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NON-AQUEOUS PROCESSING-AN INTRODUCTION 

S. Lawroski* 

May I, 1957 

zhe preceding portion of this aynrpoelum ha6 dealt via those recovery , 

and purification u&hob e c h  are charsc%erized by thelr w e  of queous solutiwrs 

for reprocessing spent nucleeu f’ucl8. As already made clear froat the earlier 

dlscusrrl0ne an -1 dissolution, it is not. alvrys easy to solubilize In aqueous 

media some of tha reactor fhel compositions vlrlch have been dovelaped or 

envisioned by the fuel fabricrvtDoa tccbnologist~. Moreover, when these methods 

b LUT employed for ibel recowry the OrrreU reactor fkl cycle takes the rather 

coaqpllcated fonn ahoM 1cell.y in Figure 1. 

reveals that nitmy operatio3ls must stUl be pcrfornaed efter the chunical purification 

An cmmin8tlor~ of this flgure 

etep befow the recovorcd fuel can be re-Introduced to the nuclear reactor. From 

an e c d c  standpoint there arc tvo consequences resulting tmln a rue1 

E cycle vim #la degree of complexity. One of theee I s  the qpense of cosductiog 

each of the operation8 noted and thc secoatl is the large invozttozy of -1 vhich 

G 
*Chemical Engineering Division, ArgOMe National Laboratory. Lernont, Illinois. 
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Fig. 1 = Reactor fuel cycle with solvent extraction pocess. 

I s  accumniLated in the various steps of tke fuel cycle. Because of these disadvantages 
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b 
c 

3 

end others such es long cooling tima (far accey OS shorter ~ f - l i f e  fission 

plpobuct8) and dlf'ticult vaate problem8 w i t h  quem6 processes, detennlaed efforts 

to 8 S m p l l ~  thio fuel cycle have led to serious consldewtloaLs of non-aqUeou8 

processing methods. 

For some time nov, nan-a4ucous pmcesaes have been under intensive study 

to establish their chcmlcal and ergbeerin3 feasibi l l t les .  In the a& several 

pressntatiarza the results obtained thlls far on fluoride volat i l i ty  processes and 
4 

w Wmmetallurgical processes #311 be reported. AlMtowh the application of 



4 

continued d.eveloFpnent cffortrr . 
A ccqpelllng f i ~ a n  for  thh ls%ere& etems trorm the fact that these 

metho& offer cansiderattle prolatuc of nduclng the nrmiber of oiperatlng steps 

currently required in the reactor fuel cycle. A schematic flowsheet for a 

re,bc.l;or fuel cycle EnrF].oyj.ng the fluoride volatility process for purlflcatioq of 

1 (purification by solveat artraction) reveals ttrat a lesser rumiber of 

operating steps is required for the reactor fbcl cycle in vhich a fluorldc 

volatil lty septmatlons process is employed. zhis reductioa in number of steps 

simplification of t&e fie1 cycle mey btt obtaintd v i a  a pyramatallurglcal type 

w i t h  the w e  of pyrometu;llurgical procesalng for a pover reactor of the fast 

breeder type. It v3 l l  be noted that romotc fabrication is m e  because 

only p m d .  decontamination l t i  obtained vith this type Of prOCe88. 

Another feature of non-aqueous reprocessing methods is that 

they are much leas susceptible to deleterious radiation effects thea me certaln 
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Fig. 3 - Reactor fuel cycle with Pgrametallurgical pcess. 
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1 

by aon-aqueous methods for obtalnlng, %be fission products in concentrated 

fonn. Tbis can eaable more econmic utilization OE storage of these by-producte. I Iho compactness of W e e  processes is paxticultWly oubtaading in the case of 

~ t a l l u r g l e a l .  met3aod8 sfnce, in this cme, the purifzcatiotp of irradieted 

reactor material $6 generally schieved dhile retaining the metallic state 

throughout. Since neutron modcrating ma%erials are absent, the critical mass 

hrprowc the ?ucl, Ufth present proccsses these materials are UfflcdLt to 

The first non-aqueou6 metholp for reprocessing spent nuclear iuels which 

process. Varioue  aspects of this proceso v U l  be presented by m. Cathrrs, 

Rdger snd Vogel. Although various volatllfty processes might be eauisioned, 

chRxY4ctatistlcs of the fiuostda system Uve resulted in 

I t s  sa lee t l~~n  for detdltd trveatigatioaG. 

A 'basis of purification and recovery by the fluoride vOratUlty processes 

is suggested by the information given in Figurc 4. %is InfoxmatIan ehaoa that 
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Fig. 4 - Per  cent of total curies for IIldividual fission product 
fluorides as a function of the b u n g  points, 

the differences 2n volati l i t ies  of the important rl.uorl&s encountend jn irradiated 

material a m  aore than adequate for practicable use of fractional distille;tion. 

Except for teflurium (and molybdellmn, bu':. this is a short half-life fission psxiduct) 

fluoridea v&lc& are much less volatile than uF6. 

c m  be nadlly separated Rom u ~ a n k n  by fractional distXLlntion of the fluori&es. 

The same situation exists for pluton~um he;rafluoride as for  uranim hexafluoride 

since both of those have very marly the same volatilities. Eowever, as will be 
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mentioned later, A t  is much nore difficult to flu02inate plutonium than uran%wn 

which are not volatile. l W e  illiferenca In erne of hcaranuoride fonnatloa r m e ~ r  bc 

c.lvantageous4 used to obtaln Uranlum-pluWlm ssparatlone. A s  vill be diemrssed 

by Dr. Cathere, the separation of uraaium hexafl,uorido f’mn tha fiseion products 

In the present status of davelopsaent the flwrlde voletllity proceases 

to be racoverab. For theee a p p l l c a t m ,  ths non-volatUlty of fhs lower fluarldear 

88 from fAaei0n pPoducte. from lslboratory and pilot plant etudies it has alreeBy 

been estaUitihed that excellent dectmtamiaatioa end recovery of wanlum froan 

f”is~1011 products can be achieved by the use of frac~ionaf. distlllstiool tbchniquos 

vith the fiuoride volatulty process. fn Figurs 5 ~ v e  illustrative nrmlte 

obtained In pilot  plant teota o r  this process. AB a matter of fact, it mppears 

the effects of hiep radiatiasr levels durlz@ processing is tellapeb to be less of 
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TELLUR I UM 
IODINE 
ALL FISSION PRODUCTS 

PLUTONIUM 

TOTAL BETA 

TOTAL GAMMA 

DECONTAMINATION" 
FACTOR 

- 

% ACTIVITY 
OF NATURAL U 

~~ 

1.4 x 106 

2.3 x 16 
1.3 x 10s 

104 

2 

1 '  

ACTIVITYIGRAM UF6 IN CHARGE " 
ACTIVITY /GRAM UFg IN PRODUCT 

F i g .  5 - Uranium hexafluoride separation from fission products and 
@lUtOIliUlU. 

In B&ditioa to tho use o f  fractional distillation v i a  fluoride yolatillty processes, 

a b a O ~ ~ ~ - d e S O ~ f % o n  Cycle6 Via N e  &8Ve be- SUCCeSSfUl3y US& t0 Uranium 

hexafluoride. !Fk results of work related to processing of t&h alloy enriched 

fie16 vill be presented in more detaiL by Dr. Calkers. 

At the moment, the maijor problem w i t h  the use of a fluoride volatility 

~ ~ O C ~ E S  for UUTiched fuels I s  concerned vlth the techntques aad materials o f  

construction ror the reed dissoiution step. lpais problem ariots the f ic t  

--- u 
5 

rl- 

in Arsed salt aed%a held at clevatsd temperatures. However, answers to #36 



equ3pxat. %ere I s  currently coaslderable interest %n volatili'ty processes Tor 

hlgh alloy Uvlctred fuels because o f  tlze vasb  hwa:Lag and storage problems 

dhich are encountered when aqueous recovery nicthods are used. The volatflity 

processes give much less volwne of vaste which may be more economically dealt 

w i t h  tham vastes obtabed frnm aqueous procesees. 

The application of a fluoride vo1atilit.y process t o  natural UlpBPfum 

Puels or to 1.0~ a l loy  fuels generally has also been studled extensively. In this 

case, fnte&&lOgen went6 8UCh 88 BrF3 and ClF3 d i s S O l V e  the -1 68tisf8.Ctorily 

an& no serious problems oimaterisls selection exist for the dissolutios step. 

