ
Melt {mole %) C 700°C

LiFeNaF : 57=h3 P ’ 48
LiF-NaF-ZrF), 35-27-38 18 33
LiF-RaF~2rF), 26-19-55 - 0.4 15
NaF-zrF, 65-35 30 -
NaF-ZrF), , 50-50 15 18
NaF-ZrF) 40-60 . 3 -

second dissolution véuld be made by taking part of this salt (discarding
the :emainder) and re-enriching with‘NaF. |

A second sttractive alternative is to use a LiF-NaF melt (57-k3 mole %)
et 790°C to avoid any initial ZrFu mﬁentory. There would be no need of
salt recycle in this case. Some typicel corrosion rates for the LiF-NaFe
ZrF), case are given in Table 3. ‘ | |

COnsidemtion has’ been gﬁn aiao to processing stainlebs steel fuel
elements (Teble 4) in either NaF-_ZrFk or LiF-NaF-ZrFu mixtures. The use o:
& higher temperature is desirable in this case to :l.ncfease the solubility

2)
The behavior of radloactive fission products during dissolution of
power reactor fuel elements in fused fluorides has en important bearing |

on the later process steps. Several tests showed that either HF does
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Teble 4k, Effect of Solvent Composition and Temperature on Type 347
Stainless Steel Dissolution Rate

Composition Temperature Dissolution Rate
Solvent (mole %) (°c) (mil/hr)

NeF-ZrF), 50-50 600 0.3
- 50-50 700 4,2

50-50 800 5.4

4357 700 10.2

NeP-LiF-ZrF, 27-35-38 600 3.0
27-35-38 - 700 6.0

19-26-55 600 0.6

19226255 700 6.0

not form the more volatile fluorides, such as IF MoF6 ’ TeF6 s &and RuF5 ’

7’
or that complexes are formed between these compounds end the fused fluoride,
" Date presented in Teble 5 show that 0.01% or less of the gross activity was
volatilized when ureanium metal containing a large percentage of the fission
products which form voletile fluorides was dissolved, The volatilization
of urenium is completely negligible in the dissolution step. Later date
have indicated that niobium is the largest contributor to the activity

of the waste HF in long-decayed fuel although accounting only for a small

fraction of the totsl niobium activity present.

Teble 5. Volatility of Fission Products during Uranium Dissolution

Uranium dissolved: 6 g

Uranium irradjstions 4O Mwd/ton, decayed 21 days
Fused salt: 67 g of 50-50 wole § RaF-ZrF
Pemperature; 650°C

HF rate: 20 ml/min

Activity Volatilized (% of Total)

_Activity Run 1 Run 2
Gross B 1l.3 x 10'“ 0,012
I 0.030 0.k
Te 2.0 aca
Mo 0.2 ane
Ru 0.005 0,026
Nb 0.0015 0.74

UFE Volatilization Step
‘ The recovery of uranium as UFg by fluorination of fused salt is.

accomplished with little difficulty. Data with different fluorination
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agents shoé that more than 99.9% volatilization is possible (Table 6).

However, the chemistry of the fluorination step is probably complicated
by the formation of intermediates and the presemce of impurities. This
is true particularly at higher initial uranium concentration melts where

en induction period is evident (Fig. k).

Teble 6, Summary of Date from Uranium Recovery Runs at 600°C

Charge (moles) U Retalned
Weight Sparge Sparag Time Pressure in Melt
Material () Melt* UF -Ges Rate (min)  (atm) (% of charge)
Zircaloy T3 0 0,003l BrFy 1l.0x 103 15 1 9.9
30 0.7
60 0.1
90 0.4
Uraniun 0.9 2.4 0.0 T, 13.3x203 15 1 0.03.
' , - 30 0.01
45 0.01
60 0.01
Zircaloy 58 2.6 0.0084 BrF; 8.7z 103 15 1 0.11
. 30 . 0.03
45 0.03
; , 60 0.03
uF, 206 2.6 o003 oy  Sex 103 15 1 0.0k
UF, 0,98 2.6 0,0031 BrFg 1.4 x 2073 15 0,5 52,2
30 0.46
is 0.02

SApproximately equimolar in NaF end ZrF.

b, moles fluorinating agg_gg
Sparge rate = hour x ml melt

The behavior of ectivity in the fluorination step is probebly not
too dependent on the type of flnorinafcion agentf ‘ The results for F2 show
that decontamination 1§ high for the ‘nonvoliatile fission product fluorides -
end low for those that are volatile (Table 7). In the case of short-decayed
fuel n;uch iodine end tellurium activity is also volatiliied, resulting in

low gross decontamination,

Final UFL Purification Step

There 18 no doubt that distillation could be used as the last step
in the process. In this paper an effort will be given to describe the

use of NaF sbsorption as e basis for deconteminating UF6 (ORNL flowsheet,
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Teble 7. Decontamination of Uranium by Fluorination from Molten
UI«",l -Nﬁ-Zth '

Charge: KaF«ZrF)-UF), (;8-‘084 mole §) with fission product
activity level of 10’ gross beta counts/min/mg U

Conditions: Fp bubbled through fused salt at 600-650°C in
e nickel reactor

Beta Decontamination Factors™

Fission Product Run 1 _Run 2 Run 3
Groaa 260 110 230
Ruthenium 1k 6 17
Zirconium .2x100 1.4 x 103 1.9 x 103
Kiobium 13 6 5

Total rare esrths 2.1 x10° 3.0 x 10" 6.0 x 103

8Decontamination factor = quotient of initial activity per' wnit of
uranium and product activity per unit of uranium,
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Fig. 3). The reaction is described by the equation
UFG(gasr) + 3NaF(solid) — UF6'3Na.F(eolid)

This reaction 1s reversible in that en equilibrium partial pressure of
UFg exists over the complex, The dependence of the equilibrium partial
preesure on temperature in the range 80 to 350°C vas studied by the

transpiration method for a better understanding of the process operation

 (Fig. 5). The effectiveness of NaF at 100°C in absorbing UFg 18 due to

the small equilibrium pressure of sbout 10"3 mm Hg. This corresponds to
e UFg cold-trap temperature of less than -80°C. At 360°C the equilibrium
pressure is approximately atmospheric, which eccounts for the relative
ease of desorphion.7

The separation of UF6 from.ﬁssion products' in the NaF absofption
step may be described as gaseous chroxné.tograiahy. A summary of the activity
distribution in several runs (Table 8) shows that & three-way split occurs
between uranium, ruthenium, end niobium, A large pé.rt of the ruthenium
activity passes through the first NaF bed when the UF6 ig being absorbed
at 100°C. The niobium is é.lso 'absorbed. Desorption of the UF6 at 100 to
400°C, however, results in essentially all the niobium remaining on the

first bed, The second bed removes any activity carried from the first bed

in the UFg stream. The effectiveness of the NaF in removing particulete

metter in the gas stream 1s 11lustrated by the rare earth decontamination

in the first bed.

A'I.'a'ble 8, Distribution of Activity in NeF Absorption-Desorption Step

Activity® (% of Total)

_After 4 Consecutive Runs After 1 Run
NaF NaF Ru NaF KaF Ru
Fission Bed Bed Cold Bed ‘Bed Cold
Product 1 2 Trap 1 2 Trap
Ru ¥ . 1.6 1.1 97 18 0.9 81
Kby 98 © 0.0k 2 99 0.0k O
Rare earth £ 92 ... 'k b -9 0.1 3

Spctivity found in product, NaF beds, and ruthenium cold trap.
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Over=-all process testing of the ORNL flowsheet has given the results
sumarized in Table 9., A difficulty encountered with either the ANL or
ORNL flowsheets is that testing has to be carried out at high activity

levels to obtain much activity in the product.

Teble 9. Decontamination of Urenium in Fluorination and NaF Abéomtion
Steps

Feed: irradiated natural uranium, decayed 120 days

Decontamination Factor

Procesas Gross (Gross Cs, Sr, and

Step g2 7 Ru_ Wb Zr Rare Barths I, Mo, Te
Fluorination 102 102 10 10 103-10% 10" 1
KaF ebsorption 10° 20" 103 10 103 103 Unknown

over-a11 106 106 10* 105 107 107 Unknovan

‘ 8For case of long decay period. Gross decontamination is less in presence
of iodine or tellurium in case¢ of a short decay period.
Corrosion
Corrosion is the most esdverse factor in the fused salt--fluoride

5,6 Bigh-nickel alloyé ere being considered for both

vola.t:llityv process,
the dissolution and volatilization steps., The use of grephite or copper-
lined vessels is also posrsible in the HF dissolution step. ‘Although
corrosion is more severe in the volatilization step s the length of time
required for dissolution makes this ~co‘rrosion'more serious, Gas impinge-
ment’ effécts ere ‘especially serious in either case, Since the worst
corrosion occurs in the fused ualt-;containiné vessels, consideration

18 being given to using the salt process vessel also as the waste salt
disposal vessel. |

» | A comparison of materials for the HF dissolution step is given in
Teble 10, In the tests, inconel suffe‘red chromium depletion, showing e
weakened and ‘expanded surface lsyer 8 to 12 mils deep. Lov-cerbon
‘nickel showed no failures but some ‘intergranular penetration from 2

to 7 mils, which, of course, was much less tlﬁn for "A" mickel,

Hastelloy B showed no attack other than that indicated sbove. Varistions
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- Table 10. Corrosion of Materiels in Dissolution Step
Melt of NaZrF5 at 600“C

Approximate Penetration

Material Rate (mils/day)

Graphite 0.1
"A" nickel 0.2-1.2
Low=cexrbon nickel 0.25
Inconel 0.7
Monel 0.k
Copper (electrolytic

tough pitch) 0.1<1,0
Hastelloy B 0,0k

in weight loss of copper were due to concentrated local atteck in some
cases. Monel suffered severe copper depletion to depths of 16 mils and
moderate depletion through its entire cross section. Monel apperently
vas not weakeped by intergranular effecte. Nickel, vnalloyed, suffers
greatly from sulfur embrittlement, and there is considerable question
es to whether similar effects would not arise from fission products.
Enbrittlement effects greatly complicate corrosion studies,

Corrosion in the fluorimation or voletilization step 1s in the
range of 1-10 mils/dey for mickel or nickel alloys, or possibly tenfold
greater than in the dissolution step, Since the fluorination step 1is
complete in sbout 1 hr, it is more pertinent to state the corrosion rate
as approximately 0.1<1,0 mil per batch. The corrosion rate in the
fluorination step is perhaps dependent on the initial uranium concentra=-

tion,

Summary
The fused salt--fluoride volatility process appears to be an

attractive method of recovering uranium from high-alloy fuels. Both

the ANL and ORNL flowsheets have been shown to give high uranium recovery
and decontamination from fission product activity. Continued consideration
and development of the process are warranted on the basis of these results

and some of the more gemeral factors, such as a low solid volume, simple
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fuel recycle procedures, less stringent cr:l.tice.lity considerations with
high i:lant throughput. Consideration could slso be given to elternate

headeend steps, for example, combination of Zircex (hydrofluorination)

head-end treatment with fused salt processing.
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ENGINEERING AND ECONOMIC CONSIDERATIONS
OF VOLATILITY PROCESSES

_ INTRODUCTION
Separations processes based on the volatility of uranium hexafluoride

offer two general advantages over the well-eatsblished aqueous flowsheets:
(1) The uranium hexsfluoride product is closer to the desired end

material than that produced by aqueous processes.

(2) The required decontamination is more easily effected, at least
potentially, by the use of two unit operations not possible in
the aqueous flowsheets, namely, fractional distillation and

ahsorption-desoxrption,

Processes studied to date fall into two general classes which may be
characterized by the temperature range in which the initial dissolution is
carried out, In the first of these;, nocminally called the low-temperature
process, natural or slightly enriched uranium containing little or no alloying
agent 1# dissolved in & liquid interhalogen compound &t temperatures up to
130 C. The product uranium hexafluorice is subsequently separated from the
interhalogen reagent end the volatile fission products by fractional dis-
tillaticn. In the second class, labelied the high-temperature process,
uranium (generally enriched) oiloyed with significant quantities of one or
more other metals is dissolved in a fused fluoride salt bath at temperstures
of 600 to 800 C, The dissolution uses hydrogen fluoride to convert the

alloy metals to their fluorides and the uranium to the tetrafluoride, followed
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by fluoline or an interhalogen to convert the uranium to the hexafluoride.
The finsl separation ahd.decontamination may'then' be accomplished by dis-
tillation as in the low témparature flowsheet, or by absorpticn-desorption.
Most of . the work on high-temperature processes to date has been in connection
with zirconium-mabtrix fuels.

The chemistry of these two types of processes, together with descriptions
of pilot plants and some operating data, has been discussed earlier in this

symposium, (1,2) It is the purpose of Part I of this paper to present in greater
detall the engineering problems and their solutions, as ft;und by the results

of both bench-scale and pilot plant studies. The problems arise l#rgely from
the highly'cornosive nature of the reagents, thus requiring prudent selection
of containing materials, Also, valves, fittings, instruments and process
equipment often have to bé specifically designed since the crdinary commercially
available items are generally not saﬁsfactory nor made of acceptable materials,
Alyo, since the chemicals used are highly toxic as well As corrosive, added
precautions are necessary; in both the design of equipmenﬁ and in the selection
and use cf operating procedﬁreso Considerable emphasis has been placed on
personnel. safety. It 1s falt that most or all of the engineering problems
can be handlod‘satisfactorily and this paper attempts to convey this confidence
in technical feasibility.

In Part 11 en attempt is made to prasent the probable economic position
of volatilit.y procesees. Iwo bypothetical plants (usi.ng a low and an high
temperature process) are postulated and the capital and operating costs of
each are estimated, It. should be emphagized that these are hypotheticel planta
and the costs are calculated without benefit of data from operating plants of

this type.
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Part I—Engineering

R. W Kessie, S. Lawroski, M. Levenson, R. C. Lumatainen,
W. J. Mecham, W. A, Rodger, W. B. Seefeldt,
G. J. Vogel, and G. E. Goring*

May 1, 1857

MATERIALS OF CONSTRUCTION

It was recognized from the beginning of developmont work on fluoride
volatility processes that corrosion would be the predominant consideration

in sele&.ing materials of construction. Thus considerable effort has been

devoted to studying the corrosion environments in the various process operations

of both low and high temperature flowsheets. The two sections below summarize

 these studies and their conclusions.

Ao Corrosicn Studies for Low Temperature Flowsheet

1. Dissclution

The original process concept specified a three-stage dissolution
involving slternate aqueous and interhalogen enviromments in the same vessel,
An aqueous sodium hydroxide-sodium nitrate solution was to be introduced
first to decan the slugs, followed by removal of the residual solution and
thorough drying of the vessel. Then the slugs were to be dissolved in liquid
interhalogen compounds at temperatures up to 130 C, the step being terminated
by taking the volatile uranium hexafluoride and residual interhalégen overhead
for further processing. The dry residue of non-volatile fission product and
plutoniunm fluorides was then removed by a second.aqueous wash contaiaing
sluminum nitrate, the resulting solution being sent to a solivent ext.faction
step for plutonium recovery.

Thus the dissolver would have had to contain successive corrosive
environments of interhalogens and aqueous solutions. In exposures :I.nvolving-
interhalogens only, nickel, Monel and Inconel have the greatest resistance
to attack. These form tenaclously adhering fluoride f4lms that remain intact

*Chemical Engineering Division, Argonne National Laboratory, Lemont, Illinois.
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over fairly wide temperature ranges, resulting in very low corrosion rates,

Typicel rates measured in bench-=scale tesis are shown in Table 1. The effect

of turbulence on these rates is not known quantitatively, however, exporience

Table 1

LABORATORY CORROSION DATA OF METALS IN FOUR
INTERHALOGEN ENVIRONMENTS AT 125 C

(Data adapted from ANL-5557, page 8)

Separate samples of each metal were exposed to each of the four
following envirorments in both 1iquid and vapor phases and et the

interface.
lo BI‘F 3
2, 10% BI‘F5 in BrF3
30 10% Br2 in BrFB .
ko 10% UFg in Brfy
Maximm Cbserved
Exposure Time, Corrosion Rate,
Metal " weeks mils/yr
Nickel 1 0,018
Welded Mickel 1 0.012
Monel 11 0.02%
. <0.05
Welded Monel 1 0,033 i
K Monel 11 0,036
Inconel 11 0.016
. Aluminmm | L 0.7
Duranidkel L 0.37 1
Inzoloy L 3.6
Ss 30k 1 B - 6.9 2 <7
ss 3478 1 5.8
Mild Steel 1 19
Nicloy §°

R 160

& Exposed to environment ki only. . )

b Exposed at interface to environments 1 through 3.
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indicates that this would be :I.nappreciableo’ Table 2 gives corrosion data on
some of the same metals exposed alternately to both enviromments. The
penetrations bindicated correspond reasonably well with dats for e_\luminum
hitrate corrosion alone, thus implying that all of the corrosion occurred
during the aquecus exposure and a negligible amount during the interhalogen
exposureo, This alsc implies that only a small quantity of metal is consumed

in the initial formation of the protective fluoride film.
Table 2

] LABORATORY CORROSION DATA ON METALS IN
! ALTERNATE AQUEQUS AND INTERHALOGEN ENVIRONMENTS

(Date from ANL-5557, page 27)

Cycle: 20 hr in QrFB at 125 C; 20 hr in 1 M Al(NO3)3,
0,05 M Sulfamic Acid, pH 0,5, room temperature.

Metal mils/cycle wils/yr (approx)
Nieckel 0,005 1
Welded Nickel 0.00L 1
Monsl 0,00k 1
| Welded Monel 0,004 1
K Monel 0.005 1
Inconsl 0.00L 1

_ Comparison of Tables 1 and 2 shows that, on a bench sacle, the dual
environment results in about 20 times the corrosion rates that obtain with
interhalogens alone, although the magnitude of thé former is still low,
However, nickel alloy coupons e::poéed to slternate cycling in the Argomns
National ILsboratory pilot plant dissolver showed greater dimensional change
than would have been predicted from laboratory data. The results of these
tests are shown in Teble 3, The time cycle which obtained is not repre-
sentative of the postulated, dual-enviromment process, but the approximate

penetration rates in mils/yr give at least _qualit’ative indication that other
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variables are operative in the larger equipment. It is suspected that air

'4n the presence of interhalecgen vapor or liquid accelerates the rate of attack,
and this may partially explain the higher rate on the pilot plant coupons,
2lthough efforts were made to keep the equipment under helium pi'essureo

Data from Brookhaven Natlonal Laboratory(3) in conjunction with some dynamic
~corrosion tests on bx'cﬁxine trifluoride also indicate a possible effect of

air, Table 3 also reveals other effects not found in bench-=scale tests,

Table 3

, PIIOT PLANT DISSOLVER CORROSION DATA
IN ALTERNATE AQUEOUS AND INTERHALOGEN ENVIRONMENTS

(Data from ANI~5602, page 50)

Cycles 600 hr in interhalogen medium (15 to 160 C)
25 hr in aqueous wash and decanning medium

- (15 to 60 ©)
: mils/yr
o Motal mils/cycle (approx) Comments
Iiquid submerged. coupons
Unwelded Monel 0,7 - 10 Appearance:s sound, mo pitting
Unwelded Nicksel 0.6 9 Sounds soms minute pits
Welded Monel-nickel 0.7 10 " Small scattered pits
Unwelded Inconel 2,7 ko General sttack, pitting
‘Welded Inconel 8.9 120 Attacked and pitted;

partieularly the edges

Vapor exposed. coupons

Unwelded Monel and Nickel 0.3 S Good appssrance

Welded Monel and Nickel 0.k 6 Good appearance

‘‘Welded Monel-nickel 063 5 Good appearance
_ Unwelded Inconel 6.9 10 ‘ ‘Severe attack; edges pitted
- Welded Inconel 5.8 - 8 Attacked and pitted;

- weld thinned

such as the ponstration of Inconel coupons being 3 to 10 times greater than
nickel or Monel, and the existence of differsnces betwaen 1iquid and vapor

enviroments.
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In general, however, the higher rates cbtasined on nickel and Monel
coupons in pilot plant tests are still sufficiently low to mske their use
reliable,

2o Fluorination

The vapor taken overhead from the dissolution step is condensed and
then contected with elemental fluorine to convert bromine to bromine trifluoride
prior to distillation. Thus2 at least one process vess;al and several lines
must be expoged to gaseous fluorine.

Nickel and nickel alloys aré useful for the containment of fluorine
up to pressures of 40O paig (although routine practice is limited to 50 psig)
at ambient temperatures, For atmospheric pressure operstion, temperatures
up to 600 C may be toleratsd. However, the inadvertent raising of metel
temperature to the ignition point will cause rapid burning of the metal and
material failure. Local heating to ignition temperatures has occurred due
to reaction of fluorine with organic materdials that hed not been removed,
For this reason screwed connections should be avoided because of the organic
substances usually present in pipe compounds. A pipe "dope" of calciun
fluoride is recommended if screwed connections are necessary. Sharp bends
in process ljnés, which cause highdvelocity impingement of process gases,
are thought to be the cause of high locsl corrosion rates and thus should be
avoided if possible, Welded construction is preferred, and heavy-wall piping
and tubing will tend to prevent local hot spots and possible ignition.

3. Distillation

The final separation of uranium hexaflunoride product from residual
interhalogen is performed in a distillation colm‘conta_ining n:lcke:_!_ packing.
As pointed out previously, the observed corrosion rates in interhalogen
environments are low enough so that structural integrity is not threatened.
In this oneration, howsver, corrosion is a problem t'xfom the standpoint of
néeting' product specifications. Since the colwms contain a very large
nicke’. surface due to the packing, the following type of reaction can occur
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38 4 2BrFy ey 3 WiF, + Bry.

The specification for bromine in product uranium hexefluoride is very low and
the separation of these twe componsnts by distillation is difficuit.

k. Miscellaneous Equipment Difficulties

Iy probleh that still exists to some degree is the occasional failure
of nickel and Monel bellows and diaphragms in packless valves, The physical
integrity of the protective fiuoride £ilm on these units is jeopardized by
ths flexing action of the bellows and disphragm. To what extent the base
metal can be deformed without causing rupture of the film‘ is not known.
Additional improvement is nesded in t};is area.

. In leboratory expérimental-equipment s copper and nickel have often

been joined via silver-solder connections end laaks have developed at these

~joihtso In most cases preferential attack of the copper was noted, The role

of the silver solder at these joiats may or may not have ‘accelerated these

effects, In earlier experiments; silver solders that were less resistant to

corrosive attack were used, and some of the earljf failures might bte attributable

to them. Several vbieme't.amc couples '(equal grees) were exposed in the
laboratory to interhalogen 1iquids, Thoﬁgh not conclusive, the metal loss
data 1nd:lcaté that nickel is moro noble than copper and perhaps slightly
less noble then lumimum.

5 Obber Materials of Construction

As ghown in the preceding paragraphs, nost of the laboratory and
pilot plant studies on corrosion have been focussed on nickal and nickel alloys.
Nickel and Honel are the mos‘b conmonly used materisls in the construction of

vessels in three volatility pilot plents built to date, (These ave located

at Brookhaven Rational Laboratory, Argonne National Laboratory, and Ozk Ridge .
National Laboratory. The latter pilot plent :l.a no longer in useo) Howevar,

' other materials have ahown good structural integrity and shOuld be mentioned

in comnection with the low-temperature flowsheet,

681



http://f2,uoxd.de

e, Copper
In general, the use of copper has been restricted to bromine

pentrafluoride, vapor lines, and sometimes to fluorine. The corrosion of

~copper is thought to be somewhat greater than that of nickel alloys and it

is probably more susceptible to jgnition with fluorine, but experience in ths
laboratory has demonstrated it to be a useful material for handiing inter-
halogens. Its physical properties detract from its use where structural
strength is desireti, In general, the fluoride films formaed are heavier than
those for nickel alloys, and somawhat less protective. Copper is incompatibla
with the aqueous aluminum nitrate solution used for decontaminatiion and:
plutonium removal from the dissolution step, The bi-metallic ccuple data
previously cited indicste that copper is likely to be anodic in contact with

nickel and aluminum,' Such junctions should be avoided,

b.  Alumimom

Aluminum is very resistant tc interhalogen solutions, but is
quite sengitive to hydrolysis products in the presence of moisture. Aluminum
is not usable for the decanning wolutions, nor would it be satisfactory with
the aqueous decontamination sclutions.

The flvoride films formed on alurinum eppear to be less tenacious
than -on nickel, and there have been scattered irstances vhere line plugs have
been attributed to loosened fluoride films. In other cases, good protective
films have been observed to temparatures of 150 C, The bi-metallic behaviour
of aluminum is good; little accelerated attack of aluminum with nickel or
copper has been cbserved.

The structural properties and the melting point of eluminum
detract from its use. Xocal heat~generating reactions bring the temperature
of the aluminum up to reaction lewvel, followed by possible melting. The
magnitnde (although not the cause) of a single incident at Brookhaven National
Laboratory can probably be attributed to tne use of sluminum, Here a pilot
plant distillation column and still pot constructed from aluminum were
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destroyed, largely because the material did not have sufficient strength, mor
could it withstand high temperature without melting (see later section on
safety). This limitation of aluminum is 2 serimxs\one, and &lso applies to
its use with elemental fluorine, The corrosion raté‘\of\ﬁlmimnn in fluorine
is low evan up to temperatures of L00 ¢, but the lack of good mechanical
properties and susceptibility to ignition are barriers to its use. Alumimm
is also suaceptible to rapid reaction with bromine which usually i= j:rese_nt
to somé extent in most bromine-containing interhalogens.

¢, Mild Steel

rﬁ.id qteél ie used as structural material :I.n the manufacture
of crude interhsalogens, hydrogen flubr:lde, end f;.u;:ina, and also for the
shipping of these materials. In laboratory corrosion tests, the rate of

attack of mild steel was several times that of rickel, its alloys, and copper.

The presence of moisture accelerates the rate of attack, but in most cases,

this rate does not exceed 20 mils per year. Its loﬁ cost and ease of febrica-
tion make it Attractive as a material of construction in places where high
purity is not mporfant, In gonaral, its use fqr piping is avoided beéause
of its greater susceptibility to ignition in lires containing high-velocity
flvid streams, v

d. Stainless Steels

The Austenitic stainless steels (types 302 and 3L7) have somo

Gegree of etiractiveness as materials of construstion for the interhalogen

dissolvers From 801#851; extraction experience, these stainless steels are
knoun to possess the needed corrosive res:lstance to the alx_minmn-nit:ate
golutions used for decontamination and plutonium removal and also fbr the
caustic solution_s used for decanning. Some lsboratory corrosioxi experiments
wekre condixcted on the stainless steels at all three sites where fluoride
volatility pilot planfs have existed. dak Ridge National f:aboratory tested
stainless stesl types 302 and 347 inr four differsnt solutions at 80 C for

1Y

6 to 10 days. The four solutions consisted of various mixtures of chlorine
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-trifluoride end uranium hexafluoride plus O to 15 psr cent hydrogen fluoride.

The test samples chowed no loss in weight (sizes of the samples were not
given), At Brookhaven National Ieboratory, spacimens of the same stainless
steels were immersed in boiling bromine trifluoride (technical grade) in an
aluminun vessel for a three-month period. The maximum rate of penetration
cbserved was 5 mils per year., At Argonns National Leboratory types 304 and
347 stainless steel were exposed in four different solutions having a bromine
trifluoride base, and the mexima corrcsion observed was 7 wils per year.

To date no pilot plant evalustions have been made of types
302 and 347 stainless steel. In general, i} is felt that these have no
particular adventage over the uss of niclel or Monel, particularly vhere the
aluminum nitrate used is properly inhibited with sulfemic acid,

‘ Fluorothene and Taflop have found much use both in the
laboratory and in pilot plamts, Teflon is often used as a gagsketing material
vhere flange connections are desired. Fluorothens test {ubes have baen used
in experiments up to 150 C &nd are routinely ussd for procuring samples in
the pilot plent, but it has an eging characteristic that resulis in embrittle-
nent, Using Fluorothene with uranium hexafluoride seems to accelerate this
rate of deterioration, Formerly there had been some difficulty with fluoro-
thene test tubes igniting when samples were procured, and originaily this was
attributed to fuzzed ends that had not fused completely with the bulk material.
(This igrd.tion did not occur when the fluorothone occurred as massive pieces,)
The ignitions might alsoAhava besn due to the presence of acetone in the |
minute cracks that formed from embrittlement. (AlL tubes were degreased,
prior to use, with scetone which might not slways have been ’complately
removed). In general, it appears ;.hat flnorothene and Teflon are mot quite
as gatisfectory for use with fluorine as compared to their use with inter-
halogens, although dilution of the fluorine extends considerably the useful
life of theses containing materials.
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Calcium flucride is useful for both lsboratery and pulot plant

where a transparent material of construction is desired, Brookhaven National

Ieboratory uses calcium fluoride for sigh'ﬁ glasses and peep holes in its

process equipment. At Argonne National- Laboratory this materisl is used where

infra-red analysis is desired and aiso for determining indexes of refraction,
Alumina is auitable for use with fluorine at both high and low

tempsratures, Glass and quartz have been used cccasionally with interhalogens

and uranium hexaflucride st room temperature,

B. Corrosion Studies for High Temperature Flowsheet

thile uranium dissolves readily in interhalogen solu‘bicris, alloyed urgniume-
particﬁlarly girconium ailoys=-=dces not, The process under study to handle
zirconium-nranium alloys consists of immersing the ﬂloy in e fused fluoride
salt-bath ( 50 mole per cent Zr¥),, 50 mole per cent NaF) at 600 to 700 ‘C and
sparging the melt with hydrogen fluoride. This converts the zirconium to

zircomium tetrafluoride and ths ursaium to uvranium tetrafluoride. When

diesolution :j.é complete, t,he melt is fluorinatec (using Fo, BrFB or BrFs'),

thus convcriing the non-volatile uranium tetrafiuoride to volatile uranium
hexaflnoride which.vis similtaneously distilled from the melt, Subsejquent
cleanup of the uranium hexafluoride may be eccomplished by fractional
dist:lllaticn or by an absorpf.:!.omdesorpt;lon cycle using sodium fluoride, The
seiectior; of materials of construction for both the hydrofluorinétion and the
fluorination stéés is quite limited and the problems encountered in the two

steps are somewhat different.

1. | Hydrofluorination (Dissolution) _
|  Possible kéon»stmétion materials for the hydrofluorination are: ,
nickel, Monel, Inconel, Hastelloy B, copper and grephite.
The greds of nickel generally referred to &s "nickel". is known
in trade parlance as "A nickel®, 9L nickel®” is a low carbon medification. The

carbon specifications for the tws are 0,15 per cent max and 0,02 per cent max,
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respsct:lve'ly. A" nicksl is heal treoated to solubilize the carbon content,

However, in the temperature range S00 to 700 C, the carbon tends to come out

of solution thus wesksning the mstal. "L" rickel avoids this gréphite {;’
precipltation as its carbon content is lower thsn its solubility in the shove "
temperature range. The ASME pressure wessel code permits design with mA"
nickel to 300 C and with "I" nickel to 650 C.

3

Both "AY and "I nickel have one severe limitation for use at

high temperature ¢ and that is thelr susceptibility to int.ergrénular attack

by sulfur<bearing materials. The sulfur combines preferentially with ni.ckel
along grain boundaries to form N;é.382£,x. Such effects are additiﬁ and
irreversible, Once metal hzs been attacked, there is no treatment of any
kind that can restore it to its original condition. 7The foreign material
forms a eutectic with nickel that has a melting point of 645 C. The metal is
thus weakened seversly at operating temperatures, and leaves a matrix that can
be crumbled in the hand at room “umperature.

Small quantities of sulfur are known to be present in two of
the raw materials used in the fuel-element dissolution step: the fused salt
and the hydregen fluoride. Sulfur in the fused salt can be removed prior to
process use by contacting the melt with nickel having large surface areas,
such as the varlous typss of column packing, or by passing a strong fluorinating
agent throwgh it (Fp, Brfg, etc) The hydrogen fluoride purification presents
more of a problem., A4s the hydrogen flucride throughput required for the
process 1s high, & very low sulfur speciﬂcation must be cbserved to prevent
long range metal deterioretion. In smz2ll=scale corrosion tests using a
1.5-4n. ID nickel can with 0,032-in, wall (600 C), failure of the nickel
occurred within 500 hours, although the sulfur content of the inlet hydrogen
fivoride at no time exceeded )i ppm. The results of this and similar corrosion
tests that were terminated byvmetal embrittlement are shown in Tsble L.

If sulfur ie excluded, nickel may be satisfactofy for use in

the hydrofluorination step, Lsboratory tests have shown that the corrosion
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Table L

EMBRITTLEMENT FAILURLS IN HF-SPARGED FUSED SALTS (600 C}

Material and . Time to Relative IF
Component, , Failure, hr . Sparge Rat_c;
ng Nickel" liner ks , 1.5

" Nickel®™ liner 115 1.0

A Nickel" liner 117 2.0

uA Nickel® liner 59k 1.5

"L Nickel" 408 ' 2.7

L, Nickel" (0.050-in. wall) 629 1.7
Monel : ' 1,188 2.L

411 liners began with 0.032-in. wzll unless indicated.

:Eats then is primarily a function of whether the metal contacts only liquid
melt, or melt and gas alternately, the latter being more severe. In hydro-
fluorination Vtests in which "A"™ and "I% nickel wore exposed to simulated

process conditibnm s typlcal rates of dimensional. change observed were 0,2

 mils/day for liquid-phase exposure on],yk and 1 mil/dsy where exposure alternated

botwesn nquid and gas phase, lLonger 1abora£ory tasts with hydrogen fluorids
spargeb éfien pro&uéed & hard méaly materigl which: was insoluble in the fused
a1t and had a high meliing point. Chemical analysgs of the material revealed
& nickel conten{. of 12 to 15 mole per cent ‘e.ud 2 girconium to sodium ratio
in excess of that present in the clean melt., The material has not been
character;_i.med, but itsb presence could warkedly interfere with normal process

operations unless provisions wers made for it. In larger units having a lower

_ suxface=to-volume ratio s the magnitude of this pf'obleni should be leasened;
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Monel in many respects behaves similarly to nickel, Strength

and oxidation resistance are comparable as is the rate of dimenzional change.
It is somevhat superior to mickel in resisting sulfurous materials. Monel,
however, is subject to the preferential leaching of copper leaving a weakened

porous structure of mickel.

c. JInconel

Incouel has also been tested for possidle use in & hydro-
fluorinator. Inconel is much superior to nickel in resisting grals dboundary
attack by sulfurous material, snd has good high temperature ctrength end
oxidation resistance. The ASME boiler code gives stress‘ levels for Inconel
to 650 C. However, Inconel is algo subject to preferential leaching in the
dissolution environment, resulting iv removel of chromium. This leeves a
cellular structure of pickel which tepds to spall from the peavent metel.

é. Hastelloy B

Eastelloy B hes good high temperatuve strength and oxidation
resistence, spd, like Inconel, has supezior resistance to suifurous atiack.
It does have an objectionahle age-hardening cheracterdstic 1 vhich its
tensile strengih increases Yud its ductility decreeses To vhat are prodvebly
unaccepteble velues. Its initial pyopewties mey be xestored by solution heat
treatment. According to memufactuvexr's informetion, this metal will fully
&ge harden in 170 hours at T60 C, dut Awrgonne Fationsl Leboratory data frdicate
that 1000 hours at 600 C will not bdring about this condition. Little
preferential attack was noted in the single test made to datc although sowe
intergrranmlar ettack was observed,

e Copper

Because of its poor strength, ccpper mey be used as & limer
materlel only. Precautions sust be taken to exclude air end moisture as
oxidation progresees xepidly. In corvosion tests at Argomms Natiocnal Labtoratory,
difficulty vas encountered with mess transfer of copper, to the extent that
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tests were teyminated pz'ematuiely. o metallurgical degredation was observed
except for blisters that formed in the metal, This was attributed to "aydrogen .
sickness" in which coriosion oroduct hydrogen reacted with oxide impurities in
the metal forming high pressure regions of ‘stean that could not excapé. This
can be avoided by using oxygen-froe copper.

A successful #pplication of copper has been made in fused sglt
systeas at Ozk Ridge National Laboratory where-the Material Chemist.ry Division
purified salt in batches of 250 1b by alternate hydrofluorination and hydrogen
reduction, An oxygen-free copper liner (1/L-in. wall) is placed insids a
structursl ves_sél of stainless steel type 316, Treatment temperature is 800 C.
The gas Tates per unit cross ssciicnal arez of the vessel are roughly one tenth
that of Argonne National Lsboratory retes. The experience to date has been good.

"f. Graphite -

None of the metals tested to dato have given sufficiently reliable
porformance that the design engineers sre willing to accept them as being fully
adequate for plant eguipment, 4 me.terial vhich does appear promising, however,
is graphite., The use of graphite is limited to the hgnirofluorination step
since graphite and the strong fluorinating agents roquired for uranium tetra-
fluoride convorsion aqd subsequent volatiiization are not compatible,

Graphite is by far the most chemically inert material known for

_hydrofluorinated fused-fluoride melts.  In corrosion tests in which graphite

was subjécted to simlated process conditions, the rate of dimensional éhange
ranged from < 0,04 mil/day for alternate exposure to meit and hydrogen fluoride
tol mil/day where hydrogen fluoride impinged directly on melt submerged
graphite at a veiocity of two to four feset per ,,secom_i? The- effects of tempera-
ture would be expected to be small, although this has not bsen confirmed.
Unlike metals, graphite is subject to diffusion of melt through it which may
be a problem for two reasons: (1) Urenium that is carried into the graphite
may be irrecoversble, and (2) thermal cycling of melt-containing graphite may

possibly cauée some degree of spalling. Benchescale data to date have not
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indicatéd that the latter problem will te serions, OGraphite manufacturers
have been striving to achieve higher densities and lower porosities.in their
product, but to date a completely impervious matesial is yst to be developed.

The biggest limitation in the use of graphite is its lack of
impact strength. In the metal dissolvers in use for the aqueous processes ét
the Idahe Chemical Processing Flant, fuel elements and subassemblies are
gravity charged, and the dissolvars sre built to withstand the impact. It is
questionsble whether a graphite dissolver could be designed for such impact.
"Tho alternative is to restrain the element in lowering it.

It would appear that graphite is chemically suitable for the
hydrofluorination step. It remains to be proved whether or not the mecnanical

properties are satisfactory, although indications are favorable.

2, Fluorination (Uranium Hexafluoride Volatilization) .

Considergbly less corrosion work has besn done to date on the
fluorination step relative to the hydrofluorination step. As was mentioned
previously, graphite is unsuitsble in a fluorine environment. Nickel appears
‘to be the most promising material. Most of the emall scale corrosion work
has been done with bromine pentafluoride, but fluorine is expected to show
similer behavior, Rates of dimensional change are higher than for the dis-
solution (hydrofluorination) step and are strongly temperature dependent as
shown in Table 5. Intergranular effects have been noted in runs of 80 hours
or more, and these are more severe at the higher test temperature. The cause
of these effects has not yet been determined,

As some means of storage of the melt is required after vélatilj.zation
of the uranium, it has been suggested that the fluorinator itself be designed
’as a disposable unit, This unit would be used for ome or two fluorinations
and then removed with its charge for dieposal., Very high corrosion rates
could thus be tolerated for the short overall exposure time involved, and
it appeared that an inexpensive material like mild steel might be suiteble,
However, mild steel is subject to ignition on exposure to fluorine at
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Pable 5

TYPICAL CCRROSION OF NICKEL IH FUSED
FLUORIDE SALTS SPARGED WITH Br¥'g

Salt: Equimolar NaF=Zr¥),

Dimensional Change, mils/day

Componsnt : 600 C 700 C.

Liners (two surfaces) 3t 8 | 20 to 13
Hole Radii 1.5 to 7 3.5 to 9
Flate Mclmesé (one sm'f#ce). ' 1 to 1.5 6 to 12

relatively low temperatures (OO to 450 C). Although laboratory tests have
demonstratsd that in:!.ld steel surfaces in contact with a liquid fused-salt
melt at 600 C will not ignite when spavgea with fluorino, the danger of
ignition in the vapor phase is too great for miid steel to be considered
seriously. ' |

Imnbitioxfx of the ignition property of mild steel by a surface
coating of nickel msy provide a suitable material for a disposable fluorinator.
Several commercisl processes are now availsble which chemdically deposit nickel
£ilms bn stecl surface (e.g. the "EKanigen® proceas({! )), Iaboratory exposure to
bromine pentafluoride of & mild stesl sample coated ,ﬁith 1 mi of Kanigen nickel
rasulted in no ignition, indicating that porosity of the nickel coat was very
low, To be suitable for fluorination uss, some assurance is ngéded that
(1) the nickel will not bé corroded ax;iy at any apot dur;ng the total exposure
tme, and (2) tﬁe adhesion of the nickel to the mild steel is sufficiently

dependable; praliminary observations indicate good adhesion., To be reasonably

safe from the corrosion aspect, a coating of 15 to 20 mils would probably be
required. Kanigen coatings can be applied to uniform thicknesses of up to
10 mils, |
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3. ‘Design Considerations Lor Reducing cbrrosion '

a. Process Modification
It m\ay be possible to minimize scme of the carrosion problems
by proper design of plent equipment., A technique that 1s useful in reducing
corrosion of the material of construction is the utilization of a ®cold wall".
This can be achieved by introdﬁc:l.ng the heat into a veésal centrally coubined
with forced cooling of the contas.ner‘waii thus érqating #'frozen wall adjacent
to the outer vessel which would isolate the latter from the corrosive environ-

ment. This technique would also reduce the wall temperature of the outer vessol

resulting in further corrosion reduction and reducing the probability of
ignition (in the case of fluorine on mild steel), However, --excessivaly coid
walls would cause more melt solidification with fesulting uranium loss.

At the present time P) -Argome_ Nationel laboratory is having a
graphite ®cold wall" dissolver fabricated through a subcontract, An inner
graphite liner is contained in a nickel or steel shell and the anmular spece
is packed with lsmpblack. By introducing the heat centrally, a temperature
gradient through the graphite and lampblack is obtained that msu_.its in a
boundary within the liner beyond which the fuse&_ melt solidifies. In this
manner the nickel is isclated from the enviromment but still supplies the
required structural stmng'bh. A sketch of the proposed equipment is shoun in
| Figure l. '

b Equipment Fabrication

Many corrosion failures that". have occurred indicate equipment
febrication that mis amenable to local attack, rather than poor selection of
material. Ope of the most important of design criteria relative to corrosion
is the avoidance of crevices. cx'eviées can trap liquid, ahd because of local
effects in the trapped volume, both ionlc and dissolved gﬁs concentrations
change from that of the bulk fluid (i.e. electrolytic effects) resulting in

accelerated corrosion.
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TEMPERATURE .GRADIENT THROUGH WALL
700

600 |-
500
400
300
200
100

«—MELTING POINT OF SALT

MELT SOLIDIFIES

ALONG THIS LINE HEAT INTRODUCED
THROUGH LAMPBLACK _~~ CENTRALLY WITH

GRAPHITE IMMERSION
HEATER

TEMPERATURE °C

MOLTEN MELT

PENETRATE GRAPHITE

AMPBLACK COMPACTED TO 55 LB/FT3
k =.07 BTU (HR)(FT2)(°F/FT)

OVER LONG EXPOSURE, MELT WILL

GRAPHITE LINER k=85 BTU(HR)(FT2)(°F/FT.)

Fig. 1 - Cross section of wall of graphite dissolver using "cold wall'®
-method,

Dished heads should be used where feasible, Welds should be
ground down to presént plane surtnces; and all res_idual wolding fluxes (which -
usually contain fluoride and chloride) ‘should be rexf:oved from the surfaces,
When welding from the outside of a vessel, a full pene?trgtion weld shouﬁ be
used. Fillet welds should be employed 1iberally. Where temperatures are such
as to causo metanurg:lCal changes in the metal, heat treétment nay be necessary,

either of the solution '(nic‘k‘el requires no golution heat treatment) or stress

relieving type.
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ce Ejuipment Layout

Exporience in the past hes indicated thait maxinum dinmensional
change occurs in this system when an impinging gas meets metal surfaces

perpendicularly, and this effect reduces in magmitude as the angle of impinge-

ment becomes more cbtuse, Hence, if gas enters a vessel through a vertical

line, any horizontal edges or surfaces should, if possible, be placed beneath

the point of gas entry, or if above, should be placed away from the natural

" path of the gas bubbles., Where horizontal surfaces camnnot be avoided, designs

that allow for the accummlation of gas under the surface to form a gas cushion
are helpful. Horizontal rounds are likely to corrode at the most rapid rate.

The installation of a sacrificial metal draft tube will aid in
reducing the attack on vassei walls and other parts. Where a graphite draft‘
tvbe can bo used, it might offerba degree of permanent protection tao‘ vessel
ccmponents,

PILOT PLANT TECHNIWES

Ao Introduction

The purpose of the pilot plant work has been to study further those
process sallents revealed by the bench=gcale work from a viewpoint more -
representative of the ultimate full~scale plant. As has azlready been pointed
out in  connection with certain corrosion problems, a pilot plant test will

frequently reveal wholly unexpscted vesults of a phenomenon previously studied

on the bench-scale, due to participation of variables that were either overlooked

or not operative in the latter. Also the topics of instrumentation, materials
handling, operating procedure and safety, which are vital to design of the
full-scale plant, could not properly be investigated on the bench-scale,

These topics are covered in the ensuing sections.

B. Instrumentation; Measurement and Control

As in most other phases of volatility work, it is often necessary to
make some modification of the comuercially availsble instrumentation before it
can be successfully applisd,
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1. Tempera.ure ‘
The measurement of the temperature of i-‘j‘_m'.erhalcgen liquid or vapor

is commonly accomplished by the use of & standard thermocouple in a protective
well, For the low temperature range (0 to 200 C), either a copper or iron-
constanten themocouple in & nickel or Monel well is used, For tempsratures
in the range 200 to 700 C, a chromel-alumel thermocouple is employed, For
fused selt systems involving hydrogen fluoride, a graphite thermowell is
frequently used,

- For applications whexje a conventional thermowell (such &s one made
of 1/i-inch tubing or pipe) is too bulky or where less lag is required, the
needle type thermocouple 1§ appropr:lateo( 5) The unit that is most frequently
used in volatility work consists of a 1/16-inch OD Inconel tube inside of
vhich is sealed an insulated (glass itibar) constantan wire, This thermocouple
assembly can be used reyrcducibly to femperatures as high as 600 C,

Normally the output from the thermocouple is merely recorded om
a mltipoint potentiometer, slthough for the 1ntérhalogen dissolvers a
temperature recorder-controller is used. Durins the bromine trifluoride
dissolutior ¢f uranium, a maximum temperature of about 150 to 160 C is chosen
for the se’; point on the controller. If the temperature of the dissolver
reaches this level, an emergency watei' cooling valve is opened; the flow of
water gaickly drops the temperature of the dissolver to a level wheré the
dissoiution proceeds at a slow rate. Alternatively, when the dissolver
salation is recirculabed’ as is done at Brookhaven National Laborntory, the
femperature controller regulates the supply of cooling to the heat exchanger.(6)

Differential themocouohs are used on the diatillation columnu, and
the colums maintained at adiabaticity by adjusting electrical heaters until
the output from t.ha differential themocouples is gzero.

2. Pressure
Direct indicating pressure gages with & Monel bourdon tube for th§

sensing element are used extensively for pressures from O to 500 psia.
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fnemnat:!._c pressure transmitters are used with either & Monel bouxdon tube or &
Monel bellows as the moving element, All of these instruments are commercielly
_avallable with the appropriate :eceivers or pressure controllers. 4lso,
available are differential pressure transmitters using either Monel diaphragm
or bellows seals. Experience with a diaphragm made of Teflon end glans has been
unsatisfactory.

A manometer for indicating pressure drop across an orifice through
which halogens ara i’lowing can be made frou transparent fluorothene tubing, using
fluorolube oil as the manometer fluid or sealing lijquid,

A precise device for determining pressures in interhalogen systems
is an instrument known as the "Booth-Cromer™ pressure transm;tterf.( 7)) The
unit consists of a Monel diaphragm which is continuously kept at or close to
ttxe nuli position by balancing the process ;lhterhélogen pressure with an inert
gas such as helium. A small electrical contact on the helium side of the
diaphragm actuates a light and a self-balancing relay when the diaphragm is
not in the null position, & differentisl of 1/2 mm Hg across the diaphragm
being sufficisnt to cause imbalance. The balancing helium pressure is
normally msasured with a mercury manometer,

A pneumatic pressure controller is used with the interhalogen
dissqlver in the same manner as the temperature controller; that is, a pressure
above the set-point floods the cooling coils with water. For the control of
pressure on the distillation colums, a proportional controller is used to
govern the water rate in the reflux condenser, ‘(To prevent freezing of uranium

hexafluoride in this condenser the cooling water is preheated to sbout 65 C.)

3o 1liquid level
For small vessels (up to about L-liter capacity), fluorothens sight
glasses may be used to 1ndic§té the liquit;l level dj.rect]y. Quartz and calcium
fluoride windows are frequently used for dbsefv’ation of liquid level, estima-
tion of bromine conéentrat,ion, or determination of the refractive index of an
interhalogen solution.
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The conventiona'. telegage system, which congists essentially of
measuring the back pressure from & dipleg through which an inert gas is
bubbled, has been used infrequently in volatility work. Most interhaldgens
are so volatile that there would be considerable loss of material if telegages

were used coviinuously in a vented system. Also, there is the danger of

-back-up of the hélogens to the manometers at the panelboard,

The most reliable method of determining liquid level is by the use
of & cylindrical monel float whose buoyant force is continuously balanced
pnounatically; a Monel diaphragm seals the instrument inself from the halogems.
This commercially available instrument is used ‘ét. Brookhaven National Lebeorstory
45 a 1iquid level controller.(8)

L, Flow

Flow rates are frequently determined by observing weigh tenk resdings
(see 6 bplow) as a function of time, Although this method gives sn accurate
indication of the average rate, it is difficult to uée for the initial setting
oZ flow rates or determination of short=term fluctuations in the flow rate.

A thermal flowmeter has been developed for use with any fluorinating
ges including fluorine. It' congists of a hairpin loop of L/h-inch nickel
tubing passing through two brasz blocks., The brass blocks are malntained at
a constant temperature difference of 150 e by a proportioning type, pyrometer-
controller actuated by a differential thermocouple connected across the two
blocks; the pyrometer controls a resistance heater on the highsr temperature
block. This flowmeter x;oquire‘s calibration for each gas, the calibrations
being independent of the bottom block temperature. m unit has been
celibrated and used for flow rates between 30 cc/min and 30 1/min with respec'ti've
outputs of 0.1 and 20 mmivolts with an accuracy estiméted to be within 3 pef
cent,( 7) | | .

For measuremsnt of the réte of flow of liquid intarhaldgen étreams
a magnotic, turbinee;.ype floumster with sapphire bearings (commercially avail-
gble) has been used with succoss at the Brookhaven National Leboratory. (1)
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S. 1leak Detection

Each process velve has a leak detector connected between the bellows
and the packing gland., The deltector consists of a steel spring which is
prevenied from complet.ingﬁ an electrical circult by a nylon thread; when the
valve bellowys faile, interhalogens contact the nylon and the thread is severed
by chemical reaction., The releasod sprinz actuates an alarm circuit at the
panelboard. This method of leak detection is extremsly sensitive to inter-
halogens; it has detectad bellows-leaks which wers not revealed in the initisl

freon test of the process valves, -

Process vessals are indiwidually leak tested in the shop and the
entire plent is again freoneleak tested aflter assembly. Internal leaks can
be located by pressurizing an adjacsnt piece of equipment. After interhelogens
arei charged, leak testing is cerried out by pressurizing a piece of equipment
with helium to sbout 50 psia and observing pressure drop over a period of
geveral days. FPotassium iodide-gterch paper is generally used for indicating

any interhalogen leaks,

6o Weigh Tanks
Weigh tanks are placed on scales which have a remote head operated

by a selsyn motor, Direct weights can be taken at the scales by removing
shielding plugs from sight holes in the shielding wall, but because of the
high accuracy and dependebility of “he remote reading, thiz feature has not

baen used,

C. Materials Handling and Ssmpling

1. Interhalogeng
8, Iransfer by Indirect Methods

The wvolatile nalogens are conveniently tranzferred under
their own vspor pressure by heating the vessel to be discharged and cocling
A the vessel being charged, Transfer lines should be fitied with external
heating coils so that residual liquid, if any, may be vaporized. Thus,

after transfer, the discharged vessel and trensfer line will contain only
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vapor at a pressure determined by the tenperature of ‘the liquid in the charged
vassel. » ,

<Id.qu1d trax;sfers may alsc be made Sy pressurizing ths initial
vesgel with an inert gas. This system does not require the use of v elevated
temperature but has the disadvantago that some material is lost with the

inerts when they sre vented,

be - Transfer by Pumping

A few pumps suitsble for use on interhalogens are now availuble.

Brockhaven has developad a canned rotor ,mmp(m for 1liquid
bromine trifluoride which uses metal-to-mef,al bearings and & force balance
system on the rotor and impeller. Both diaphragm and piston pumps(12) are also
bscoming commercially availablé for use with liquid and vapor interhalogens.
A low-capacity piston pump(13) which has been used with vapor interhalogens
gtilizes & nickel-covered, ferro-magnetic piston msterial which is machined
0.001 inch smallezf than the nickel cylinde_r; An external alnico magnet moves
the piston -and ges 1s pumped in slugs by both sides of the piston, employing

gravity-closed disk-type check valves at each end of the cylinder,

The m2in process valves used ave Monel peckless typo(u‘), having
& bellows seal and pneunatically operated stem. This valve is for simple
shut-off operation only and uses a Teflon seating disk with a machined seat
integrai with the body., Similar, manually operated velves of smaller 8126(15)

(1ﬂ4 in.) are used on sampler systems (seo below)e
For throttling flor«tacontrol and for high pressure fluorine

systems a Monel, diaphragmetype(16) needle valve was found to be the best
of several degigns., This valve givea satisfactory flouw ccntrol down to
about 20 cc per minute at a pressure drop‘ of 20 psi.
4 sampling
‘ Ia.qu:l.d samples are taken by the systen illustrated in Figure 2,
The vessel whose contents are to be sampled is heated and the sample tank
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GAGE
SAMPLER ——»
RESERVOIR
VAPOR —» < LIQUID LINE I VACUUM
LINE 1 VENT
HELIUM
~—  FLUOROTHENE
SAMPLE
TUBE
«— VESSEL BEING SAMPLED

Fig, 2 - Interhalogen sampling system,

cooled, thus forcing liquid into the semple tank through the fluorothene

sample tube, ILines are flushed by heating the sample tank and retuming'its
contents to the original vessel via the return line, repsating this procedure
several times before isolating the captured sample, The isolated sample is
then frozen down with liquid mitrogen to allow its safe removal. Vapor samples
can be taken in a similar manner, After the lines are ¢vacuated and purged

by venting, the valves are opsned a few moments to fill the sample system with
vapor. The sample tube is then cooled with liquid nitrogen thus condensing
the vapor in the gystem therein.

The above techniques may be modified to avoid the large losses
of material which would occur when a large mumber of samples are taken and
vhen purge-venting must be extensive due to large changes in concentration
between samples, A continuous purge without venting can be effected by adding
a vapor pump plus a return line. This will circulate material through the
sampler system at all times except when the sample is being collected and no
material will be lost except that removed in the sample. A similar, continuously
purged sampler(l?) for liquids has also been worked out.
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The technique used in hydrolyzing the samples should be briefly

mentioned since most of the analytical procedures require that the interhalogen

sample be put into aqueous solution, Two-~quart polythene bottles are used to

carry out hydrolyses; machined polyt.hené plugs hold the sample tube in the neck

of the bottle and the bottle seal iz effeclted by a rubberhoaring compressed
betwesn screwsd bottle-cap end plug.

2, Uranium Hexafluoride

For dilute solutioné of uranium hexaefluoride in interhalogens the

comments in paragraph 1 above apply. It should 'be added that, ‘vhenever uranium
hexafluoride is handled essentiaslly pure, it must be maintained above 64 C to

prevent solidification, Thus all UF6 transfer lineé are traced with asbestos
covered nichrome heating wire and insunlated with aluminum covered glass wool.
The sample boxes are stesm heated with a finned tube heater located at the
bottom of the box. |
3, Fused Sait
8o, Transfers 7

' The fused salt mist be kept above 600 C to maintain fluidity.
Transfer lines are fitted with external Calrod heaters with the interstices
packed with steel wool and the assembly Wwrapped with asbestos insulation.
Oak Ridge has employed both autoresistive heating ‘(circa 200 ‘amperes through

a 1/2-inch nickel pipe transfer line) and steam heating (throth 1/h-inch

coppér tﬁb.’mg tracing around the trensfer lines).
b Valves |
Several freezewtypé val\fes have been designéd for use’ with
fused salt transfer lines. A gas-tight design has been developed by Oak
Ridge consisting of two loops in a 1/2~inch transfer line. Thé loops are
about‘3- feet in diameterv and are com;ected at théir‘tops through a bypass
valve. The bypass prevents vepor binding as well as pemitiing retention of

somo liquid when the lines are drained. A sketch of this unit is shown in

Figure 3.
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DURING TRANSFER, VALVE IS KEPT AT
600°C BY AUTORESISTIVE HEATING.

FOR "CLOSURE," THE HEATING IS STOPPED,
AND THE VALVE IS AIR COOLED.

FUSED
SALT
VESSEL

Fig, 3 - Fused salt freeze valve,
Co Sampling

A fused-gelt sampler has been designed for sampling the
dissolver while bromine pentafluoride or other fluorinating sgents are
sparging through the melt, The sample is taken in a 5/8=inch nickel-plated
brass spoon attached io a nickelvleaderwrodo The spoon is lowered through a
l-inch pipe with a steel measuring tape and the lowering mechanism is con-
tained in a pressure tight box having a removable window through which the
tape can be read and the sample observed. The assembly is continually purged
from the top downwards with helium and is sealed from the dissolver during
sample removal by closing a 1 inch gate valve, A sketch of this sampler is
shown in Figure L, After lowering the spoon into ths melt, the sample is
raised and held in the cooler uppsr part of the dissolver where the salt is
allowed to s0lidify before ralsing throughrthe bipe. This eliminates any
loss of thae sample by liquid splashing. After removal of the spoon from the
epparatus, the sample is spélled from the spoon by compressing with a pair

of pliers.
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> «——— SAMPLE SPOON
FUSED
SALT
DISSOLVER
Fig, 4 ~ Fused salt sampler,
D. Safety -

1. Introduction

Volatility separations processes as defined herein normally involve
handling the materials and sssociated hazerds listed in Tasble 6, The com-
binatidn of radioactive and chemical hazards makes it necessary to perform
many c;f ﬂhe process éparations remotely. A unique j:mblem in the performance
of volatility separ_ations is the handling. of interhalogen msterials under
pressure so as to prevent théif escape or violent reﬁction w:lth 6rgan1c matter
and waier (inclﬁding huran tissus). An additional problem is the prevention
of inhalation oi' the toxic halogen vapors and volatile fission _products.. For

the former materials, the maximum, allowsble concentration for continuous
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Teble 6

MATERIALS AND ASSOCIATED HAZARDS IN LOW
AND HIGH TEMPERATURE FLUORIDE VOIATILITY PROCESSES

State Material Hazard

Solid Zr, NaF, Zth, U, UFg, Pth, Radioactivity; exposure

fiasion products or ingestion
Liquid NeF, ZrF),, UFgs BrF3 s BrFs, Ignition, inhalétion
-Qag UFg, Fg, HF, BrFg, CIFj, Ignition, inhalation,
PuFg, TeFg radiocactivity

exposure is nbout 1 ppm in air. (18519 4 1ethsl dose by ingestion of sodium
fluoride is on the order of 5 grams,(zo) The alloweble concentrations in
air of the volatile radicactive metal fluorides of interest are listed in

Table 7.

Table 7

MAXIMUM ALLOWABIE CONCENTRATIONS IN AIR OF RADIOACTIVE
MATERIALS ENCOURTERED IN FLUORIDE VOIATILITY PROCESSES

Compound Microcuries/ml Air ©
P23 ¥, 2 x 10712
Natural UFg | 1.7 x 2071
1e127r¢ 1 x 107

8 National Bureau of Standards Hendbook 52, "Maximum Permissible
Amounts of Radioisotopes in the Human Body, Air, and Water®
(1953).
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‘The proceduresnecessary to cbviste the dangers outlined above and

maintain the listed tolerances are dsscribed below,

2, Containment of Material

The primery container used for interhalogen materials is usually -
a nidkal oy Honél-pressure vessel. This vessel is supborted on a liquid-tight
metal tray of equal or great'er volumetric cépacitﬁ Several such vessels are
normally required for the study of a -pmcéss and these are located in an
enclosed, ventilated area., FEach vessel is equipped with a rupture disk which
in turn is connected to a large safety vessel, The safety vessel is connected
to a process scrub (disposal) tower to permit conversion of any vented

halogen compounds to watsr-goluble fluorides. The safety vessel is also

equipped with a drain valve for return of any condensed materials to the

' progess,

Teflon, Inconsl, Monel and nickel rupture disks have been used with
success, Since the thickness of the rupture disks is only in the order of a
few mils, it is common practice to coat ‘the disks with a £ilm of fiuorotbene
to provide additicnal protection egainst corrosion.

Thus, by the use of trays, safety vessels and rupture disks primary
provision is made for confining both 1iguid and vapor lesks.

Steel, concrete, or glass enclosed ventilated areas serve as & ‘
barrier tc protect operating personnel from gas Jets or liquid éprawé. Er:trmce
into these areas is held to a minimum during operation and is done, if sbsolutely

- necessary, with the precautions to be discussad, If necessary, small holes
" can be drilled in thé enclosure to permit insertion of extension nandles to

reach the valves attached to the vessel. Wherever possible, equipment is
remoteoly operated. Vhere a pipe transporting halogen materials nmét traverse

an open area, the technique of double piping mey be used to insure that there

will be no release of toxic matérials into an unventilated region. Finally,

in any working area containing helogens, it is mandatory that organic and

aquecus material be kept to a minimum. Such organic materials as electrical
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or thermal insulstion can be protected by fluorothene f£ilm or aluminum foil.
Cooling water coils arocund vesssls are made by attaching copper tubing to the
vessel with copper spray metal. Condensers on distillation columns are
constructed in the same manner. This technique of providing a double wall
between the water and interhalogens has beeny used for several years on various
pieces of equipment with complete success in avoiding incidents.

The safety aspects of en interhalogen dissolution of uranium are
sufficiently unique to warrant some emphasiéo If the dissolution reaction:

U+ 2BrFy —3 UFg + Br,

were proceeding too rapidly, one obvious remedy would seem to suggest itself,

namely, dump the bromine trifluoride liquid which is reacting with the uranium.
Howsver, this dumping of the liquid is the very thing to be avoided, since when
metallic uranium is exposed to bromine trifluoride vapors at temperatures at or

(22)

sbove 150 C, ignition of the uranium results. Hence, cooling of the

digsolver is the most effective way of gquenching an errant dissolution.

In the fluorination step of processing fuels by fused-salt wvolatility
mathods, it is necessary to contain hazardous materials such as elemental
fluorine or bromine pentafiuoride at a temperature of about 600 C. Experiments
have shown that ordinary 1020 steel ignites when exposed to these strong
fluorinating/agents at this elevated tempsrature. Nickel or Monel do not
ignite, Also, tests have shown that a S-mil coating of nickel over the steel

is sufficient to prevent the igniticn (see previous Section),

3o Handling Escaped Materials

If the primary barrier is bresched and halogen materials are
released into the cell, it is then nacessary to convert the halogens to s
non-reactive form, A relisble mothod of accomplishing this is to hydrolyze
the reactive halogens in a spray tower. Tests have shown that sbout 60 gm
of & 10 per cent cavstic solution is adequate to scrub sbout 5000 cfm of air,(22)

606

\0


http://trifluor3.de

The halogéns are converted to the soluble potassium fluoride or bromide during l
contact with & spray of aqueous potassium hydroxide. Potassium hydroxide is |
employed because of the high solubility of potassium fluoride in water, A

cocurrent. spray tower, rather than a packed tower, is used because of its low
pressure drop. If hydrogen fluoride alone were the contaminant, a limestone

bed could be used to convert the gas to calcium fluor'ideo(23)

Since it is possiblebthat radioactive particulste matter would

be present in the’ lssk, both disposal methods outlined above require that
standard AEC filters be present in the exhaust system. Tests on the exposure
of AEG filters to various halogens in an air stream have shown that 5 gradual
structural weakening results rather than ignition or destruction of the filter,
Halogen concentrations im air ranging from sbout 2 per cent to 20 per cent
were used, It was observed that abouf 3 pounds of reactive halogens could be
passed through s filter before the pressure drop across the filter began to
decrease appreciably. Small dark spots were observed, indicating localized
reaction with either the filter br dust or both. Since several hundred pounds
of interhalbgena are néi'mally mvolved in pilot plant operations; it is clear
that a device such as a caustic scrubber is required to remove the : bulk of
the halogens from’ the air stream tb prevent a decrease in filter efficiency
and 1life-time, | |

| In addition to the vantilét-ion scrubber for ambient air, a process
scrubber is alsc availsble for disposal of waste halogen process streams. ‘
The process scrubber consists of an Bwinch‘diameter Monel pipe with an
8 foot _iong contacting section, Two spray nozzles are loceted in series in
the upper one-third of the tower, About 15 gal/min of caustic is pumped
through the nozzles, This vertical sp;ay tbwar has been used to dispose of
approximately 500 1b of mixed interhalogen wastes from both laboratory end
pilot plant operations.

h. - Personnel Safety

when it is necessary to come into close contact with equipment con-~
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taining halogens (such as in sampling or meintensnce operations), brotect:lve
clothirg is used. Normally, leather or neoprene Vgloves and a face shield
are vorn. However, for some operations involving greater hazards, leather
trourers and a leather jacket are also worn along with an assuilt mask. When
4t is necessary to work in an area containing high halogen concentrations in
the air, a helmet with an independeni air sﬁpply ie worn.

‘ Good safety policy consists of having et least two people present
when working with halogens, Safety glasses are worn at all times.

Carbon dioxide fire extinguishers are also available; this is the

only type of extinguisher that is acceptadle in an srea containing inter-

halogen‘s,

5. First Aid

Each laboratory has safety showers, eye wash fountains, ard crocks
containing magnesium sulfate solution. Workers are instructed to use these
facilities at the slightest suspicion of halogen exposure. In all incidents,
the Madical Department is notified immediately; the physician can then give
additional treatment, such as calcium gluconate injection, if necessary. The
object of both the magnesium sulfate (or oxide) and cslcium gluconate trest-
ment is to convert the hydrogen fluoride to the insoluble calcium or magnesium

fluoride. A recent development in the treatment of fluoride burms is the use of

quaternary ammonium compounds which are believed to function on the ion

exchange principle. (2b)
The important principle to be followed in dealing with an individual

who has been in a halogen-contaminated atmosphere is speed in removsl fron

the area followed by a‘drenching shower to wash the hydroflucric acid from

the skin., If hydrofluoric acid has entered the eyes, at least a five-minute

irrigation with water is recommended, If some of the halogen were taken

internally, the individual should immediately drink a large quantity of water. (25)
Materials such as fluorine, chlorine trifluoride,; bromine penta-

fluoride, etc., all require ths same first aid as outline sbove; since during
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their reaétionrwith body fluids hydrof.'luoric acid is produced. However, in
addition to the &hemical effect (reaction with tissues, etc.), thermal damage
can occur because of the highly exothermic nature of the fluorination.

A1l of %he first aid facilities in a laboratory are given periodic

inspection to insure that they are in working order,

6. Incidents
Most of the incldents which have occurred during the handling of
interhalogens have been.of a relat;ively minor natgre. 4 1list of those reported .
is given below, followed by another list of the lessons emphasized by the
incidents, ' | o -

a. A vacuum distillation of bromine trifluoride from & onse-ounce
sample of a graphite materilal was being conducted in an
aluminum vessel. When the bulk of the bromine trifluoride
had been distilled off, a sudden release of gas occurred at
about 100 C. The vessel then exploded and the individual
performing the operati.ona was :Ln;]ured by fragments from the
vessel.

be A fluorothenc tube for interhalogens exploded while being
refrigerated with dry ice-scetone mixture in a glass dewvar.
Soms of the glass fragwents atruck the individual in the
eyss and face, The glass dewar was wrapped with transparent
tape since the exporiment required observing crystals of
brenine pentafluoride at =78 C,

Co An open waste container containing liquid interhalogens
contacted some comdbustible material; the individual handling
the container was exposed to some drops of the liquid and
to the fumes. (The waate t.ontainer was :mitially assumed
to be empty). .

- do . ¥While pipetting bromine trifluocride, a drop fell on a nearby
dewar flask containing acotone. This small amount of bromine
trifluoride reacted with the acotone and ruptured the glass
dewar scattaring the acetone end glass, Some of the acetone
then fell into an open container of bromine trifluoride,
which had been left from another operation, causing further'
reaction and splattering. No personnel injury or equipment
damage was sustained other than the loss of the dewar,

€. _ FPreparatory to trensferring about 80 cc of bromine penta-

- fluoride a nickel recsiver was dried. The receiver was

~ then chilled to minimize vaporisation of the volatile bromine
‘pentafluoride during the transfer, About 10 cc of the liquid
had been poured from a fluorothens beaker into the nickel
vessel when a sharp sxplosion hurled the beaker from the
grasp of the operator into a corner of the hood, Although
the explosion was so rapid that the operator had no time

.. to move, the protective clothing and hood ventilation gave
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-protection. The cause of the incident was a reaction between

the bromine pentafluoride and water which had condensed in
ths nickel vessel during the cooling opsration. This
occurrence took place on a warm, humid day.

Ten grams of irradiatad uranium was placed in a one~half
inch copper tube together with 37 grams of crude bromine
trifluoride; the tube was then plugged shut and sllowed to
stand at room temperature in a leasd shield., Two hours later

the tube exploded showering the room with halogens and fission
products. The copper tube was propelled through the transite

roof of the hood, Scme pertinent information concerning
this incident is as followss

(1) The incident occurred very early in the history of
the volatility program; at that time the autocatalytic
nature of the dissolution was not kmown.

(2) The same operation hed previously been done with
distilled bromine trifluoride with no reaction noted,

(3) The tube was open to the atmosphere about ten minutes
during the charging of the uranium ard bromine tri-
fluorids.

(1) The lower end of the copper tube was spun and sealed
with eilver soldor., The other end had & flare nut
seal,

(5) There were no casualties from the incident; however
one individual was showored with red fumes (bromine
and about 20 mr/hr of beta-gamma activity,

(6) 90 per cent of the initial beta-gamma activity in
the metal scattered; 10 per cent remained in the tube,

¥While transferring en 1nterhalogen éissolver solut:l.on undor
2000 mm Hg pressure (containing UFg, Br. 25 BrI‘ h
fission product fluvorides) a leak 2 loped t.he transfer
line. The exact location of the failure was a connsction
betwesn g copper and nickel tube which had bsen silver
soldered., About 350 ml of the radicactive solution spilled
both into the hood and unto the laboratory floor. The
copper-nickel couple had behaved satisfactorily for ten
previous transfers, Two hundred grams of irradiated uranium
was present in the sclution. No injury or contamination to
individusls resulted becsuse of their remote location.

While charging a bromline trifluoride purification still, a
cylinder containing 15 1bs of the crude interhalogen was
connected to a metering tank. An operator not connected
or familiar with the still, while working with another
piece of equipment, inadvertently applied helium pressvre
to the tank, thus forcing sbout 13 lbs of the bromine
triflwride out of the vessel. The material was discharged
into a hoods the hood doors were immediately closed. No
injury to personhel resulted. The helium manifold, with
open valves, which serviced sgeveral pleces of equipment was
contributory to this incident.
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A section of & fluorine transfer menifold containing lead
seated, brass valves ignited during a transfer from a
cylinder-at LOO prig to a storage tenk at 30 psig. The
intense hest csused volatilization of the brass and melting
of some of the nickel lines., The use of a concrete and steel
cell around the fluorine cylinders, manifold, and storage
tank gave protecticn to the operators. Even though sbout
L pounds of fluorine was released, only a faint fluorine
otor could be detected cutside the cell area; 1000 cfm of
aly vontilated the fluorine storage area which had a volume
of about S00 cubic feet.

A dissolution of about 1 kg of unirradiated uraniuvm metsl

with bromine trifiuvoride in an aluminum dissolver resulted

in rupturing the dissolver vessel. One individual received
superficial fluorids burns; &ll personnel invelved wors

fece shields, No rupture disk or blowoff valve was present
on the vessel. It is likely that ignition was probably
started by exposure of the slug to the vapor phase of
fluorine, bromine trifluoride, bromine, uranium hexafluoride.
The metal was initially covered with liquid; however, sufficient
material was volatilized from the dissolver into a cold trap
during the dissolution to expose the slug to the vapor. The
temperature just before the ignition was 162 C. This incident
occurred before the study of tze ignition of uranium in inter-
halogen vapor had been nade. (2

Severel ruptures of fluorothene tubes which are used both es
sample tubes and as cold trape have occurred, ILiquid fluorine
end liquid uranium hexafluoride have been in the tubes during
mogt of the incidents, It is known that prolonged exposurs
of tubes to liquid uranium hexafluoride results in deteriora=-
tion of the fluorothene, One incident involved chlorine
triflvoride which had been frozen in a 3/h=inch fluorothene
tube. Upon melting, the interhalogen apparently reacted with
some ¢il in the bourdon tube of an lmproperly degreased
pregsure gage which was connected to the tube. The tube
ruptured scattering some of the liquid chlorine trifluoride
on an individual standing neraby. Some burns on the leg
resul‘bed.