%IS 6-p f6 f O u O W C d  by fP8Cti& d i B t ~ ~ a t b l % .  The result8 hSV@ been Very 

mcotuaging in both laboratory and pilot  plant tests. This mrk w i l l  be reported 

. by Dr. Vogcl. As he w i l l  undoubtedly mention, there is, however, a pmhlcn when 

plutMium zecovery IC elso Besitad. The ma8011 for t&i6$ as noted earlier, I 6  

thak the fornation of plutonium hexafluoride is not nearly as easily accor~lished 

as *A% of uzpaium hexafluoride. In addition, the chemical. reactfvity of plutonium 

. hexafluoride raalres It  a difficult material to W e  in ordinary e q u i p a t  without 

decmposltioa. t o  nan-volat.f2e plutonium %luorides. Recent sturfies QO Wx? 

preparation of plu?mlwn hexaZluoriae a?xd its transport behavior in metal equipment 

fttudies along these lines. Thesefore, there has been ren.ewed hope for the prospect 
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of pm?.ucI.ng p$ubnium hexafluoride a@ t3.antuieg this pmcess xnaterle-l in 

puriflcatioa operations wlth ffiadf~ted fuel.. If thls hope is borne out by 

cantlnued work, it is believed that the fluoride volatbll%y process metBod vill 

exlc- %suits it appeared that plutonium fsom lrredlated n&'kuml usanium 

would hsve to be recovered by solveat errtraction techniqms 

obtained atter the recovery of urenlm by vohtll ity me@mds, 

tkc res%dues 

PZFjlimtnary cost estimates have id lca ted  =at thR combination OP 

urspirmz rrrco~ery by a volatility process and of plutonlura recovery by s o l v e ~ t  

extraction w d d  be only s l ~ I 3 . y  more economic than. the use of solvent extraction 

for recovery of both products. 

process crrpahle of' recovering bot31 uranium and plutonium by a volatUiQ process 

would be very advwtageouo. 

Similargrel lmlrmy csthates have sliown *at a 

%WE fact, together vlth me likely future use of 

plu-&nim f's, has stimulsrted Interest in worklag out the preparation M 

Ylandlin& problems of plutam herailwpide. 

lpre next mn-aqueous mrrulod wWch v i l l  be discussed 1s the pyrometallurgical 

or wrochpmical type- Dme are several var ie t ies  of pyromta;llurgical methods. 

Au. of Wen ~ 1 c e  c3reu'eccterized by *e intterent c ~ a c t n e s s  resulting Awn avoiding 
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A revhw af the basic priaciples and fhs s?cperimsntal results of 

studies of PgrametellurgAcal mthods w i l l  be presented by iff. Fdar and Mr. Burris. 
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pilot pXmt via a fused s a l t  extraction process on the liquid biamuth-uranlum fuel 

en~l.opU ip this Feactor. Ttne Atcpnico lhtcrnatloaal SIB Project (Sodium Rsctor 

advmtegeous and ccq~ensate for some of the disadvantages of remote At01 
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Table I -(GIBBS) FREE ENERGY. OF FORMATION 
OF O D E S  AT I500'K 

-AF"(kcal/gm- 
Oxide atom oxygen) 

109.7 
107.0 
105.7 
102.0 
99.0 
98.9 
97.0 
95.0 
66 
38 
4.7 
3.6 

-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, Methbd of 

wt. % removal 

Rare gases (Kr and Xe) 13 Volatilization 
Alkali metals (Rb and Cr) ii Volatilization 
Iodine I Volatilization* 

Alkaline-earth metals (Sr and Ba) 5 Oxide drossing 
Yttrium and rare earths 28 Oxide drossing 

Zirconium 7 Carbide drossing 
Light transition metals (Nb, Mo, il t 

Platinum group metals (Ru, Rd, 20 t 

Heavy transition metals (Ag, Cd, 

and Tc) 

and Pd) 

In, Sn, Sb, and Te) 
4 

3 
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. 
is 
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fabrication required in this inetance. Yeriodically, an aaudllary proeese w i l l  

be needed to control the level of tboss fission products whlch tu=e not removed 

P ~ C ~ S E  iavolvirsg selective precipitatioa fropn molten eirPc is belug studied. ppis 

process fo expected t o  be useful also fox recovery o f  valuable products In the 

axfae dross. 

!I!b study of solvent extraction anp3.oyine; molten metals  immiscible vith 

molten urmium ha8 been largely donic vtth magn@sium en8 silver. While core 

purilficatlorz may be possible with the ipIe of silver, tihe work on magzwsiurn has 

been prZmarily directed to tbe pmcesslng of uranium blanket materiel for 

concentration and recovery of plutonium. 

shown mse;ueeium to poseess more than adequate extractabflfty end selectivity for 

solvent extraction of plutonhi from molten wIulfu1J. DwaDnstratian t 8 6 t S  with 

tryathetic blanket material have already bee= made cm a kilogram scale using 

urenium-plutaiwn charc5es coatalniug up to 1 per cent plutonlm. APGer the 

separation of the magaeslum phase Born a u~eniun phase, the mag;resium has been 

dietllled to conceatrate the plutonlm. Thio a m ,  too, has beten satisfactorily 

Laboratory and semi-worfss results have 

-I- 

bt 
F 
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ppwu?taslurgScal processeso 

As mentioned earlier, the pyranettXLlurglcal methods give only partdal 

decoatamlnatlca, Le., less man ten-fold reduction in overall fission product 
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w i t h  washes of colloidal graphite ena sized to produce fhel vltkr tb,t? deslred 

aad 8 bundle of Vpor tube0 (closed at oEe end) a m  placed in a hrmw anb thc 

Aurnace cveunrmted, The AuM~ce  b mnnected to an argon pressure vessel. when 

the huPace is evacuated the molten f imX &mge is brought up 60 that the ends of 

1 

Fig. 6 - Injection ue~st ing  f'urnace. 

the Vycor tubes are covered, A t  the sane t lme the d v e  cormasrAAng the axgan 

Later the Vycor tubing is broken away. A semarfrable degree of dixuenslonal 

F 

- 
i 

un1for;nity piaa been obtained in experintee vhlch have simultaneously produced \IP ili 
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to 30 pieces of fuel in U s  mi. 

and of subsequeat fie1 faap;tcstion steps, it 16 belkved that rcmate fabrhatioa 

of fbel such as will be used in t?m EBn-XI w i l l  prove practicable. The SUCC~ES 

02 this is obviously very inportant to t b  ln%ex&d use of the pyL5ometalluaglcd. 

p i lo t  plant for the EBII-I1 pxqject. 'Dze developmznt of remote -1 fabricatIan 

techniques ruqy elso prove to be vdazaUe An conJunction w i t h  even procerrses 

Because o f  the simplicity of this ageration 

thOrOU@.y renvsVe f i S S b P l  PrOdatCtS. 2s beC8XlSe  mCyCb Of 6- fuels, at 

least, Viu lead to radioactivbw pmbhxs from heavy isotopes, if not f'rm fleslon 

products. 

lbcfk-upe of various p a r t o  of the pymmtallusgical processing plant for 

tibe ERR-IS proJect are being designed and some already are constructed. In the 

experimental work c&cted to date on oxM2 dr0ssI.q a d  solvent extraction wit& 

nature. 'Ibis iact bao been very encoureginz and aZao very Im,partrmt in eJped3.tb.g 

It w i l l  &so be experlmntrzl reeults In  both ttre laboratory aod in the 8emibrorcks. 

BD important factor in the design and operation of the contempbted pllot plant. 

solvent extraction processes have un8Crgo3!.c0 !&..is i n  o f  i t s e l i  a major dieadvantage solvent extraction processes have un8Crgo3!.c0 !&..is i n  o f  i t s e l i  a major dieadvantage 

but it may be w a l l  to recsll that a sid.Lar situation o m c  ex;tcted for solvent 
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pmecssas. While It is, p@&a.~s, too early to predict the erue~ess or failvre of *--. 

w 
nan-aqueous processes, the errsller mentioned potential advantages of  these li 

processes has stirred a tremmdow iaterest in fbem. Stuaies of air engineering 

Y 

pmblep~~ ani ecoslclrmic eapablllty for specUic applications have been well started. 

Some of tke results of t b s e  studies 

and Mr. Burris ror fluoride volatil ity aad pyrametallurglcal processes, respectively. 

be presented kr mare detail by PEF. Rodger 

REFmxrm 
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FLUORIDE VOLATILITY PROCESSES FOR LOW ALLOY FUELS 

R. C. Vogel and R. IC. Stemenberg* 

May I, 1957 

I. Introduction 

In a fluoride vo la t i l i t y  separations process the species i n  the 

irrad3.ated fuel are a l l  converted t o  the fluorides. The uranium hexafluoride 

can then be separated by d i s t i l l a t i on  from the f iss ion product fluorides. 