A small-scale dissolution of uranium metal in a bromine
trifluoride<bromine pentafluoride solution in a nickel vassel

‘resulted in sudden discharge of the inverhalogens because of

2 fallure which developed in a thermocouple wsll immersed
in the liquid phase. 4 similar failure of a weld at the end
of @ thermowell occurred in a still pot containing about 4O
pounds of interhalogens under 3 atm pressure.

'During check-out operations on & distillation column made

of 2-inch IFS, type 3SF aluminum pipe, a fire and explesion
occurred. The equipment had previocusly been used intermittently

~ for a period of sbout 18 months. The interhalogen solution

during the incident consisted of about 50 per cent bromine
trifluoride, less than 2 per cent bromine, and the remainder
uranivm hexafluoride and bromine pentafluoride, Other perti-
nent data on the incident are as follows:

611




(1) The entire still assembly was contained in an aluminum
covered plywood box., This enclosure confined the
explosion and most of the fumes so that no hazards to
personnel were involved,

(2) sufficient heat was generated to melt the aluminum in -
gome locations. It seemed likely that a small leak in
the feecd line developed thus czusing interhalogens to
contact the Glascol heating mantle on the columm and to
ignite explosively.

(3) The still pot msde of 25 aluminum was ruptured.

n. A copper cold-trap exploded as & result of inadvertantly
condensing both water and bromine pentafluoride in the same
trap. The water was that amount present in the gir in a
nickel overhead receiver which was being evacuated, The
interhalogen vapors were condensed from the distillation
colurm, Shortly after removal of the liquid nitrogen coolant,
the bottom of the cold trep was blown out, Pieces of copper
were scattered throughout the room; fortunately, no one was
near the tube at the times of the rupture. The cold trap
was belng used to protect z mechanical vacuum pump.

Of the incidents reported, five resulted in injury such as halogen
burns t¢ the individuval. The use of ventilated cells or hoods and the wearing
of protective clothing prevented halogen attack in all other incidents. It
is estimated that the incidenpts have occurred during a time interval corre-
sponding to ebout 200,000 man-hours of lsboratory and pilot plant work. It
is significant that during this long period of handling of halogen materials,
only a few events involving hazards to individuals have resulted. N

From these incidents one can make the following rather obvious
recommendations: |

1. Aveld contact of reactive halogens with reactive items such

as graphite, wood, skin, paper, greasse, acetone, water, etc.

2, Use moisl dewars for refrigerating cold traps in halogen
systemss however, if glass dewars are used a protective shield

ig necegsary around the trap assembly.

"

3, Before disposing of vessels, lines, or valves which have

contained halogens, one should first blow them out with air

B

and then give them a water wash to iansure that there are no
residual halogens. \s)
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Do not allow halbgen reactions to take placé in a vesss)
without a rupture disk, particularly if the vessel has no
pressure gage or if it will be left unattended, '

Avoid junction of dissimilar matais in piping which will
contain liquid interhalogens since electrochemical corrosioh
will result,

Avoid brass valves in pressurized fluorine systems.

U#e nickel or Monel for vessels 'cpnta:l.ning interhalogens

rather than aluminum.

Fluorothene tubes should not be used répeatedly for 1iquid
fluorine or uraniym hexafluoride without first checlding for

evidence of weaker;ing (such es cracking).

The opérat-ing persoﬁnel should understand the experiment
they are performing and the equipment they are using.

Sirce cold traps for protecting vacuum pmnp's are alwéys

- somewhat of & nuisance and'a hazard, it is desirable to

minimize their use. For low vacuums Steam jets can be used;
if high vacuums are nseded, fluorolube cil can be used in
machanical v}acuum pumps which are nickel plated. The inter=
halozens can then pass harmlessly through the pump;

Part I—Economics

0. J. DuTemple, W. J. Mecham, and
G. J. Vogel*

May 1, 1857

The art of volatility processing is not yet sufficiently advanced to .

wvarrant assigning firm costs to the various flouwsheets. It is of interest,

howevér, to attempt a qualitative compariszon with existing solvent extraction

processego

*Chemical Engineering Division, Argonne National Laboratory, Lemont, Illinois.
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For the two typesA of volatility processes which have been discussed in
this séssion (low=temperature interhalogen dissolution and high-temperature
fused-salt dissolution), complete processes have been proposed, hypothetical u
plants designed, and capital and operating costs calculated. These costa #
should be viewed as indicative only., Comparisons with previous estimates or
actual operating figures for solvent extraction plants nave been deliberately
avolded, as sufficient time was not avallable to assure that these estimates

were made upon bases completely comparable with solvent extractlion information.

L.0W TEMPERATURE PROCESS

A, Introduction

In this process it is assumed that natursl uranium fuel elements are
de-jacketed and then charged to a dissolver in which they are dissolved by
liquid interhalogens. Volatile uranium hexafluoride is removed and decon-
tamination then completed by fractional distillation. FPlutonium and most
of the fission products remain in the dissolver., These may be removed together
by an aqueous wash and the plutonium subssquently recovered by solvent
extraction, or the plutonium may be selectively removed in one operation by
flvorination at an elevated temperature. A schematic comparison of these
processes with solvent extraction is shown in Figures 5 and 6.

In the uranium cycle (Figure 5), the advantage accruing to the volatility
method is a decrease in the number of processing steps which is achieved by
replacing the solvent extraction, denitration, reduction; hydroflucrination,

and fluorination steps of the solvent extraction process with a single
distillation operation. Both the cepital investment and operating costs

are thus decreased,

In the plutonium cycle (Figure 6), an additional dissolution step is

L]

‘required in the volatility process if conventional solvent extraction methods

are to be used to recover the plutonium (Process I). However, if the

plutonium can be fluorinated and volatilized away from most fission products 3
aﬁd then purified by distillatsion (Frocess II), the mumber of steps in the T
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Fig, 5§ - Comparison of steps in bromine trifiuoride volatility process and
the solvent extraction process, uranium cycle,
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Fig. 6 - Plutoniun recovery - Goinpa.rison of steps in bromine trifluoride
volatility process and solvent extraction process. ‘

~.

 process are again reduced comiaamd to the overall aquecus flowsheet.

- - Disadvantages, however, exist in volatility procaaaiz:g: Generally, the
temperatures and p!"essures are higher than thoae requireﬂ in éqneous processing.
Most materisls of construction must be inert to fluorine; and a greater health

hazard is likely because of the higher pressures. And, finally, most of the
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process streams are more difficult to handle than thoss found in aguecus

_ £lowsheets,

B. . Process Description and Flowshests ' ' -

For estimating purposes a process and a plant tc handle three metric
tons per day of uranium and 2 kg per day of plutonium are hypothesized. The
process consists in dissolving the deJacketed slugs in bromine trifluoride 3
thereby forming & volatile uranium hexafluoride, a non-volatile plutonium
fluoride, fission-preduct fluorides of varying volatilities, and bromine,

The volatile uranium ﬁexnfluoride is removed from the dissolver as a gas

along with the bromine, any bromine pentafluoride present, very small amounts
of bromine trifluoride (since its boiling point is high), and also the
volatile fission-product fluoride of tellurium. Due to 'its low boiling point,
the latter is quantitatively vented as & gas when the remainder of the vapor
is condenged, The condensate is then fluorinated, converting the liquid
bromine to the trifluoride, and a small amount of the pentafluoride may also
form in this step, The uranium hexafluoride in the mixture 4is then obtained
as a pure product by distillation.

The non-volatile plutonium fluoride is removed from the dissolver by a
non-aqueous liquid carrier. The carrier liquid is evaporated, leaving a : N
plutonium and fission-product residue which is reacted with elemental fluorine
to form volatile plutonium hexafluoridae snd the volatile ruthenium and niobium
fluorides, The plutonium hexafluoride is then purified in & distillation
column,. Ruthemﬁm and niobium fluorides are occasionally removed from the
distillation pot by washing with aluminum nitrate solution. The other fission
product residue left in the evaporator after the fluorination is also removed
with aluminum nitrate wash. Except for iodine no fission product builds up
in the volatility system. The Sodine remains with the bromine trifluoride end
is recycled to extinction. .

Considerabie pilot-plant design data on the uranium dissolution and 3

purification have been obtained. No pilot-plant data have been cbtained on \a/
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the plutonium recovery system although bench-gcele experiments have indicated
that the conservative batch system presented is workuble,
| 1, Fluorine Supply System (Figure 7)
Fluorine gas is produced by thirty medium-temperature fluorine cells

operating at appmxir.atély 3260 amperes, Four other cells are in maintenance
or on standby, Gas from the cells is moved by a blower through the hydrogen
fluoride removal ‘ayatom consisting of a refrigerated cooler, in which the '
major portion of the hydrogen fluoride is removed, and a sodium fluoride
gbsorber for further removal of hydrogen fluoride (the gas originally con-
taining 10 to 1l per cent hydrogen fluoride would then contain less than 3

to L per cent). The gas is next compressed toc slightly above the process

T0 OFF GAS
, : SCRUBBER
L . R I T
FLUORINE ' HEAT -
PLANT coour -
3 caLs X exchancer [ w2 ezl [ §§ Eé
~ COMPRESSORS |°F E g arl |wT
W v
CONDENSER :
- HEATER :
: 10 F2
KOLD TANK
: | ow .
7O FLUORINE Liquio
PLANT - ¢ —] TANK -949¢
REFRIGERATION

QUANTITY 1 2 3 1. 4 3
F2 Ivhr 135.7 } 1357 1357 11357
HF, I/hr 3.02 3.02 258 o] 0013 |

Temp, F 10 10 -9 22 0
Pressure, psia ~157 |~50 |~50 ~50  j~85

Fig. 7 - Fluorine supply system, flowsheet 1.
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dissolution pressure and again put through a similar hydrogen fluoride
removal system to remove the last of the hydrogen fluoride,¥

2. Dejacketing System (Figure 8) (
Sluge shipped to the plant in shielded baskets are removed from ‘ *

the shielding by a remotely-operated monorail hoist which carries the slugs
to the jacket-removal dissolver. The aluminum jackets are dissolved by a

3
10 per cent scdiuwm hydroxide~20 per cent sodium nitrate solution. The
dejacketed slugs are then rinsed with a five per cent nitric acid solution
and allowed to air-dry, They are then remotely charged to the dissolver,
OFF GAS
=
[72]
g
=
JACKETED (? 8 DEJACKETED
SLUGS + SLUGS TO
.00 DISSOLVER
SLUG JACKET
JACKET WASTE
REMOVAL HOLD
TANK TANK
0
WASTE i
6 1 71 819 Jwlnlilfnlu *
NaOH, Ib/batch 3989 | %89
NaN03, Ib/batch 915 | ™15 -
HNO3, Ib/batch 103
H20, tb/batch 2190 | 2190 | 2000 | 2000 | 2000 a
U, kg/batch 3000 L 3000
Pu, g/batch 2000 2000 |
Al Ib/batch 218.1
Volume, ga! 384 (1384 280 | 240 240 | ~1600 | ~232
Fig, 8 - Slug jacket removal system, flowsheet 2,
* The hydrogen fluoride removal from the fluorine has been presented as a
two-step process; i.e., refrigeration and sodium fluoride absorption to
three per cent hydrogen fluoride and then the refrigeration-sodium fluoride
treatment again, This has been done because accurate cost data are avail-
able for producing fluorine containing a three per cent hydrogen fluoride H
impurity. In an actusal plant the hydrogen fluoride concentration would be
reduced to a low amount with only one pass through the refrigerant-adsorber. 3
Amount and. cost of equipment would be approximately the same. ;
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3. Dissolution, Bromine Triflucride Regansration,
and Uranivm Purificstion (F :Lgure 9

The dissolution system consists of the dissolver and condenser,

the evaporator and condenser, and therfluorinating-liquid hold-tank. The

disaolution of the slugs in the bromine trifluoride-bromine pentafluoride

Hquid is eemi-continuouso

'l\qo material streams enter the reactor--the

elugs and the flnorinating liquid; two material streams lnava the

the uranium hexafluoride product stream and the plutomum product

reactor--

strean,

! & &
TO OFF GAS . & -
SCRUBBER FROM F z =
2 8 8
! PLANT €
[~
Brz MAKEUP |a § §§
g g & F," HOLD TANK _
e o & § he—o
28| | |88 12 £
x o g
HOLD E o @
TANK . -
™ 8 3~ UFg
. 3 & g PRODUCT
® . @— [ @ > Bff3 REGENERATOR m 2 g E TANK
' ™ HOLD : by
e TANK T
i :
a EVAPORATOR |, FROM
& Pu- FLUORINATOR F2
= U ™ " |reBoiLER Tafix |ReBoiLER
sLugs [—@®@ -
LIQUID PUMP
A2 BrF3 - Brfs
g HOLD TANK
QUANTITY -] 1 21 3 4 5 ] 7 8 9] 1w |n 12
BrFy, I/hr 317.0 F1K] 308.9 {ol ; 3089 | 317
Brfs, Ib'hr Trace | Trace 10.0 [ Br, 100 | Trace
Brp, Ib/hr 1850 | 19> 0 to Trace o 195) 11
Fp, I/hr 134.6 13-2> 1.0
Pu, Ihr 0.18 :
Small
g, Ivhr a6 |, nount 4.6 |4or6
Np Ibfhr . ~30 ~30
U, Io'hr 275.6 ,
Temp., C 120 Room Room
Pressure, psia 4 | 5 N I 15 45 145
- *Estimated

Fig, 9 - Uranimm dissolution, solvent regenerat.ion, and urantm parifi-

cation, flowsheet 3.
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The slugs are added as required to the dissolver through a triple-valve asystem
sealed by inert gass liquid fluorinating agent is added as raquired from the
liquid hold-tank, A uranium hexafluoride pi'oduct gas stream is taken pericdi-
cally from f.ha dissolver~condenser and condensed in the bromine trifluoride
regenerator. A portion of the liquid fluorinating agent containing the
plutonium and fission products is removed periodically to the evaporstor
where the fluorinating agent is evaporated, condensed, and returned to the
Jiquid hold tanl,

Dissolver liquid is kept at approximately 120 C by cooling water
in the coils of the dissolver condenser; system pressure is kept at épproxi-
mately 4O psi by bleeding the uranium hexafluoride product stream from the
dissolver. A dissolution rate of approximately 0,13 1b/(hr)(sq in) cbtained
in the pilot plant runs has been used for design purposes.

The bromine trifluoride regeneratory system consists of the
regenerator tank, fluorine supply tank, and the condenser, Iiquid in the
regenerator is held at approximately 25 C while fluorinating the bromine to
the bromine fluorides in & closed system., Any inert gas is bled through the
condenser as required. The fluorinated liquid, consisting of uranium hexa-
fluoride; bromine triflucride and some bromine pentafluoride, passes to the
distillation column hold-tank of the purification systen,

The uranium pﬁrif:lcation system consists of two continuous
distillation colums, condensers, hold tanks, and liquid pumps., In the first
column a split ie made between any bromine pentafluoride present and the
uranium hexafluoride plus bromine trifluoride. The latter fraction is
gseparated in the next column. Both distillations are performed at approxi-
mately three atmospheres ebsolute pressures All bromine fluoride streans
from the two columns pass to a common hold«tank from where the liquid is
periodically pumped to the liquid hold~tank of the dissolution system.
Volatile fission-product tellurium is bled to the scrubber system from the
first distillation column condenser, |
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If the bromine pentafluoride concentrathn builds up in the system,‘
it may be necessary to divert some bromine pentafiuoride from the first column
overhead to the solvent regenerator. No additional equipment is required
since the liquid can be drained by gravity to the regenarator tank which 1s
at a lower lével and also pressure than the distillation columns,

to Flutordum Recovery (Figure 10)

Thé plutonium recovery system consists of the evaporator of the
dissolver ayateun, a cooler=condenser, gas pump, distillation tower, and a
wash storage drum, The dry fiesion product and plutonium fluorides remaining
in the evaporator after the evaporation of the fluorinating agent .are reacted
td.ty.hy fluorine gaﬁ ﬁt approgd.niate].y 350 C. The fluorine gas is‘recirculsted by
a dliaphragm pump succéssivel& through the hot reactor, a cooler in which the
gas is cooled to 150 C to prdtect the pump, and then to the pump inlet., When
the fluorinaiion is completed the water in the cooler coils is replaced by
refrigerated 1iquid (60 C) and the plutonium hexafluoride is stripped from
the circulating'gaso' Volatile niobium and ruthenium fluorides are also
removed here, Some plutoniﬁm ‘tetrafluoride will be present due to decomposi-
tion of the hexafluoride although the amount of this component shouldvbe small
since the operation is carried out in a fluorine atmosphere. The contents
of the condenser are liquﬁied and drained to the distillation column where
the pluton:lum is separated i‘rom ihe fission-product flvorides, Miobium end
ruthenium flworide solid rasi dues are removaq from the distillation pot by
en acid aluminm«-nitrate wvash as requiredo

S. 0Off-Gas_Scrubbing Equipment

The off-gas scrubbing equipment consists of a vattical serub tower
through which a solution of potassium hydroxide is circulated. Any process
gas vented from the process equipment passes through this towerc The scrub
1liquid is considered an highly. activg waste.

Co Building and Flant Area

A single building, shown in Figure 11, houses both the processing area
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AI(NO3)3, Ib/batch 313 | 31.3 | 0.03* 0.03*
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*Pot washed every tenth day, estimated.

Fig. 10 - Plutonium recovery, flowsheet 4,
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‘LABORATORY AND MAINTENANCE
BUILDING

CHEMICAL
SOLUTION
MAKEUP

PROCESS

BUILDING

OPERATING GALLERY
COLD SERVICES

AIR & ACCESS
SAMPLE GALLERY
HOT PIPE

HOT EXHAUST

Fig, 11 - Diagram of process and laboratory buildinga.

"Moo oy

=nd the laboratory end meintenance area. The pmcessing cell block is
approximately 65 feet long, LO feet wide, snd 30 feot high. Below ground

level_ the construétion is class 1 (blasteres'istant construction) while above

ground leval the construction is class IT (blast-resistant structural frame

with friable walls).

The pmcess.’mp section cons:lata of five cells, all lined with atainless
steel on the inside surfacas. A 1ayont of the cells and equipment is ahown
in Figure 12, The aqueous solution make-up and féeding equipment facilities

are on the upper level operating deck,
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Fig, 12 - Process cells,




The iaboratory and maintenance section is a two-story étmcture running
the length of the processing srea, It 'contains the lsboratories, change -
rooms, otﬁ.ceé, stores, and shops. /

Other plant bulldings 1nc1ude a fluorine production plant, a fluorine
compression and purification plant, réfﬂgeratidn plant, chemical storage
building, a laboratory-waste evaporat&r building, steam, water, compressed
air plants and an electrical distribution plant. In addition, there sre the
following areas: retention basin, underground liquid-waste storage, burial
ground, waste-burning grpund,v and a stack filter for gaseous waste.

ﬁ. " Cost Data

The plant is designed to procsse three metric tons of uranium and 2000
grams of pluténim per day. The fuol elements are cooled for 120 dayas prior
to proéessing. Uraniun hexafluoride, plutonium hexafluoride, and the fission
products in acid solution are the products. Direct maintenance of equipment
is considered in all cost estimates, ' , ‘

' Processing both ureniun end plutoniwn by volatility methods would result
in a totel cost of abbut $15 per gram of plutonium if all costs are charged
to the plutordum, -The tot#l’ cost can be broken down as follows:

‘Annualcostslmmary

ndum Dollars

Item | © per Year ' per Gram Pa
" Fixed investment .. hy988,k00 6.83
Operating cost : - b5t S.Th
SF inventory charge . 2,016,000 2,76
Waorking capital , | , 17,k00 0,02
romr . Dm0 15.35

The fixed :Lnﬁastment is smortized in 6-2/3 years plus a 1 per cent-average
interest charge on the investment, equivalent to amortizing et 16 per cent
per year. The special materials inventory is taken at b per cent.
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The estimating methods and bases and sources of costs are detailed in

Appendix A. The capltal investment is detalled in Appendix B-13 the operating

—

cost in Appendix B-2; the inventory and working capital charges in Appendix B-3. \7{

r

HIGH TEMPERATURE PROCESS

Ao Introduction
Enriched uranium-fueled reactors are likely to be important for such
applications as ship prcpulsion and as the "seed' core for multizZone power
" reactors such as the FiR. These fuel elements are alloyed or clad with
ziz;conium or stainless steel. In this paper are considered the economics of
a fused-salt volatility process applied to the processing of high zirconium,
highly~enriched ursnium-~glloy reactor fuel (which cannot be dissolved in
1iguid interhalogens).
The chief steps of the fused salt process are the followings
(1) dissolution of the alloy in molten NaF-Zth with an hydrogen
fluoride vepor sparge at about 600 C and atmospheric pressure,

{2) fluorination of the uranium tetrafluoride to uranium hexafluoride, *

this product being volatilized from the melt at 1 atm and 600 C

with partial decontamination, 5

{3) final decontamination of uranivm hexafluoride by fract:lonai

~ distillstion.

A fused-sglt process may be used to extend application of fluoride-
volatility methods to recovery of decontaminated uranium hexaflnoride from
high zirconium-urenium fuel alloys. The chief advantages of the low -
temperature process are retai.néd, namely, |

(1) a minimm nurber of process steps for uranium hexaflucride

pfbducf,

(2) provision of a liquid phase to remove the heat of reaction,

-

{3) retention of the bulk of the' fission products as a concentrated
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nonwvolétile residue after the vclatilization of uranium
hexaflucride, . - ,

A qualitative comparison of the fused-salt volatility proceés with
esteblished solvent-extraction methods shows two areas of definite potential
advantage for the former, three -areas vhere the edvantage 18 equivocal, and
a single area of definite disédvantageo |

A major contribution %o costs in the present sclvent extraction process
is the lafge waste volume which must be stored and uitimately disposed of,
The waste volums discharged from the fused-salt process is smaller by a
factor of more than ten, ,

Another advantage of the fused salt process is ﬁhat the equipment and
Acell size promises to be smaller than for the aqueous process., A general
comparison can be made between fused salt and aqueous proceas a8 regards
equipment and cell eize by reference to the sev’eral. items of majbr process
equipment and the uranium concentrations in the process solutionso These

- are swmariged in Table 8, and the figures show that the fused-salt process
‘ requireé fawer mador items of 'aquipm'nt. and less cell space. The saving in
heavy concrete shielding 1s expected to represent a substantial dollar value,
‘ Since nitric-acid cannot be used to dissolve high=zirconium alloys, an
hqueoua dissolution mﬁst use hydrofluoric acid. The cost of hydroflucric
acid is sbout the same, $0.25/1b, in either the aqueous or the anhydzﬁns
 form, Therefore, this reagent cost is comparsble, or may even be in favor
of the;‘ fuééa aalt‘proce'sa due to the 'h_igh efficiency of utilization of
hydrofluoric acid thersin. o

Thé voiatﬂity, process‘rocbxuires the use of_fluorine, or sn e@i&alént |
fluorinating agent such as bromine pentafluoride or ¢hlorine trifiuor:l.de,
for formation of uranium h,exﬁfluorideo Flut\arine cost;é are aboﬁt 81&0/1!)
for large quantitiee directly from t‘he‘ genereting cell or $5.00 to Séo.oo/]b

a3 compressed ,'g&Sa This cost may be more than balance in the aqueous flowsheet,

however, if the uranyl nitrate product from solvent extractibn is subsequently
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Table &

COMPARISON CF FUSED SALT AND AQUEQUS FROCESS

(~6 kg U/day) o
, ,
Chief Protess Steps Fused Salt . Agqueous Solvent Extraction
Dissolution (Step 1)
Equipment 1 dissolver one or more dissolvers :
Solution wvclume,
1liter/kg U processed 320 ~~ 2000
Preparation for final
decontamination {Step 2)
Equipment 1 f]ﬁorinator : ocne or more feed preparation
tanks
Solution volunme,
Uter/kg U 180 ~ 2000

Final decontamination (Step 3)

Equipment . 1 distillation three cycles, each of 3
, column extraction columns

Solution volume,

[

Primary Process Hot Waste, k0 (so0lid salt) ~~2000 first cycle squecus
liter/kg U processed : vaste .

to be converted to the fluoride for re-introduction to an isotope separation
cascade, |
An additional chemical cost for the volatility process is that of the
fua'ed galt. The desirable featnrea of & molten-fluoride medium are high
L£luidity end low vapor pressure at moderate temperatures (together with good
ch_emical properties for dissolution of fuel elements and release of uranium
“hexafluoride)s 4 NaF-2rF), mixture has these required properties. Economically,
the zirconium auoy dissolution complements the use of this salt, since the
~ fuel element furnishes the girconium fluoride and only make-up quantities of
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the relatively inexpensive aédium fluoride® are required. Also the rew
materiel cost might be defrayed by using the galt waste in another process
for dissolution of other types of fuel éiémenté, e.og'.,‘ UO, clad with gtainless
steol, | |

Corrosion of process equipment is a serious problem in the fused-salt
flowsheet and it appears that more .fraq'uent replacement of vessels will be

-Tequired than in an aqueous prdcess., To have & process life of as long as &

year, s graphite=lined dissolver-hydrofluorinator and a heavy wall (2 inches
or more thick) mickel flvorinator are reqiired. '

B. Process Déscriptinn and Flowsheets

Detailed flowsheets for the process are given in Figures 13 and 1k,

i'he dissolution of the fuel elements, assumed to have a 2r/U weight
ratio of 120/1, is shown in Figure 13. fl‘he fuel elements, previously removed
from the reactor core, are charged to the diasolver from a shielded pot with
a remote-hsndling machine. The fused-salt composition is allowed to rise
from an initial L2 noie per cent zirconium tetrafluoride to a final 52 mole

e .

i
F ' |
FUEL FREON
SUPPLY _ ELEMENT COOLANT - |
CHARGING o\ 80¢ SCRUBBER |
, ACHINE O, - AND STACK |
@ , r . 4'\9e ]
........ o WATER D |
— 7 COOLER COOLANT . S )
EMENTS
e D7 B
PREMELT 4 '
® TANK 4
y E -
Nof o 8
SUPPLY e =g
ELECTRIC - -
HEATING

oissover” ©94  eLecrric \
HEATING . REFRIGERANT
SALT TO FLUORINATOR '
_PRODUCTION :2 BATCHES/DAY (4 hr, PERIOD) 365 DAYS/Yr. 2190 Kgy ANNUAL PRODUCTION
2 4 s 7

QUANTIT: [ 3 €
Kg/BATCH 3, 00
%ri«?eargzmﬂ 360. i ;m
(A 333 1786
ALY, Wi % NoF 100, 1- 18.8
I SALY, CuFt._- 2.64 8,95]
HF, Lb./BATCH |- 700 2330 11630, 1617, 13,
Hz, Lb./BATCH 34.9 34.9

Fig, 13 - Dissolver and HF gystem flowsheet,
* pbhout $£0.12/1b in technical gréde'o
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SALT, Cu Ft/ BATCH 8.95 8.95
2
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Fig., 14 - Fluorinator and distillation column,
per cent durdng dissolution., Hydrogen fluoride gparge vapor is introcduced
from a boller and the exit gas from the dissolver is put through & solids
trap and gas cooler and then a condenser, where the excess hydrogen fluoride
18 condensed and recovered for re-use, The remaining non=condensibles, which
congist largely of hydrogen produced frcm the reaction, are put through a scrub
tower to remove traces of hydrogen fluoride and volatile fission products,
since gome carry-over of, fission preduct zircontium, niobium, rutheniuin and
iodine is expected, The former thres may be left principally in the solids
trap, while the scrubber will remove the lodine and the remaining volatile
fission products,

Af the completion of the dissolution s portion of the salt ejuivalent
1o the metal charge is taken off through a freeze valve to the fluorinator,
Sodium flworide is added for each batch in an amount sufficient to restore
the initlial melt composition. Two batches per day are scheduled.

The salt (bearing UF),) in the fluorinator is sparged with fluorine to
volatilize the uranium hexafluoride (Figure 1i). The off-gas recycles
through a freeze-out trap, where the uranium hexafluoride is collected. The
stripped waste salt is discharged at the end of the batch cycle, and the
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uranium hexafluoride is sublimed and routed to a storsge tank, Because the
plutonium concentration in the enriched fuel is very vlow., it is not recovered
but is treatedv es waste (the bulk of ihis plutonium is expected to remain

in the salt phase). Abéut s hr/bateh is required for this overall fluorine=-
tion step. » '

The partially decontaminated uranium hexafluoride from the fluorination
step is charged to the still pot of the distillation column. After a period
of totsl reflux, the volatile fission products, priﬁcipany tellurium hexa-
fluoride, concentrate at the top of the column and are removed to & cold trap.
e uranium hexafluoride prqduct is then distilledv ovéx‘head leaving any less
volatile fissidn producfs in the still pot. Any uranium hexafluoride caught
in ihe waste cold trap is periodically melted and returnsd to the urarium
hexafluoride storage tank for reproceséingo Since telluriws hexafluoride is
much morav volatile than ursaivm hexafluoride, the bulk of it can be separated
in the cold traps and disposed of in the waste fluorine ecaustic scrubber,

The distillation step will handie 2 batches/day.

The bulk of the fission products, and substantielly all of the long-liyed
onas, are removed with the waste, Waste disposal is achieved by burisl in &
concrete trencho. |

-Other hot wastes are squeous: solutions from the process scrub towers,
'process' equipment decontamination, 3olutions’, and laboratory wastes. These
aqueous wastes are ooncentrgted in en evaporator and disposed of by storege
in large, stainless-a@'eel underground tanks, Because almost all of ths

4

fission products in the aqueous solutions &re short-lived, storage for 5 years

- 1s tantamount to ultimate disposal.

Co Bullding. ‘ ‘
The plant building consists of a main process building with three

adjuncts: core unloadirig and handling facility, laboratory and office, and
produect uraniuvm hexafluoride’ ét'orage area, The process eguipment cells are

below grade with operating déck sbove, A tunnel provides pascsage for fuel
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elements from core handling facility to the dissolver process cell. Oaly the
process cell layocut is congidered in detail.

The process layout ehown in Figure 15 consists of eight cells 20 ft
high in a block 4O ft wide by L8 ft long, exclusive of the fuel element
receiving tunnel and miscellaneous galleries. All cells are lined with stain-
less steel. The operating deck is enclosed in a blast-resistant steel and
transite structure.

The dissolver and fluorinator high-tempereture components are operated
end rmaintained remotely. To avoid difficult and expensive remote operations,
major maintenance assumes removal and replacement of an entire unit, The
moderate equipment size and the location in individual cells facilitate this
method, On the other hand, low temperature components are more readily
decontaminated and direct maintenence may be employed. The uranium hexa-
fluoride distillation and product handling is done remotely butmaintenén_ce

ie direct,

D. Cost Data

The plént is designed to process 1750 kg per year of highly-enriched
uranium contained in a high Zr-U &lloy. The product is uranium hexafluoride
decontaminated to natural levels of radiocactivity. The processing cost is
estimated to be about 32,25 per gram of uranium. This cost can be broken

down as follows:

Amual Cost Summary

Dollars Dollars

Itea per Year pergu
Fixed investment 2,270,000 1.01
Operating cost 2,271,000 1.04
VWorking capital €,100 0.004
SF inventory 138,000 0,200
TOTAL $ 1,930,100 $ 2.0
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The «fixed investment is amortized in 6 2/3 years plus a one per cent
average interest charge on the investment equivalent to amortizing st 16
per cent per year, The special materials inventory is charged at L per
cent, |

The estimating methods and bases and sources of costs are detalled in
Appendix A, The capital investment is detalled in Appendix C-l; the operating
cost in Appendix C-2; the inventory and working capital charges in C-3,
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- APPENDIX A

METHODS (F COST ESTIMATING

Cost data and the methods of tabulating data used here parallel those
used in ORNL~1786 in which the costs are detailed for recovering uranium and
plutonium by the chlorine trifluoride p@ocess.(c)* Data for the chlorine
tﬁﬁu&ide procéss cost study were cbtasned from Idaho Chemical Processing
FPlent cost(bs€) and from Hanford Enginesring Flant cost(b) as weli as from
the usualiostinaitin'g"sources in the litsrature., 4All dgta have been checked
with existing data from various cost estimating so&c'es\to ensure accuracy. (a,9)
411 construction costs have been corrected to the current Enginesring News
Record Index of 708 while all equipment ’costs have been corrected to the
current Marshall and Steven's Index of the 211.3. Below sare the costs of
various items and also an explanation of the factors used in the computation

of finished costs.

Equipment Costs

Cost of equipment ‘ Each item was listed separately and .either
'manuf;cturer's cost was obtained or Idaho
Chemical Processing Flant cost data '(£i-om
ORNI~1786) were used and a size factor of 0.6

applied when necessary.

Where data were not availeble for fluorine-
containing equipment the cost of stainless
steel equipment was multiplied by a factor

of 9.5 to0 2,0 for tanks and L.O to 6,0 for
heat exchangers. (v) This reflects the increased

care in equipment construction due to the higher

tempersture and pressure used.

¥ Seo references at erd of Appendix A
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Installed cost of equip- This factor was taken from Idsho Chemical
ment-<1.1)i x equipment - Processing Plant data. The factor is lower
cost than usually found but reflects the high cost

of equipment for radiochemical plants,.

Fiping for equipmente- Three factors were used:

(0.6, 1.5, or 2.0) x (1) 0.6 for non-radiochemical equipment and

the installed equipment low temperature refrigeration lines., This

cost rumber is generally used in cost estimating
articles,

(2) 1.5 for agueous rediochemical piping cost.
This fector is taken from Idzho Chemical

Plant costs,

(3) 2.0 for radiochemical f£luoride lines.
Besides reflecting an increase due to radio=-
chemical operation, the factor also reflects
the increase due to the necessity of keeping
2ll lines above € C to keep the wranium

hexaflucride from condensing.

Instrumentation

Cost of instrumentation Instruments and control valves were listed
separately to arrive at total total cost,
Eithsr manufecturer's cost or Idaho Chemical
Procegsing Plant cost was used,

Pansls, piping, and une The 1,39 and 1,67 factors were taken from

ligted auxilisrieg=- Jdaho Chemical Processing Flant d;ztao The

1.39 x equipment costs 1.67 factor is the cost of labor for installa-

tviano
Installed cost of instru-

rentation--equipment cost

x 1:39 x 1.67
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0.347 x equipment and

piping cost

Buildings
Process building with-

out laboratory

"laboratory building

Service buildings--

refrigeration, air, steam,

water, electricity

Waste Storage
Iiquid high~level waste

Burial ground, waste
1agoons
Other '

Site development and

general land facilities

dmlopmexit costs

The factor times process equipment and piping
instelled cost represents the cost of installed

instrumentation for & volatility plant. This

‘factor was teken from chlorine trifluoride

volatility plant costs, (c)

Volume and area required in the finishec} bullding -
were celculated and unit volume and area costs
obtained from the literature and Idaho Chemical
Processing Flant costs were applied.

The laboratory was considered equivalent in
cost to the Idaho Chemical Processing Flant
laboratory. (For the fused salt process=-no
plutonium recovery=--the laboratory was taken

as 50 per cent ICPP),

Literaﬁure data were used for plant investment
costs of the refrigeration facility. Other
costs are taken from Idaho Qxemicfal Processing
Flant data.

This cost was taken from Hanford Engineering

Works data.

_ These costs 'aare taken from Idaho Chemical

Processing Plant data.

Fifteen per cent of the manufacturing plant cost
1s the factor fcr the development costs. This
amounted to $1,906,000 which cen be broken down
es follows: '

Administration, etc., 30,000 sq ft

at §20/8q £t $ 600,000
General excavation, grading, roads 301,000
Miscellaneous buildirgs 138,000
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Engineering; design and \\
inspection-<20 per cent of
fixcd investment

Construction and construc-
tion. fee—-22 per cent
of fixed investment

Contingency--l0 per cent
of fixed investment J

Precperation and startup

Operating costs

Charge for fissionsble
material

Yard piping 51,0,000

Fences 106,000
Top soil and seeding " 79,000
Communications and alarms 59,000
Sewage disposal plant 57,000
Miscellaneous , 26,000
$ 1,906,000

A1l costs except the first are teken from Idaho

Chemical Processing Flant costs

These factors were taken from Idaho Chemical
Processing Flant data, This contingency
factor reflects the state of the art,

This value was estimated to be one year's

operating expense,

This value was estimated roughly since it
will vary widely with the plant location.

Unit costs were applied to all labor and
raw materials. Factors applied to these to
arrive at total operating cost are consistent

with estimating practice,
Under their accounting procedures, tns United

States Atomic Energy Comnission charges a user
for the fissionable materials in his possession.
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At the present time th‘s amount is four per

cent of the value of these materials,

Amortization of fixed The fixed investment is emortized in 6 2/3 years

investment plus 2 one per cent aversge interest charge on

the investment. This is equivalent to amortlzing.

at 16 per cent per year.

Piant opsrating time For cost estimation purpozas, it was assumed

(a)

(b)

(c)

(9)

(e)

* that the plant would operate 365 days per year,

2li hours per day.
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Summary

1.

2.
3.

ko

APFENDIX B~l

FIXED INVESTMENT
(Low Temperature Flant)

Plant Facilities

Ao

Bo

Co

Process Building (excluding laboratory
and maintenance section)

Process Equipment

Bl Slug unloading, Jjacket removal
and charging--$590,700

B2-Bli Uranium dissolution, solvent
regeneration and uranium hexa=-

fluvoride purification--$1,L9k,800

BS Flutonium recovery and
purification--$140,900

B6 Serubber equipment--$59,600
Fluorine Flant

Waste Facilities

Service Buildings and Services

Iaboretory Bullding

Site Development and General Buildings

Subtotal

Engineering, design, and inspection,
20% of subtotal

Construction and ¢onstruction res,
22% of mubtolal

Contingency, LO% of subtotal

Freoperation and étartup (one year's
operating expense)

Total

land, L sq mi at $150/acre

Total Fixed investaent

642

$ 2,136,800
2,286,000

2,678,200
1,979,600
988,600

2,340,000

1,906,100
s 1’4;6]5 9&0

2,923,100

3,215,h00
5,846,200

4y292,900
30 97?3 s 200
e 3B2000

$ 32,177,200
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The firxed investment is amortized in 6 2/3 years
plus a 1% average interest on the investment,

equivalent to amortizing &t 16% pei‘ yosr

Annual capital cost - 16% of $31,177,200 = 44,988,350

Details

1A Process Building
Concrete, 3200 cu yd at §118/cu yd $ 377,000
Excavation and backfill (10% of concrete cost) 37,700

Operating, sampling, and crane b 8, steel and
transite, 120,000 cu ft at $0.70/cu £t 84,000

Heating and ventilating equipment at $1.20 cfm,
10 chages/hr 8,000

Staii‘xless steel lining, all surfaces in cells and
fluorine cell off-gas tunnol and 2 £t of walls in

hot pipe tumnel, 1,650 sq £t at §15.30/sq ft 22&,200
Electrical sexvices (same as ICPF) 331,000
Special equipment (50 per cent greater than ICFP) - 1,239,000
Painting , : . 11,500
Maintenance crane, 25 ton .59,000
Freight elevator 35,1400

| ' ' $ 2,436,800

1B Process Equipment

18=1 Slug Unloading, Jacket Removal, and Charging Eqeipment '

Instrumen~
Ttem Cost tation Uost

Equipment in Cell

1 Jacket removal dissolver, I £t 6 in.

diameter by 8 £t high 4 $§ 19,000 ¢

1 Reflux condenser, k0O sq £t 7,900 5,700

‘1 Coating waste hold tank, 6 ft diameter

by 9 £4 6 in. high 16,500

1 Slug conveying and pressurized loading \

machine (estimated) 94,500 19,900
Subtotal $ 138,000 & 25,600
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Instrumen-
Ttem Cost tation Cost

Equipment Jutside Cell

1 Na(H-NaNO; metering tenk, 500 gal 's 2,800 $ 680
1 Agitator; lhp 880
1 HNC3-H,0 metering tenk, 275 gal 1,830 630
1 Agitator, 1/2 hp 660
2 Transfer pumps, 50 gpu 1,286
1 26 per cent NaNO3 solution make= p tank,
500 gal 2,950 590
1 Agitator ‘ 1,510
1 Transfer pump ;0
1 26 psr cent NaNO; storage tank, 3000 gal 9,550 . 180
Subtotal & 22,100 ¢ 2,080
Total delivered equipment 160,100 27,680
Installation, 0.1k x D, E. 22,400
Installed squipment $§ 182,500
Piping, 1.5 x X, E, 275,750
Equipment and piping $ L56,250
Instrumentation installation and
piping, 1,39 x 1,67 x D.E. $__6&i;250
Installed instrumentation 91,930 & 91,930
1l Rgamote gampler 3,000
Total process equipment $ 551,180
2 Slug transfer buckets ‘ 3,540
1 Slug loading crane , 15,950
2 Periscopes for slug
cha;ging 20,000
To%al cost of equipment (Bl) $ 590,670
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1B-2

183

1B-h

Uranium Dissolution

1 Slug dissolver, 175 gal, 15 ft high

1 Reflux condenser, 150 sq ft A

1 BrF3mBan tank, 500 gsal

1 Safety teank, 500 gal

1 Cold trap, 150 sq £t refrigerent cooled

1 Bromine storage tank, 10 gal

Solvent Regeneration

2 Fluorinators, 500 gal
2 Eveporator-Pu fluorinators, 100 gal
1 Condenser, water cooled, 100 sq £ -

1 Flucrine hold tank, LO cu ft

Uranium Hexafluoride Purification

1 Safety tank, 500 gal

1 Liquid hold tank, LOO gal, for BrF3-UF6
recovery column

1 Ligquid kold tank B =till, 100 gal

BrFg-UFg recovery distillation column, packed

tower,.10 in. diameter by 30 £t high, including
& water cooled 100 sq ft condensar and reboiler
BrFg=UF, geparation distillation column, 10 in,
dishete? by 30 £t high, packed tower, including
a water cooled 100 eq £t condenser and reboiler
1l _BrF3=-BrF5 hold tank, 500 gal

2 Lapp Pulsafeeder recycle pumps

1 Uraniur hexafluoride product tank, 500 gal

Total delivered equipment

Instellation, 0.1k x D. E.
Inét.alled, equibment
Piping, 2.0 x I. E.
Equipment and piping
645

Item Cost

$ 1,750

12,250
12,750
12,750
15,300

2,120

25,500

9,450
11,330
10,000

, 12;756
11,150

ky720

57,800
12,750
7,080

12,750

$ 303,000

12,400 _
$ 3h5,ho0

690,300
3 1:036’ 200.
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1B-5

1B=6

Instrumentation, 0.3L7
X Eo and P ©

1] samplers at $9,000

‘Total equipment cost (B2-Bl)

Flutcnium Recovery Equipment

Fluorinator (includesd in solvent regenerator
equiprent

2 Gas pumps, Lapp pulsafeeders, 0.1 cfm

1 Cooler condenser, water cooled and Freon
cooled, S £t sq

1 Distillation tower, 1 in. diameter by 16 ft
high, batch, including condenser

1 Plutonium storege tank, product, 10 gal
1 Safety tank, 500 gal
Total delivered equipment
Installation, 0.1 x D, B,
Installed equipment
Piping, 2,0 x 1. E.
Equipment and piping

Ingtrumentation, 0,3L7 x
E, and P,

Samplers, 1 at $9,000
Total equipment cost (B=5)

Scrubber Equipment

Equipment in Csll

1 Off-gas scrubber, 6 in. diameter by
15 £t high

2 Scrubber tower sump tanks, 100 gal
2 Scrubber fluid recirculation pumps

2 Steanm jets
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Item Cost

359,600

— 22,000
$ 1,L5%,800

L ;800
1,770
7,200

2,120

12,750
¢ 28,610

1,010
$ 32,650

65,300
$ 97,950

33,980
9,000

$ 1ko,930

Item Cost

:Instrumen-
tation Coct

$ 3,50 &

3,540
3,360
500

5,270



- Equipment Outside Cell

1 L5% KOH storage tank, 500 gel

1 Transfer pump

Total dalivered equipment
Installation, 001’4 x D, E,
"Installed equipmont
Piping, 105 x I, E.
Equipment and piping
Instrunentation installa-
, tion and piping, 1.39 x
1067 % D, E

Installed instrumentation

2 Remote samplers at $3,000

Total equipment and piping (B-6)

1C Fluorine Flant

390

1C-1 Fluorine Generation Flant (including preliminary purification

Yacilities

30 operating cells (installed cost)
includes bullding, electrical services,

piping and instruments, blower, refrigera-

tion and absorbers, cells
4 standby cells (installed cost)
Total cost, installed

IC-2 Compresgion and Purification Facilities

li p;plsafeeder compreséofs, 1 spare

’,'FZ cooler, 20 sq ft, water cooled

1 Fg heat exchanger, 50 sq £t :

1 HF" condenser, 100 gq ft, Freon cooled
1 HF co'.l:le'ctor.tank-, 10 gal, Freon cooled

1 F2 heater, 2 kw

647

1,020
- 2h0
8 12,200 § 5,660
1,710
$ 13,90
20,860
$ 34,770
13,140
¢ 218,800 § 18,600
6,000
¢ 59,570
$ 2,174,000
36,000
$ 2,210,000
» . lnatrmnen-
Item Cost tation Cost
134,800 1,720
1,750
7,090 2,520
11,300
710 2,846
885 1,190




2 NaF packed 4raps, electrically regenerated 5,900 2,390
1 F, cooler, 20 sq ft, water cooled _ k,720 1,1%
1 Surge tank, 20 cu ft 8,420 500 Q
1 Safety tank, 200 cu ft 2);,800 1,380 .
F, flow and pressure control 6,230
Total delivered equipment $ 203,315 § 19,960 2
Installation, 0.1l x D.E, 28,470
Installed equipment § 231,845
Piping, 0.6 x I.E. 139,105
FEquipment and Piping $ 370,950
Instrument installation and
piping, 1.39 x 1,67 x Ds E, 16,330
Installed instrumentation 66,290 & 66,290
Total Process Equipment $ L3720
Building, 37,500 cu £t at
£0.825/cu £t __30,9k0
Cost of Compression and Purification Facility § L68,18C 3
Total Cost Fluorine Plant (1C) $ 2,678,160
§
2, WVaste Facilities
2, Liquid Waste Storage
The high level waste wolumes per day from different sources are
tabulated below: ‘
off-gas scrubber : 90 gal/day
Coating removal waste (concentrated in tank) 232 gal/day
Process Waste 100 gal/day
1aboratory and decontamination waste 120 gal/day .
542 gal/day
This 1s approximately 2,000,000 gal per ten-year pariod. Al an %
installed tank cost of $C.59 psr gallon, the capital cost is )
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Transfer tanks, condenser, etc.

$ 1,118,000

115,000
Total 1iquid waste storage cost _ £ 1,233,000

2B Gassous Wadte Facilities

A scrubber disposal system consisting of a verticsl gas scrubber
(KOH solution) and a disposal stack will be used to dispose of

R gas from the following:

1. gas from the off-gas scrubber in cell

2. the ventilation gas from the process cells

Costs:
Scrubber (estimated) $ 59,000
Disposal stack, 10,000 cfm capacity, '
- 250 £t high, includes filters and blowers 175,000
Total $ 234,000
2C Miscellaneous Waste Facilities
Iaboratory waste evaporation ‘ ¢ 269,000
Retention basin for service water : 66,100
Burial ground 59,000
Burning ground 29,500
Decontamination facility 59,500
Waste lagoon __22,_5_99___
Total § 512,600
Total Waste Facilities (2) $ 1,979,600
3. Services
3A Steam Generation
Process steam (estimate) 10,000 lbs/hr
Heating and ventilating L,000
Peak load allmqance li,000
_Total capacity 18,000 or 20,000 1bs/hr
~Cost of facility ¢ 330,000
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3B Electricit!

Electrical distribution $189,000
Emergency electrical :
‘gervices 165,000
Subtotal $ 354,000

3C Compressed air

500 scfm $106/scfm ¢ 53,000
3D Water
1,200,000 gal/day $ 115,600

3E low temperature Refrigeration System

10 ton (estimated size - 60 C)
Refrigeration plant (

installed cost) ¢ 85,000

Piping, 0.6 x I. Co 51’000
Subtotal $ __ 136,000
Total Services (3) ¢ 988,600

k.

Laboratory Building

The laboratory is considered equivalent in cost to that of the Purex
Flant Leboratory--$2,340,000.

5. Site Development and General Euildings
Selection and preparation of sites, yard piping, electrical distribution
fences, road, railroad spur, warehouses, etc--15 per cent of the plant
investment
15% of $12,709,200 = $1,906,380:
APFENDIX B-2
OFERATING COST
Sumary (Low Temperature Plant)
1. Chemicals, except fluorine $ 140,600/year
2. labor, supervision, and overhcad 1,949,000
3. Maintenance material : 306,600
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h. Operating supplies
5o Steam
6, Vater
'7s Compressed air
8o Inert gas
9. Electricity
10, Refrigeration plant
11. Fluorine plant
12, Control laboratory
Tetal
Details
1. Process Chemicals
Dollaer
Chemical o o/yr par/lb
Sodium hydroxide (508) 284,600 0,29
Sodiunm nitrste 291,000 0,023
Nitric acid (70%) 73,500 - 0,205
Aluninun pitrate, hydrated = 1,150 0,13
Ferrous sulfemate o 766 1.00*
Bromine®*® o b7 0.32
Potassiun ﬁydmx:\dev (usg) 796,800 0,425
" Total chemical cost
* Estimated
¢ pgsumed yearly loss
2, Lsbor

Operat lsbor (exclusive of tluorine plant)
- 18 men/shift at 82950/111‘ ‘

"Maintenance labor (exclusive of fluorine plant)

‘1l men/shift at $2.50/nr
Supervision, SOf of O,L. plus 25% of M.L.

651

170,000
12ls,300
36,500
6,600
19,300
87,600
10,200
Sh2,409
200,000
192,900/ year

Dollers
e year |

t 82,530

6,693

15,067

pIx

766

1,528
33288

§ 1k0,597

Cost
per Year

$ 394,200

306,600
273,700
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S
6.

7.

. 8

9o
10,

11,

12,

AN

Overhead, 100F of O.L. plus M. Lo plus supervision
Total Lsborx
Maintenance material, 100% of M. L. plus
maintenance supervision
Operating supplies, 10% of O, L. plus 10% of M. L.
Steam, estimated load 340,000 1b/day at $1/1,000 1b

Water (estimated usage 1,000,L00 gal/day at
$0.10/1,000 gal)

Compressed air, estimated load 250 cfm et $0.05/
1,000 cfm

Inert gas, estirated nitrogen usege, 400 cfh 2t
moss cu tt

Electricity (estimated load--1,000 kw at $0.01/kwh)

Refrigeration plant (10 tons estimated load)
£2.80/ton/day

Fluorine Costs

Dollar

per/ib

Materials (chemicals, repairs) 0.3251

Labor (operating, maintenance) 0,1542
Work materials (electricity, steam,

water, etc.) 0.0427

Flant expense (overhead) 0.2556

Total 0,776

Tk 500

$ 1,949,000

306,600
70,000
12,100

36,500
6,600

19,300
87,600

10,200

Assuming 1,208,000 pounds of fluorine are produced (excess

for stack losses), the total cost of fluorine is

Control laboratory
Total yearly operating cost

APPENDIX B=3

INVENTORY AND WORKING CAPITAL
(Low Temperature Process)

SF Inventory Charge

$ 9k2,200/yr

$ __500,000

$ L,192,900

The SF inventory charges are based on 120 days' average holdup of

materiasls from the reactor to final product ahipping containers and on

the assumed dollar values for uranjum and plutonium as given:
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Uramium: $ 140/kg x 3,000 kg/day x 120 days $ 14,400,000

Plutonium: $150/g x 2,000 g/day x 120 days . _ 36,000,000
o | Total - ¢ 50,400,000
. SF inventory charge: L% of $50,400,000 or $2,016,000
Working Capitsl »
* Working capital is congsidered as a porcentsge (existing money retes)
of the following costs: (1) 30 days' value of raw materials and supplies,
(2) 30 days' operating costs, and (3) the value of materials in the plaht
fill-uyp, Under Atomic Encrgy Commission procedures, the finished products
are carried in SF inventory and there are no accounts recelvable.
(
Raw materisls and operating suppl:les. 8§ k8,000
Materials in plant £ill-up | 38,500
30 days operating costs 349,L00 .
Total $ 436,90
» , ,
L% of §135,900 = §17,L36
x | APPEADIX C-1
FIXED INVESTMENT
(High Temperature Plant)
1, PFProcess ‘Bnilding :
A. Building Proper S $ 712,000
Bo Spocial equipment | ' 520gﬂdo
3 | : S © 0 $1,232,200
2., Process Equipment in Building ;
- A. Dissolver charging machine 80,000
u B, Dissolver and HF system 559,400
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8.
9o

10,

Co Flucrinator and UF6 collection
D, UFg distillation
E. Auxiliary process equipment

Fuel Element Handling Facility

Product UFg Storage Facility

Iaboratory building (equipped)

Hot salt burial facility

Iiquid Waste Storage (7 yearst! capacity)
Miscellancous Waste Fecilities

Gaseous Waste Disposal

Services

A. Refrigeration

Bo Steanm

Co Electricity (including emergency supply)

D, Compressed Air
E., Water

Subtotal (a)

Site development and general buildings,
15% subtotal (a)

Subtotal (b)
Engineering, design, and inspection,
207 subtotal (b)

Construction and construction fee,
22% of subtotal (b)

contingency, L0% of subtotal (b)

Preoperation and start-up
(estimated as 1 yr operating expense)

Land, L sq miles @ $150/acre
Total Fixed Investment

Annual capital cost, 16%
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470,800
124,100
176,100 o
$ 1,398,100 1
250,000
100,000 |
=3
1,000,000
100,000
226,000
272,000
205,000
$ 89,800
162,000
223,000
11,300
MJZOOO_J %
$ 530,100
5,313,400 .
...800,000
1,230,000
1,350,000
2,450,000
36l ,000
23210,000 (-
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1, Process Building

Ao

Building Proper (See Figure 15)
Concrete (1640 cu ya 2 $100(8)"/cu ya x (%)

Excavation and backfill (10% concrete)

Bo

Operating, sempling, and crane t(a%rs steel and
a

transite (50,000 cu ft at $0.60

$1.00(8) /cfm x (.7.0_‘.3.) x 16,000 cu £t x 10
600/ ‘ é

Stainless steel lining (all surfaces @ $16/sq £t

Elec serviceé
Painting
Maintenance Crans

Freight elevator

. * Total Building Proper (1A)

Special Equipment
(selected from similar category at ICPP(E)

Sample station outfitting (L stations at
$25,000/station)

Periscopes, tohgs s etéo for remote operations
Electric trﬁcks, 1lifts

Activity sample cell handling

chargem, carriers for cell smM'
Radiafibn detection instruments

Individual shielding

Total Special Equipment (1B)

Total Process Building
2, Process Equipment in Building

A

* letter superscripts refer to references given at the end of the appendix.

Dissclver Charging Machine (24)
{assumed s?me ag for uranium slugs in
ORNL-1786(8))
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]
/Jou ft x(7°8)
&00,
Heating and ventilating (10 changes/hr in cells,

¢ 198,000

20,000

36,000

3,200

@) 332 000

200,000
27,000

100,000
| 120,000
15,000
160,000
30,000
50,000

~ 25,000

$ 520,000
$ 1,232,200

$ 80,000 .




B, Dissolver and HF System
Equipment in Cells

Dissolver, Graphite-Nickel, (27 cu £t salt
capacity

Pre=Melt Tank, Oraphite-Nickel,
(6 cu ft NaF capacity)

Salt Freeze Valve, (to fluorinator)
Salt Sampler (remote)

De=Sublimator and Gas Cooler,
Monel (100 sq ft, water cooled)

HF Condenser, Monel
(150 sq £t, Freon cooled)

HF Boiler and Receiver, Monsl
- (2 vesssls, 40O gal each)

Safety Tank, Steel (100 cu ft)

Total delivered equipment
Installation (4% D. E.)
Installed Equiprent
Piping (2 x I. E.)
Equipmont and Piping

Instrumentation Instailation
and Piping (1.5 x 1.67 x
DoEo"i.nSt)

Installed Instrumentation

Total Equipment, Instruments and Piping for
Dissolver and HF System (2B)

C. Fluorinator and UFg Collection (2C)

Equipment in Cells

Fluorinator, nickel, (2 in. walls, 9 cu ft
salt cap)

Furance, for above (50 kw)
Freeze valve (to waste pot)

De-Sublimator and Gas Cooler, Nickel,
. ..(12_gq ft, water cooled)
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Instrumen~
Jtem Cost tation Cost

¢ 30,000 § 15,000
15,000 8,000
1,500 2,000

9,000
12,400 1,200
12,000 8,500
30,000 9,000
9,000 2,000

..16,600
$ 135,500
271,000
& 406,500
107,200
152,900
$ 559,h00
Instrumen~
Itenm cost ta_t,ion Cc>s§
¢ 35,000 § 9,000
20,000 2,000
1,500 2,000
7,700 1,200

*t
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D,

: Freeze-out trap, Nickel

(23 8q £, Freon cooled)
Surge ‘I'ank, Nickel (L cu ft)
Fluorine pump, Monel (2 cfm)
Salt Samples, 2 (remote)

Waste Cold Traps (2), Nickel
(5 8q £t, Freon cooled)

UFg Storage Tank, Nickel (20 1liters)
Safety Tank, Steel (50 cu ft)

Total delivered equipment
Installation (1L4% D, E.)
Installed Equipment
Piping (2 x I, E.)
Equipment and Piping
Instrumentation installation
and piping (1.5 x 1.67 x
D.E. inst)

Installed Instmmantation

Total Equipment, Instruments and Piping for
Fluorinator end UFg Collection (20)

UF¢ Distillation (2D)
Equipment in Cells

Batch distillation column, Kickel
(10 liter still pot, 1 in, column, 8 ft high
2 sq ft condenser)
Distillate receiver, Nickel (10 liters)
Safety tank, Monel (10 cu ft)

UFg samplers, 3, (semi-remote)

Total delivered equipment

Installation (ILE D, E.)
Installed equipment
Piping (2.0 x I, E.)

Equipment and piping
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6,ooo' 2,500
800 800
10,000 2,000
18,000
5,000 2,500
1,200 - 2,800
5,000 2,000
$ 10,200 § 26,800
15,L00
$ 125,600
251,200
¢ 376,600
67,200
$ __ 9h,000
$ 470,800
o Instrumen=
Jtem Cost tation Cost
$ 3,000 $§ 8,50
1,200 L,L400
2,00 . 1,200
15,000 .
$ 21,600 § 14,100
3,300
$ 2,500
19,800
$ 74,700




E,

Instrumentation installation

and piping (1.5 x 1,67 x D.E.)

Installed instrumentation

Total Equipment, Instrument and Piping for
UFg Distillation (2D)

Auxiliary Process Equipment (2E)
Equipment in Cells

Fo Off-gas scrubber tower, Monel
6 in, dia x 10 ft high)

2 Scrubber tower sump tanks, SS (100 gal)
2 Fluid recirculation pumps

3 Iiquid nozzles and 2 steam jets

HF off-gas scrubber towsr, SS
(10 in. dia x 15 £t high)

2 Scrubber tower sump tenks, SS (100 gal)
2 Fluid recirculation pumps

3 Iiquid nczzles and 2 steam jets

Hot wash tank for HF boilers, SS (100 gal)
Hot wash tank for UFg still pot, SS (10 gal)
F? storage and addition tank, stesl (50 cu ft)
NaF absorber for Fy, Nickel (5 in. dia x 6 ft)
HF storsge tank, steel,(50 cu ft)
6 Aqueous samplers
Totel delivered equipment
Installation (4% D, E.)
Installed equipment |
Piping (1.5 I. E.)
Eéuipment and piping

Instrumentation installation
and piping (1.39 x 1.67 x
D, E, inst)
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35,300
$ __h9,400
$ 124,100

Instrumenta-

Item Cost  tion Cost

2,000
kL ,000 3,500
Li,000
1,000
3,000
k,000 3,500
1,000
1,000
2,000 2,000
800 2,000
2,500 2,500
1,000 1,000
2,500 1,000
12,000

$ L3800 & 15,500

6,100

75,000
$ 124,500

36,000
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6,

7o

Installed 1nstrumentation P 51,500

Total Eqiipment Instruments end Piping
for Auxiliary Equipment (2E) $ 176,L00

Fue). Element Handling Facility

To transfer fuel elements from a shielded shipping cask on a railroad
fiat car to the slug charging machine,.

Concrete tunnel : ‘ $ 150,000
Remote crane 50,000
Auxiliary facilities 50,000
‘ $
Product UFg Storage Facility
(For 90 days® producticn-- est 14,000 cu ft
at $0.72/cu £t)
Laboratory Building (equipped)
(~50% that for lerge matural U-Pu plant, CRNL-1558(¢))

Hot Salt Burial Facllity

(Estimate of transportation and handling facilities,
special equipment and area development)

Iiquid Waste Storage

The estimated process high activity waste volumes are:

Fo off-gas scrubber 2,000 gal/yr
HF off-gas scrubber 24,000 gal/yr
HF boiler decontamination 5,000 gal/yr
UFg equipment decontamination __ 1,000 gal/yr

32,000 gal/yr

The method is to concentrate the above wastes together with
laboratory wastes and store in a large underground tank.

Above process wastes con- , o
centrated 5:1 in eveporator 6,400 gal/yr

concentrated decontamination
and laboratory wastes (est.) 18,000 gal/yr

24,000 gal/yr

\ 6569

250,000
100,000

1,000,000

100,000

226,000




9o

10.

Since almost all long-lived fisslion producst are dispcsod of the
fused salt waste, storage of 1liquid waste in steel tanks for §
years is tantamount tec uwltimate disposal.

The liquid waste storage will use one 180,000 gal underground
storage tank which will provide 7 years! storage for all high
activity wastes,

1 waste tark 180,000 gal at $0.59/gal in 750,000 gal size.

111,00 (}.@39@.) 0.6 =  § 184,000
750,000

Transfer, tanks, condenser, .
etc, h2 2000 i

Total 1iquid waste storage
cost $ 226,000

Miscellansous Waste Facilities

(Estimate of facilities are sbout 50% of counterpart for
large natursl uranium plant (ornL-1558(c )

Laboratory waste evaporation $ 150,000
Retention basin for service water 24,000
Burial ground 32,000
Burning ground 17,000
Decontamination facility 32,000
Waste lagoon .17,000
Total Misc. Waste
Facilities Cost $ 272,000
Gaseous Waste Disposal
Process cell exhaust air
(10,000 cfm)
Caustic scrubber, vertical, SS $ 30,000
250 £t stack, SS for first 20 ft
(including fans and filters)(c) 175,000
$ 205,000

Services
ho Refrigeration

b Tons estimated size, -€0 C
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$

$

272,000

205,000
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C.

Do

#72’000(13) (b tons

$0.6

70 tons (installed)

‘ Hping, 0°6x Io CD

Building, 15,000 cu ft & $0,72/cu £t

Total
Steam
Steam requirements (max.)
Building heating 3,000 1b/nr
Process heating 600 1b/nr
liquid waste evaporation ._ 2,000 1b/hr
5,600 1b/nr

or 6,000 1bv/hr

Cost of generator unit

O 6
(a) ° 708
$550,00018 ( O x (509

P_lectricitx

= § 149,000

32,000
$ 79,000
10,800
$ 89,800

$ 162,000

A total of 1500 KvA estimated for plant and grounds. R

Distribution facilities

1500 KVA x $SO(°)/KH x (708)
L77

Emergency generator end distribution
500 KW x $150(c) /= (7°3>

Total

Conipressed Alr

For instrunents amd umiscellanecus,
125 scfm @ 100 psi required -

125 scfm x ,S%(a)/scfm =

- 661

$ 111,000

113,000

& 223.000

$ 11,300




E.

Water

Estimated total maximum usage,
300,000 gal/day

0.6
311:0,000(“) (__M) P 3_@_&990

2,160,000

Total Services (10)

APPEIDIX C-2

OFERATING COST
(High Temperature Process)

Summaﬂ

1.
2,
3o
k.
Se
6.

7.

8,
9o
10,
11.
12,
13,

15,

Chemicals

Labor, supervision and overhesad
Maintenance material
Operating supplies
Steam

Water

Compressed air

Inert gas
Electricity
Refrigeration
Control laboratory
UF6 containers

Salt waste containers
Salt burial

Uranium losses (1/2%)
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$ 530,100

$ 618,000
876,000
109,500

30,660
21,900
8,760
3,910
30,000
&4,000
5,000
250,000
18,000
15,000
60,000

164,000

$ 2,274,800
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Details

1.

2.

3.

ko

5o

6o

Chemicels
o % Dollars
Chemical 1o/yx, per/lb Annual Cost
F, 85,600 5,00 $ 128,000
HF 560,000 0,25 140,000
 NaF 266,000 0.15 39,900
KOH Li, 500 0,16 270
Misc 10,000
Total Chemical Cost $ 618,170
or
$618,200
219 kgu - $283/ke U
# Quantities estimsted at 10Z above stoichiometric. Process
losses expected are less than this,
Lgboxj Supervision and Overhead,
Operating labor :
(10 men/shift @ $2.50/hr) $ 219,000
Maintenance labor } , ‘
- (4 men/shift @ $2.50/hr) . 87,600
Supervision

(50% OL plus 25% ML) 131,400
Overhead '

(100% OL and ML and supervision) - 1438,000

$ 876,000

Mszintenance Material

(100% of ML and Maint Sup)
Operating Supplies ’

(10% OL and ML)
Steam

(estimated load: 50,000 1b/day @ $1.2/1000 1b)
Water

(Estimated use: 200,000 gal/day @ $0.12/100 gal)
Compreséed Air

(Estimated load: 125 cfm : $0.06/1000 cu ft)

663

L-

-

876,000

109,500

30,660

21,900

21,900

3,910




8o
9

10,
11,

12,

3.

1k,

Inert Gas (est)

Electricity
(Estimated load: 600 kw @ $0,012 kwh)

Refrigeration
(4 tons estimated load)

Contrcl. Laboratory
(50€ of large natural U-Pu plant(c))

UF6 Containers, Monsl

(365 pots, 5 in, diam, 10 in. high)
Salt Waste Coritainers
Salt isg discharged into steel drums. Batch volume of
salt 8,74 cu £t = 65,5 gal. Since ordinary steel 55
gal drums cost about $8,00, it is estimated that 2

gatisfactory drum for this purpose could be made for
$20.00,

$20/drum x 730 batches/yr = $15,000.

Salt Burial

The drums are buried in a 12-ft deep trench, at first
covered with water, and, after 150 days cooling, given
final burial with earth, The trench is construcied

Assuming (1) the drums are 20 inches in diameter

and 4 feet long and (2) that the drums are laid
L abreast, the size of the trench is

h x 29_32; = 6,7 £t inside width
1

and

L £s x 602 batches/yT . 640 £t inside lengtho

Total width of concrete sliab
walls 2} £t high

bottom 8 ft wide
32 ft
Cost of concrete for 8-inch thick section,

32 ft x 8in_ 4 600_ft x $120/cu yd
12 in/tt 27 cu ft/cu yd

E  $48,000,
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30,000

61,000

5,000 -/

250,000
18,000 %

159000‘

60,000
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Excavation and backfill estimated at 10 per cent concrete cost =
84,800, Other costs, including temproary water and final earth
£111 - $7,200. |

Total =~ £60,000,

15, Uranium losses : $ 164,000
(1/2% x 2190 kg/year x $15/g)

Total Operating Expense ¢ 2,274,800

APFENDIX C-3

CAPITAL AND INVENTCRY CHARGE
(High Temperature Flant)

Working Capital

Working capital is cost of monsy tied up in supplied and cash on hand

for one month's operating expenses,’

ns month's bperating‘cost: $2,27L,000/12 $ 189,000

Salt £1ll-up 13,000
Working capital o ¢ 202,000

' Charge on working capital
L% x 202,000 = | $ 8,100

Special Materials Inventory

The special materials inventory charges are based on 120 days!

average hold-up of materials from reactor to final product shipping
containers and on the assumed dollar values for uranium. The specdial
materials are leased from the Atomic Energy Commission at a use-charge

of } per cent per annum.{(d)
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(s)

()

(c)

(@)

Uranium,
$15/g U x 6,000 g/day x 120 days

Inventary charge,
L% of $10,800,000 =
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THE CHEMISTRY OF PYROMETALLIfRGICAL PROCESSES: A REVIEW

Harold M. Feder*
May 1, 1957

Historical Introduction

Thé possibility of 'sepamting,fiﬁéile, fertile, and fission product
elements from each other by means of dry reactions of a metallurgical
nature .was recognized early in the history of the American atomic energy
project. In the pioneering effort Speddif)g and coaworkers(l) relted small
pieces of lightly neutron irx;gdiaped uraniun in beryllia crucibles in
vacuum for vbwo hours at 1400°C and found that by this treatment the per=
centage removal of certain fission produc’ts’ was Te, ‘99°lt; I, 98.8; Ba, 97.8;
Sr, 99.5; Zr, 95.k; Ce, 75.5; (La, Pr, Y), 80.U; Mo, {1; Te, ¢1; Np, <13
Pu; ¢ 1; total gamma 7.9, Some of these elements were readily shown to
have been removed by volatilization. It was also noted that if a similar
experiment wag carried out in a graphite»cruc::ible considerable concentration
of some fission eléments, notably Br, Sr, Zr, Ce, La, Pr and Y, into the )
reaction layer»bet.ween metal and graphite took place. & U. S; patent by
Heister,(z)- dating; from these early dkays discusses the purification of
uranium by a process of melting it;on & perforated graphite disc sb as to
cause the dross to be left behind as the molten uranium flows through the |
holes. Thermodynamic reasoning was epplied to these processes by Brewer(3)
in 1945, & numbverVOf subsequent investigations , which will be considémd
in greater detail later, have, with a few exceptions, verified the pre-

dictions of Brewer, A
<Chemical Engineering Division, Argonne Natjonal Laboratory, Lemont, Illinois.
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Between 1945 and 1951 the field under discussion lay more or less un-
tilled. In 1952 a number of institutions, more or less independently, began
to re-examine the possibilities of pyrometallurgical processing. It was
soon recognized that the field was very wide indeed and that a large number
of separate investigations would be needed to fully explore its possibilities.
During this period a significant contribution was made byvclassner(h) in

the form of readily usable tables and charts of free energy functions.
These tables, although they did not pretend to a high degree of reliability,
were widely used to estimate the probable direction and extent of high

“emperature reactions.

The current compilations most likely to be consulted for thermodynamic
information on systems of interest are as follows:

(a) Selected Values of Chemical Thermodynamic Properties, NBS Circular 500,
Rossini, et al, Vashington, 1952, Parts I, II and III.

(b) Heats and Free Fnergies of Inorganic Oxides, J. P. Coughlin, Bureau of
Mines Bulletin 542, Washington, 195k, ,

(¢) The Chemistry and Metallurgy of Miscellaneous Materials, Thermodynamics,
National Nuclear Energy Series, Vol. IV-19B, Fdited by L. L. Quill,
McOraw-Hill, 1950.

(d) The Transuranium Elements, Part II, Nationzl Nuclear Energy Series,
Vol. IV-1kB, Seaborg, Kate and Manning, McOraw-Hill, 1949.

e) High-Temperature Heat-Content, Heat-Capaci and Entropy Data for

(e) Izgorganic Compounds, K. K. Xeiley, Burggu g,mnea Bulletin L76,

Vashington, 1549, .

Supplementary phase equilibrium information is frequently required. The
most frequent consulted references (other than standard reference works)
are:

() Compilation of U, S, and U, K. Uranium and Thorium Constitutional
Disgrams, H. A. Saller and F. A. Rough, BMI-1000, Technical Informetion
Service, Oak Ridge, Tennessee, 1955.

() Intermetallic Compounas of Pu, Coffinberry and Ellinger, Geneva
Conference Paper, P/826. '

(h) S. T. Konobeevsky, Equilibrium Diagrams of Certain Systems on Plutonium
Bases, Acad, of Sci. U.S.S.R., Session on the Peaceful Uses of Atomic
Fnergy, Vol. III, 362-37h (Moscow, 1955).

In the past five years the experimental investigation of pyrometallurgi-
cal hrocesses has proceeded at an accelerated pzace at many institutions so
‘that despite the passage of less than two years since the last review of

principles(g) a current (May, 1957) review appears warranted.
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OUTLINE, DEFINTTIONS, AND SCOPE

The fcllowing outline of pyrometallurgical operations is (in the

y author's opinion) suitsble for a systematic examination of the field.