It 3.8 believed that the conversion of the f iss ion products and uranium to the 

fluorides leads to a relat ively easy separations problem in decontaminating 

the uranium, The problems involved in the separation of uranium hexafluoride 

from the fisaion product fluorides are depicted graphically in Figures 1 and 

2. The ac t iv i t i e s  are plotted as the percentages of t o t a l  curies and the 

percentages of t o t a l  beta and gamma uatts against the boiling points of the 

fluorides. It is  of course appreciated that the boiling points are only 

approximate indications of the separations problem. However, it is clear 

that there is a wide difference in v o l a t i l i t y  between uranium hexafluoride 

and the important fission product fluorides. Fluoride vo la t i l i t y  processes 

are a lso  p a r t i c a a r l y  a t t rac t ive  because of the miqw ro le  which uranium 

hexafluoride can play in  the field of nuclear energy. 

The subject of this  paper is the application of fluoride vo la t i l i t y  

processes to that important group of irradiated fue l  elements consisting of 

natural or s l igh t ly  enriched uranium containing fission products and 

plutonium of recoverable amounts. Blanket.ataterials i n  the future may be 

aChernical Engineering Division, Argonne National Laboratory, Ltmont, Illinois. 
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Fig. 1 - Fraatian of total curies act iv i ty  am a hmotion of 
boiling porLnts of the f iae ian  d u e t  fluoridea, 

of a similar nature. 

s i r c o n i a  alloy, Depending on the irradiation conditions the plutonium 

concentration in uranium can vary 

Similarly the f iss ion product con 

Work bas been carried out et A r  

Laboratories on the development of fluorido v o l a t i l i t y  processes for 

materials of t h i s  type. Oak Ridge National laboratory has &ne Laboratory 

and p i l o t  plant  work using tha chlorine trifluox4.de dissolution of the fuel 

The e f f o r t  using the bromine t r i f luoride dissolution of uranium 

The uranium may Se Canned in  aluminum, sirconium or a 
5' 

A elements, 

has been carr ied in to  the p i l o t  plant stage at Argonne 

National Laboratories. A Brookhaven dissolver now under construction is of 

the continuous Q-pe while the Argonne dissolver is of the batch type. 

2 nd B~ookhaven 
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If, Laboratory Data - Bromine Trifluoride Process 

The pertinent points of the chemistry of the bromine t r i f luoride process 

for the recovery and decontamination of uranium and plutonium are discussod 

i n  t h i s  section. The chemistry of the chlorine t r i f luor ide  process is very 

similar, Since bromine t r i f l uo r ide  does not dissolve the common materials 

u 

s 

? 

used for  canning uranium, the slugs m u s t  be decanned mechanically or by the 

common aqueous methods. The reaction of uranium with bromine t r i f luoride i s  

A rapid and reversible reaction between bromine and bromine trifluoride also 

takes place in  the gas phase according t o  the equation 

Brz + BrF,, 3 BrF 

The plutonium is fluorinatad to the tetrafluoride and is insoluble. 

bromlna: t r i f luor ide  can be completely regenerated Kith fluorine by the 

reaction 

The 

? 
Tho vola t i le  components are removed from the dissolver by volat i l izat ion 

and separated by dis t i l la t ion.  The plutonium can be recovered through 

eolvent extraction techniques by dissolving the msidue in aqueous aluminum 

ni t ra te ,  It is hoped t h a t  advances i n  the techniques of handling plutonium 

hexafluoride may eventually lead t o  a process in which both the uranium and 

the plutonium are voloti l leed from the dissolver as the hexafluorides. 

The Important f i ss ion  product f luorides in appmximatcly 100.. day cooled 

fuels are re la t ive ly  non-volatile. 

cooled material are telluPiurn hexafluoride (BOP, -39°C) acd iodinc penta- 

nubride (BOP. l0OoC>, This l a t t e r  fission product is not in hiph enough 

yield to appear i n  F Q u n s  1 and 2, The tellurium hexafluoride distills 

oveyhead as a forecut while the iodine pentaflwriac remains in the 

c 1 

, 

The only exceptions to  t h i s  In 100 day 
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bromine t r i f luoride 'and can be recycled back t o  the dissolver, 

flowsheet demonstrating these operations which is being developed a t  

Argonna National Laboratory is shown i n  Figure 3 @  

A possible 

Continuous Product 
Take-off 2.6 a h .  
and 120°C 

A possible flowshoot involving continuous dissolution is shown in 

Figure he3 This type of flowsheet is being developed by Brookhaven Yational 

Laboratory, In  t h i s  scheme of processing the chemistry is essent ia l ly  the 

same except that bromine penlafluoride rather than fluorine is used to 

fluorinate the bromine fonned during the dissolution, 

A, Uranium Dissolution: - 
lo "he Need for a Liquid Phase 

When uranium metal is converted d i rec t ly  t o  the hexafluoride 

i n  an atmosphere of fluorir,u the heat released is about 2200 kcal/kg of 

uranium. Evsn wi th  modest amounts of uranium it has not proven practical to 

remove t h i s  amount of heat when Eensrated in  a solid-gas reaction, A study 

h 

b 

c. 
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has been mado of the ignition of uranium and other metals i n  liquid and gas 

phase fluorinating agent3, It was show. when a l iqu id  phase is maintained, 

even a t  temperatures considerably above the boiling point, that ignition o f  

bulk uranium does not occuro The data in  Table 1 show t h a t  the reaction is 

.-- 
L a d  

3- 

a smooth one. 

uranium i n  various vapor phase fluorinating agents. 

I n  Tables 2 and 3 are presented data for t h e  ignition of 

Data are also available 

Table 1 

EXPOSURE OF URANIUX %TAL TD LIQUID F’LUORMATIIG REAGhVTS - 
Reprinted from “Behavior of Uranium and Other 
Selected Materials i n  Fluorinating Reagents”, 
Stein, Lo and Vogel, R. C., Ind. and Eng, Chem. 
-* 48 U S  (1956). 

(Approximately 3 grams of alpha-rolled uranium used i n  each experiment,) 

Contact Time, 
m i n  

U Temp, OC 
Results - - Run No. Reagent I n i t i a l  Final 

12  BrF, 170 180 w1 Smooth reaction 

13  BrF, 205 205 26 Smooth reaction 

19 BrF, 210 210 16 Smooth reaction 

31 BrF, 2 9  160 17 Smooth reaction 

27 BrF, * UFsb 195 220 22 Smooth roac t ion 

33 BrF5 130 170 25 Smooth reaction 

2 8  160 23 Smooth reaction 

rs ClF, 2 9  70 7 Smooth reaction 
35 wF5 

%raniurn and halogen fluol‘ide heatod together from room temperature. 

’1nitic.l solution, 10,3 mole 5 U F ~ .  

for the  reactions of various other materials which might be involyed i n  a 

fluoride vo la t i l i t y  processeso k 

4 

7 

h 
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Table 2 

s 

1 

I 

bri 
b 

c 

ic 

IGNITION OF URANIUM METAL IN VAPOR-PHASE FLUORINATION 

Reprinted from "Behavior of Uranium and O t h e r  Selected Materials In  Fluorinating 
Reagents", Stein, L. and Vogel, R. C., Ind. and Eng. &em. 48, hl8 (1956). 

Approximately 3 grams of alpha-rolled uranium used i n  each e eriment. Pressure: 
BrFs 8t vapor pressure of liquid reagent - i.e., 8t 149 ,  16?, and 2OloC, vapor 
pressures are 1364, as&, and BkO mm, respectively. 

I n i t i a l  Uranium Vapor Contact 
Ignition 'Imp, Time, 

OC min Reagent Temp, 
R u ~  VO. ( Vapor) OC 

A. Uranium Exposed to  Vapor after Immersion in Liquid. 
2 
2 

13 BrF3 205 205 

8 
14 BrF, 205 205 

185 
20 

155 
ls 

150 
2 

2 0 9  
135 

15 M¶ 

l45 16 WF3 

1 
1so no 3.50 

17 BrF, 
Z l O  

18 WF3 

1 
2 

185 1% 
19 E% 
20 BrF, 

190 
2 

21 BrF, 190 

2 
185 185 
2 l O  210 

22 kF¶ 
BrF, 

2 
23 

175 
1 

175 
205 

1 
205 

24 bF, 
260 260 

25 BrF, 
170 170 1 26 &F, 
160 160 2 30 m3 

160 170 17 31 BrF3 
28 BrFs 4 UFg 

11 
13 

170 
160 

19 

160 Ilr 50 

160 7 51 
52 

190 68 
70 

32 BrF, + UFk Its 175 18 
BrF, 4 Bra 135 
BrF3 4 Wsd rso 
BrF, 4 &e: 135 
BrFa 4 h 2  u5 

25 
25 l90 

B. Uranium oltposed to Vapor without Prior Liquid Immrsion. 
105 *F3 
106 BrF, 

%rF3 inadvertently d i s t i l l ed  into cold trap; ignition produced by addit- 

bIn i t i a l  aolution, 10,3 mole % UFgm 

? I n i t i a l  solution, 9.9 mole % Brz. 
%ti81 solution, 4.5 mole g ~ r 2 .  