I. NON-CHEMICAL SFPARATIONS

A. Fractional Distillation or Sublimation

¢ B. Fractional Crystallization
1. ¥ithowt added solvent
| 2, Vith added solvent
C, Liquid-Liquid Partition
D, Liquid-Solid Extraction ]
II. SEPARATIONS BY SELECTIVE OXIDATION
A, Oxides
-Be~ Carbides
' C, Nitrides and Sulfides
; D. Halides
o ITT. SEPARATIONS BY CYCLIC OXIDATION-REDUCTION
| A. Chemical
B. Electrochemical
In the above outline the operatibns are isolable physicoséhemical
phenomena, The tke'r'm; >pvz"oc'ess ﬁll mean a proup‘of Operations, e ither simul-
taneous or seriai, thét lead to a desiied end. In the terfninology used
. herein the term pyrometallurgical procese will be restricted to the use of
elevated témpératures to produce a ,desired result and a p}oduct in metallic
- form, Thus, processes which have as .,their aim the production of, éay,

purified uranium hexafluoride or uranium dioxide will not be further dis-
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cussed even though they may operate at elevated temperatures with substances

- which are originally metallic.

The scope of this review is judged to be the separation of uranium,
plutonium, thorium; fission elements or other unwanted elements from each
other in whatever combination they may occur and to whatevef extent is re-
quired in connection with neutron reaction technology. However, useful
examples which are only indirectly connected with such technology will be

cited occasionally.

I. Non-Chemical Separations

This section treats of multi-component metal mixtures subjected to a

variety of physicsl treatments.

&, Fractional Distillation or Sublimation

The principles of fractional distillation of mixtures are well under-
stood. Vivian(ll) hag discussed these more particularly for the special
case of interest in pyrometallurgical processing, namely, single stage
Raylelgh distillation of metal mixtures. Unless evidence to the contrary
is available the assumption of ideal solutions is usually made for calcun
lation purposeso* This must subsequently be checked experimentally. With
regard to kinetics it appears to be safe to use the applicable Langmuir or
Knudsen equations for distillation at low pressures.

1. Purification and Concentration of Plutonium

A theoretical study(lz) of this operation has been made. The results

of this study have been expressed as relaxation times,.ioe., the time re-

¥If the solute has limited miscibility with the solvent an appropriate cor-
rection should be made, e.g., the splubility of lanthanum in uranium at the

melting point is about one per cenit, hence Henry's Law should be applied
and an activity coefficient of 100 assumed for dilute soluticne of lan-
thanum in uranium.
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quifed for the impurity concentration to fall to 1/e of its initial value,
assuming ideality of dilute solutions. The relaxation times calculated are
given in Table 1. For reasonable distillation times xof' the order of 104
seconds mification of plutonium from Al, Ca, Li, Mg, Mn and Na should be
‘achievable. . | '

‘ The concentration of a plutonimnamagnesiﬁﬁ; solution by prei‘erentiai
diétillaf‘.ionAqf magnesium at about 10 microns preséure has been demonstrated

on a fairly large vscaleo(u‘)

2, Separation of Flutonium from Uranium

The theoretical calculations for distillation of plutonium from less
volatile uranium have been gathered by Rossér(lB) who shows that the signifi-
cani variasbles are temperature and the quantity, At/M, exposed area x
time/weight of charge, The general validity of these calculations was con-
firmed by Cubicciotti (1ka) for plutonimh ‘concentratidns up to 0.0l per cent
and up -to 99 per cent plutonimm distilled. MeKenzie(140) pag independently
verified these results up to & plutonium concentration of 0.2} per cent and
similarly concludes that Raoult's Law" and the Langmuir equation are aprli-
cable. The completeness of the separation of .ﬁra;nium and plutonium, and

the engineering difficulties are pointed out by the latter authors.

3. Separation of Fission Products from Uranium |

" An experimental study of the vacuum distillation of fission product

_ elements from irradiated uranium contained in refractory crucibles has been

reported by Motta and co-workers. 7) At 1680°C and a value of At/w equal to
1700 cmefs'ec/gm the residual fission product activities found were, in per

cent of initisl activity, Ce, 3; total rare earths, 23 Sr, 23 Ce, 0.2; Te, 2;

*The 'extrapolation of this result to higher concentrations should, however,
be done only with reservation.
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Element

AL |
B

Be

Ca

Ce

Cr

Fe

La

Table I

RELAXATION TIMES FOi. IMPURITIFS IN PLUTONIUM#

J” (in seconds)

(T = 2073%K)

5.66 x 107
1.32 x 1010
1.08 x 108
3.18 x 102
§.18 x 10°
8.28 x 10f
9.90 x 1010
3.76 x 1010
2.60 x 101
8.03

1.63 x 105
6.0k x 10°1
6.0k x 10-1
1.02 x 1026
1.13 x 1012
1.L9 x 1023
1.88 x 1010

'4 036 X 1016

5.52 x 1017

(T = 1273°K)

(T = 14739K)

3.6l x 105
2.25 x 107
1.6L x 106
2.06 x 10t
2.1l x 107
2.37 x 1,06
169 x 108

9,13 x 107

2,53

7.23 x 1071
2.1k x 104

2.50 x 1017
1.08 x 101
7.18 x 1020
1.23 x 10°

2.25 x 10L&
3.21 x 107

9.77 x 1012
6.92 x 1013

#Taken from Weidenbaum and Ryan, Ref. 12.
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9.09 x 103

3.50 x 105

2.98 x 10%

2.65

2.86 x 10°

3.36 x 10"

1.6k x 108

1.15 x 106

L.ko x 1071
127 x 1071
9.2l x 102

1.62 x 1014
3.1k x 1072
1.37 x 1017

8.58 x 105"
16,98 x 101k

3.12 x 10°
2.17 x 1010
1,00 x 1011
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Ru, 100, Motta concludes that the evaporatioﬁ of fission product elemsnts
was substantially as expected from their individual vapor pressures, but it
wﬁs not demonstrated that evaporation was solely responsible for their re-
moval.® At 1200°C and undef one atmosphere pressure of inert gas(6) cesium
appears in the sublimate to é aignificantvdggree, only traces of strontium
and rare earths appear and no tellurium is deﬁectedo Moreover, mechanisms
of fission product removal other than volatilization were shown to be
operative for strontium, rare earths and tellurium. A similar contrast is
shown by the uﬁrk of Spedding(l) in which 98.8 per cent of trace iodine
content is removed by heating in vacuum for two hours at 1100°C and the
work of Ader(16) in which less than one per cent of iodine is removed by
heating under atmospheric pressure of helium for four hours at 1250°C.
These contrasts are, of course, not contfadictory;‘they simply point up the
sharp influence of temperature and pressure oh'effective volatility and the
necessity of considering the deviatioh of thermodynamic activity of a éolute
element from its ideal value; particularly for elements capable of forming

moderately stable compounds with the solvent. Thus, in the case of jodine

rwemmk,uiamwﬁmuatnm%tmumMmimwwdnwunew

iodine atoms and uranium in high vacuum(17) snd that at the same temperature,
under prebsure, & sublimate having a volatility characterisbic of the uranium
iodides 1s obtained.(16) Qualitatively similar situstions are to be expected
for the uranium selenides and telluridese(la)

*rhe demonstration of cerium and rare earth migration from uranium in vacuum
under conditions where only volatilization was likely has been accomplished. (15)
Also, Aikin and McKenzie(8) have demonstrated the vacuum distillation of silver
(one of the minor fission products) from molten: uranium, in connection with
the use of silver as & plutonium extractant.
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It is evident that further work on the distillation of individual solute
1 elements from solution 4n uranium, with particular emphasis on the collection
of the evolved species in a Knudsen-type apparatus, would be especially u

helpful for evaluating the possibilities of distillation for practical,

"

as well as scientific purroses.

k. Separation of Uranium or Fission Products from Thorium

Incidental to another investigation Potter(w) has shown that cesium
and strontium may be nearly quantitatively volatilized from molten thorium
in vacuwn at 1700°C. Separation of uranium and thorium does not appear to

ba feasdible,

5. Separation of Polonium from Bismuth

Polonium formed in liquid bismuth by neutron capture may be removed

therefrom by taking advantage of the greater volatility of polonium, (20)

Both sirple and fractional distillation studies(zl) have been made in a

[

rather thorough fashion over a temperature range from L5S0° to 850°C in the

pressure range of 1 to 50 microns, Agitation of the melt and de-entrainment
of liquid carried in the vapor were shown to be significant factors in obtain.
ing high polonium concentration factors and adequate recoveries.(22) In
addition to intrinsic interest in the production of polonium the distillative
separation method has been indicated(23) to be of special utility for thg

continuous separation of polonium from & liquid bismuth fueled reactor.

B=1, Fractional Crystallization Without Added Solvent
By fractional recrystallization without added solvent is meant a .
separation whereby minor constituents are physicaliy segregated by reason

of their unéqual distribution between a liquid metal and the solid phase in s
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eduilibrium with it. Inasmuch as the operation usually requires repetitive
use and zone-melting provides the most well kmown exemplification of -
_reﬁetitive erystallization #ttention will be directed toward this operation.
The theory of zoneoﬁelting és an idealized operation has been rather
thoroughly exploredo(zh’255926) The ideal separation of minor constituent
from bulk metal cen be given as a function of (1) the ratio ("k") of the
slopes of the liquidusrand solidus lines near the origin ("k") on a
temperature-concentration plot for the given elément, (1i) the number

of passes and (11i) the ratio of the iength of molten zone to total length,
The situation‘is not mérkedly dependent on whether the minér canstituentvis
preferentially soluble in the liquid or the solid phase. The kinetié factars
vhich control,the'épeed of zonecmelting are complex, and involvevthe linear
rate of prmrs? erystal growth, diffusive and :'convective mixing in the
molten zone, temperafure,gradients, etc;(27) No a priori theory is appli-

cable to all cases,

1.1 Separation of Ordinary Contaminants from Uranium

Dunworth(26) has studied the purification of metellic uranium from
ordinary cbnfaminants-that occur in its production. The thecry cawmnot, of
course, be applied to contaminants such as carbon, oxygen, and nitrogen
which form with uranium compounds essentialiy insolﬁble in either phase,
ioe;, are removed by slagging. Purification fiém metallic impurities, such
#s ironp_ié afférded by this'method but the reeﬁlts appear to show that the
linear rate of zéne travel required for significant movements of impurities
ars éonsidérablyllowef for uranium.ﬁhan for moré common métals, sﬁch as
aluminum,'germanium and silicona‘.ﬂence, thé zoneumélting method appears to
kbe~applicdb1e:on1y tb the produet1od-of small quantities of high purity me£m1

for laboratory pufppseso Anminteresting development along these lines which
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has not yet reached print in connection with uranium is the use of a vertical,
| rather than a horizontal; geomstry as in the "floating 2one" methodo(aa)
} . Contamination by reaction with a container material is eliminated by this '
method, ' ¢

1.2 Sepa_.ration of Fission Products and Plutonium from Uranium

&

Th:ls: subject has been investigated by vi':hree indepéndent groups.(egb’”’so)
In these investipations essentially the same conclusion with regard to linear

sf)eed of zone.meliing was reached as was referred to earlier. In the most

’ohorough of these investipations Burris(ng) determined concentration profiles
of appropriate traces in the solidified ingots after normal unidirectional
freezing., The concentration profiles found agreed with their theoretically
predigted shapes with satisfying accuracy. (Figures 1-3) From the data
aj)parént "k" could be determined for the following solutes: plutonium, 0.60;

ruthenium, 0,303 palladium, 0.61; molybdenum, 1 - all at the minimum solidifi-

4

cation rate studied of 1/500 inch per minute. These values all appear to be
.i.n reasonéble agreerent with the respective phase diagramso* The effective
'fgc's" for the first three elements increase toward unity, i.e., separation H

is very much less effective, when solidification rates are increased.

1.3 Separation of Uranium from Thorium

The separation of urani.umvl(i..cao ’ U233) from dilute solution in thorium
would appear to be feasible from inspection of the pertinent phase diapram.
This subject 18 currently being examined by a rather unique technique of

zone-melting, 1°e. s the use of a traveling arc to form the molten zonea.(n)

*Because of the well known difficulties of determining ligquidus and solidus

lines with high precision by thermal analysis of diluce solutions the ratios 2

determined by unidirectional freezing may, in fact, be more néarly correct. L
| &

1
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1.t Purification of Plutonium

No information on this subject is available to the author. From in-

spection of pertinent phase equilibrium data and the low (650°C) melting

O

point of plutonium it would appear to offer fruitful possibilities.

B=2, Fractional Crystallization VWith Added Solvent

The separations available by methods disgussed in the previous section

encounter natural limitations imposed by the nature of the bulk material
present. By the addition of a metallic solvent to the system (usually in
large excess) the solubility relations, the nature of the phases formed,
and the operating temperatures become items which can be varied by the ex-
perimenter to enhance the desired separations, The principles of separation
by fractional crystallization are well kknoxm; mathematical elaborations for
the classical cases, e.g., brine ocrystallization, may be found in standard
works. However, in some of the situations to be discussed many of the
important constituents are present 4n concentrations well below their ¥
solubilities and the contamination of the crystallizate by them may be
called "coprecipitation”, as in the analogous case involving aqueous solu- “
tionz of radioactive substances. No thorough investipation of this inter-
esting aspect of liquid metzl solutions seems to be in the literature.
Undoubtedly, "coprecipitation" will be the phenomenon which will limit
the ultimate separations achievable; detailed study of the responsible
mechanisms -- solid solution, surface adsorption, e¢tc. - appears to be
desirable,

In the s'eétions to follow the material will be discussed in terms of - s
| the solvents used rather than the seperations desired because of the current
organization of the literature.. The solubility of uranium in a number of ?
low melting solvents is shown in Fipure L.
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2.1 Bi-Sn-Pb
Fractional precipitation processes from these mixed solvents were the
earliest to be :lmres*l:.:lg&tgca;l(3 2); the reason for their choice was the pro- bﬁ
posed use of uranium or thorium dispersions in these solvents for use as
nuclear fuels or blanketso(33’3h) Teitel's studies(32) consisted of
preparation of suitable alioys s heat treatment to bring about complete »
solution; filtration (through porous graphite) at a lower temperature to
remove the uranium intermetallic compound precipitated, and analysis 6f
filtrate and residue. The distribution of rare earth activities between
filtrate and residue was deﬁemined and the results were expressed
mathematically in terms of the ratio, R, of weight concentration in the
1iquid to concentration 1nb the solid phase, Table II abstracts some of
Teitel's results.
The eseparation of uranium and tracer is readily calculable from the
formula:

’ X
Weight fraction of constituent in liquid phase = X *+ R (1-x)

vhere x is the fraction unsolidified. Teitel found that the value of R, is
simply determined, as expected, by the solubility of uranium. Within the
range of variables studied Rpp was not & strong function of co'ncentz_‘ation
or temperature.
The separation of uranium-233 formed in a thorium-bismuth breéder

blanket was also studied with preliminary results given in Table II.

| Teitel’s studles, though hardly complete, have established the utility
of fractional precipitation from liquid metals as a method of separation
even when the choice of solvent is limited to materials suitable as fluid

fusls or blankets in & slow neutron reactor.

aF

ol

b»
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Table Il

" DISTRIBUTION OF RARE FARTHS AND URANIUM BETWEEN LIQUID AND SOLID PHASES

Weight Conc. 1n Solid
Weight Conc. kaiquid

Intermetallic . » Filter
Compound Solution Comp, RrE Ry Temp., (C)
S %
USn, 85.6% Pb~9,6% Sn-L.8% U 59 20,000  L50
USna " L1 13,000 600
USn, 58.5% Pb=3l,1% Bi~ 25 13,300  L57
. 6¢h% Sn-l .0% U
UBL, 39.0% Pb-56.0% Bi-5,0% U 38 1,060 LSO
uBs,  95.0% B1-5.0% U L9 L Lso
Th, Bis not given 5;,000al 5 not given
.RTh
2.2 Zinc

- YWhen the limitation just mentioned is removed the choice of suitable

- solvent can be made on the basis of other factorsr Knighton, et al(3 5) chose
-to- study zinc as the solvent for fractional cq'stallization‘on the basis of
1&4 low- coét, availability, some known constitutional diagrams, and its -
‘high volatility. The latter point is of _considerable _mmrtance,becéu;.se

- of the ease with which the intermetallic compound precipitated from solu-
tion - Wng, in the case of uranium - may be decomposed to uranium and ginc
vapbr° The compound, UZng, is non-pyrophoric and occurs as large well-
developed crystals, The pertinent phase diagram and vapor pressure measure-

ments vere obtained by Chiotti and his co-workers,(36)
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The work on this system so far reportad(35) consists mainly of measure-

ments of the solubility of metals in liquid sine over the temperature range

450° to 800°C. Sce Figures 5 and 6. The metals studied were: uranium, o
barium, cerium, girconium, ruthenium, rhodium and palladium. In additien, ¥
the solubilities of some of these metalé in liore complex systems containing
zinc, magnesium and wranium have been measured. .
The possibility for metals separation by re-crystaliization from gine
is illustrated by the following example based on these solubility data. An
alloy of uranium coﬁtaining (w/o) 3.4 Mo, 2.5 Ru, 0.5 Rh, 0.3 Pd, 0.1 7r is
dissolved - solution procezds readily with a llittle agitation - at 650°C to
form & 0.5 w/o solution of uranium in zinc, This is cooled to 500 C and
filtered through porous graphite. The filter cake retains 5 to 15 per cent
of the ginc, depending on the rate of cooling and the size of the cryatals.
The filter cake is washed twice with zinc. The filtrate contains L.3 per
cent of the uranium, 57 per cent of the molybdenum, 84 per cent of the
ruthenium, and essentially all of the rhodium, palladium and zinc. Zinc
may be evaporated from both filtrate and filter cake for recycle.
The small scale recovery of massive uranium metal from the UZng by
distillation has been demonstrated. Residual zinc contents of about 30
parts per million were readily obtained.
The solubilities of plutonium, thorium, aluminum, and stainless steel in
this system, and the distribution of radicactive materials present below
their solubility 1imits between liquid and solid phases is under current in-
vestiration, These data will contribute to an analysis of the possibilities
for processing natural uranium or highly alloyed fuels or various metallic
blanket materisals.
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2.3 Mercury

The use of mercury ae a re-crystallization solvent is attractive for a
aumber of reasons. In particular, one may mention the lower temperature of
operation, as compared to zinc, and the possibility of using conventional

ateel equipmento(37) Some obvious disadvantapes are the pyrophoricity cof

mmm quasi-amalgams and the colloldal character of the uranium mercuride

(UHg),) which makes its separation from excess mercury difficult.
The pertinent phase data on the uranium-mercury system were reported by ‘
Fmsto(38) In studies at Oak Ridpe National I.aboratory(37) the apparent

saturation solubility of massive uranium in boiling mercury was found to bs

0,94 mole per cent, in contrast to the equilibrium solubility of 13 mole

per cent réported by Frost for powdered uranium. The rate of solution of

massive uranium was found to be proportional to the exposed surface area

-and the fractional departure of the solution from apparent saturation.

The room temperature solubility of uré.nium is-about 10 parts per million
per million of mercury. A butter-like uranium amalgam containing 3 per cent
uranium could be retained on-a filter. {(The uranium content of the mercuride

is 22.9 per cent). ‘Recovgry.'of massive uranium by vacuum distillation of the

mercury from a .quasi-gmalgam h_as been demonstrated.  Residual mercury con-

tents were 10 to 30 parts per million. V

' Experinents vere perforned with irradiated uranium. Unfortunately,
the fate of the fission product"éierdehts vas determined only after a sequence
of steps which included dissolution, partisl axidation, precipitation, wash-
ing, "ttnd distillétion g0 that the separation achieved by the precipitation

process alone was not determined.
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2.t Magnesium

Chiotti and Shoemalcer(3 9) have studied fractional precipitatibn from
golutions in magnesium. An interesting difference from the solvents dis-
cussed above is the fact that uranium itself, rather than an intermetallic
compound of uranium, is precipitated. The separation of small quantities
of uranium from thorium, as for example y?33 formed in neutron irradiated
thorium, is particularly attractive because of the high solubility of thorium
in liquid magnesium and the low solubility of uranium. The solubility of
uranium in magnesium, magnesium - 16 w/o thorium, and magnesium - 35 w/o
thorium, was determined at various temperatures. At 6'§0°C these solubilities
are 20, 80 and 160 parts per million, respectively. The thorium content of
the solid in equilibrium with the 35 w/o solution is 0.9 w/o, the balance
being essentially uranium, |

From this solubility information it can be shown that about 95 per cent
uranium-233 contained in a 1 w/o thorium alloy may be recovered by dis-
solving the alloy to form a 35 w/o thorium solution at 650°C, and allowing
the uranium to settle into a relatively small volume, The uranium concen-
trate could be removed and further separated from the matrix material by
heating it sbove the melting point of uranium to form a liquid phase con-
taining less than 1 w/o thorium. The temperature of separation of a uranium-
rich 11§u1d phase might also be lowered to about 900°C by the addition of
enough chromium to form the uranium-chromium eutectic. Separation of
magnesium from thorium by distillation is suggested by Chiotti and Shoe-

maker,

2.5 Others

An examination of the literature fails to indicate any investigation
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of other low melting metals, such as Pb, Cd, A1, Sb, in connection with separ-

ation by recrystallization.

C. Liquid-Iiguid Partition

- The principles of liquid-liquid partition are particularly well known
to workers in the field of atomic energy because of their widespread use
application to the processing of reactor fuels. These principles are equally
applicable to liquid metal partition studiesr. The technical difficulties of
continuous multi-stage contacting of liquid metals makes it desirable to
employ systems ‘wbithrpartitidn coefficients for the transferred material
which are sufficientiy large so that a small number éf batch contacts
brings about the desired sébaration. . |

In theory any pair of immiscible liquid bmetals might be examined for
separation possibilities, e.g., the partition qf uranium, plut,opium and
fisSiﬁn products between unsaturated solutions in zinc and lead, To déte,
however, with only one except.ipn, gystems ;m which one phase is uranium or
a uranium-rich liquid have been studied. The systems to be discussed will
be classified according to the major constituents of the 1misc1ble phases,

1. Uranium-Alkeli Metals

" These metals have very low mutual solubility with the heavy metals.
They have not 'rec,e'ivéd study on account of the high vapor pressures in

the range of témpéi‘étures of interest.

2, Uranium-Calcium or Barium |
The extraction of plutonium from uranium by calcium or barium has been

found %o be negligibly smail.(L0)
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3. Uranium-Magnesiun

The partition coefficient for plutonium between liquid magnesium and
liquid uranium has been determinsd. At 1150 C a value of 0.23 (in mole frac u
units) was obtained (7s 12) with initial plutonium concentrations in ’
uranivm up to 97 parts per million. In a further étudy Feder et al("l)
showed that up to 1 per cent by weight original plutonium concentration
tﬁe partition coefficient remained constant at 0,20  0.01 at 1190°C.

The substitution of uranium-5 w/o chromium eutectic does not affect the
result. Experiments were also carried out at lower temperatures with this
eutectic alloy (m.p. 860°C), with equilibrium being approached from either
direction. At 930°C the partition coefficient is 0.37. The heat of trans-
fer of plutonium is 9.2 kcal/gram atom.

The partition of trace fission product elements at 1150°C has been
examined for the uranium-magnesium system. (7,42) The partition coefficient
reported for cerium and rare earths is approximately 2 £ 1. The results
for other activities were more in doubt becéuse of possible interferences
by the operation of mechanisms other than partition. Elliott(l3) nas
examined the partition of macro amounts of added metals between magnesium
and the uranium-iron eutectic alloy (m.p. 750°C). At about 800°C the inter-
esting result was obtained that the partition coefficients could be related
to position in the Periodic Table. For the second row transitional metals,
7r, Nb, Mo, and Ru were found to have partition coefficients less than 10~3,
while rhodium, palladium, silver and cadmium enjoyed partitilon coefficients
of about 102, The sharp break between ruthenium and rhodium probably re- |
flects a significant change in available bonding: orbitals,

4» Uranium-Lanthanum or Cerium
The mutual solubilities between uranium and these elements are somewhat ’”‘
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larger than those already discussed. At 1150°C the solubility of cei'itnn
in uranfum 18 1.2 per cent and of uranium in cerium, 3.6 per cent.$9) The
miscibility gap for lanthamm snd uranium is sbout the same. Voigt(?) re-
ports the distribution coefficients (weight fraction basis) for plutonium
at 1200°C as 1.0 for cerium and 0,6 for lanthanum, in substantial agreement
with Aikin and Mcl(enzie.(a) At about 1100°C, with uranium-chromium eutectic
alloy as the héavy phase, the corresponding values were 0.6 and 0.5. In &
more detailed study MoKenzie et al(l5) determined the partition coefficient
of plutonium as a function of temperature' between 1160 and 13'5006. The heat
of transfer of plutonium from uranium was found to be 2.9, 1.1, and 0.0
(a1l £ 0.h) in Mlocalories per gram atom, for lanthanum, cerium and
neodymium, respectively. |

. Some data on the partition of fission products between uranium-rich
phasges and cerium or lanthanum are also given by Voigt.(” The most re-
liablg of these data, based on artificial alioys, show partition coefficients
into cerium as follows: 2r, 0.8; Mo, 0.0h4; Ru, 1.0; Nd, 30,

5 Uranium-Silver

Tnitiel experiments with the extraction of tracer plutonium from uranium
by molten silver showed that about 90 per cqht. extracted when equal weights
§f uranium and silver were us_ed,(a) _At'135'0>°0, 88 per cent is distributed
to the 811ve: phase when the iu‘ahium initially contained O.l per cent
3 - plutonium, ®7) _McKenzie (L7) and Yoigt(” agree that the pavz't.itinonv co-.
‘efficient in this case is & function of plutoniun concentration but do mot
agree on the variation. The more detailed studies of McKenzie show that
greater proportion of the plutohium is ‘fonnd__in the silver phasé at loﬁez‘
total plutonium concentrations. On addition of gold(k7) to the system plutonium
extraction is increased and passes through a maximum, This maximum appears

to be associated with a partic.alar concentration of gold ir silver and of
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gold in uranium. The separation of plutonium and uranium is less efficient
than may be indicated by the large partition coefficients for plutonium in
this system because the soluﬁility of uranium in silver at 113'3°C is about
I per cent. At 960°C silver in equilibrium with uranium-chromium eutectic
alloy contains 2.8 per cent uranium and 0.03 per cent chromium. Some of
the subséquent separations reiluired have been considered further, (€) (ke)
The extractiofl of fission products from uranium by siiver has been

(9) In the most reliable experiments reported macro amounts of

7 examined,
A‘aeverral elements were irradiated and alloyed with uranium before equili-
bration with molten silver. Reported values for the partition coefficients
are: Zr, 0.65 Mo, 0,02; Ru, 0,025 Nd, 3.7, It is interesting to compare
these values with those quoted earlier with cerium as the immiscible phase,
It is quite clear that very specific factors are at work for not only do the
ratios of partition coefficients vary on going from silver to cerium but also

even on changing from cerium to lanthanum.

6, Aluminum-Bismuth

The distribution of Pu, Am, and certain fission products between molten
aluminum and bismuth has been examined. (46) An equal volume of bismuth
extracts 78 per cent of the plutonium, 93 per cent of the americium, the
majority of the tracer cerium, but essentially no ruthenium or girconium
‘from the aluminum phase, The fraction of plutonium in the bismuth phé.se
- decreases slightly with increasing temperature in the range of 800° to 1050°C
but is independent of the plutonium concentration. The heat of transfer of
plutonium is 2.68 kcal/gram atom. Since plutonium-aluminum alloys have
potential interest for certain reactors this partition may be of value for

recovery of the plutonium,
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The bismuth-alunminum system is also of potential interest for the -
purification of bismuth solutions of uranium but no work ir this fleld-is

known to the author. e o

Do Liquid-Solid Fxtraction

Separations based on metal systems in which one phase is a solid in..
soluble in another liquid metal deserve greater attention than they have

received. Clean separations of two liquid phases may require that the
interrace be accurately located - an operation which is difficult to perform

remotely. In the liquid-solid case, however, the solid may be suspended :!n
the liquid and subsequently removed by f:l.ltration or, alternatively, a liqn:ld
may be percolated through a bed of solids. An operation of this kind will
generally be conducted atq.k a loser tempefature than the‘corresponding liquid-

liquid extraction.
| One of the drawbacks to the use of a solid phase is the rather small

diffusion coefficients usually encountered. It may therefore be required~
that the solid phase be finely divided in order to make the diffusion paths
short. Fortunately, in the case of uranium, thorium, zirconium, and plutonium
powdering of the metal can be accomplished without great difficulty by the
cycl:lc absorption and desorption of hydrogen under relatively mild: conditions.
| A separation employmg these ,principlee hae been described by Feder- -
et ~a1.a‘1) In this 'applicationvuraniumé 1% plutenium alloys were quwdered
by hydriding at 250%C and one atmosphere pressure, and dehydrided by pumping
off hyﬂrbgen at 350°C. The powder produced (zbout 10 } everage diameter)
was readily suspended in molten magnesium by mechanical agitation.
| Samples of the liquid phase were taken from time to time by filtration -
through porous graphite or stai:nless steel, The fraction of the plutonium

present in the magnesium vas found surprisingly large after rather short
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times of contact. It appears to rise to a maximum and subsequently diminishes.
These results have been interpreted to mean that the hydriding-dehydriding

cycle causes éane initial phase separation of uranium and plutonium; and b
that subsequently back diffusion of plutonium into the solid uranium occurs. '
This interpretation is in accord with information that plutonium hydride re-

quires rather higher temperatures for its decqmposition than uranium hydride, (50) %
- and that piutonimn has a large solid solubility in uranium.

The behavior 62‘ fission products in this system has been cursorily ex-
amined. The rare earths are extracted by the mugnesium nearly

quantitatively, vhile ruthenium and zirconium stayed nearly
quantitatiyély with uwranium,

The action of inolten silver or other possible extractants has not been
exemined., The sblub’ility of 80lid uranium in molten silver or cerium is
considerably less than the solubility of liquid uranium so that some of the
difficulties due to the contamination of the extracted plutonium by uranium

may be avoided.

II., Separations by Selective Oxidation

If the term oxidation is used in its broad sense of an increase in the
valence state of a metal then the initial work in pyrometallurgy, referred
to in the historical introduction, is clearly an example of selective oxid-
ation, or more specifically of carbide formation. The selective oxidatioﬁa
vhich will be treated in this section include reactions to form oxides,
carbides, nitrides, sulfides, and halides. In general, the a priori dis-
cussion of selective oxidations is more readily accomplished than the dis-
cussion of physichl methods of separating multicomponent metal mixtures,

v Thia is so because thermodynamic information on the pertinent metal systems
is almost non-existent, whereas the relative thermodynamic stabilities of
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the compounds which may be formed byv oxidation are better, although still
incompletely, known. Some of the pertinent data may be found in the
mfereﬁce cited in the introduction and in references 3, L, 5b and 52.
‘A, Oxides

The preferential oxidation of certain fission elements in a heavy metal
satrix is the mogt thoroushly studies(6-8,10,19,52,53,51) speration in
pyrometallurgical chemistry. There appears to be agreement among all investi-
gators that in & uranium matrix selective oxidation of strontium, barium,
thorium, ﬁhe rare earths, and presumably, yt‘crium, may occur to a marked
degree under appropriate experimental conditions. Under the same experi-
mental conditions oxidation of niobium; molybdenum, the platinum metals,
and in fact all elements with atomic numbers from Ul to 50, inclusive, does
not occur, The\selective oxidation of zirconium and plutonium in a uranium

matrix is marginal and may or may not occur, depending on the precise set

of conditions encountered. Inasmuch as the results of these investigations

are well known it appears most appropriate to. deal first with the points of

- difference among the several experiments and to attempt to resolve them.

10 Mechanismv of Oxidation

On the basis of early expériments on the melting of ui'anium in ceramic
oxides Feder ét a1(6’52) obtaine?.i. evidence that the main mechanism of
preferential oxidation was diffusion of the impurity atoms to the wall of
the oxide 'crkuci'tr:lve ahd subéequent reabtion ‘there, ‘Martvin gnd Hiles(lo)
on the _othér hand, had equally good évidence from their acperimept.s thgt
oﬁdatibn takes'place' in the liquid phase by combinatioq of the electro-
positive elements with contained oxygen, carbon, oi' nitrogen. The dis-
tinctioﬁ was .disculssaéd(5 5) without being resblved ; the pﬁrity of t.hé u#ni\m

used, the concentration of fission elements s the degrec of mixing, atmosphere
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purity, reactivity of crucible material, etc ., could all be factors involved.
McKenzie and Feder'”5/ were of the opinion that tha purity of the urapium used was

the most eignificant factor at the low comeentrations of fission products 1molve;
Since that discussion the rate of reaction of molten uranium with : y
various ceramic oxides has been measured.(%’;?) The rate of removal of

contained cerium (initially about one per cent) has been shown to be a

&

function of the material of the ceramic used,® the resulting cerium oxide
at the crucible-metal interface has been identified, and the rate of re-

moval of cerium has been éhown(se) to béhave as expected if the mechanism
were bulk diffusion from an unstirred liquid.

The mechanisms and kinetics of ceramic oxide corrosion by molten
uranium is of considerable interest, particularly for the application of
preferential oxidation to a large scale operation. The data obtained may
be summarized as follows:(%sq” The reactions with alumina or magnesisa
proceed at a nearly constant rate and are essentially stoichiometric, pro-
ducing, in the one case aluminum in solution, and in the other magnesium
vapor:* The ceramic surfaces are dissolved away and replaced by U0, during
the course of these reactions. Vhen the aluminum corrosion reaction is con-
ducted in vacuum gaseous Alp0 is also a product. The reactions with beryllias,
thoria and zirconia proceed at a rate which accelerates with time. The order
of the rates of contamination of the melt are A1»Be» Th®»Zr. The vari-
ation at 1200°%C is from sbout 1 mg/cud/hr for aluminum to less than 1

¥ fact, the mode of fabrication, i.e., slipcscasting vs. dry-pressing, has
a considerable influence,

*¥Bscause of the evolution of magnesium vapor which occurs when molten uranium
is held in magnesia crucibles the impurity and uranium oxides which form on s
the crucible wall are dislodged and float to the surface as a scum, This
does not occur with the other ceramic oxides. -
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microgram/em/hr for girconium, The reactions with thoria and zirconia
are non-stoichiometric, that is the quantity of oxygen reacting with the
uranium is considerably greater than the equivalent amount of metal dis-
solved, The ceramic surfaces remain intact during these reactions. The
'products of these two reactions have been identified by X-ray diffraction
and other tests as oxygen—éeficient oxides,

A further point of interest is that uranium does not wet any of t.hé
five ceramic oxides mentioned above, with the exception of alumina which

is wetted when uranium alloys high in molybdenum and ruthenium content are

employed. The interior contact angle of molten uranium on the dense packed
oxids ion surfaces ig 135°. The suriace tension oi liquid uranium is about

800 dynos/cm.

2. Removal of Cesium, Strontium, Barium, Pellurium and Iodine

Differences betﬁeen various_ investigato’rs' concernihg the removal of
these elements du:mg oxbidatbive slagging canrbe radi]y resolved in terms
of variations in time, temperature and pressure conditions. By examining
thé sublimates from various experiments more direct evidence sbout removal
bj volatilizat;ion is available than when 6n1y 1osse§ from the melt are
meas_urede In an :!.ne_rt atmosphere at temperatures up to 1300°C only §esium,
of the sbove-mentioned elements, is found in -the sublimate to any’ large |
extenf.o(ss) Considerably less than one per cent of the svailable iod:lne
is sublimed, (16) and the cbndénsation curve for t.ﬁe iodinek aét:lvﬁ:y shows
that the sublimate is uranium iodide(s) rather than molecular iodinee At
higher temperatures and/or lower pressure appreciable fractions of barium
and strontium may volatilize before they becone ox:i.dizedo. The behavior of
tellurium accords with that expected from cbservations on the stability of
uranium tellurides to heating in vacuum. (18)
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3, Zirconium and Plutonium

The highly varizble behavior of zirconium in experiments in which it

was present in very low concentmtion(6,10) led to some confusion regarding \7/
the mechaniem of its removal. The importance of graphite as a scavenging

)

agent for zirconium has been ahom.,(6) Subsequent experiments(58)
have shown that as the concentration of zirconium increases the effective- ’
ness of its removal decreases, and that at macroscopic concentrations '
the removal of zirconium by preferential oxidation is very slow. In view
of the earlier statements concerning the mechanism of corrosion of girconia
little or no exchange of zirconium in uranium solution with inactive gir-
conium in zirconium oxide should be expected when the concentration of the
former is large.