Initial aolution, 17 mole % B r p o  
e 

f I n i t i a l  solution, 16 mole % Bra. 

of more BrF, vapor at 205 C. 
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Table 3 

IGNITION OF URANIUM XGTAL IN VAPOR-PHASE FIJJORTNATIO'J 

Reprinted from "Behavior of Uranium and Other Selected 
Materials in Fluorinating Reagents" Stein, L. and 
Vogel, R, C., Ind. and Eng. Chem., h, 4l8 (1956). 

Vapor Contact 
;t 

Approx, Pressure I n i t i a l  
Time, Ignition Temp, 

OC min a t  Ignition, IJ p m p ,  
Run Yo. Reagent nrm C 

34 ErFs 5300 170 225 7 

33 BrFs 5500 170 240 20 

35 BrFs $6000 160 225 21 

38 -3 

43 c1F, 

750 25 lo ignitionasb 33 

750 25 279 25 

36 1250 25 No ignitionC 9 

39 CWS 2Ooo '25 225 29 

37 w3 2550 25 270 L5 
40 ClF3 2800 25 205 2L 

42 c1F, 3600 25 270 23 

Irl ClF3 5750 70 235 31 

13s FZ 900 25 No ignitiond 52 

w p2 4600 25 260 24 

46 F2 

47 F2 

4m 25 355 33 

1900 160 375 36 

%a$ from cylinder allowed t o  flow over heated uranium a t  atmospheric pressure. 

42un terminated a t  20Pc. 
'Temperature surged from 330' t o  410°C, upon reducing pressure a t  end of runo 

%un terminated a t  31ooc, 

2, The Rate of tha Uranium Bromine Trifluorido Reaction 

Like a l l  heterogeneous reactions the rate of dissolution is 

a function of the geometry of the solid,  the purity and local  crystal 

s 
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orientation in the metallic s t ructcre  as well as the surface area and degree 

of agitation, 

available on p i lo t  plant  scala dissolutions which w i l l  be covered i n  a later 

I n  addition t o  the data c i ted  below there are rate data 

section 

a. Whirling Cylinder Experiments: Tho kinetics of uranium 

dissolution in bromine t r i f luoride have been investigated by whirling cylinders 

of uranium i n  the dissolving reagent, 

allowed t o  dissolve before the experiment was stopoed, 

surface area and eolution composition throughout the experiment. 

data are given i n  Table 4. 

uranium, At 8s°C, using pure bromine t r i f luoride and conditions similar t0 

those indicated i n  Table 4, it was found that alpha ro l led  commercial grade 

Only a modest amount of uranium was 

This led t o  constant 

Typical 

These data are for  high puri ty  beta quenched 

Table h 
SELECTED EXPERTWJTS ON T4E DISSOLUTION OF PURIFIED URANIUM 

IN BR0,XhTE TRTFLUNZIDE SOLUTION 

Diasolution rate I s  measured by weight l o s s  of pure 
uranium cylinder 'rotating a t  a peripherial speed o f  
3000 cm/min over a 15 minute interva1. 

Penetration  ate,^ 
Dieaolving Mediu8. Temp, *C m/hr 

BrF, 65 00010 f .001 

0s 0001s t *OOl 

105 0,036 t .OO1 

BrF, - Brz ( 5  mole 9 )  85 0005 $ 0 0 0 6  

(10 mole 8)  85 0008 2 0006 

&Fs - uF6 (5 Ill016 5) 85 1.6 

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

bThe indicated error is the aremge deviation from the mean of several 
m s  0 

j SO7 



uranium dissolved about threo times as rapidly as beta quenched pure uranium. 

In pure bromine t r i f luoride,  variations i n  s t i r r i n g  speed have no discernible 

influence on the late, and the temperature dependence corresponds to  an 

activation energy of 6 to 7 kcal/mole. 

rate increase when uranium hexafluoride is added t o  the  solution. 

There is, however, a considerable 

bo Batch Dissolution Without Area Control; Batch dissolutions 

ware carr ied out on approximately 10-gram uranium samples. In these 

experiments area control was sacrificed but temperature and solution composition 

uere maintained constant. 

the most impovtant conclusion is that uranium hexafiuoride a t  75% accelerates 

the reaction more than an equivalent concentration of bromine (Run b v8 Run 3) 

i n  agreement u i th  the whirling Cplinder experiments. 

The data are given i n  Table so From these data 

c. Selection of Conditions fo r  Uranium Dissolution: From 

the data indicated above it is clear t h a t  a wide range of uranium dissolution 

rates is available. 

selection ofatenperature  and a pressure f o r  dissolution. 

maintained constant by bleeding off the  products of the reaction a t  the 

appropriate rate. 

the dissolver solution. 

h e  rate of the reaction can best be controlled by the 

The pressure can be 

This determines the uranium hexafluorfde concentration in 

ir 

3 

Bo Plutonium Behavior i n  a Fluoride Volati l i ty Process 

Earlier investigations w i t h  bromine t r i f luor ide  dissolutions of 

i r radiated uranium containing small arnounta of plutonium (ca. 10 ppm) gave 

uranium hexafluoride fractions uith dstectable plutonium concentrations e 

It was feared that a similar fraction of plutonium would be volat i l ized when 

uranium containing a higher concentrabion of plutonium was employed, Later 

experiments in uhich more concentrated plutonium alloys were dissolved have 

shown that there was no appreciable vola t i le  plutonium carried over u i th  the 

uranium hexafluoride fraction even when f ie  dissolutions were carried out P 

1" 

c 

L J  
with bromine t r i f luor ide  solutions contahing bromine o r  uranium hexafluoride. 
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Table 5 

4 

RATE OF REACTION OF COMMERCIAL ORADE ALPHA-ROLIXD URANIUM WI"H BROMINE TRIFLJORIDE SYSTEMS 

Conditions: Ehch experiment started with new cylinder; area not controlled; one hour 
a t  75OC unless otherwise indicated; volume Br 

di8solution; uranium sample tied t o  end of thermocouple well; data 
corrected by subtracting amount dissolved i n  heating and cooling cycle. 

201) ml; volume vapor apace 
50 ml; approximate initial sample area 506 cm !! ; system shaken during 

Run flumber 28 p , b  3 4 5 6 
N o 1  % BrFS -100 100 97.1 97.2 96.7 94.5 94.5 

% "6 0.04 2.8 2 s  2 09 
Xol 3 Br2 2.9 
Mol 3, BrF4 3.3 207 2.7 
Blank, w t  losad 001095 O.OM7 0.1868 OaU93 0.0894 0.4280 2.5626 

11.0738 11,2916 9.8892 10061'30 l l a 1 6 0 0  908377 ll.3063 Original w t  
Total wt loss in  run 0 .l8% 0.7259 0,3802 202393 0.2682 3.3579 -10 
Net wt 108s ooono 

1.6 31.5 -70 Wt loss, % 0.65 6 2.0 16.9 
Very approx. penetration 0,007 0.06 0002 0.17 00017 0023 -0.74 

006nZ 0.1934 1.7910 0.1788 2.9599 - 7 

rate, mdk 

&pure BrF, attack givlng sna l l  honeycomb type holes a t  the end, while Bra and oP6 solutions givo p i t s  

bA possibil i ty existed that this  solution was i n i t i a l l y  contaminated with 

C 

of greater diameter. 

t o  be Oool) mol % UF6. 

Experiment run a t  120'C; due t o  an incident the run time was 25 minutes instead of 60 minutes. 
only approximte. 

On separats cylinder, taken through heating and cooling cycle only. 

it was analyzed and found 

Results 

d 



The data are presented in  Table 6,  

with the data of Malm and Weinstocks which indicate that  plutonium hexa- 

fluoride is reduced t o  a non-volatile tom by bromine trif luoride.  

These observations are also in agreement 

If a l l  volat i le  material is removed from the dissolver via the 

vapor phase, the residual non-volatile plutonium and f iss ion product fluorides 

may be washed from the dissolver periodically with an aqueous almlnum 

n i t r a t e  solution capable of solubilizing these fluorides, 

might be processed for the plutoniiim by familiar solvent extraction methods, 

Such a solution 
s- 

Tabla 6 

Experiments carried out on unirradipted &OO ppm plutonium in uranium alloy. 

Serbs A: A t t e m p t s  to  prepare Pfl6 from BrF, disaolvar solutions. 

weight of 
uranirnn- A p p l . O X . h E t e  T o t a l  urpnium 
Plutonium Mssolution Average Volatile Xaterial 

Timr Temp Plutonium Balance 

11.1 100 (00115)b 95.5 
0.OM 91r.7 

0.8lL2l BrF 6.b 115 0.006 95.5 1 0.8203 l2.t mole I Br* 9.5 100 0.009 96-11 

5 0.6967 12.8 mole X Br2 (8)' 105 0.017 83.b 

R m  Yo. (grama) Allay Reagent ( h o w )  OC (per cent) (per wan 

1 0.5758 BrFI 
2 0.6213 BrF3 9.3 105 

in BrF, 

in BrF, 
6 0.7215 u . 3  mole $ up6 (2). 95 (0.175)b 92.2 

in &F, 

Series B: Residue &om BrF, dissolution subjected t o  various treatments. 