Selective removal of plutonium has been observed by all investigators.
The degree of selective removal when only tracer plutonium was present, how-
ever, was found to be small and varisble, i.e., concentration factors of
1.0 - 1.t were usually found, Because side reactions with carbon (as in

the case of zirconium) could conceivably play a role and because the thermo-

<+

dynamic stability of plutonium oxide(s) versus uranium dioxide was but poor-
1y known the role of selective oxidation could not be accurately assessed.
Recent exper:l.ments(sa) with initisl plutonium concentrations of 1 to 20 per
cent in uranium show that plutonium is indeed selectively oxidized, the
factor of concentration in the oxidic portion being approximately 1.6.

L. Uranium Monoxide

The possible role of uranium monoxide formation in the oxidative slagging

"ﬂ

. of uranium has been in question for some time. Recent efforts by Vaughan,
et 81(59) t5 synthesize this compound in bulk by a variety of methods have ,

failed to produce a pure substance corresponding to this formmla. It

698



| appears to be entirely unlikely that uranium monoxide is a product of any

consequence in the oxidative slagging of uranium.

5. Thorium and Plutonium

Separation of fission products from thorfum(19) or plutonium by oxidative
" slsgging has been the subject of rgcent, incomplete investigations., The

discussion must be deferred until more ext.ensﬁe information is available,

B. Carbides

The relative stability scale for the carbides of metals dées not differ
strikingly from the relative stability scale of the oxides. Relative to
uréﬁium the early transitional metals, e.g. zirconium, niobium and molybdenum,
beéamé somewhat more stable on goin_g from oxides to carbides. Experimentally,
the relative stability of plutonium also appears to be enhanced, contrary to
expectation based on estinxéted free energles of fonnation.(sb)_ The relative
stabilities of fhe é.llcaliné earth and rare earth metals are probably ‘slightly
decreased., Closer inspecticn of the free energieé of formation of the car-
bides shows that of the fission product elements only zirconium carbide is
“much more staﬁle than uranium carbide(s). In accord with expectation it
is fOuhd(6' 52) that zirconium may be selectively re#zoved from molten uranium
on a graphite surface. Of course, if suffiéient carbon is already dissolved
in molten uranium b initio this uffect is not observed.(39) Ho other
fission product element appears to be affected as extensively. Flutoniunm,
however, appears to be fairly effectively ,scavenged by a graphite surfaceo(sz)
Ever. at 900°6, where molten uranium-chromium eutectic alioy réécts with
-gr#phite quite slowly, plutonium at low concentrations may be lost to .
(k) |

graphite surfaces.
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0o Nitrides and Sulfides:

On the basis of known or estimated thermodynamic stabilities it would
not seem likely that selective formation of nitrides or sulfides would
enhance the separation of fission products or plutonium from uranium. The
experimental results of various investigatcrs(6’7’1°) appear to bear this
out. Likewise, the addition of boron or: silicon(6) does rot enhance the

separations of fission elements which .occur in oxide slagging,

D, Halides

The relative stability scale for the leower halides of the elements is
congiderably different from the same scale for the oxides. The stabilities
of the halides of the alkali metals, the alkaline earth metals, and the
trivalent halides of the rare earth metals, plutonium and the transplutonic
metals are all increased relative to the stability of the corresponding low-
est uranium, thorium, and zirconium halides .* This has led a large number
of investigators to inquire into the possibilities of selective halogenation
for the separation of plutonium and the highly electropositive fission

product elements from wranium.

1. Sepzaration of Plutonium from Uraniun

The first of many investigations of the separation of plutonium from
uranium was directed primarily toward finding the location of plutonium
trihalides on the 8tability scale at a time when little was known of their

théfiizodynamic properties. Fontana and Webster(ﬁo) examined the distribution

*An additional factor - not available in oxide or carbide systems - which
encourages favorable consideration of halide systems is the possibility
of driving reactions in & desired direction by taking advantage of the
volatility of one of the products,
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of plutonium in = nurber of systems containing a molten metal in contact

with its halide. Their reeults are shown in the following table. -

TABIE III

DISTRIBUTION OF PLUTONIUM IN METAL-METAL HALIDE SYSTEMS

Metal-Halide Mixture | Conen, Pu in Salt/Concn. Pu in Metsl
| Ba-BaBr, : 0.06

Ca-CaCl, .16

Sr-SrBry , Y]

Ce~CeBr3- . o3

Ma-MnCl. | 87

Vg-MgClp - | 17

U-UBry | ’ ko

Vg-Mg I | | 92

Po-PbCl, ‘ 310

From 'tvhese'results it was then deduced that plutonium trihalides are more
stable than the oorresponc_iing uranium or m‘Qnesium halides, and less stable
than the barmm, strontium, or cerium hal:.deso A }- -
Ader(61) haa heated uranium-chromium eutectic alloys containing
plutonium with magnesimn chlor:.de under inert gas preseure to suppress the
vola.til:r.zat:.on of magnesium or magneswm chloride, Over the temperature N
range 900°-1000°C the selectivity ratio (= Pu/U in salt phase 2 Pu/U in
metal phase) varied approximat.ely from 100 to 1;5, in quite fair agreement
with values predicted from estimated free enefgies of formation.
Rosser(62) ‘took aumntage of the selectlvity of chlorination by

allowing uranium containing trace plutonium to react to a small, controlled
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degree (about. 6%) with gaseous hydrogen chloride. The mixed chlorides which
were formed were subsequently sublimed in vacuum to produce a sublimate con-

taining 211 of the plutoniumo
McKenzie(B) made use of the similar seiecctivity of fluorination by

equilibrating molten uranium with fused vranium tetrafluoride and subse-~
quently distilling the plutonium-enriched 'salt phase in vacuum. He observed
that the situation is complicated by the fact that uranium and its tetra-
fluoride react to produce the solid triflucride in the initisl step and
that the trifluoride disproportionates during thé vacuun distillation.
Buyer(63) assumes that the free energies of formation per gram atom of
fluorine for uranium trifluoride and tetrafluoride are quite nearly the

same at the temperature of his experiments. He has used his selectivity
data for the equilibration reaction to calculate a free energy of formation
of plutonium trifluoride which agrees within one kilocalorie with Brewer's
estimate. The addition of fluxing agents (CaFp, LiF, BaFy, BaCl,) to uranium
tetrafluoride has been shmm(7=- 8.10) to be a useful procedure for maintain-
ing the salt phase molten without hindering the selective fluorination of
plutonium, Motta(7) reports data on experiments of this kind using about

a kilogram of uranium; it would appear that the transfer reaction is
kinetically controlled by diffusion,

There appears to be no record of experiments in which plutonium and

uranium are dissolved in a low-melting metal prior to selective halogenation.

Lower temperature halogenation may well be more selective and technically

more feasible than halogenation at higher temperatures,

2. Separation of Flectropositive Fission
Product Elements from Heavy Metals

In many of the investigations mentioned above(7’8’1°’62’63) the selective
removal of fission product elements as well as plutonium was examined. There
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is essentinl apreement that the alkali metals, the alkaline earth metals,
and the rare earth metals are all selectively removed to a greater extent
then plutonium, in accord with expectation. Motta(?) reports one experiment
using 2 mole % UFh 98 mole % CaFp as the 1iquid phase in which 99% of all
these activities were removed from irradiated uranium. Potter(19) also re-
ports selective removal of some fission producte from thorium. A rather
unique method of contact was used in part of this investigation;(%b) a
pellet of thorium was placed on a colurn of solid powdered calcium fluoride
and allowed to melt its way down through the column by inductive heating of
the metal,

An elaborate investigation(3""6h’65’66) has been made of selective
chloﬁnation of fission products from a dilute solution of uranium in bismuth.
- It was shown(és)» at an early stage that the concegtration dependence of the
partition of a typical fission element between the salt (LiCl-KCl eutectic)
and metal phases could be understood in terms of reactions such as

Ce(ps) * 3 130 (p401-K01 eut.) =— “13(1501-k01 eut.) * 3 Lipy) ©

For the subsequent development of this -effort in the direction of more precise
contrbl of the desired eeparations by the use of different salt composiﬁions,
buffér.’mg agents, deoxidants, etc.,‘ the reader should consult the references
already cited. In the actual application of selective chlorination to cir-
culati_.ng bismuthuurénimn reactor .fuels it ’appears‘ that the necessary very
high degree of selectivity required, i.e. quantitative return of the uranium
present to the bismuth stream together with adequate removal of rare earths,
can be achieved only by employing at least two distinct sets of conditions

in tandem,
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Purification of a dilute solution of wranium in a2luminum has bve'en
briefly exa.minedo(lo) Molten potassium chloride was used as the salt phase
and the degree of totzl chlorination was controlled by the addition of
gaseous hydrogen chloride; The residual metal was well decontaminated
from rare earth activities and, of course, the uranium in the salt phase
was well deconteminated from the nobler metals zirconium, niobium, and
ruthenium, .

The possibility of selective removal of the most ele:tropositive
elements from plutonium has been indicated by the earlier discussion,
although it is recognized that the situation is not as favorable as for
separation from’ uranium. McKenzie et a1(67) have examined the decontamin-
ation of plutonium-zluminum alloys using molten cryolite as the fluorinating
agent and they have shown that strontium and cerium are effectively removed

with little or nb loss of plutonium.

i1I. Separations by Cyclic Oxidation-Reduction

From the Vpreceding discussions of the relative stabilities of metal
compounids it is apparent that it is theoretically possible to mke a clean
séparation of any desired constituent from a mixture and to recover it in
netallic form by a suitable oxidation-reduction cycle. Thus, to use a hy-
pothetical illustrative example, an alloy of molybdenum, wr-anium, and
lanthanum might be caused to react with a quantity of zinc clloride
stoichiometrically equivalent to the sum of the latter two elements. The
resulting mixture of uranium and lanthanum chlorides could then be caused
to react with a quantity of magnesium stoichiometrically equivalent to the

quantity of uranium in order to recover it ag metal,
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The success of such an operation will, of course, depend not 6n1y on
the possibility of selecting appropriate oxidants and redustants but also
on the completeness of the required vhase separations. The necessary con-
diticns are not easy to fulfill, particularly in view of the simplicity

usually reqﬁired of remote operations.

A, Chemical _

Two basically chemical methods of carrying out the oxidation-reduction
cycle have been investigated. The simpler of these methods is based on the
vell known van Arkel-DeBoer mothod of thermal decomposition of metal fodides,
The selectivity of this opération is due to physical; as well as chemical,

factors. To bte transported an& deposited as metal on the hot surface a
constituent of the me‘l‘él mixture must (i) react with iodine at the tempera-
ture and pressure of ilodination, (1i) the resulting iodide must be sufficiently
volatile to be transported, and (iii) the volatile iodide must be decomposable
at the temperature and pressure conditions at the hot surface. The appro-
priate conditions have been discussed in detaii for uranimﬁ(r') and
girconium. (687 Robb(69) nas studied the decontamination of irradisted
uranium obtainable by this method, and has demonstrated decontamination
from both more noble (ruthenium, molybdenum) and more electropositive
(cesivm, strontium, rare earths) fission product elements. The properties
of zirconium and u.t"«mimn té&éiodides are Sﬁffiéiently sinilar that these
elenents acébivpatz}',each 'other\arnd‘ resu_lt in the deposition of a uraniun-.

zirconium 2lloy. By incorporating an additional step, namely the selective
| condensation and re-evaporation of uranitmi‘tetraiodide the separation of
these two elements also may be oStained, ‘Robb also discusses the behavior

of thorium and plutonium in this system and Hilneuo) has examined the be-
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havior of irradiated thorium, Protactinium is transferred more rapidly '
than vﬂmrium, which in turn is transferred more rapidly than uranium.

The kinetics of these resctions are not highly favorable. At the -
highest iodination temperature tested (625°C) uraniun was consumed at &
rate of only 0.117 grams per cm2 per hour, equivalent t> a linear pene-
tration rate of about 65 microns/hour. The decomposition rate at the hot *
surface is limited by the pumping capacity of the vacuum system.

Another chemical method of performing cyclic oxidation-reduction for
‘the purification of irradiated uranium has been investigated by Dawson,

Gibson, and McKay. As reported by Martin and Miles(10) yranium and lead

chloride feact stoichiometrically according to the equation (the "Gibson

Reaction")

3MCly +2U=21W13 +3 P

Potassium chloride may be used as a diluent to lower the melting point of the

resulting salt phase. The salt phase resulting from the Gibson reaction is

separated from the precipitated lead ana treated wath an amount of magnesium

”»

8lightly in excess of stiochiometric. The fission product distribution
obtained is shown in Table IV,

It should be noted that the electropositive elements acconmpany the uranium .
into the salt phase nearly quantitatively and are retained in this phase
to a large extent during the .reduct.ion by magnesium, The elements more noble
than ufanium appear not to accompany the precipitated lead nearly as
quantitatively as expected., It is reasonable to suppose that because of
ttrxerir very lofr concentrations elements such as ruthenium occur aé a variety ¥

of very small sized metallic particles dispersed in the salt. Some of these
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TABLE IV

RFEMOVAL OF FISSION PRODUCTS FROM URANIUM BY CONVERSION TO
UC1, USING PbCl,,, FOLLOWED BY REDUCTION USING MACN ESIUM*

Fiseion Product € Removal at UCl3 Stage - % Removal After Final
Flement (After Filtration of Aqueous Solution) Reduction to Metal by Mg
ca | 9 , o 68
Ba 3 e
Sr 0 99
Ge o 2 T
Rare Earth Metals | 0 | 65
Zr 36 15
No | 73 | R
Ru ~ 7 - 18

. _ _ »
After Martin and Milee, Ref, 10.

. would pass through the filter and appeur in the cqueous solution of the salt

phaseo Thie hy'potheeis is supported by the appearance of these elements in
the uranium to & degree which suggeste that the particles are carried dcwn
with tae precipitating metal. Thus, as mentioned previous],y, the eeparation
problem in thie system ie likely to ‘oe one of phase eepanationo |

One of the ways of overcoming the phase separation difficulty is to
provide a liquid met.al phaee in which the noble metal elements can remain

‘dissolved. (The lead precipitat.ing during the Gibson reaction apparent]y

doee not function in the desired manner). This modification was incorporated

when the Gibeon reaction was carried out on 20% uranium - 80% aluminum alloy. (10)

' In this case 1ess than one per cent of zirconium, niobium, and ruthenium

accompanied uranium intc the salt phase. However, the partial chlorination

707




of t.hé aluminum present introduced an undesirable complication into subse-
quent operations. It would be instructive to examine the net separations
afforded by an operation in which the solvent metal 1s not chlorina\tedu For
exax;rple, a zine solution of uranium may be chlorinated by a Zn012~KCI melt,
and the resulting UCly-KC1 salt subsequently reduced with a Zn-Mg soluticn,
Such a sequence might lend itself readily to multicyclic operations.
Beederman(n') has shown that the Gibson reaction may bde used with
ZnClp, CdCl,; or HgCl? as the chlorinating agent, a&s well as with PbClp,
and Martin and Miles 1% also indicate the use of gaseous hydrogen chloride
or anodic dissolution in a fused chloride bath as additional ways of achiev.
ing selective chlorination. The last mentioned possibility brings one

naturally to a discussion of electrochemical oxidation-reduction cycles.

B, Electrochemical
The electrochemical production of uranium has been reviewed by Katz

and Rebinowich.(1?)  Marzano and his co-workers(2) have demonstrated the
purification of uranium from a number of its commonly occurring contaminants
by a cyclic oxidation-reduction process carried out electrochemically. In
this operation the impure uranium is made the anode in molten LiCl--KCl
eutectic containing approximately 20% by weight of UF,J_ in solution. The
cathode may be tantalum or molybdenum rod, Fused silica ware makes a
sultable container and en inert atmosphere must be maintained. Only 2 small
voltage 1is requi_red to cause anodic dissolution of the uranium and deposition
of dendritic crystels of the metal on the cathode. The deposit must be crush-
ed and washed free of cccluded salts. A typical analysie of the uranium
-cbtained is in parts per million; C, 165 N,<10; 0,<8; Fe, 5; Si, 5; Cu, 1

Cr, 1; Mn, 0.5; Mg, 0.5; A1, 5. It was found that operation of this cell
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could be méintained for several months, after which it was halted by the
accumulation of 3 sludge of impurities and uranium trifluoride at the bottom.
The formation of the latter -sxbstance could be avoided by substitution of .
mni@ trichloride for urenium tetrafluoride in the melt.

The application of this procedure to the purificaticn of irradiated

uranium was investigated by Glassner. (73) The data cobtained were not encour-

aging insofar as the desired results were concerned. The decontamination

factor for uranium from the more electropositve elements (including plutonium)
was 50 to 100, but the decontamination fector from ruthenium was § or less,
and zirconium and niobium activities were found to have severely contaminated
the /ﬁranium deposit. The mechanism of the deposition of zirconium was in-
véstigated in separate macro experiments. It was found that zirconium di-

chloride, a relatively insolﬁble substance, is stable in the presence of

- metallic uranium, but the application of only 0,05 volt is sufficient to

reduce it to metal on a uranium surface. Because an applied voltagé in
excess of 0.1 wlt is required to achleve a reasonszble rate of electre-
migraticn the essentially quant.itative codeposition of zirconium (and, pre-
éumablj, alsb niobium) becomes understandable., Flectrophoretic movement of
f.’uié s suspended particles is an ano.'k’[ther possible source of cathode contam-
ination. |

‘ )Gl‘assnér(?z) attempted to modify the dendritic nature of the deposited
metal :ln order to simplify\ its handling. However, variations in temperature,

bath composition, voltage, current deneity, and stirring of the melt were

 not effective. A quantitative study of the effects of current density and

temperature on the deposition characteristics of uranium cbtained from mixed

chl’orideafluoridermlts ét 725°..900°C has also'been made by Kaht.an et al.,v(.’h)

In this research, too, no massive metal was deposited.
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Niedrach and Glam(75) hav;a given careful consideration to Vthe problem
of a'electing cell conditions appropriate to higher specific decontamin-
ation, more manageable product, and longer steady operation. They judged
~ the following points to be significant.

(i) The uranium product should be obtained as a liquid. Ideally,
the cell should be operated above the melting point of uranium, but the
corrosion problems attending such a high temperature operation favor the
use of a metal cathode capable of forming a lower melting (750°.-950°C)
eﬁtectic with uranimnf

(i1) The concentration of t,be electropositive elemerts in the molten
salt will continually increase as the cell is operated, and the decontamin.-
ation factor for these elements will consequently decrease., Therefore, the
cell contents should be periodically replaced.

(4i31) The nobler elements shculd occur as an insoluble sludge and con=
tamination by them should not increase with time provided that the sludge is
retained in an anode baskeét and is discarded periodically.

The experimentsl work of Niedrach and Glamm(75) establishes the effect
of the significant variables on electrorefining. Their results may be
summarized as follows.

(1) Current efficiency is. not markediy affected by melt bcompositio'n

or 1;e’xrxper'at;u.reo Increasing current density decreases the current éfficiency.,**

#The possibility of using much lower temperatures and a liquid cathode of
zinc or mercury is not mentioned by these authors. R. L. Nuttall and

H. M, Feder of Argonne National Laboratory are actively considering this
development.

*¥Calculated on the basis of three faradays per mole. At very low current
densities this value was approached in this work and also in the research
of K. Rohde (privately communicated).
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The effect of high current density is believed to be polarization at the
anode. When the rate of oxidstion at the anode exceeds the diffusional rate
for trivalent uranium ions tetravalent uranium ions form in significant
amounts. The cyclic reactions between the two valence states consume current
inefficiently. |

- (13) A minimum concentration of uranium salt must be maintained in the
melt. The deposition potentials of uranium ions and, say; calcium ions at
the cathode are sufficiently ciose g0 that if the activity of the latter far
exceeds the activity of the former appreciable amounts of calcium will co~
deposit with uranium.

(111) Bpth cufrenﬁ and temperature have a significant effect on the
composition ofrthe liquid alloy which drips fiom the eutectic-forming
cathode. At high current densities the alloy tends to be'hypoeutectjc and
at low current densities hypereutectic. The composition is determined by
the rate of uranium deposition and the rate of diffusion of the cathode
metal into the deposit. At very high current densities the rate of uranium

deposition may exccoed the rate of diffusion of cathode metal and a solid

‘ déndritic growth results,

(iv) Fission product decontaminat1on fhctors of from 80 to 260 were
dbtained after two. throughputs, As many as ten throughputs were made with-
out decreasing decontamination too sevérely. | |

(v) Manganese is s suitable cathode material because its selective
dxstillation from the eutectic alloy in vacuum at 1300 c has been demon-

atratedo

*one throughput is the dissolution and deposition of a quantity of uranium
equal to the amcunt originally present in the melt.
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Hansen(76a) has undertaken investigations of an electrochemical cell
for refining irradiated thorium. It operates on principles ‘similar to those
expounded by Neidrach and Glanmx(75) and makes use of a manganese cathode

{eutectic ~20 w/o Mn at 940°C) and a 60 w/o NaCl - 40 w/o. ThC1), electrolyte.

CONCLUDING REMARKS

The last seven years of research on pyrometallurgical processes have
been busy and fru‘ltful ones, It is a plausible assumption that the main
areas of research have now heen mapped out and await only further exploration.
The astute observer will, however, remain alert to the chance discovery ¢r
new concept whicﬁ will open entirely new vistas,

In the author's opinion current research in pyrometallurgical chemistry
merits three major criticisms. The first, and least, is due to the experi-
mentalist’s nat;xral desire to make his apparatus small and uncomplicated.
However, it is generally observed that high temperature-high radiation
field experiments yield more reliable and more quantitatiw: information when
they are carried out on a larger scale in arparatus designed to minimize
undesired side reactions and surface phenomena. The second criticism is
directed toward the shortsighted pelicy of the experimentalist who continues
to use and to tolerate thermochemical data known to be of inadequate accuracy.
The conscientious high temperature chemist will want to add to our fund of
accurate thermochemical data in proportion to his withdrawals. The third,
and most severe, criticism is of the policy of rushing toc rapidly toward
the application of pyrometallurgical processes. As a result of this policy
some hastily conceived proposals for major innovations in nuclear technolopy

have collapsed because their scientific foundations ha.ve' been inadequate.

12



- ation fields on pyrometallurgical processes and materials will be given

. 8ny necessary correctiana or inadvertent omiszions,

Vith respect to the future of pyrometallurgical research ‘the author
believes that the following may be sipnificant directions,

(1) More attention will be given to obtaining basic .3cier_1t.iﬁc data -
thermochemical measurements, electrochemical potentials, antivity coefficients,
diffusion coefficients, solubilities, etc. |

(ii) Emphasis will shift toward lower temperatums ol operation and

to solutions in low-melting metals.

('ii:l) Corrouion research will burgeon, and the effe 1ty of high radi-

more detailed examination.

(iv) Better corbinations of well-behaved operations into successful
processes will e sought and found.

No claim is mad;e by the author for either the compleweness or accurécy

of his bibliography., He will appreciate having his attention directed toward

The help of calleagu.es too numerous to mention is gr;t.efully

acknowledged.
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PYROMETALLURGICAL PROCESSES:
PROCESS AND EQUIPMENT DEVELOPMENT

E. Motta, D. Sinizer, G. Brand, J. Foltz,
W. Gardner, J. Ballif, J. Guon, G. Kendall,
T. Luebben, and K. Mattern*

May 1, 1957

INTRODUCTION

Several basic pyrometallurgical extraction methods have been studied and

_ described in the paper on the Chemistry of Pyrometallurgical Processes by

Dr. H. Feder. Some of this work has been carried out using somewhat larger
equipnient which has been built for exploratory engineering experimentation and
not primarily designed and developed for industrial use. It is this experimental

type of engineering equipment which is described here.

The systems fall into two categories. In one are the various furnaces for

extracting fission products or plutonium from molten fuel. In the second category

are those systems related to the refabrication into fuel elements of the partially
decontaminated and reconstituted fuel alloys. No effort will be made here to
relate this equipment closely to specific reactor fuel cycles or to describe every
type of equipment which has been used in this work, Some representative types
have been selected and are described relatively brieﬂy. 4

'I. PYROMETALLURGICAL DECONTAMINATION AND EXTRACTION SYSTEMS

Two types of equipme.nt used for decontaminating molten metallic fuels may
be considered. In one type the molten fuel is contacted with a solid phase which
removes some of the fission elements. In the other, a second liquid phase is
placed in contact with the molten fuél, and fission products or plutonium are ex-

tracted into the liquid phase.

*Atomics International, a Division of North American Aviation, Inc., Canoga Park, California.
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A. DROSSING FURNACES FOR MOLTEN URANIUM FUEL

Three examples of this kind of system are described. The firstis a 1- to
5-kg capacity vacuum induction furnace used inside a dust-tight system or gloved
box, which is in turn enclosed in a hot cave to provide shielding from gamma’
rays. The second is a 50-kg capacity inert atmosphere induction furnace, and

the third is a 30-kg capacity vacuum resistance furnace.

1. In-Cell Vacuum Induction Furnace (5-Kg)

A schematic diagram of the basic system is shown in Fig, 1.

FURNACE HEAD FURNAGE & FILTER

HELIUM INLET

SILICA
FURNACE

“~_TUBE

ELEVATOR

INNER FURNACE DIFFUSION PUMP ROUGHING PUMP
ASSEMBLY

Fig. 1. Induction Furnace System (5 Kg)

The furnace head contains an '"O" ring for sealing to the lid and a silicone
rubber gasket for sealing to the fused silica vacuum tube. A flanged connection
joins the head to the cold trap. Water cooling is provided by means of a copper
joint for pressure measurements, Slots were milled into the top of the head for
holding the upper part of the hoist. An external flange is connected to the bottom -

of the head for mounting purposes.

A feature of this system is the remotely operated lid and loading mechanism
for the introduction or removal of material. The furnace lid consists of a one-
half inch hinged and counterbalanced brass plate. The plate is sealed by atmos-
pheric pressure to the furnace head, using an "O"-ring gasket. Copper tubing,

soldered to the lid, is used for water cooling. A Pyrex sight glass is sealed

720

o

#




over a hole in the center of the lid by means of neoprene gaskets, and is protected
from the volatile materials in the melt by means of a solenoid-operated shutter.
An adjustable-lens and prism assembly located on the lid permits temperature

measurements with an optical pyrometer.

The liquid-nitrogen cold trap is made of brass and sealed by atmospheric
pressure to the system, using an "O" ring, Heat leakage into the trap is de-

creased by using two thin-walled tubes to support the main body of the trap.

The trap is equipped with a liqﬁid-nitrogen level indicator which actuates

an automatic filling device,

A VMF-100 diffusion pump is positioned directly beneath the cold trap. A
valve for admitting helium to the evacuated systein is placed between the diffusion
pump and the vacuum shut-off valve. Both of these valves are operated by the
master-slave manipulators with the aid of ratchet wrenches, A thermocouple
vacuum gage is installed in the line between the mechanical pump and the diffusion
pump. The mechanical pump is equipped with a hoist for lowering it to the floor
during operation, thus eliminating vibration of the furnace. The mechanical pump
discharges into an oil separator and filter.

Because high-temperature processes tend to produce ‘considerable amounts
of radioactive particulate matter, the main operational area is encapsulated in
plastic boxes (Fig. 2, 3). One of these boxes is constructed on a removable
table and contains all items of process equipment or their access doors; the
other box is fastened to the ceiling of the cave and confines the retracted
manipﬁlator grips when the cart is not in place. The joint between the two boxes
is closed with an inﬂatabl‘e rubber seal. These boxes contain all operational
apparatus used in the various processing experiments. A pair' of slide-valve
plates, located at the open faces of the boxes, permits these plates to be isolated
from each other and to be sealed off from the room before removal of the lower
box from the cell. Both boxes have blowers and air filters and are maintained
at 0,25 to 0.50 inches of water below cell pressure; therefore, all air leakage

is into the boxes.

The furnace and vacuum pumps are suspended froxh the table, and cooling
water, electricity, and gases bare supplied frdm a manifold on the inner face of
the cave. As a safety measure in case of implosion of the silica vacuum tube,
the entire furnace, inéluding- the induction coil, is enclosed in a 1/4-in. transite
shield. . o

2, 50-Kg Drossing Furnace - Inert Atmosphere

A)sche_matic diagram of the oxide-drossing furnace is shown in Fig. 4,

which shows the various components of this system.
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Fig. 2.

Induction Furnace Installed in Dust Box and Cell
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The magnesia crucible is about 5 in. ID x 10 in, deep. The coil is about
8 in. in diameter and the space between the crucible and coil is filled with alumina,
This assembly is supported by a transite box about 24 inches on edge with the
crucible lip near the upper edge. A double-trunnion pouring arrangement is used
with the pouring-trunnion center line passing through the crucible spout to permit
pouring directly over the mold center, even though the mold is about 6 to 8 inches’
away from the crucible lip in the melting position. This coil-crucible unit is
supported about 1 to 1-1/2 ft above the base with the tilting mechanism below and

to the rear of the unit.

A ventilation hood carries the temperature-sensing and viewing equipment,
and serves as a point of attachment for the electrical precipitator to collect
volatile Cs in the furnace off-gas. The hood is movable and is designed for re-

mote maintenance.

The ingot mold receives the molten charge from the oxide-drossing furnace
preparatory to being charged to 4 vacuum-casting furnace., The ingot configuration
is accordingly dictated by two considerations — first, the shape and inside di-
mensions of the vacuum-~furnace crucible, and second, the means of gfappling
employed. The present ingot concept as shown allows adequate clearance in the
vacuum-furnace crucible and includes a tapered plug to fill the bottom-pour 7
opening and a head suitable for grappling. Also shown is the mold-casting device
which incorporates a split permanent-type mold. In splitting the mold, the ingot
is stripped and moved out from under the furnace pouring-lip ready for grappling.
The movement is accomplished by means of a gas-operated cylinder actuated in
a single motion. Directly above the ingot is a grappling device which transfers
the ingot to the vacuum furnace using a crane hook on different rails for pick-up

and release.

3. Resistance-Type Drossing Furnace -

In this furnace; operations may be conducted in high vacuum or in an inert

a.tmosphere while heating may be accomplished by an electrical resistance heater,

and pouring may be done over the lip of the crucible,

The entire furnace assembly (Fig. 5, 6, 7, 8) is enclosed in a large ven-
tilated hood ta ‘confine the spread of activity. It is hdpéd that pl\itonium-enriched
materials, in particular, ma.y be processed. The furnace body itself is shielded
with 5-in. thick steel slabs capable of reducing the radiation from irradiated
fuel to tolerance level. The top and front slabs are mounted on rollers which
permit their ready removal for furnace loading, unloading, and maintenance. A
small movable shield plug in one side permits the separate removal of the castings.

The inside dimensions of the cave are 33 in, x 28 in. x 33 in. deep.
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Pumping System and Movable Shields

Fig. 5.
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Fig. 6. Exterior Furnace Body
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-8, Molybdenum Resistance-Heater with Shields
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The furnace is furnished with the following: (a) a platform which holds both
crucible and heating element and which can be tilted 90° from the vertical to each
side; (b) movable water-cooled shields over the crucible; (c) a mechanism for
positioning a stopper rod and moving it vertically; (d) a movable bucket which
may be used for charging while the furnace is closed; (e) top and side windows
with movable shields; (f) water-cooled molds which may be moved into various
positions while the furnace is in opéra.tion; and (g) thermocouple junctions at
strategic points. The movable parts of the furnace are operated through "O"-ring-
sealed connections by means of lazy handles extending through the shields. The

furnace body is 20 in. OD x 28 in. high., It is internally water-cooled.

The resistance heater is constructed from 0. 2-inch diameter molybdenum
rod and is fed via water-cooled copper tubes by a 10:1 step-down transformer
connected to a 208v line. v

The pumping system consists of a 6-inch oil diffusion pump, a 4-inch
booster pump, and a 60-cfm mechanical pump. The design specifications require
a speed of 600 liters/sec at 10-5 mm. A second mechanical pump for roughing
down or for backing up is included. A stainless-steel liquid-nitrogen trap of the
thimble type is located between the furnace and the diffusion pump. A sensing
thermistor in this trap triggers an automatic refilling device which draws from

a large liquid-nitrogen reservoir tank in the hood.

B. HIGH-TEMPERATURE SYSTEM FOR THE MOLTEN-MAGNESIUM EXTRACTION
OF MOLTEN URANIUM

1. General

To provide experience in the handling of molten-magnesium and uranium
phases, a larger semi-works scale extraction unit, capable of handling 5 kg each
of the magnesium and uranium phases, has been constructed. The system in-
cludes an extraction vessel, charge vessel, and receivers for the separated
uranium and magnesium phases (see Fig. 9, 10, 11). The entire unit is positioned
within a 20-kw resistance furnace capable of maintaining temperatures of the
order of 1000° C. About 5 hours are required to heat to 1000° C, and approxi-

mately 10 hours to cool to room temperature.

The phases are transferred from vessel to vessel by means of pressure
and vacuum. Pressure-equalizing lines extend between the extraction vessel and
the magnesium and uranium receivers. These prevent material transferring to
the wfong vessel. All transfer lines are fabricated of tantalum and these are clad

with stainless steel outside the vessel to prevent oxidation of the tantalum.

The phases are mechanica.lly' mixed with a tantalum stirrer rotating at
600 rpm., The stirrer packing-gland is located outside the furnace and is water-

cooled.

730

"

i W



AGITATOR
ET;/ DRIVE
: PRESSURE 1] : - PRESSURE
PRESSURE VACUUM : PRESSURE VACUUM
VACUUM EHE  VACUUM T
: msmocoum\
$S_COVERED
pr=r=d bl TANTALUM = i b
§li TUBING ]
a4
TYPE
N 310 ss
N
TANTALUM
i TUBING
! TANTALUM
N <+ AGITATOR
I L o
N L 4
\ + GRAPHITE
N + A : CRUCIBLE
N L 4
B \\\\\\\\\\\: ——
‘ \-§
! ‘\ i REFRACTORY
| i PLUG
- v \ V
MAGNESIUM URANIUM ALLOY EXTRACTION : CHARGE

EXTRALT RECEIVER RECEIVER VESSEL ) VESSEL

Fig. 9. 5-Kg Scale Magnesium Extraction Unit {Schematic)

The operational sequenée involves loading the charge vessel with the
magnesium and uranium charges, degassing at 400° C using a mechanical vacuum
pump after which an argon atmosphere is maintained in the equipment, heating to
1000° C, transferring the molten-magnesium and uranium alloy phases to the ex-
traction vessel by means of pressure, mixing the phases for one-half hour, and

finally transferring each phase to an individual receiver.

Initial éxperienée with this unit has been gratifying. No difficulty has been
experienced in transferring the molten phases. Under a pressure differential of
5 psi for magnesium and 18 psi for uranium, the phases transfer in a few seconds.
In initial runs, the heel remaining in the charge and extraction vessel froze
to the tips' of the transfer lines and prevevnted the removal of this crucible. To
prevent this occurrence, a screw mechanism was incorporated into the bottom
flanges of these vessels to provide a means of lowering and raising the crucible

within the vessel.

Difficulty has been experienced with magnesium condensation in the vacuum-
pressure lines, with the result that these have occasionally become partially or

completely plugged. This is being remedied by the use of small vapor traps within
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. the furnace (see Fig. 12). These traps are maintained at 2 temperature somewhat

~ below the freezing point of magnesium by air cooling. Any magnesium vapor dif-
fusing into these lines is solidified. On discontihuahce of cooling, the traps will

- heat to above the magnesiurn melting point, and any condensed magnesium will
drain or may be blown back to the vessel.

\

ARGON OR VACUUM LINE

AIR v
w—=[}

e THERMOCOUPLE

= AR ouT

/

CONDENSER

TO VESSEL

Fig. 12, Magnesium Vapor Trap

Difficulty has also been experienced in removing the ingots and heels frorh
the graphite crucibles. It is apparent that at the high temperatures used, the
liquid magnesium penetrates into the porous walls of the graphite. "Graphitite"
crucibles, graphite-treated to provide a relatively non-porous surface, have been
ordered and will be tested. - '

In this equipmenf. an imperfect sepéfatioh of the phases is effected. The
quantity of uranium used is such that the interface is below the magnesium trans- -
fer line. vConsequently. a clean magnesium product is obtained, but any magnesium
remaining in the extraction vessel is transferred with the uranium. In practice,
this may not be serious since little plutonium would be present in the final
uranium raffinate and magnesium heel. However, consideration is also being

given to incorporating a phase-separation vessel.

Data will be forthcoming on successive batch extractions of plutonium-

chromium-uranium alloys containing up to 1 w/per cent plutonium,
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This is the first relatively large-scale extraction unit to be built and tested.
Transfer and handling of the molten phases have not proven to be difficult,  Bolder
designs of new extraction equipment are being developed on the basis of the ex-

perience obtained with this unit.

2. Magne sium Distillation

The objective of the magnesium distillation studies was to develop equipment
for demonstrating distillation of magnesium and its condensation and collection as
a liquid, since in process use it will be most convenient to handle the magnesium

in the liquid state.

To reduce attack of molten magnesium on fabrication materials, the mag-
nesium distillation is conducted under reduced pre.SSure. The temperature of
distillation selected is 725° C, corresponding to a magnesium vapor pressure of
10 mm. A condensing temperature of 680° C, intermediate between the freezing
point and the temperature of distillation, givés reasonable temperature differ-

ences for practical operation.

Fairly successful operation was achieved with the unit shown in Fig. 13.
In this unit, the still pot and receiver were heated by resistance elements; the

condenser was heated inductively by an 80-turn induction coil from a 15-kw

Absolute
Pressure Gage

Mild Steel 'l«-Thermocouple Well
Gasket o @
|
|

“=Calrod Heaters
Graphite n -

Crucible =™

«— Thermocouple Wells

Vacuum or

X pressure

Resistance
Hecﬁnq‘—'

pons—t~

>>Colrod Heaters

d

Induction Heating Coil

Condenser

Graophite Crucible

Still Pot

<—Resistance Heating

Receiver

Fig. 13. Magnesium Distillation Unit

motdr-generator unit. An induction coil was used since this provides a method

of removal of the heat of condensation by radiation to the coil and surroundings.
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This unit was fabricated of type-347 stainless steel. Although this material .
is attacked by magnesium, it was used because of its resistance to air oxidation.
However, attack by magnesium was apparently very slight. Graphite cruéibles
were used in the receiver and still pot. Mild steel gaskets were used between

the flanges and provided a vacuum-tight unit,

The major difficulty with this unit was that large temperature gradients
existed along the condenser. While it may have been possible to obtain a uniform
temperature along the condenser by adjustment of spacing between coil turns,
this was considered an unsatisfactory approach. Resistance heating was tried
but this was unsatisfactory because it was not possible to remove the latent heat
of the condensing magnesium, As a result, the condenser temperature would
rise to that of the still pot.

Consequently, it was decided to jacket the condenser and use liquid sodium
as a coolant, Two alternative cooliﬁg methods are possible, One is to circulate
liquid sodium thrdugh the jacket and remove the heat of condensation in an ex-
ternal heat exchanger. The other is to use a static sodium system in which the
pressure is adjusted to give a sodium boiling point of 670-680° C, which is about
60 mm of mercury. Heat of condensation boils the sodium until it condenses in
an air-cooled reflux condenser (see Fig. 14 and 15). An induction coil is used
to heat the sodium to 670° C and maintain it at this temperature. Close control
of power input, whether from the induction coil or condensing magnesium, is not

required since only the rate of sodium vaporization is affected. The static sodium

—1 VACUUM
NE{= D<I= pressure _
CALROD ' ABSOLUTE  PRESSURE
HEATER 7

N b COLD TRAP

TCWELL ,
/- _( —————NO REFLUX
i B CONDENSER .

GAGEV

| | . VACUUM PRESSURE
T.C.WELLS |
STILL |
_ SODIUM
POT COOLED
CONDENSER INDUCTION.~”
 'HEATER

Fig. 14, Magnesium‘ Distillation Unit with Sodium-Cooled Condensér {Schematic)
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Fig. 15. Magnesium Distillation Unit with Sodium-Cooled Condenser

system 1is also much simpler than a flowing system, since it eliminates the need

of a pump and complicated heat exchanger,

-

Performance of the sodium-cooled unit has been excellent in the four cold
runs and one active run made in this unit. About 2 kg of magnesium were distilled
in each run, Temperatures along the condenser varied by only 10 degrees or
less, and the temperature of the condenser could be maintained at 670 to 680° C
with no difficulty.

One active run involving 1600 gm of magnesium and 3 gm of plutoniﬁm has
been made. Baffles were used in the still pot to reduce plutonium entrainment
since previous work showed them to be necessary to reduce plutonium entrainment
to the order of 0,01 per cent. For easy recovery of the plutonium, care was

taken to prevent the still pot from running to dryness. This was done by fixing

a

the still-pot ﬁhermocouple well about 1/2 in. above the bottom of the crucible, so

p—

b;

that the thermocouple temperature would rise when the liquid level dropped below

the thermocouple tip.
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A still-pdt heel of 300 gm of magnesium resulted. The distillate was very
clean in appearance and contained 0.5 gm of plutonium. This results in a decon-
tamination factor of 6 x 103 for the distilled magnesium,

Il. FUEL-SLUG REFABRICATION vEQUI'PMENT

A brief descriptio"n of some of the equipment which has been used in recasting
uranium slugs, cutting slugs to size, and checking slug dimensions is presented
here. There are alternate approaches to making and finishing uranium slugs.
The material pfesgnted here covers only a portion of the equipment for refabri-
cating fuel which is under engineering development. It is hoped that the casting,
cutting, and measuring systems discussed represent an approach to a low-cost
industrial method.

A. FUEL-CASTING EQUIPMENT

Twa, typical casting systems associated with static and centrifugal casting
techmques are discussed here, although there are other methods such as "injection"
casting. Both static and centrifugal castmg have considerable potent1a.l as low

cost industrial processes.

1. Static-Casting Furnace

A 50-kg induction-heated, tilt-pour slug-casting furnace is shown in Fig. 16.
This furnace is powered by a 4200-cycle, single-phase, 200-v, 30-kw alternator
which is directly coupled to a 50-hp motor. A control console allows continuous
variation of power input from 0 to 150 per cent of rated power and also permits

control of the generator-circuit capacitance and the induction-coil voltage in

~ order to operate the system at a power factor (in the generator circuit) of very

nearly unity.

A vacuum is maintained in the fuifnaée _enclosizre by means of a diffusion
pump backed up by a gas-Ballasf mechanical pump. The charging bucket and
thermocouple locks are evacuated by an independent pump. An alphafron and a
thermocouple gage are used to measure the vacuum,"

“The furnace bpowerra.nd_‘cooling water are fed coaxially. This allows the
furnace to be tilted for pouring by means of an external hand wheel. The mold
table aleo can be positioned by an external hand wheel. ~ The sight ports allow
visual observation of the melt and pour, permitung rapid optical pyrometer

temperature readmga. i

A commercial MgO steel melting érucible, completely outgassed and

sintered at 1600° C, serves as the container,
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Figures 17, 18, and 19 show the casting mold and a sample casting before
and after the separation of:individual slugs. The:molds are made of graphite.

2, Centrifugal-Casting Furnace

Figure 20 shows an elevation-sectional view of the centrifugal-casting

furnace.

The furnace chamber is a stainless-steel shell 42 in. in diameter and 60 in.
hfgh. This shell is composed of three sections: (a) the top, 10 in. high, (b) the
center, 32 in. high, and (c) the bottom, 18 in, high. Extending from the bottom
section about 3 ft is the centrifugal-casting 5-hp direct-drive unit. The center
section is fixéd'in place by means of stationary legs which are attached to the
floor. Overall height from floor to the top of the furnace is 8-1/2 ft, allowing
about 1 ft clearance from the bottom of the centrifugal drive unit to the floor.

This clearance allows the hottom mold section to be dropped away from the center
section and moved out horizontally on the tracks to the mold stripping area,

Within the interior of the center section are the crucible and the high-
frequency induction-coil assembly. The crucible is roughly 6 in. in diameter
by 12 in. high and is designed to hold 50 kg of uranium. A powér source of 50 kw
feeds the induction coil, - The crucible is of coated graphite and provided with a
hole in the bottom for bottom-pouring. The hole can be plugged with either a
stopper rod or with a fusible uranium plug. The auxiliary induction coil about
the pouring spout allows the fusible plug to be alfernately cooled and then heated
at the time of tapbing. ' '

Attached to the top section are the crucible cover and the stopper rod holder
mechanism. This mechanism is equipped to apply a positive pressure on the
stopper rod during ‘r‘nelting and then releasing it when the melt is ready to be
tapped. ' ' '

Directly below the crucible is the cexitrifugal mold-cone distributor. This
graphite distributor sits at the center of the mold insert housing. The mold |
housing is constructed of aluminum alloy and contains Z4vcopper mold inserts,
This copper insert is 3/4 in. 'diameter by 7 in. lor;g and receives the molten
uranium ‘é,s it is discharged from the cone distributor. The entire mold assembly
rotates at speeds of from 200 to 300 rpnily during the casting. A radial log angle
of approximatelyv35’ on the copper inserts is necessar.ry‘ to obtain dense castings
with good'suffaces. The combination 'o_f cqppér and aluminum in the mold is

desirable to obtain opti_mum~ thermal conductivity during the chill casting.
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B. ELECTRICAL DISCHARGE SLUG CUT-OFF MACHINE

Electrical discharge machining involves the removal of metal by electrical
arcing between an anodic work piece and a cathodic electrode. Electrical dis-
charge machining differs from arc machining in that a high-frequency arc rather
than a dc arc is developed during operations, Frequency of the arc may vary
from 20,000 to 1,000,000 cps; the load capacitors may be as large as 100 micro-
farads. The high temperature and pressure of the arc cause machining on all
electrically conductive materials tested to date (including tungsten). The high-
frequency power éupply is rated at 4.5 kva with an input of three phase 220-v ac.
The machine is a mill equipped with the Elox M500 head, a horizontal servo-feed,
and servo-cross feed. The machine will be used as a straddle mill (Fig. 21).
Cut-off discs will be copper, 0.013-in, thick and 8-in, in diameter. Inasmuch as
there is no tool pressure during cutting, a simple lever action vise will be used.
The entire machining operation must be submerged in a dielectric oil; a metal
trough contains the oil. A circulating pump and filter located in the rear of the

machine will remove carbon and metal from the oil.

C. FUEL ELEMENT DIMENSION-CHECKING EQUIPMENT

Figure 22 shows a dimensional slug-inspection device. Slug dimensions to be
checked are the length 6.000 £ 0.015 in, with readability plus or minus 0.002 in.,
diameter 0. 750 £ 0.0125 in. with readability plus or minus 0,001 in,, out-of-
roundness £ 0,001 in,, and bow plus or minus 0.030 in. with readability plus or
minus 0.001 in. The device consists of a special fixture mounted to the cross-
feed of a bench lathe in which the slug is supported on 6 cam followers; 2 cam
followers are spring-loaded to assure proper centering. One cam is driven so
as to rotate the slug. Two dial indicators are mounted on the lathe bed and a
third indicator on the end of the slug, All critical dimensions will be held to
within 0,0001 in. A standard defect and precision rod will be provided to
periodically check the instrument's accuracy. The procedure on each slug will
be as follows: the slug will be placed in the device, the middle-section slug will
be moved to the dial indicator and rotated so as to locate the plane of the bow;
this is the reference plane. The slug is moved horizontally and changes in the
dial indicators noted. These readings will note diameter, change in diameter,
and bow. The cross-feed will be reversed, the slug rotated, and, as indicated,

readings noted around the diameter.
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PYROMETALLURGICAL PROCESSING:
ECONOMICS AND PROPOSED ENGINEERING APPLICATIONS

d. H, Schraidt, W. A. Rodger, M. Levenson, S. Lawroski,
D. C. Hampson, J. Graae, L. F. Coleman, L. Burris, Jr.,
G. J. Bernstein, and G. A. Bennett*

May 1, 1957

Several power reactor systemsl’a’:"’h (see Table 1) are pow under comstruction
or are planned in the United States in whichk fuel processing will be carried out
by remote pyrometallurgicel methods. In these proposed reactors, the fuel is
present as a metal, either as a liguid metel or as solid fuel elements. The use
of pyrometallurgicel processing schemes for metal-fueled reactors is based on the
belief that the pyrometallurgical process methods are inherently suited to and
will ultimately prove to be the most economical method of processing metal fuels.

The reactor systems ghown on Taeble 1 are pllotl reactors designed to provide
the technology and operationsal experience for the construetion of lezge-scale
pover reactors. The pyrometallurgical processing faeilities for these reactors
are also pilot plant efforts aimed at the engineering development of the pyro-
processing methods and the remote refabrication of fuel into new fuel elements
for recycle to the reactor. An important objective of these reactor systems is
the demonstration of a closed fuel cyecle.

This demonstration program should provide the infbmtion required to design
industrisl plants for reconstituting reactor fuel assemblies from irradiated or
discharged fuel materiels by these nev pyrometallurgical procescing methods. The

*Chemical Engineering Division, Argonne National Laboratory, Lemont, Illinofs,
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ultimate purpose of these power reactor programs is to develop power reactors for
central station power spplication wvhich meet the requirements of both technical
and economic feasibility. By economic fessibility is meant the production of

pover at costs competitive with that from conventional power producing methods.

Table 1

Reactor Systems Employing Pyrometallurgical Fuel Processing Methods

Reactor Type Fael ‘

Experimental Breeder Fast Breeder -- " Plutonium or Enriched

Reactor No. 2 (EBR-II) Sodium Cooled Urantum Alloys

Sodium Reactor Thermal -- ‘Slightly Enriched

Experiment (SRE) Graphite Moderated Uranium

: ‘ -« Sodium Cooled

Liquid Metal Fueled Thermal -- Dilute Solution

Reactor (LMFR) Graphite Moderated (800 ppm) of U-235 or
«- Heat Removed in U-233 in Bismuth

Circulating Fuel ,

1. Economic Factors Supporting Pyrometallurgical Processing

'mei'e is 85 yet no experience which shows the economics ot‘ ‘the pyrometallurgical
processing methods. Such experiences will first be provided by the pilot plant
operations described sbove. However, cost estimates have been made (see Table 5)
vhich indicate total fuel proéeaaing and refebrication costs of near 2 mills/KWH
of electricel output. Potential savings in processing by pyrometallurgical methods

are thought to be possible through’
1) Reduction of fuel inventory through ebility to process

. shortecooled material.
-2) Elimination of chemical conversion, i.e., direct process-
‘ing of fuel as metal.
3)  Abvility to utilize lov but adequate fiselon product
- decontamination in conjunction with remote fuel
fabrication.

4)  Recovery of expensive alloying agents.
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5) Direct production of dry, concentrated fission product

wvastes.
6)  Avoidance of many expensive critical mass problems. | k,,/
7}  Operstion of & emall compact processing plent at reactor 2

site to avoid shipping costs.
It might be well to point out that processing coste are generally only a small

[

fraction of the total fuel cycle costs, and it 1s the total fuel cycle coste which

are important. The total fuel cycle cost must include chemiceal processing,
reconstitution, and refebrication of the fuel, end the costs ascignable to the

fuel during residence in the reactor. Thus, the alternative of employing & fuel
vhich can be given a high percentage burnup, and which would, therefore, require
 only occasional processing, even though this processing were relatively expensive,
might very well be superior to freguent, inexpensive processing of a fuel é.ap'able
of being irradieted to only & emall percentage burnup. The support for pyro-
metallurgicel process development will be more clearly evident by the azplification
of the sbove econcmic factors which follous.

A. Inventory
Aging or cooling of discharged reactor fuel is presently required before

L ()

reprocessing to permit gross reduction in radicaciivity and heat geperation, and

(Y]

to permit complete conversion of product intermediates such as neptunium and
protactinium. Wiere high decontaminatlion of the fuel is yegquired im order to
perm1is hand yefabricatiom operatiocns, decay periods of the order of 100 to 200
days may be required in oxder to allow decay of highly active uranium or plutonium
ieotopes {such as uranium-237, whick cernot be removed by processing). For aging
reriods of 100 to 200 days, inventory chsrges become a significant cost item in
the total fuel cycle costs. Such decay periods will epproximately double the

#

necessary fuel inventory.
Not only are inventory charges :I.uportant,v but fuel which is being stored

for decay represents fuel that might be better employed in other reactors. This

-

is particularly importsnt in countries in which the emount of fissiousble material
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availeadble ie in shoxt supply.
From the standpoint of the inventory problem alone, serious efforts are

justified on the development of processes vhich can hendle ehort-cooled fuels. A
desireble characteristic of the pyrometallurgical processing methods is their

suitability for the processing of short-cooled fuels, The incentive of inventory
reduction through fast chemical processing is behind a corresponding epproach for

aqueous homogeneous reactors. A emall bleedstream of the reactor _t\:el contents
is contimuelly processed to remove fission product poisons and to keep the level

of these in ths fusl low enough that they do not result in significant
neutron losses,

. B, Elimination of Chemical Conversion

Changes in chemical state during the fuel reproceseing cycle are expensive
and often lesd to complex reactor fuel cycles. The processing of metasllice fuel
elements by cénventional aqueocus processes requires the dissolution vof the fuel
in an aqueous medium, the purification of the fuel irn solution, the »:lsolation of
the fissionable and fertile salts, and the conversiocn of these salts back to metal.
Figure 1 illustrates the steps vhich are required in a conveational fuel cycle.6
Handling the fuel directly &s metal within & pyrometallurgical process resulte in a
process such as shown orn Figure 2.6 The sinwnéity of this process is epparent by
contragt with that of the conventional aguecus process. :

If fuel is processed dlrectiy a5 metal, the volume of materiel to de

handled daily fs very small. For example, for s 1,000 megawatt reactor which burns

its fuel el@nts to S,OOQ megawatf.-d.ays{ per ton, the daily processing requirement
vould smount to culy sbout 2 1/2 galloms of urenium. This volume of msterial
may be handled in small compact equipment in processing facilities that meed nmot

be very large. Beceuse of the emall volume of material, it seems reasonsble that
batch proceaaingrprocedures be employed since remote contimuous ‘procesaing‘is‘ not
very applicable to th!,s volume of material.

C. Fission Product Decontemination
The required fission product decontemination is dependent upon the fuel
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‘eycle vhich is employed. If hand refabrication operations are required, exceedingly
high fission product decontsmimation factors, of the order of 10° to 105, are
required in conjunction with long cooling periods to provide for decey of short-
lived isotopes and for decay of radioactive product isotopes which cannot othervwise
be removed. However, if remote refebrication of fuel elements may 'be;ertomed,
then the situation is changed redically. Table 2 {llustrates the required
decontamination factors d.ictgted by varicus reasons of fuel processing. For
purposebs of re-enrichment sufficlent fission product atoms must be removed to

make room for the addition of new fissionable material, else the volume of the
fuel will increase; for purposes of repairing irradiation damage to the fuel
element, the gaseous and non-metallic fission products must be removed in order to
preserve the metallurgical properties of the fuel which are important in re-
fabrication opsrations; for.purpoﬁea of removing nuclear polsons, a significant
percefitage removal of some fission products is required, but this need not exceed
a factor of 10; and, as indicated previously, for direct refabrication operations
an exceedingly high kda‘contami‘nation of the discharged fuel is required, Deconta_n,x‘-
ination requirements mzy be Qeen »to be vary modest if remote refabrication of the
fuel element is possible. . ‘ ,

Eo reactor conmleg has been constructed to date which émploys & closed
fuel cycle. As reported by Amold! contimued fuel recycle vill lead to the
accunulation of fissile or fertile materiel daughter activities, so that even long
cooling pericds will not, either after or before decontamination, meke it possible
to produce & product of sufr;cienﬁy lov activity for hand refebrication operations.
For example, uraniumms-237 is produced in the irradiation of U-235 from the intere .
ménate u-236 by successive neutron captures. In 8 fast pover breeder reactor
- operating on enriched uranium vith high fuel conswmption per cycle (2 per cent of
the total atoms), the fusk cocling time required would be of the order of 100 deys.
After infinite fuel eycles, the U-237 acvivity will have increased by & factor of
10, requiring an additional 25 days cooling In addition, signiﬁcant quant!.ties
of Bp-237, Pu-238, Pu-240, Pu-2kl, Am-2k1 begin to eppear. '
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Table 2

Required Decontamination Factors

For re-enrichment ~ 1

For rediation damege ~ 1 tol0
For fission product poison removel ~ 1 to 10
For direct refabrication ~ 106 to 108

Similarly, in the U-233 fuel cycle thorium~234 is produced in the
irradiation of thorium-232. Seventy-year uraniwm-232 is produced from thorium-232
end decays to 1.9-year thorium-228 and its dsughters. Figure 2a ghows the puclear
reactions involved. The presence of thesz byproducts leads to a
particularly bad situstion: & short decay period will lead to U-232 in the U-233
product end allow growth of some thorium-228 into the thorium. The presence of
U-232 in the U-233 product makes mendatory remote purification and refabrication
of the U-233, Under continued recycle, the thorium product':, even under optimm
conditions of reactor flux irradiation level and decay iime,becomes very much more
radicactive than the natural thorium. 1I% is scumetimes proposed that semi-remote
refabrication of the thorium products be employed. Semi-remote operations are
those involving the use of light shielding or distance such that a dose of 1500
mr per veek to the bends end 300 mr per week to the body is allowed) Limited
exposure of personnel to higher radiation levels fhrou@out the week may be
alloved. Under this latter condition, other work must be found for personnel
for the remaining period of time, work in vhich there is no chance of additional
exposure to irradiation.

Existing plutonium fabrication facilities are scmi~pemote according to

the above definition. Despite the use of light shielding (lucite or gless barriers),

specialized fabrication and operation of equipment is expensive.{

- *mMmese exposure levels may be reduced since the present trend is to lower
permissible levels of exposure.
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It/decomes clear that under corditions of continmued recycle of fuel,
Temote refedricaticn of the fuel element is likely to be required in any event.
The need, therefore, for high decontamination fectors in fuel processing is - &,;
elin;.nated, and processes which provide small but adequate flesfion product decon- e
tamination, such as the pyrometallurgical type of process, may be considered and |
may be employed advantageously. |

D. Recovery of Expensive Alloying Ageats
The development of radiaticn-stable fuel elements vhich are capable of

vithstanding relatively high fuel burmmps (of the order of 2 per cent of the total
atoms) has been sccomplished by the use of alloying elements. Molybdenum, niobium,
zirconium, and ruthenium are elements vhich, vhen alloyed with uranium, improve ite
radiation stebility. All of thege elements are fairly expensive. Zirconium costs
around $40 a pound; and ruthenium, several hundred dollars a pound. If these
elements are lost in the fuel reprocessing procedure, their replacemeant in order
to reconstitute new fuel elem.ents‘ is likely to de a very expensive consideration.
This could easily lead to the situation in vhich the value of the fuel alloying

\

agentes epproaches that of the fissionablc material. An important considerstion in
presently conceived pyrometallurgical proceseses is that these elements are not
removed. N

E., Waste Disposal

In the United. States, present practices of waste hendling involve the
storage of large volumes of radiocactive vastes in specielly constructed storege
vessels. HNo solution to the waste disposel problem has been found other. than that
of concentration and confinement. An ecoﬁmic advantege of the pyrometallurgical
processes 1s that the vastes ere concentrated and dxy in & form suitsble for
disposal or for utilization. In fact, they ere so concentrated th‘atv problems of

¥

heat removal may require dilution for storage. This would seem to be easler than

problems of concentration which are normally encountered in waste handling.
F Criticality Problems

Problems of eritical mass control in processing enriched fuels directly

-
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a3 metal are much less severe than if processed in aqueous sclutions vhere the
presence of the water moderstor makes critical emounts of U-235 small. Criticsl
mass control, vhether by infinitely safe geometry or by batchesize contyol, has
proven costlj in aqueous processing plants. If processed directly as metal, dbatch
gizes are such that the daﬂy output of central station power resctor (500 W as
heai) asy be safely processed in two, or possibly one batch.

G. Ehipping Costs ‘

Proposed pyrometallurgical processing facilities are located at the -
reactor site in order to gvoid long distance shipping coats. Although high
‘capacity plants are dcsira‘bie from the standpoint of econcie processing, pyro-
metallurgical processing procefures 4o not lend themselves to use in a large
central processing facility because of the smltiplicity of fuel element
shepes ani compositions encountered.

' However, use of plants at the reactor site avoids ehipping costs to
central facilities, vhich may be scme distance avay. Shipping costs for highly
irradiated fuel are high because of the tons of shielding wvhich must be transported

8, costs may be of the order of

per pound of fuel. According to C. E. Stevenson
$50-$500 per pound of irradiated fuel. The investment in shipping containers is
heavy, perhaps of the order of $15,000/cask. Heat transfer provisions must be
provided to remove fission product decsy heat. Criticality considerations may
impose severe limitations on the amount of fuel carried in a container. Safety
and security measures may also have & significant effect cn costs. On-eite, .
pyrometellurgical processing alleviates pot cnly the shipping costs but also the
' inventory costs. ' | | . ' ‘

H. Cost Estimates fox; Pyrometallurgical Processing and Refal&rication

Conceptual designs of pymmeta.llurgieai proceés and refabrication plé.iat_s
vere develoi:ed by Vitro COx'borat:I.ong and Atomic i’oﬁer Developmeﬁt Associa.f.ésm as
a basis for estmaiv:ingco'sts of these facilities. Similar preliminery information |
has been detailed by Argonne for the éxper!.mente.l processing pla.nt’which vill de
bult in copnection vith the EBR-II experimentsl resctor. Some of the importent
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design concepts fof this plaut will be described in the next section.

1. Cost Estimates for EBR-II Experimental Processing Facility

The contractors for the EBR-II experimental facility have made estimates \
of the construction costs based on preliminery designs. These estimates are for =

a processing plant which includes processing, refabricetion, end fuel re-essembdly
facilities, and for a separate laboratory and service building. This latter
building houses the general sdministrative offices for the reactor plant in
addition to the leboratory facilities. About 70 per cent of the construction
coste for this building are chargeadle to processing.

The estimated totsl cost for the processing plant end leboratory building
(Feb., 1957) is $6,920.000. Of this, $3,515,000 are construction costs; $3,405,000
are installed equipment costs. A breskdowun of these construction and equipment
costs is given in Table 3.

Unit operating costs given in Table 4 ere of little significance for the
required experimentel processing rate of 10 kg/day of enriched uranium, Therefore,
unit costs are also given in Table 4 for a throughput rate of 50 kg/day, which
processing rate could be achieved in the experimental plant. This processing
rate is ample for a 200 M (electrical) reactor operating with a fuel burn-wp
of 2 per cent of the total etoms. Onr this basls, unit reprocessing costs are
about 1.8 mills/KWH,

1Y)

2. Cost Studies by the Vitro Corporation end Atomic Power Development
Assoclates

Construction and operating cost studies vere made by the Vitro Corp.
and Atonic Power Development Associates on the basis of conceptual pyrometallurgical
processing plent designs. These designs are based on the oxidative drossing
yrocess investigated at Argonne National Laboratory end a processing rate of

18,000 kg/year, or enough capacity to serve a 167 MW reactor at 1 per cent burn-up.

v,

The cost estimates were based on processing aud refebricating a complicated fuel
element. Eighteen fuel element plates, each 30.5 inches long, 2.48 inches wide,
0.04 inches thick, weighing about 2 pounds, were to be fabricated end assembled

into a radiator structure or subassembly, with sodium present in each radietor : \J
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yZ Table 2
‘Estimated Construction Costs

* For ERR-II Experimental Processing and Ladoratory Facilities

Construction Costs™

Building Conmstruction $ 439,000
Plumbing, Heating, Vent., Lighting, Fire Prot. 287,000
Process Cell Construction 696,000
Equipment (Exclusive of Process Equipment) 303,000
Yerd, Utilities and Services 100,000
Genersal Site Development’ 100,000
Lab. and Bervice Eldg. @ 70% of Total Bldg. Cost 560,000
Supplemental Pay _ 30,000
‘Total $2,515,000
Fixed Charges at 40% of Total Construction Costs 1,000,000
. Totel $3,515,000
Equipment, Costs” "
‘Process Cell Service Equipmert (Windows, Lights,
Locks, Etc.) - $1,130,000
Process Cell Equipment (Crenes, Manipuletors, Etc.) 720,000
Process Bquipment (Furnaces, Materials Handling
Devices, Fuel Fabrication, Etc.) - 925,000
Supporti.ng Equipment (Laboratory Facilities, Inert ‘
Gas Purification, Ete.) 630,000
_ _ $3,405,000
Total Plant Cost $6,920,000

By H. K Ferguson Co., Architect-Engineer
By Argonne National Luboratory.
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Table L

Estimated Annual Costs for an EBR-II-Type Processing Facillty

Processing Rate

Direct 10 kg/day 50 kg/dey"
Persornel $ 250,000 $ 450,000
Chemicals 10,000 50,000 %
Utilities 5,000 25,000
Fuel Agsembly Structures 20,000 200,000
Mairtenence snd Materials 50,000 ____200,000
$ 335,000 $ 925,000
Indirect Costs (k5% of Direct
. Costs Without Chemicals) 150,000 420,000
Fixed Charges at 25§ of $6,920,000 1,730,000 1,730,000
Total $2,215,000 $3,075,000
Unit Processing Costs 13 Mills/KWH 1.8 Mills/XWH
*Reactor electrical output rates assumed to be 20 end 200 MW, mspeétively. ¥

Required processing rates are L kg/dsy and 40 kg/dey for a 2 per cent fuel
burn-up and, 300 days of operation per year.

%]

section to provide a thermal bond. Many much more difficult remote refsbrication

operations are required than for refebrication of the pin-type fuel elements by

precision injection casting as previously described by Dr. Lem-oski.'u' The

refebrication operations for the above studies include: ingot preparation, hot

rolling, cold rolling, solid state heat treatment, slitting, stralghtening,

shearing, inspection, assembly, sodium filling, welding, grinding, leek testing,

‘and heat treatment of the complete subassembly. These are much more difficult

refabrication operations than ere ultimately believed necessary. ' »
The cost estimates, prepared in January 1956 and shown in Table 5,

result in & totel construction cost for the reprocessing and refabrication *

fecilities of $5,425,600, of vhich $3,717,000 ie for the processing facilitles -
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Table 5

Estimated Construction Costs for Pyrometallurgical Facilities
(By Vitro Corp. &nd Atomic Power Development Assoclates)

Processing Refabriecation
‘ Faeinty Facllity
Site Preparation $ 90,000 $ 1,30
Structures 540,000 170,720
Tunnel ‘ 648,000
Equipment 1,&17,000 498,900
Services 156,000 84,475
Instrunentation . - 59,000
Staek 84,000 20,000
Inttial Cell Atmosphere Purge (Argon) k2,000 36,800
Subtotal $3,277,000 $ 873,195
Indirect Construction Costs N 191,005
Subtotal $3,277,000 $1,064 ,200
Uninstalled Spares el 106,400
Subtotal - $3,277,000 $1,170,600
Ccmtmgenc} {20%) : » : S e 234,000
Total Ccunstruction Coet ' $3,277,000 $1,404,600
Decicn and Engineering (11%) : : Skl 154,000
Freliminary Cperstion Costs : © __kho0,000 150,000
Totals $3,717,000 $1,708,600
Tatal Plent Investment _ $5,425,600

* Includee reprocessing btuilding at $h08,000, air compreesors bullding at $6,000;
and maintenance ahop et $126,000.

¥ he entimates of the mdividual items for the processing facility include fringe
benefita for labor, spares, contingency, design and engineering, ete. .

end $1,7_08,600 1s for the refaﬁﬁcaﬁon facilities. | These estimaies were
prepared from vendors' quotes on standard equipment, and cost estimates of non-
gtandard equipment such es the decanning machine, trausfer equipment, snd
induction furnaces. It may be noted that the tunnel, through vhich fuel elements
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are transported from the reactor, coste $648,000. Location of the processing
cell adjacent to the reactor would eliminate much of this cost. The cost of
start-up operations vas estimated to be $590,000 which includes the coste for a
6-momth operator training period end & G-month. stert-up period. Approximately
$1,150,000 of the total comnstruction costs 1s for facilities used jointly by the
refabrication and processing facilities.

Estimates of the annusl operating costs for both processing and
refebrication are shown in Table §. This amounts to a total of $2,8383,900 of

vhich $1,536,000 is attributeble to processing, $1,247,900 to refsbrication.

These estimsdtes result in a unit cost of $15’4/kg of enriched uranium processed. On the

basis of 500 MW heat ouiput and heat-to-electriecity conversion efficiency of 33
per cent, the total processing end refabrication cost is 1.90 mills/KWH.

3. Cost Estimates by Atomics International

Cost estimates vere also prepared in Jamuary, 1956 by Mattern!? of
Atomics International for the remote processing and refabrication of a 75 MW
electrical sodium-graphite reactor. In this thermal reactor,l the fuel was assumed
to be irradiated to 3000 MWD/T. The rate of tuél discharge from the reactor is 60
kilograms;day. At this processing rate, the unit proceesing and fabrication costs
vwere celculated to be 1.93 mills/KWH. No breakdown to construction and operating
c 8ts was given.

A comparison by Mattern of equeocus processing and direct fabrication
end remote pyroprocessing and refabrication showed a savings of 0.k mills/KWH by
the pyroprocessing route. For recycled fuel for vhich remote fabrication becomes
necessary regardless of the fission product decontaminution effected, this
difference vould probably increase. Developments in fuel element designs to moke

then more amenable to remote fabrication techniques muy also be expected, with e

consequent reduction in fabrication costs.
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Table 6

Estimated Annusl Costs for Pyrometallurgicael Facilities

(By Vitro Corp. end Atomic Power Development Associates)

Direct Costs: Processing Refebrication
Personnel ¢ 280,000 ¢ 128,400
Chemieals 75,000 33,300
Utilities 16,000 ,000
Maintenance Ha.t.eriala 72,000 50,000

Total Direct Cost $ 143,000 $ 217,700

Indirect Costs:

Labor, materiels and overheed for

edminiatration, health physics,

firat aid, fire protection, etc.

at 45% of direct cost without

chemicals 165,000 $ 83,000

Total Operation end Msintenante Cost $ 608,000 ¢ 300,700

Fixed charges at 25} of total

construction crsts (see Table 5) 928,000 427,200

Subauenbl.y radiator structures - 520,000
Tctals $1,536,000 $1,247,900

Total Ansual Cost $2,883,900

)

Unit Cost $154/kg of enriched uranium

II. Proposed Fngineering Applieat:lons of !}yrometauurgiul Proeeaai_g
Procedure:

Ao E}perimntal Fast Breaeder Reactor No., 2 (BBR-II)

Probably the earliest operation of & pyrometallurgical proocess
facility will be that now bgj.ng deaigned for the EER-II fast breeder reactor.
The Vmajor objective of Vthe‘procpasing unit is to establish the technical,
engiﬁeexf;ng, and econonmic fq#aibility of pyromotallﬁrgical processing and
remot§ fuel refabrication,. | 7

The technicil feasibility will be based on processing and
refabricating all of the core material for many reactor fuel cycles and the
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processing of sufficient blanket material for adequate demonstration of the
blanket process.

Technical feasibility must includes

1) Performance, equipmont and process-wise, of the pyro-
metallurgical process and refabrication operations, and auxiliary
operations such as waste disposal, slag recovery, and inert gas
purification.

2) The effects of recycled fuel on process performance and
reactor operation, The bulld-up and effect of transuranic elements
during fuel recycle will be ascertained.

3) The reliability, dependability, and useful 1ife of
equipment and equipment compongnts.

L) The operational requirements with regard to caliber and
number of personnel required and other factors such as discharge

of radioactivity which might affect the locations of these plants.

Economic feasibility includes:
1) Capital investment.
2) Operating costs of fuel and blanket process.

1. Core and Blanket Compositions

It is planned to check the performance of the ESR-II reactor
with both enriched uranium and plutonium fuel loadings. The first core
loading will be a 60 per cent enriched uranium fuel. The second will be |
& plutoniun fuel, approximately 20 wt psr cent 4in plutonium. The noble fission
product elements are not removed by the pyrometallurgical processing
pfoce.dure employed, and will build up on continued fuel recycle, eventually
reaching equilibrium concentrations which are dependent on the per cent of
new fuel material added psr ’cycle. To avold dealing with fuel of changing
composition, the equilibrium concentrations indicated in ths following
table, excepting that of technetium, will be used at the start.
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~ Teble 7

Calculated Equilibrium Fission Product Concentrations .
(5 w/o New Metal per Cycle) .

Element Wt Per Cent
Zirconium - 0.10
Hiobium : 0.01
Molybdenum 342
Technetium - - I 0.99
Ruthenium 2.63
Rhodiun : 0.L7
Palladium 0.30

These elehents have been found to be beneficisl, increasing markedly the
irradiation étabnity of the fuel elements. "I’heir presence has increased
the achievable burn-up 80 that 2 per cent burn-up of the total atons 1s a
realistic goal. o ' o N ’

The uranium or plutonium fuel employed in the reactor is in
the form of small pins, 0.1kk inches in diameter by 1h.22 inches long.
’l’hesa pins are individually canned in atainlesa gteel cans, An annulus of
0.70L inches is provided between the pin and the can wall and is filled
with godiun which acts as & liquid thermal bond for heat transfer purposes.
Ninety-one of these pins are present in fuel aub—dasembly, :

The blanket or fertile :mt.erial will be depleted uranium,
For a large scale power reactor, processing of the bl.ankeﬁ elements would
be carried out when the plutonium concentration reached 1 pei' cent, For
the EBR-II pilot reactor, only a few of the inner blanket elements will be
processed in order to demonstrate blanket processing.