Weight of 
uranium- 
Plutonium Rea@nt Used t o  Contact Average 

Treat Plutonium Time Temp 
Run Wo. &='I anis Fluoride Residue ( OC 

2 .o so 
1.0 43 

7 1.11362 

9 1.3286 b.8 25 
10 1.3286 11.2 25 
11 1.3286 1.6 120 
12 1.3236 m3 1.1 120 

8 0.7216 

Total 
Volatile 
Plutonium 
(per a n t )  

0.077 
0.069 
O.03lr 
0.026 
0.002 
0.006 

experiment uas interrupted overnight. 

bThe low-1-1 plutonium analpes were done by the InF, metirod; ths results are 
probably high due t o  uraniuin background. 

v 
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This procedure is sat isfactory from a chemical point of view.  

engineering d i f f icu l t ies  i n  view of the incompatibility of bromine tri- 

fluoride solutions and aqueous solutions and the potential hazards involvad 

in  employing such solutions i n  the same equipment. 

It does offer 

To retiuce the problem of incompatibility, the plutonium m i g h t  be 

removed from the dissolver as a slurry in l iquid bromine trifluoride and 

concentrated in a small auxiliarg vessel &ere subsequent operations should 

present a substantially reduced hazard, This procedure might involve the 

addition of a f inely divided insoluble fluoride, e. go, aluminum fluoride, 

t o  the bromine trif luoride.  Alternatively, a high temperature fluorination 

of the residual plutonium might be employed fo r  t h i s  S b p o  

C,, Fission Product Behavior in a Fluoride Volat i l i ty  Process 

The best decontamination data are those obtained on the p i l o t  plant 

scale. Therefore dbcussion w i l l  be deferred on t h i s  subJect to t ha t  section. 

As the flowsheet in Figure 3 shows, bromine t r i f luoride is re- 

circulated to the dissolver. The bromine trifluoride appears t o  be madily 

separable 

iodine. 

decontamination is required. 

concentrated with the plutonium and will ultimately appear as wastes f r o m  

the plutonium processing. 

simple d i s t i l l a t i on  from all the fission products except the 

Since this reagent would be re-used i n  the dissolver, no real 

The bulk of the fission product waste will  be 

Do Stabi l i ty  of Bromine Trifluoride t o  Irradiation 

Serious problems are not expected with bromine t r i f luoride processes 

due t o  irradiation decomposition, 

bromine be fluorinated after the dissolution stop. 

formed as a resu l t  of irradiation decomposition could be expected to be 

converted back t o  bromine trifluoride, 

This arises since it is proposed that the 

Therefore any species 

At Brookhaven National Laboratory bromirle t r i f luoride was exposed 

t o  an accumulated gam ray dosage of 1.7f1o7 r. It Vas estimated that 

si1 



0.1 weight per cent of bromine was formed,, It was concluded that the  amount 

of bromine produced would be negligible compared t o  that produced by the 

dissolution reaction. 

A t  North Amrican Aviation (Atomics International) the chemical 

effects of 1 MeV electrons i n  tromine t r i f luor ide  were consideredO6 

Pressure measurements taken during the i r radiat ion suggested the presence 

of *mine and bromine pentafluoride. 

saturation uhen approximately 10 per cent of the bromine t r i f luor ide  uas 

destroyed. A qualitative camparison of irradiation dosage with that expected 

from highly i r radiated spent fuels revealed that l i t t l e  decomposition of 

bromine t r i f luor ide  is t o  be expected. 

The radiation effect seemed t o  reach 
3- 

E. Corrosion of Poss"Lbie Equipme n t  Haterials i n  a Fluoride Vola t i l i ty  
PrOCeSS 

Corrosion s tudies  have been conducted on several materials of 

construction commonly used f o r  interhalogen systems. Most of these studies 

have been s ta t ic  tests. 

1, Corrosion of Materials in  Interhalogen Systems 

Data are given i n  Table 7 on the corrosion a t  125% of various 

metals in pum bromine t r i f luor ide  and bromine t r i f luoride containing bromine 

pentafluoride, bromine or uranium hexafluoride. 

The data for nickel, Mom1 and K Monel show that these metals 

have excellent corrosion resistance, Inconel and Duranickel s l s o  are 

probably satisfactory. Stainless steel, mild steel, magnesivrnand aluminum 

are suitable for  less critical applications. 

A t  Brookhaven National Laboratory stainless steels 302 and 3&7 were immersed 

in boiling bromine trif luoride,  bromine pentafluoride for 3 months. 

penetration rate was around 5 milslyear. 

systems and bromine t r i f luor ide  indicated that these materials were 

defini te ly  unsuitable for  t h i s  type of application. 

Nicloy-9 is unsatisfactory. 

The 

Alternate exposure t o  aqueous 

i 

4 
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Table 7 

C3RROSIOY frj INTERHALOGFI SYSTE'33 AT 125 C 

i) 

(Reprinted h.on Corrosicn Studies Pertinent t o  Bromine Trifluori-& Processes, Schnielein, J. G., 

Coupons: 

Supports: Insulating Teflon spacers. 
Fluoride Film Removal: 1 5 Al(Nh)s, 0.05 #, sulfamic acid, pH 0.5 

Stemenberg, R. K. and Vogel, R. C., AVL-5557, April 1956.) 
1 3/8 in. x 1 3/8 in. x 1/16 in. i n i t i a l ly  polished with fine s tee l  wool and scouring 
cleanser paste, washed, degmased and dried a t  110 C, 

Penetration in ~ i l s  per yeara 
Time of Pure BrFSb 105 &FA - 90$ BFFS 10% Bra - 9M BrF. l0.Z WFA' - 903 &.Fa ExDosum - 

M e t a l  ( w i i i i i )  Vapor Interface 
Nickel 11 +d + 
Welded Nickel 11 + 0.0004 
Monel 11 + + 
Welded Mom1 11 + + 
K Mmel 11 0.6602 0.063 
Inconel 11 0.005 O.Ol.0 
Duranickel 4 0.12 0.28 
Incoldg 4 1.3 3 .2 

,h - A l W B i I l ~ ~  

Stainless steel 1 2.8 

Stainless steel 1 

0 o.n 
3.6 

: Magnesiumg 

(Tgpe 194) 

Liquid Vapor Interface 
+ + 0.006 
+ 0 0.012 

Om005 + 0.025 
0.005 0.004 0.029 
0.007 Om009 0.031 
0.027 0.0008 0.045 
0.30 0023 0.30 
3.6 1.4 1.5 
0.70 0.19 0410 

3.4 5.3 6 
+ 0 I 

Liquid Vapor Interface Liquid Vapor Interface 
0.012 + 0.002 0.004 Om008 0.019 
0.005 + 0.001 0.006 Om007 + 
0.029 + 0.020 0.024 0.004 0.003 
0.018 + 0.015 0.033 0.005 0.002 
0.036 0.008 0.025 0.034 0.005 0.004 
O.Ot6 + Om029 O*OW 0.020 0.011 
0.26 0.30 0.37 0.37 0.05 0.02 

0.7 1.2 + + 
4. 0 0 

l e  7 
+f 

6'9 2.5 2.9 

2.4 3.3 

Liquid 
0,008 
o.oO08 
0 
0 
0.004 
0.0s 
0.009 
2.5 

4.1 

5.9 

+ 
0 

2.7 4.9 4.1 6.8 5.2 9.0 .. - - - - - 27 
7.8 U. 16 19 

(Tpps  347) 
7.7 - - 160 

Mild Steel 1 4.9 
. Ni~lo~r-9 1 - 74 

&In cases when the cofiosion rats is of the order of l e s s  than 0.1-mil penetration per year, the actual numbers cMrg 
l i t t le significance. 

%he exposure time fo r  pure BrF, 
"In i t ia l  UF concentration in liquid. Removing and replacing aamples necessitated sans loss of m(j ao the f ina l  m6 
concentratfon was 5.1 male %. 
a* indicates a weight gain less than 1 lag, 
eCcncentrafed HNO, wash used to mume fluarid0 iiln from aluminum. 
'might gain 7.8 mg btal. 
%a0 method deylsed for film removal without attack of coupon. Weight changes a m  of the same order of m s i t u d e  aa 

lkinum indicates no measurement cabdo. 

nickel through Inconel was 20 w e b  instead of 11. 

Ihrraniakel, so penetratlms should be of the same order of magnitude. 



I n  the corrosion tests presented above the corrosion products 

uere allowed t o  accumulate i n  the refluxed interhalogen i n  which the coupons 

were immersed. Although very low rates of a t t ack  were observed, it was 

necessary to know t o  what extent the corrosion product8 in solution might 

influence the rate, 

designed t o  test valve operations, coupons could be maintained i n  the 

bromine trif luoride condensate. The, condensate was reheated t o  7OoC and 

it overflowed from the coupon container through the test valve back in to  

the still pot, 

in static long term tests. HouBver, the rates are still sa t i s fac tor i ly  

low for any use0 

By incorporatbg a condensata receiver in to  a loop 

The data i n  Table 8 show at tack a t  from 4 to 20 times those 

Table 8 

WRROSIOV IV B R O N m  TRIFLUDRIDE COVDEVSATE AT 7OoC FOR 6% HOURS 

( Reprinted from Corrosion Studies Pertinent t o  Bromine Trifluoride 
Processes, Schnizlein, J, Go, Stemenbere, R, KO and Vogel, R. C., 
ANL-5557, April, 1956.) 

1 3/8 in, x 1 3/6 in. x,1/16 in,, coupons i n i t i a l l y  polished w i t h  fine 
steel wool and scouring cleanser paste, washed, &greased, and dried 
a t  llO°Co Supported i n  interhalogen condensate between Teflon spacers, 
Fluoride films were removed uith 0.1 M Al(NO,),, 0.05 M sulfamic acid, 
pH 0.5 solution before weighing, - - 

L 

3. 

F 

23k 
Nickel 0.036 

Welded Nickel 0002k 

Honel 0.10 

Welded Monel o o l l  

IC Mane1 0019 

Dynamic corrosion tgsts have been carried out a t  Brookhaven 

l a t i ona l  Laboratory on Honel plate specimens l./8 in, thick. The operation 

of the loop was such that the bromine t r i f luor ide  was static for 132 hours 

a t  room temperature and flowing for 7,7 ft/sec for UK) hours a t  63OCo The 

plane of the p3ates was parallel t o  the line of flow. The corrosion rate 

3 

.. 

bp.' 
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was between 3 and 4 mils/year, These samples were examined fo r  stress 

corrosion cracking and no evidence o f  it was found i n  e i ther  welded o r  

non-welded areaso SI' 
d 

c 

4 

W 

2, Corrosion of Materials by Aqueous Syst&ns 

Sin- the pwsent scheme of processing plutonium-uranium 

alloys by a fluoride vo la t i l i t y  method suggests the reroval of plutonium and 

f iss ion product fluorides from the Monel or nickel vessel by tashing it with 

an aluminum n i t r a t e  solution, it was appropriate t o  investigate the corrosion 

under these circumstances. 

The corrosion of Monel by aqueous aluminum n i t r a t e  is 

acceptable only in a narrow pH range and might become serious because of 

mal-operation of equipment or operational mistakes, It uas found that 

sulfamic acid is an effective corrosion inhibitor.'l The conditions of the 

experiments and typical data are presented i n  Figure 5 t o  illustrate the 

effects  of time and sulfarnic acid concentration, It is important to 

enphasiee that ?JI this type of operation the total penetration is a function 

o f  the ratio of metal area to solution volume, and that the variable of 

solution pH is controllable o n 4  a t  the beginning of the experiment. 

3, Corrosion of Materials in Cyclic Exposure to Aqueous *,d 
Interhalogen Systems 

Since it is proposed i n  the  processing of plutonium-uranium 

all.oya t o  expose al ternately the dissolving vessel t o  interhalogen and to 

zir4waus ayatems it was necessary t o  examine the corrosion result ing from 

th i s  type of cycl ic  ~ p e r a t i o n . ~  A cy& operation was set  up t o  duplicate 

tha t  uhich might be expected in P typical separations plant wing the 

flowsheet previously shown, Coupons of nickel, welded n i c b l ,  Monel, 

welded Honel, K&onel and Ineonel were weighed a t  the completion of the 

first, second, third,  tenth, twelfth and fourteenth cycles, 'h at tack 

MS uniform throughout the bs t  and weight losses corresponding to about  

OoOr>os mil per cycle were found fo r  all coupons, From these preliminaly 
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corro$ion data it appears possible t o  cycle between interhalogen and 

aqueous systems md6r conditions s i m i l a r  t o  those se t  forth in the  

experiment 

In. Laboratory 9a ta - Chlorine Trifluoride Process 

Both laboratory and p i l o t  plant work have been carried out a t  the 

Oak Ridge National Laboratory on tha chlorine t r i f luor ide  method of 

processing reactor fuels. The important process chemistry of the  chlorine 

trifluoride process uill be discussed In t h i s  section,, 

similar in most respects t o  t h a t  of the bromine t r i f luor ide  process. 

The chemistry is 

Since chlorine t r i f luoride,  l i k e  bromine trif luoride,  does not dissolve 

the common materials used fo r  canning uranium i n  slugs they must be 

mechanically decanned or decanned by the common aqueous methods. 

reaction with uranium is 

The 

0 

The uranium hexafluoride is recovered and decontaminated by ctistillation, 

The chlorine trifluor3.de consumed is regenerated by reaction of chlorine 

monofluoride with fluorine a t  about 3OO0C according to the equation 

> C1Fa o 
3W°C ClF + Fz 

In  the chlorine t r i f luor ide  process as with the bromine t r i f luor ide  process 

the basic reaction consumes only fluorine. The plutonium is fluorinated t o  

an insoluble fluoride, 

aqueous aluminum n i t r a t e  and decontamkting by solvent extraction. The 

f iss ion product behaviors are essent ia l ly  the same as i n  the bromine tri- 

fluoride process. 

It is recoverable bv dissolving the residue in 

A possible flowsheet demonstrating these operation is shovn i n  

Figure 6, 
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0 . ~ ~  -- 0 

Exposure Time, hours 

Fig. fi - Inh5MtAug nitrate corrosion of ybpel vlth wllamlo &aid. 

A, Uranium Dissolution 

Data on the Ignition of uranium by chlorine t r i f luor ide  vapor are  

given in Table 3. .* 
I 

As with the bromine t r i f h o r i d e  uranium reaction the Urntics of 

P 
the chlorine t r i f l w i d e  uranium reaction are quite  complicatedo 

1. Rate in Pure Chlorine Trifluoride 

Rates of solution of uranium in pure chlorino triflu0ri.de 

have been estinated. About 1500 hours a re  required for the dissolution of 

a 1.k3 in. diameter slug at  3O0C and 900 hours a t  80'C. 

reaction 1s obviously too SlOW for thn development of a comn.ercially 

feasible process. 

The uncatalyzed 

2. Effect df Hydrogen Fluoride Addition 

The addition of anhydrms hydrogen fluoride was found to 

, &  

I 

' &  

LiJ 

accelerate the reaction between uranium. and chlorine tr if luoride.  The 

effect of different hydrogen fluoride concentrations on the i n i t i a l  reaction 
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rate a t  3OoC in the absence of uranium hexafluoride in the fluorinating 

mixture is i l lustrated in Figure 7, 

obtained a t  approximately 60 mole per cent chlorine t r i f luoride (molar 

The maximum rate  of reaction was 

r a t i o  of chlorine t r i f luoride t o  hydrogen fluoride of 1.5). This rate 

is more than an order of magnitude, fas te r  than the rate obtained using 

pure chlorine tr if luoride.  

V 

I 

& 

800 

200 

100 

0 
0 20 Iro bo 80 100 

CLF,, Kola % 
of reaction as a tion of hydrogen fluoride 

3. Effects of Uranium Hexafluoride and ?4ydrogen Fluoride 
Additions 

The presence of uranium hexafluoride in  the reaction mixture 

nas found to influence tho rate of the reaction in a complicated way. 

This is demonstrated i n  Figurs 8. 

those chlorine trifluoride-hydrogen fluoride solutions which gave,the 

maximum rates i n  the absence of uranium hexafluoride depressed the rate of 

reaction. The rate was found to  be essent ia l ly  independent of uranim hexa- 

The addition of uranium hexafluoride t o  



3% 

100 

50 

c - 0.28 

ClF3/!fF 
L A  

w 
1053 

2.03 

fluoride concentration at  a mole ratio of chlorine trifluoride to  hydrogen 

fluoride of 0.3. 