2. General Process Daséription

The core processing method will be oxide drossing, or
perhaps a more descriptive term iz melt refi.ning-,n’u"ls It involves
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melting the fuel in an oxide crucible, either sirconia or magnesia, and
holding it molten at a suitable temperature (1200-1300 C) for 2 to 3 hours.
During this period, volatile fission products are vaporigzed from the melt,
and fission products more reactive than uranium react with the crucible and
are removed in a reaction layer which forms along the crucible walls., The
noblé fission products are not removed.

The core processing flowsheet is shown in Figure 3. Major

steps in this flowshset are purification, fabrication, and re-assembly of fuel.

Auxiliary operations are sampling, waste handling, dross (slag) recovery, and
inert gaa purification.

After a 2 per cent burn-up and cooling for 15 days, the
radiation intensity one meter from a 10 kilogram batch will be approximately
105t0 107 R. This intensity will be reduced only by a small factor, 3 to
L, by processing. Radiation intensities throughout the processing area will
be of the order, 105 to 206 R/hour, with local areas of more intense
radiation,

The maximum fission product heat generation (beta and gamma)
has been calculated to be 0.2 watt/gram. Self-absorption of gamra rays
will increase with mass. Forced cooling may be necessary for massive
quantitjes or for close packed assemblies of fuel elements, which have

poor heat transfer characteristics.

3. Preparation of Discharged Fusl Elements for Processing

On removal from the reactor, the sub-assemblies are held in
the godium bath in which the reactor is immersed until heating by fission
product decay has subsided to the point where gas cooling will prevent
melting. The subassembly will be disassembled in the disassembly cell of
the reactor building. Individual canned pins are transferred to the .
processing building. |

The stainless steel can is removed by foreing the pin element

through three fixed knives located radially 120° apart which slit the can
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Fig, 3 - Flow sheet for EBR-II fusl processing and refatricaticn,

axially. The strips are pealed auay from the fuel elemant mich as & banana
peal>is removed from a banana. Part of the aodlum remains with the fuol
pin." T e e : ST R 3 ,

” ' The pins are then sheared into small pieces for ease of
handling and chargzng. Until they are to be charged 1nto the meltlng
crucible, the pins must be pread out 1n a tray. 1f piled together or |
stored compactly in'a container, heat removal from the closa packed
arrangement of pins is so poor that the mass will heat to'a temperature

near the melting point. At these temperatures oxidation or nitridation
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by impurities within the cell gas would be excessive, so a very low oxygen

impurity level must be maintained in the inert blanket.

L4. Fuel Purification

Melt refining will be carried out within. a closed furnace ,
wnder a very pure inert atmosphere (see mock#up in Figures 4, 5, and 6), The
procedure enployeﬁ to affect purification and metal recovery will be as follows:

1) Approximately 10 kg of fuel element pleces will be
charged to a pressed zirconia or pressed magnesia crucible.

2) The charge will be heated to a temperature of
1200-1300 C and liquated for a period of about 3 hours to effect
purification, _

3) The molten metal will be top-poured into a heavy
copper mold and chill~cast, |

L) After the furnace is cpened the ingot wilil be dumpea
| from the mold using a dsvice such as that shown in Figure 7.

Top pouring was selected as the most reliable pouring
procedure, Bottom pouring through stoppered taps was considered less
propitious because of the difficulty of seating stopper rods remotely. The
use of a fusible seal in a pouring leg could probably be made to work,
but -development probloms appeared formidable. |

3. Degeription of Mock-Up Furpace

The furnace chamber consists of a metal bell which is
sealed to the base plate by means of a fusible metal seal, such as solder.
All of the equip:ient (i.e., crucible and supports, mold, tilting mechanism)
will be mounted on the base plate. Sefviées will be brought.‘ through the
base plate from a service strip attached to the furnace base. Service_s_ may
be remotely connected or disconnected at the service strip’ by means of a

fusible metal seal (see Figure 8).
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Seal heater
/- .. .. - Connectors
Induction Coil :
Connectors

- Fig, 4 - Uranium melting furnace - Bell jar partlally removed,
Hoating is accomplished inductively using uncooled -

induction coils. =~ For this application, the use of conventional, vater-cooled
induction coils is considered hagardous. The water provides soms moderation

reducing the quantity of material which could be processed per batch. Much
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Fig, 5 - Furnace interior,

more important, however, are the severe consequences of a leak. If the
furnace filled with water, a critical mass might be produced. The reaction
of molten uranium with water or watar vapor would also have unpleasant
consequences,

Flexible leads are employed in order to accommodate
tilt pouring under power., Induction bus bars are brought from the condsnser
bank through the shielding to the furnace, a distance of about 10 feet.
Tests have indicated little power loss and consequently little temperature
rise in uncooled bus bar leads of reasonable size (1/2 x 2 inches) if the

flat surfaces are in close proximity.
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l Thermocouple
Connectot :

Fig. 6 - Crucible essembly in partially tilted position,

The crucible, susceptor, an insulating refractory sleeve
of zirconia, and the induction coil (1n the order given from inside to
outside) are posttioned in a metal framework which is supported on two
trunnions., The tilti.ng mechaniam consists or a pinion gear i.ntegral with Vt.he
framework and driven by a rack which extends thi-dugh the base for operation.
A sond adsorbent is in the basket which is mounted directly over the
crucible for trapping volatili.zed elements. By a suitable linkage
mechanism, the basket is rot.ated from ‘the crucible durlng pouring to
provide an opening Lhrough which the metal can pour.

A componentized assembly ls employed so that individual
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Fig, 7 - Ingot remover and sampler,

components may be replaced. The crucibles, susceptor, supporting framework,
and basket of adsorben. may be individually replaced, as can the entire base
plate after removal of the service jumpers,
b, Sampling
Two small protrusions, about 1/4 inch long x 1/8 inch

in diameter, will be cast on the base of the ingot. These protrusions
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will be sheartd off (see Figure 7) and submitted for analyses. Addition
of new fissionable material may tie made either in the purification furnace
on the basis of reactor burn~up data or samples of the original fuel, or
may be carried out in the remelt fuﬁace for casting new fuel elements.

¢. Trapping of Volatilized Materials

The sodium, which accompanies the fuel pins, magnesiim
from crucible (Mgo) reaction, and several fission elements volatilize. The
nﬁbie fission gases, xenon and krypton are retained in the furnace and are
later pumped to storage and aubseduent],y bled to the atmosphere., Other
fission products which are vaporized are cesium, small quantities of
strontium and barium, and fission products, probably cadmium and antimony.
The indiscriminate deposition of these fission products along with
folatively considerably amounts of magnesium (~50 g/10 kg charged) and
sodium (~30 g/10 kg charged) is undesirable,

Two surface-active materials, activated charcoal, and
a material called "™Molecular Sieves,"‘ corposed mainly of calcium aluminum
silicates and generally used as a drying agent, have been found to be
effective sorbents at elevated temperatures for sodium. At 800 C, and a
gas flow rate of 15 ml/(min)(aq cm), these have exhibited remarkably good
efficiencies up to loadings of 20 per cent/unit walght for Molecular Sisves
and activated alumina and L0 per cent/unit weight for activated charcoal.
These loadings before breakthrough are apparently & function of flow rate,
and dscrease with increasing flow rate. Tests are continuing to determine
more fully the characteristics of these sorbents. One of these naterials
will, however, eventually be selected and will be contained within the bed
located just above the crucible,

5. Refabrication of Fuel Elementsl6
Precision casting of the fuel pins has been selected as the

* Product of Linde Air Products Co.
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mothod having greatest promise and adaptability to remote operation. An
injection casting process is employed in which the pressure of an inert
gas (helium or argon) plus the inertia effect of the moving metal-sérvea
to fill inverted evécuated molds. The method consists of the following
steps:

1) A shallow crucible of metal is melted under vacuum in
a vacuum-pressure furnace. A cluster of tubular molds with the top ends
clo;ed is auspehded above the crucible iﬁ such & manner that the sprue
or gate ends are pointed down toward the metal bath.

2)/ The crucible is raised, lmrersing the lower ends of
the tubes in the liquid metal bath, and the furnace is simultaneously
pressurized with inert gas to several atmospheres.

3) The gas pressure forces the molten metal into the mold
cavities,

L) The ﬁnmg of the cavities is further implemented by
the ram inertia effect of the molten metal as the mold is filled.

A schematic drawing of the equipment designed for this
operation is shown in Figure 9. The furnace chamber consists of the metal

bell which is sealed to the fufnace bottom by means of a solder-freeze
seal. The crucible is mounted 6n a vertically acting ram, which,in its
lower position, centers the crucible in a solid conductor induction coil,
and which may be raised to immerse the tips of the molds.

The molds consist of pieciaion bore ($0.0705 4n, diameter
tolerance), high silica glass (Vycor) tﬁbes coated on the inside with a
c¢olloidal gr;phiee wash, The Vycor tubing has a disadvantage of low
resistancé to mechanical shock and the pressure and temperature c{ the
metal must be very closely controlled to prevent the‘rupturing of tﬁa tubes
as the metal is rammed into them in the casting operation. The colloidal
graphite wash gerves to separate the metal from the silica; Where the

wash coating is imperfect, a reaction layer forms between the silica and
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the metal which causes a slight roughening of the surface of the casting.
Where the coating has been applied uniformly, the cast surface is extremely
smooth and glasslike. Tolerances of 10,001 in. dismeter are produced in
approximately 96 per cent of the castings. Figure 10 shows castings which
&ve been produced by the injection castihg technique. ‘

‘Tba molds are shielded from direct heat radiation from the
crucible by a tantalum shield which automatlically swings out of the way
as the crudiblea rise, Power for melting is supplied 'by a conventional
high-frequency generator outside the shielded area through the induction
coil around the crucible assembly. As in the melt refining furnace, the
induction coil is uncocled, The charge is melted under high vacuum and
since the molds are within the vacuum chamber, they are also evacuated.

After immersing the molds, pressure is supolied from a
pressure tank to a pressure of 1 to 2 at.mosphéres, In order to provide
sufficient heat removai to cause the metal to solidify in the central
tubes, forced coo].i.ng' may be supplied by circulating the pressurized
furnace atmosphere down across the tubes and up over the furnace shell.

After cooling, the castings are removed and fed between two
concave roughened mills which causes the glass to break away from the castings,
in emall fragments, The castings will then be inserted into the spindle of

‘a double-collet lathe where they will be notched exactly 1kL.22 inches apart

and the ends brokaﬁ away byb pressure rolls, It is believed that the rods
can be fractured with sufficient accuracy Qo that it'will unnecessary to
face the ends.

, The fuel element castings will then be loaded into
profabricated stainless steel tubes with a 0,008 inch wall and 0.008 inch
larger in bore diameter than the fuel elements into which a measured
volume of sodium ﬁxetal (ca. 1 ml) has been previously extruded under an inert
atmoaphéra. The sodium is subsequently melted allowing the uranium to

move down into the tube and the level of the melted sodium to rise above

777




Fig. 10 - Photograph of injection-cast fuel pins showing smooth
surface conditions (3 X actual size),
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the fuel pin. The end cap 1s welded on by an arc welding process. The
tubes are then centrifuged to eliminate bond separations and are passed
through an inductive éurre,nvt scanning device whien mdicatesv volids in the
sodium bond.

Al1 other parts of the fuel element subassemblies except
the active fuel elements are assembled outside of the cell so that‘ only
incorpération of the active fuel elements in the subassembly is required
within the cell, Each subassembly is leak-dstected by the mass
gpectror;xeter leakedetection method. WNinety-one of the fuel subassamblies‘
are assembled into the hexagon-shaped major assemblies which are the fuel

elements for the reactor.

6. Auxiliary Process Operations

8. Dross (Slag) Recovery and "Dragout" Processing

In order to prevent buildup in the concentration of
the nobls fission products which are not removed in the melt refining
process, some provision must be made for their removal, Physical removal
of & portion of the fuel materisl ("dragout") and replacement with fresh
fissionable material which does not contain the noble fission elements
will serve to 1imit the buildup of the noble fisgion'producta. After -
many cycles of fuel through the reactor they will reach an eqﬁilibrim
concentration which is dependent upon the fraction of material removed
and on the percentage burnup of fuel in the reactor. These equilibrium
concentrations are given in Table 7 for the 5 per cent metal removai
which has been selected. |

, Some fuel is removed as droaﬁ and if this mmovai
amounts to around § per cent of the total fuel material, there is then no
necessity of furthor removing more material from the fuel recycle stream.
If, however, the drossconstitutes only 1 or 2 per cent of the charged
fuel material, it will be necessary to remove additional material from the
fuel recycle stream. This dragout material and the alagr remain:l.ng after
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the melt refining process must be processed to remove the noble fission
product contaminants in order to return the contained fissionable material
to the reactor fuel cycle. |

As presently conceived, equipment will be installed
for demonstrating slag or dragout metal recovery and noble fission product
separation. Investigation of processes for this purpose are now underway.
‘The most promising process involves the use of ginc as a solvent for the
uranium metal from which a uranium-ginc intermetallic can be precipitated
by cooling (see paper by H. M. Federu‘)., Separation of ths uranium-zinc
intermetallic from the zinc solution which contains, by appropriate .
selection of conditions, the bulk of the fission products may be
accomplished by filtration through a porous graphite filter., Subsequently,
the 'JZn9 may be decomposed, the ginc vaporigzed, and the renidual uranium
ooalesced into a metallic button for return to t_he process. |

b. Blanket Processing

Blanket processing in the EBR-II facility will also be
carried out on the demonstration basis, Sufficient blankei material will
be processed to demonstrate the technical feasibility of this operation
and to provide for estimates of the cost of blanket processing. The

process will probebly consist of extracting the plutonium {rom a molten uranium

S w/o chrom:'mm alloy with molten magnesium and subsaquently distilling

the magnesium away from the plutonium.17 The magnesium will then be
available for recycle. Considerable laboratory and semi-works experience
has been accumulated on this process and has been reported in the papers
by K. M. Federll and E. E. Motta,18 Adaptation to plant scale has not been
carried out. |

Ce Inert Gas Purification

The fusl material, which will ba at a relatively high
temperature as a result of fission product heating, iz exposed to the cell

atmosphar\e in numerous operations, such as the decanning, storage, and
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transfer operations. Under the conditions of high burn-up and short
cooling, it is exﬁected that the temperature of this materlal may be kept
down to 600 C by suitable storage procedures. At this high temperature,
uranium will effectively getter the atmosphers of oxygen. The reaction
rate with nitrogen at this temperature is negligible in comparison. In
order to prevent severe oxidation of the uranium, it is necessary to maintain
a low-oxygen atmosphere within the cell. Argon has been selected as the
inert blanketing (ga:a, The ch.dlcrer 61‘ argon rather t.hen helium was based on
the fact that the movemsnt of relatively large quantities of gas through
| purification equipment and the containment of gas are mﬁch more easily
effocted with argon than with helium. In order to prevent severe oxidation
of the uranium in the cell atmosphere, the maximu tolerable oxyéen
concentration in the blanketing gas has been set at 100 parts per million.
Since nitridation of uranium at 600 C occurs very 2lowly, the nitrogen
apeciﬂcation has been arbitrarily establiahed at the relatively high
value of S volume per cent‘.
The ¢ell gas must be continuously purified in order' to
maintain the low oxygen concentration level. While chemical procedures may
be employed to control the nitrogen concentration, the least expensive
and most convenient method involves simply purging occasionally and
- replacing with fresh argon. The reprocessing rate for removal of oxygen
will be dependent on the leakage rate of air into the cell. It is

dlfficnlt to estimate this leakage rate, but on the basis that high standards
of fabrication and construction will be met and that careful operating |
_procedures uilll be followed, an in-leakage rate of 0.0l cfm has been

assumed for the sizing of purification eqixipment. This leakage rate

requires a processing rate of only about 20 cfm to maintain the oxygen
impurity concentration below IOQ parts per vmillion, and an argon purge

rate averaging 0,16 cfm to maintain the nitrogen concentration at 5 volume

per cent,
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‘The oxygen purification procedure selected involves
the catalytic conversion of the oxygen to water over a palladium catalyst
and removal of the water from the gas stream using a drying agent, A
material called "Molecular Sieves,"*which is a dehydrated geolite, hés been
selected as the drying agent. This material is capable of adsorbing up to
20 per cent by »weight water and its efficlency is such that for a linear
flow of 2 ft/sec and a bed length of 3 _ft the concentration of the effluent
gas 1s less than 1 ppm in water.

A flowsheet for the inert gas purification operatibn
is shown in Figure 11. The palladium catalyst is 0.5 weight per cent
palladium-on~alumina catalyst. It has the very desirable characteristic
that it can function as an efficlient hydrogen adsorber up to a hydrogen
loading of 0.L47 ml/ml of. This hydrogen is also available for
reaction with oxygen in the gas stream to form water., The catalyst then
can function as a hydrogen reservolr as well as a hydrogen adsorber. This
allows soms flexibility in the operation in that if the hydrogen loading
on the catalyst is maintained at & fraction of saturation, small deviations
from stoichrometry caused by rate fluctuations or changes in the oxygen
content will be neutralized by the catalyst. The effluent stream will be
constantly monitored for nitrogen and oxygen.

The major equipment items of the inert gas purification
unit consist of a compressor having a capacity of 100 cfm against a head
of S psi, a palladium catalyst chamber, and & single drying unit containing
100 1bs of "Molecular Sieves” drying agent., For an in-leakage of 0.0l cfm,
regeneration of the "Molecular Steves™ drying unit will be required once
every three months and will be accomplished by heating them to 350 C and
stripping the water off with air. After regeneratioﬁ the air 1s evacuated

from the dryer,

#® Product of Linde Air Products Co.
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The gas purification unit will be located in a lightly
shielded enclosure outside the cell where it may be operated and maintained
semi-remotely. Delivery of purified gas within the cell will be to
special locations where high purity gas will be especially beneficial,
such as storage of decanned pins or processed metals.

d. Waste Handling

The major high activity wastes produced in pyro-
metallurgical processing are the gaseous wastes liberated during the melting,
and the golid wastes comprised of slags, crucibles, and used equipment
items. Liquid wastes are expected to be of low level and result from
analyticel and decontamination operations. Conventional procedures
(evaporation and storage of concentrate) will be employed for disposal
of liquid wastes, The gaseous and solld wastes will be handled as
follows:

Gaseous Wastes. Xenon and krypton are liberated

during the melt refining operation ( Table 8 ) into the inert atmosphere
blanketing gas within the furnace. They are pumped out of the melt
refining furnace and stored for a time sufficient to alloy decay of the
S.3-day xenon activity to a level safe for disposal. Storage for a time
of approximately 3 weeks is required. Two storage methods are presently
being considered, One involves the simple detention of the gas within a
large storage tank from which it may be removed in controlled amounts for
dilution and disposal up a stack to the atmosphere. The second method
involves retention on activated charcoal at room temperature. This latter
method looks attractive in that a relatively large volume of the xenon
and krypton gases may be retained by a small volume of adsorbent. Initial
batches of material deposited on the adsorbent are displaced by the
succeeding batch and eventually would be eluted to the atmosphere, By
proper sizing of the adsorbent tower and éontrol of the total volumetric
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N | Table 8
XEVOV_AND KRYPTIN IM DISCHARGED EBR-II FNEL

Burnup: 2 per cent of total atoms in 1395 days

Cooling: 15 days

Total Volume at Curies per

Element STP/10 kg of Fuel (cu ft) 10 kg of Fuel
Xenon 0.15 1.35x10k
Krypton : - o , 97

flow of gas through the tower, it is possible to retain the xenon and
krypton on the bed sufficiently long to allow decay of the xenon activity.
§gl§§_§§g§g§° Solid wastes are expected to consist
mainly of used crucibles, slags, stainless steel cans, the broken vycor
molds from the pin casting operation, and equipment items which #re being
replaced. The slags will consiitute an intense source of both radio-
ectivity and heat. Althougﬁ concentrated in a form convenient
for utilization, methods are baing sought for immobilization of the
activity. One possible ﬁethod consists of immersion in gzinc, Céntral
metal temperatures have been calculated to be of the order of 350 € which

is below the melting point of zinc.

7. Prbcessing Cell Description

The’proceasing cell will be cylindric#l in shépe having an
internal diameter of approximately 62 feet and an internal height of
16 ft (see FigureéilZ‘and l3)o‘ ?br the acﬁiQity'levela within the
cell, S5-foot wall thicknsess of heavy aggregate concrete (density:
200 1bs/cu ft) must be employed to reduce radiation along the outside
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MR




Fig, 13 - Inert atmosrhere processing cell (plan),

wall to 1 mr/hour, giving an outerkdiameter of 72 feet. A shislded room
(S foot thick walls) for general supervision and operation is located
centrally within the cell and extends up into the cell & distance of

10 feet; leaving a free height of 6 fest above it which constitutes a
relati#oly’loiﬁaétivity area into which cranes and manipulators may be
moved when not in use, The oﬁerating annulus remaining is 16 feet in
radial width, Floor levels of the interior observation area and the
external operation areas are 3 foot lower than that of the hot cell,

which places the cell floor flush with the lower edge of observation
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windows and brings most equipment operation to about eye level.

Several cell configurationg were studied before a cyli.ndrica;l
cell was chosen., Its major advantages are the excellent visibility of zll
operations afforded by the interior auperviaorj area, and the considerable
redﬁétim in height over rectangular configurations made possible by a more
coinpact vertical array of cranes and manipulators. The one obvious
disa&vantage is that its size cannot be increased. Consequently, adequate
provision for expansion must be provided initislly.

Operations may be viewed through windows located in both the
external and internal walls of the cell. General viewing of all operations
is convenlent from the interlor area. However,: individual equipment itens
may be located along either the inner or outer interior walls of the
anrulus, and the specialized operations for individual equipment pieces
will be made from the most convenient location.

Hine windows are equally spaced in the inner shielding
wally 13 in the outer. The windows will consist of thick (L to 10 inches)
plate glass laminations. The glass will be cerium-stabilized to resist
darkening under radiation. The windows will be stepped to increase the
viewable area, to eliminate straight-through radiation beams, to
provids inner shieldsd gasketing gurfaces, and to reduce cost.

Services will be brought into service strips located both
around the exterior and interior cell walls. Services will be jumpered
from these strips to service strips on the particular equipment itenms.

Two cranes and six manipulators will be employed. The
manipulators will operate on two sets of tracks (below those for the cranes) .
The problem of power supply to the manipulators is considerably simplified
over that for a long rectangular cell, Power will be distributed from an
axial post. Two alternative methods are being considered: (1) the use of
slip rings and (2) the use of fixed connections through cables which are
allowed to wrap themselves around the central post up to a maximum radial
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motion of 277 degrees (see Figure 14). The cranes will be used to move
heavy equipment and are in a position to replace the manipulators. Two types
of manipulators will be employed. One type provides articulated motions
(elbow, wrist, and gripping); the other provides only rectilinear and
gripping motions for va;'ious rontine lifting and transfer operations. In
addition to the manipulators and cranes, special purpose equipment will be
used in many materials handling operations.

Introduction of equipment and materials will be tﬁrough inert
gas locks, the covers for which are made leak-tight by solder fi-ee_zo seals,
Several siges of locica will be provided. - Attached to the processing cell
will be a hesavily-shielded air cell through whick all materisl transfers are made
and in which are performed those operations not requiring an inert
atmosphere. A high-purity argon blanketing gés will be used in the circular
cell (smee discussion of inert gas system in Sec, 60 . In order to prevent
air in-leakage to this proceas cell, which will be slightly negatiir_e with
respect to the operating areas, a steel merbrane will line the inner cell
walls, High integrity of this membrane is required. This leads to special
design requirements for eea_ling"aruund windows ‘and service inlets. The
membrane will be cooled in certain areas for heat removal from the cell,

A basement area beneath the process cell brovides access to
the central operating room, Auxiliary procbsses and equipment 1t.erha are
8180 located in the basement. Thase include an inert gas purification
system; heating, ientilating, air filtration and refrigsration imif.a;
induction heating equipment; cooling systems; etc. '

~ General Cansiderations; In a remotely operated cell, both

the processes and equipment must be greatly simplified, Each detail of
equipment must be scrutinised to determine its suitability for remote
operation. The highly rgdi.éactive environ;nént must. be considered’ in
dosi'gn» bt proeeaa‘ eqﬁipvmant.y |

Org#nic materials such as rﬁbber, neoprene, polyethylene
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oils and greases are damaged at from 107 to 108 roentgens and in our
process céu, with 106 r/hour background, will last only & few hours.
Plastic seals on vacuum equipment, bearings, gasketing for pipes and
vessels must, therefore, be avoided or provision must be made to replace

them at intervals not exceeding that for minimum damage.
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Even the best non-brownihg optical glass will loss transparency

in short periods of time. Optlcal systems exposed to the fuel, for example,

inspection periscopes and microscopes, should be mirror optics. It may bo
necessary to equip windows with shield shutters to prolong the useful life

or to make the front layers of windows replaceable. Conventional

. electrical insulation will be damaged in a few hours in the high radistion

environment. Mineral insulated conductors and cables of the typs using a
compacted magnesia insulation in a swaged copper or steel jacket are
satisfactory, provided a way may be found to seal the ends without the use
of organic materials. ‘Conventional electrical motors are not satisfactory

unless they can be shieldsd.
Design and construction of this cell is scheduled to be

completed in 1958; hot operations should commence late in 1959
B. Pyroprocessing Refabrication Experiment (PRE)

The pyroprocessing—refabrication experiment is an engineering
development program based on the remote pyroprocessing and refabrication
of irradiated uranium metal fuel discharged from the SRE reactor. SRE are
the code letters for Sodium Reactor Experiment which is & reactor of the
thermal type, grachite~modsrated and sodium-cooled. The pyroprocessing
refabrication experiment is a part of the research effort auﬁported by the
U.S. Atomic Energy Commission for the development of new fuel processing
systems such as the pyrometallurgical processes which offer promise of
reduced fuel cycle costs, The proposéd program involves the initiation of
a series of mock-up engineering experiments on cold or unirradiated -
uranium, the construction of a shielded PRE facility and the carrying out
of a group of processing and rqfabrication experiments using highly
ﬁdiuctive metallic uranium fusl which has been irradiated in the SRE
reactor. ‘

Since a very dstailed description of this experiment‘has been

written as a document which will become part of the Belgium Conference

791




A

literature, 19 only a brief description of this experiment will be given
here. In some respects the pyroprocessing refabrication experiment is
pimilar to the program for the EBR-II reactor, b
However, in the PRE facility. it is necessary only to <
process and refabricats fuel elements on an experimental basis. A closed
fuel cycle will be carried out with the refabricated fuel elements., It
is the goal of this demonstration program to provide mtbmtion required
for the design of large scale plants using the pyrometallurgical process
approach,
The basic procesa for SHE uranium fusls as conceived at this time
consists of tbe following steps:
A. Disassenbly of SRE fuel clusters and dscanning of the
irradiated uranium fuel slugs in the SRE fuel rods,
B, Melting, oxlde slagging or drogsing, and re-enrichment
of the uranium,
C. Casting the uranium back into slug form.,
D. Inspecting the slugs. bt
E. Canning good quality slugs into SRE rods and assembling

these rods into SRE fuel clusters,

-

In-cell cold process operations are scheduled to begin in 1960.

Hot process operations will be undertaken about one year later.

| The basic PRE flowsheet is shown in FigurelS . The fuel is
8lightly enriched uranium. It is expscted that a burn-up of epproximately
. 0,3 per cent of the %total fue) items will be achieved. Because of ths
high thermal cross-sections of some of the fission products, notably the
rare earths and xenon, it is important that these elements be rather well
removed from the SRE discharged fuel. For the activity level resulting
from 3.3 per cent burn-up, & shielding wall thickness of 3 1/2 feet of

heavy aggregate concrete is required to reduce the radiation level of the

£

'operati.ng face of the cell to about 1 mr per hour,
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1. Fuel Processing and Refabrication

As in the EBR-II facility, purification of the irradiated
fuel material will be effected by a melt refining operation in which the
fission gases are liberated to the furnace atmosphere and the active
~ elements such as the rare earths are removed in a reaction layer along the
walls of the crucible, Two types of furnaces will be tested: a tilt-pour
furnace (Figure 16), in which the melt is poured into the mold, and a bottom-
tap furnace (Figure 17), using either a stopper-rod plug or a frozen metal
seal. The fuel slugs will be cast directly into 6-inch long by 0.75-inch
diameter slugs from the melt refining furnace,

Considerable equipment development and testing is required
for materials handling within the cell, materials transfer into and out of
the cell, and slug inspection. These include cranes, manipulators,
special mechanical devices necessary to remove the fuel can, transfer
mechanisms, vacuum locks, shielded caskets for transfer of material into
- and out of the cell, visual equipment including windows and periscopes
and closed circuit IV syatems, inspection devices, and decontamination

equipment.

2., Inert Atmosphere Purificatlion

As in the EBR-II facility, it will be necessary to maintain
an inner atmosphere in the fuel processing and refabrication cell. Xenon
and krypton fission product gases evolved in the melt refining operation
are allowed to escape and mix with the inert cell gas. These fission
product gases will be subsaquently trapped in a charcoal adsorbent at
liquid nitrogen temperatures which is part of the inert gas purification
system. After the xenon has decayed to a safe activity level, ths
fission product gases will be vented to the atmosphere.

3. Hot Waste Disposal

The solid radioactive waste (crucible liners, skulls, and
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small pieces of contaminated equipment which are no longer useful) will
be ram packed in steel cans and sealed for cooling and/or storage.

Eighly radicactive waste may require temporary cooled storage in &

water reservoir before permanent land burial is possible.

C. Processing of Uranium Bismuth Reactor Fuels by Fused Salt
Extraction : ;o

The 1iquid metal fuel reactor (LMFR) under development at the
Brookhaven National Laboratory uses a fuel which is a solution of g ’
mgﬁesium, and zirconimn in liquid bismuth, The bismuth fuel solution
aiso functions as the coolant and is continually pumped throu;gh the
reactor and through heat exchangers for the removal of heat. The IMFR
is a thermal breeder reactor in which the breeding is carried out in a
blanl:evt, the most promising blanket material being a thorium-bismuthide
sglurry in bismuth.

2N at thermal

Since the neutrons-per-fission value for U
energies is only 2.131, it is necessary to maintain very low concentrations
of fission product poisons in the fuel :l.n order to breed with & breeding
ratic significantly greater than 1, For the low fission product

concentrations desired in the LMFR, thg rate of fuel processing is

necessarily high in terms of the pounds of fuel which must be handled

per day. However, under con_ditions of continuous operation, the bleed
gtream which must be removed gontinﬁomsly for fission product removal
amounts to less than one gallon per minute for reactors _baving heat
generation as high as 1,000 megawatts, ; ,
o The process development work has been thoroughly documented in
ths open Vli.teraturezo'a?,r and consaquentlj will be discussed only briefly. -
As in the melt refining operations, the ﬁssion products can be
divided arbitrarily into three groupst
| a) Those qleménts or compounds formed from fission product
elemeﬁta which are appreciably volatile at operating temperatures.
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~b) Non-volatile elements which form chlorides more stable

thermodynamically than uranium chloride and elements which as anions

form salts. v { I
¢) Non-vplatile elements which form chloridss less stable

than UC1,,
In the first two groups are the elements which constitute by far the worst
reactor poisons. These are xenon and the rare earth elements, with their
very high thermal cross sections. The noble fission elements, owing to
their low poisoning effect, can be allowed to build up to considerably
higher concentrations in the fuel with less frequont processing of the fuel
being required for their removal, It is proposed to remove the volatile
fission groducta by a volatilization process consisting either of gas
sparging or a simple daesorption, the latter carried out under low pressurs
conditions if necessary. The stable fission products comprising the rare
earth poisons can be continuously removed from the fuel by salt extraction
with alkall and alkaline earth fused selt mixtures.

Two approaches hate been proposed for the salt extraction process.

- The first, called the stoichiometric method, involves the use of a
relatively strong oxidant in the salt mixture such as UCly or BiCl, in
concentrations just sufficient to remove the greater portion of the
fission products from the fuel stream without oxidizing an appreciable
amount of the uranium. 4 proposed carrier salt for the chloride oxidant
is KCl-NaCl-MgCl, in the respective proportions of 18-24-58 weight per
cent., The use of UClyas the oxidant has the advantage that as the fission

products are removed, yranium is simultaneously added to the fuel. The

sacond proposed system is the buffer system in which the salt is again a

mixture of KC1-NaCl-MgClz. In this case, the magnesium chloride salt iz reduced
by the rare earth fission products. The buffering sffect results from the use
of a magnesium salt in conjunction with magnesium metal in the fuel alloy. -

The magnesium in the metal phase serves to buffer the uranium and prevent
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1ts being oxidized. Although magnesium is introduced into the mstal phase by

reduction of magnesium chlorids, the oxidation-reduction potential of this
type of eystem is not affected by small changes in the concentration of
the magnesium chloride in the salt or the magnesium in the mptal and
S " therefore can be eaéily controlled, However, the magnesium concentration
in the metal should be held to around 100 parts per million.

1 At Brookhaven National Laboratory, both the austinitic Type 347
| and the ferritic 400 series stainless steels have been used with good
success, as long as the egystems are oxygen-free, Zirconium and maghesium
in concentrations of about 100 parts per million are addsd as corrosion
inhibitors, It is believed that the zirconium functions as a corrosion
inhibitor by forming a protective layer on the stainless steel surface.
Magnesium serves as an oxygen getter., Its principal function, there-
fore, is to prevent the oxidation of uranium, and the subsequent lose .
of uranium from the solption by deposition on the surfaces of piping and
equipment. Pretreatment and conditioning of equipment before use includes
auch operations as electropolishing, degassing un_dar high vacuum at
temperatures in the neighborhood of 800 C and contacting with magnesium=
bismuth solution,’ |

The c?;rrosibn aspects and system stabllities have been investigated
in out-of-pile and in-pile test loops. An in-pile loop was opérated in
conjunction with external process _equipment (Figure 18 ) for approximately
I, 700 hours without incident until leakage developed with cne of the
’eiectromagneticﬁpumps. In this time the concentration '6fi‘_'nran1um
.éemaine@ at 800 ppm ¢ 7 ‘per cent. The salt mixture employed was_
the MgCl,-aCl-KCl buffered system containing 250 parts per million
girconium and about 20 parts’b‘a‘r miliion magnesium, By the use of
magnesiun and gircontun inhibitors, corrosion has been reduced to small
values, as indicated 'by'cOnsta’nt‘ cbncar;trat;ons of magnesium, chx_'omiﬁm
and iron, 17 ppm, 32 ppm, and 75 ppm respectively. However, the nickel
- concentration in the bismuth rose slowly (k ppm/da.vfor a weight of 110 kg
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0 i,

of bismuth), The use of iron-chromium-molybdenum alioyé is now being

_tested. All of the necessary components of iihis system were present in the

‘ 'j in-pile loop, and various engineering operations have been carried out.
»y These include sampling, salt-metal contacting, pumping, vacuum degassing,
o ete,

The failure of the electromagnetic pump cells indicates the need
of a change in cell or mounting design to improve their reliability and
to make the cells readily accessible for rap]acement.

A proposal for blanket processing consists of partial dissolution
of the thorium-bismuth intermetallic by pulsed neating. This liberates
bred U-233, and the undissolved intermetallic compounds are the sced
crystals for growth 61’ deairable equi-axed crystals formed on cooling.
Thorium-bismuthlde platelets crystallize from an unseeded solution, giving
& non-Yewtonian suspension which is difficult to handle. |

D. Summary
| % Development of pyrometallurgical processes for fusl processing
~and refabrication was stimulated by the need for reducing fuel cycle costs
. - for competitive nuclearl power production. -Although these are low de-
contamination processes, low decontamination is sufficlent for reactor
purposes, and is of minor consequence under continual fuel recycle
conditions where the inbf‘eeding of isotopes of the fissionable and fertile
elements makes remote processing necessary even when fission product
decontamination is high. Savings are éxpected by reduction of. fuel
inventory through rapid processing, usev of simple, compact processes.
requiring no chemical conversion, recovery of axpensi}fé ailoying agents,
and simplification of waste disposal and eriticality pboblems. Preliminary
econcomic evaluations indlecate fuel processing and,refabrication costs of

around 2 mills/electrical KWH.
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‘To provide the necessary experience for large scale plants,
three pyrometallurgical facilities are presenfly planned for integral
operation with a reactor., These are the EBR-~II fast breeder and the
Sodium Reactor Experiment, for which the recovery process will be oxide
drossing, and the Liquid Metal Fueled Reactor employing a dilute solution
of uranium in bismuth to be purified by ‘salt contacting. The engineering
and economic feasibility of the remote pyrometallurgical fuel processing
method, remote fuel fabrication and direct fuel recycle will be determined

with these facilities.
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