4. Effect of Temperature 

Using the composition of the dissolver solution of a molar 

ratio of chlorine trifluoride to hydrogen fluoride of 0.3 the temperature 

dependence of the maction was investigated between 10 and 90°C. 

reactton proceeded arnootUy under a l l  conditions studied and cave no 

indications of becoming uncontrollable a t  elevated temperatures. Tfis 

The 
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reaction' rates expressed in terms of the time required t o  dissolve a 

1043 in. diameter slug and in terms of the lato of removal of uranium metal  

are given i n  Table 90 A plot of log K vs. UT gives a break at  about w o C 0  

The equations for the rate constant below and above 48OC am, respectively 

K is expressed In moles of uranium per square centimeter per second. It 

should be emphasized that rather high pressures are associated with the 

Table 9 

RATE OF REACTION BETtXGJ URl"!lM AYD FmDROGEV FL?JORIi)bC!II.DRINE 
TRIFLUORIDE SaLUTIDV AS A FINCTION OF 'IKI'ERATIIRE 

Hole Ratio of ClF, to HF of 0,3 

8 Time to  Dissolve 
1.b3 inch diamter K x l O  

Temp C Slug, hr moles ~/cm~/aec 
A 

80 18,s 206 

75 28.8 132 

60 88.8 1502 

3m 1302 I r s .  
30 45 11,2 

20 449 8.4 

10 590 6.5 

70 4200 ' 90.8 

60 89,6 W104 

c 

621 



B o  Plutonium Behavior i n  the Chlorine Trifluoride Volatility Process 

There has been no indication of plutonium vola t i l i ty ,  i.e., 

formation of plutonium hexafluoride, during the dissolution of i r radiated 

natural  uranium i n  chlorine tr if luoride.  

residue with the fission products after the volat i le  material has been 

distilled from the dissolver. It can be dissolved in 5 per cent aluminum 

n i t r a t e  a t  a pH of 0.5.' A t  100°C the dissolution rate is quite rapid and 

The plutonium remains behind as a 

can probably be dissolved in about 3 hours. 

by solvent extraction. 

The plutonium can be zwcovered 

There are corrosion data on Monel a t  room temperature obtained by 

Benton and Gustison8 that appear t o  be a t  variance with the data obtained 

by Schnielein, Stemenberg and Vogel.' For example f o r  5 per cent aluminum 

n i t r a t e  a pH of 0.5 the  former investigators found a corrosion rate of about 

1 9  m i l s  per year while the latter found a rate of about 20 mils per year. 

O f  course, the addition of sulfamate fur ther  inhibits t h i s  corrosion. 

C. Considerations in the Dist i l la t ion of Uranium Hexafluoride from 
the Dissolver Solution 

There e x i s t  uraniim hexafluorids-hydrogen fluorida. and uranium 

hexafluoride-hydrogen fluoride-chlorine t r i f luoride aeeotropes . 
of these azeotropes presents d i f f icu l t ies  in isolat ing pum uranium bxa- 

fluoride. One solution t o  the problem would be t o  add suf f ic ien t  chlorine 

t r i f luoride t o  the system t o  remove hyeogen fluoride as the ternary 

aeeotrope, which contains only a small quantity of uranium hewfluoride. 

Application of t h i s  technique would require an additional unit operation for 

breaking the chlorine trifluoride-hydrogen fluoride azeotrope. The best 

solution, however, seems to be to avoid breaking the uranium hexafluoride- 

hydrogen fluoride azeotrope remaining after the d i s t i l l a t i on  of the ternary 

aseotrope b u t  t o  maintain i n  the dissolver solution a quantity of uranium 

hexafluoride suf f ic icn t  t o  satisfy aeeotropic requirements. 

uranium hexafluoride obtained from the reaction of the solut$on with 

uranium can be recovered by dis t i l l a t ion .  

The existence 

Then the 

i 

i 
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The f iss ion product considerations are similar t o  those mentioned 

The best f iss ion product behavior data in the bromine trifluori.de process. 

are t3ose obtained on a p i l o t  plant scale and w i l l  be given in a later 

sec t  ion 

I V .  P i l o t  Plant P r o p s  

.A. Bromine Trifluoride Process - Argonne Yational Laboratory 

A p i l o t  plant  constructed of Nickel and Monel I s  a t  present i n  

operation a t  Argonne National Laboratory? The basic pieces of equipment are 

a dissolver, three d i s t i l l a t i on  columns and two scrub towerse 

chosen for handling the bromine fluorides wore (1) measurement by weigh 

tank, (2) sampling and t ransfer  by the vapor pressure of the materials 

themselves, (1) heating the contents of tanks by heaters metallized to  

the i r  ~urfaces, ( b )  heating the surfaces of tanks with amexternal blanket 

heater and maintaining adiabat ic i ly  by adjusting to zero the temperaturn 

drop across a layer of insulation and ( 5 )  heating l i nes  by tracing w i t h  

The methods 

electric heating wire and insulating, 

activity levels  have demonstrated a t o t a l  f iss ion product decontamination 

The latest run carr ied out a t  high 

8 factor of over 10 e 

1, Equipment 

e p i l o t  plant  was designed to demonstrate the flowsheet 

shown i n  Figure 3. It is, ho rather flexi and has been a l so  wed  

t o  demonstrate other processas. About 10 kg of diated slugs can be 

An schematic equipment diagram is presented in Figure 9, A #onel 

dissolver of 90 liters capacity is provided with external cooling wile 

bonded t o  the vessel wall with er spray metal’, Water I s  used as the 

coolante A special  hazard is presented by the f a c t  that water and organic 

l iqu id  coolants react explosively when brought into d i rec t  contact with 

bromine t r i f iuor ide  or  fluorine, If an ordinaxy coolant jacket were used 
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for a process vessel, 8 wall leak might then be catastrophic,, 

vessel cooling is provided by separate cooling co i l s  wound around the 

outside of the vessel and bonded t o  the vessel  wall, with a metallieing 

techniquee A leak i n  the process vessel wall w i l l  not immediately contact 

the cooling water c o i l  and an al ternate  path for process f lu id  is offered. 

The method of construction as s h m  i n  Figures 10 and llwasused for a l l  

vessels and condensers. Steam is used i n  the dissolver co i l s  for  heating, 

but a l l  other process heating i s  electr ical .  

Consequently, 

On top of the dissolver a connection is made, through valves, 

t o  a 1.75 inch I.D. d i s t i l l a t i on  column with a nine-foot section packed 

Vith nickel ( 0 2 &  in. by 0.2b in.) Cannon protruded packing. The dissolver 

is thus used as a still pot. A t  the  top of the colunn is a reflux condenser 

and a connection t o  an overhead vessel to  receive the d i s t i l l a t i on  product. 

A second purification column unit consista of a 53 liter 

still pot Wrth electric resistance heaters bonded t o  the vall w i t h  copper 

spray metal i n  the same manner 88 cooling coi lso The packed section of this 

tower is 1,75 inches TeDO and 16 f ee t  long, the packing being Xelipak (3019). 

Material c h w e d  to and discharged from the various process 

components is determined by weight. Each of column overhead product 

receivers is a weigh tank using a m o t e  head scale. 

measurement was selected because 

used and because other types tend t o  be 

thin metal parts. 

This method of 

t ical  l iqu id  leve l  devices are not easily 

chanically complicated or  require 

Fluorine addition is followed ressure drop in 

either of two 17.6 cubic f e e t  steel storage tanks. Id  Byrstem permits 

e i the r  of theee two tanks to  be f i l led from 6 lb, 4 0  psi ahipping cylinderso 

Lhes ore welded except for connections t o  vessels themselves 

and t o  process valves, which use gasketed Join 

Most of the l iquid l ines  are ;/%inch O.D. nickel tubing although some 

d standard S O  l b  flanges. 

W 
E 

4 

l/Z-inch and l-inch pipe is  a l so  used. The smaller l ines  use l/Z-lnch 
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Fig, 11 = Weigh tadk installed (before insulation). 
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valves and flanges, and the later used 1-inch valves 2nd flanges. Gaskets 

are a s p i r a l  wound Flexitallic type, seating on a smooth faced flange 

surface . '1 

Ld 
* The p i l o t  plant has about So process valves. 

packless type (Model No, 3064, h l t o n  Sylphon Diviaion, Robertshaw-Fulton 

Controls Coo) using a bellows seal with a pneumatically operated stem. Tine 

valve is a simple shut off  type with Teflon sea t  gasket and a machined seat 

integral u i th  the body. Similar smaller l / 4  inch manual valves (Model ll97, 

Hoke, Inc.) are wed on the sampler system. A s lug chute for the dissolver 

is closed with a two-inch l i f t  plug valve activated by an extension handle, 

These are Hone1 

Each vessel is equipped with a themowell f o r  temperature 

indication and a Monel bourdon tube pressure transmitter for  pressure 

indication, A l l  lines are traced with nichrome heating wire and insulated 

ti6 keep temperatures above the sol idif icat ion point of uranium hexafluoride 

(64'C). The fractionating columns can be kept adiabatic by controlling 

heating mantles t o  give eero temperature different ia l  across a layer of 

insula tion, 3 

Safety features include, (1) a l e a k  detector on each valve 

bellous, (2) a rupture disc on each process vessel, ( 3 )  an emergency cooling 

system on the dissolver, activated by e i the r  P temperature or pressure set  

point, and ( b )  an interlook on still pot heaters shutting t h e m  off  i n  case 

of water fai lure ,  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,, Tne leak detector consists of a Monel wire spring prevented from 

making electrical cantact with the valve bo& by being tied by a nylon 

fishing l ine.  Halogen vapors immediately decomposen the l i n e  allowing the 

4 

spring to contact the metal valve body and t h i s  flashes a l i g h t  on the '* 

panel board. 

Trso spray towers are employed. One process scrubber is used 
t 

t o  dispose of interhalogen vapors b y  hydrolysis and neutral i ta t ion i n  10 per 
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cent potassium hydroxide. 

a l l  ventilation a i r  from the equipmcjnt area t o  xemo1re halogens result ing 

A similar but  much larger unit  is used to scrub 

from equipment leakage. This scrub tower has been described elsewheree 10 

The process equipment is mounted i n  previously inatal led 

concrete shielded cells, A l l  process equipment, including shielding wa1I.a 

and f loor  personnel access areas fo r  sampling (except the ventilation 

exhaust air scrubber) is contained i n  a volume 10 by 36 by Lo feet high, 

Instruments and controls are centralized on panel boards mounted on the top 

of the cel l  structure. 

2. Rate of Dissolution on P i l o t  Plant Scale 

The rates of complete slug dissolution on the p i lo t  plant  

In the first experiment, D-1, there was no scale are+given in  Table 10, 

uranium hexafluoride present a t  the beginning of the dissolution. The rata 

therefore is much slower, In  run D-5 the slugs uere l i g h t l y  irradiated 

material, I n  run D-6 the charge was a highly irradiated slug. It appears 

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

3. High Level Run 

A t  the time of  writing a single run on high level materials 

has been carried out to  test the flowsheet p-ented i n  Figure 3. The data 

on this run w i l l  be discussed i n  some detail, No attempt was made t o  

recover and decontaminate the plutonium by solvent extraction since it was 

fe l t  that these procedums are w e l l  established, 

was 13,9 kg of irradiated natural  uranium metst1 that had been cooled 83 daya 

a t  the beginnin f fractionations. The sequence of op t ions is given 

i n  Table 11, 

The charge to the dissolver 

The cladding had been removed pr ior  to 

dim consisted of 186 lb bromine t r i f luor ide  and 23 l b  

fluaride. After dissolution, the material collected overhead 

o the dissolver, and the combined solution was slowly sparged 

with elemental fluorine t o  regenerate bromine t r i f luor ide  from bromine 

produced during dissolution. 
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Table 10 

SuFnlARY OF DISSOLUTIOFJS 

Diasolver Charge 
7 

. Dissolution 
Time Temp Pressure 

--- tc> _.I~ > . ( P s W  - Run No, (hours) 

I?-1 7*7a 162 000 2.5 31 125 132 20 4s 
D-2 7.6' 167 2.9 5.0 3 110 122 35 

D-3 22.8' 160 2.t  3 e 0  9 120 30 

Do4 3.4" 233 307 501 9 120 40 
QI ca 
0 

D-5 5.2b 200 2 e 3  307 8 120 1Lo 2s 50 

D-6 30,6' 209 &. 6 307  1 G  120 38 

Slugs 1.35 inchea diameter. a 

%lugs 1.10 inches diameter. 

'Slugs 1.b3 inches diameter. 

dConcsntrakion a t  end of diasolution before product bleedoff 3.8 returned. 

w 



The decontamination operations consisted of batch fraction- 

ations of the re-fluorinated dissolver solution. Boilup rates were 20 to 

62 lb/hr i n  a l l  dis t i l la t ions.  Conditions under which these operation8 

were carried out are summrieed i n  Table 11 (Steps 3 through 5 fo r  the 

dissolver column, and Steps 6 through 11 for  the purification column). 

Data on process fractions are summarized in Table 12. A f t e r  

a total reflux start-up period, a small vola t i le  waste forecut (fraction &, 

Table 12) was collected and then vented t o  the process scrubber. A uranium 

hexafluoride rough product cut, (fraction 5 )  which included the bulk of 

the uranium hexafluoride (and more volat i le  components), was then taken 

overhead and subsequently transferred t o  8eme 85 the still pot charge to 

the purification column, 

A f t e r  a total ref lux start-up period in tzle purification 

column, tu0 forecuts (fractions 7, 3, Table 12) were taken overhead, serving 

to remove most of the bromine pentafluoride and tellurium. After another 

to ta l  reflux star tup period, the uranium hexafluoride product cu t  

(fraction 10) uas taken overheade Finally, the en t i re  column residue MI 

collected overhead in two portions (fraction U). 

In sp i t e  of the rather  high ac t iv i ty  l eve l  and short  cooling 

time of the slugs charged, a very small amount of f iss ion product ac t iv i ty  

(other than tellurium) folloued the uranium hexafluoride averhead from the 

dissolver aolution. Gamma scans of l iquid samples of product distillate 

immediately-after collection showed no peaks other than uranium-237, except 

for very s l i g h t  t e l lu r ium peaks. 

To confirm the absence of f iss ion products when the strong 

uranium-237 psalcs were not present, another gamma scan of a product 

fraction fjgs made later a t  a t o t a l  of a0 days cooling. This scan showed 

no peaks other than those present i n  natural  uranhn. The man range was 

30 t o  2090 KEV. F’rom the above scans, it tsas considered that f iss ion 

products having gammas i n  the energy region greator than 0.3 MEV =re 



Table 11 

SEQUENCE OF PROCESS OPERATION IN R#J D-6 

Approximate Conditions 
Temp, Pregs, Reflux Ratio , 

step Description of Operation C psi8 L/D - 
Omrations i n  Dissolver and Column 

1 Dissolution of Slugs 120 Lo .D 

2 Re-fluorination with Fz so-70 55 - 
3 Column start-up 75 45 
4 Volatile uaste forecut 75 45 higha 

5 w6 rough product W t  b 85 45 10 

Operations in Purification Column 

6 C o l m  start-up 05 

7 Volatile forecut 1 90 
8 Volatile forecut 2' - 
9 COlUnrn SbI't-UP 90 

10 uF6 product Cut 90 

11 Column residue collection 

20 

c) 

20 

0 

QIn temi~ tan  t take-oif . 
bThis fraction vas used as charge to the  purification column 

'Consisted of hold-up in column collected 8s separate fraction. 

contributing less than one per cent of the gainma ac t iv i ty  of aged 

unifiadiated natural  uranium. For fission products with energies below 

0.3 MEV, there was possibla coincidence with the several uranium peaks, 

but their contribution cobld not  have been greater than  10 per cent of the 

uranium act ivi ty ,  

The individual fission product decontamination factors were 

based on chemical separations. The t o t a l  f iss ion product decontamination 

? 

i 

P 

P 
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Table 12 

COMPOSITION OF PROCESS FRACTINS RUN D-6 

Amount uF6 
stepa Description ( lb) Weight % 

1 Natal Charge 3107 .rA 

2 Dissolver Solution after 225 
Re fluorination 

27 

4 Vola t i l e  Forecut 2 4 
5 UFb Rough Pmduct Cut 66 70 

7-8 23.6 bo 
Forecut 

10 Product uF6 21.1 100 

11 Column and S t i l l  Residue' 10.2 100 

%e Tgble 11, 
bComposite of two cuts. 
cComposite of column holdup and still  pot residue, 

factor given in Tabla 13 was calculated as the total ac t iv i ty  charged t o  

the dissolver (per gram of t o t a l  uranium present i n  the dissolver before 

d is t i l l a t ion)  divided by the sum of the ac t iv i t i e s  (per  gram of uranium i n  

sample) determined i n  specif ic  f i ss ion  product analyses, Just i f icat ion 

for this procedure was baaed on tho evidence cited above of the absence of 

gamma-emitting f iss ion products other than tellurium and iodine and was 

supported by considerations of the f i ss ion  field, half-life, and vo la t i l i t y  

of fluorides of f iss ion product8 i n  general, which limits sources of 

contamination t o  tellurium, iodine, antimony, niobium and ruthenium, 

A good ac t iv i ty  balance on iodine was obtained. Substantially 

a11 the iodine entaring with the s:Lugo was contained in the recovered 

bromine trif luoride.  A separate iodine removal step MS considered feasible, 

but was not carried out i n  these operations. The ac t iv i ty  material balance 

around the purification step is poor and it is presumed that t h i s  problem 

w i l l  be considered i n  further runs. 
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Table 13 

URANIUM DECONTANINATION FACMRS - RUN D-6 
A l l  data corrected to  90-days cooling, 

ac t iv i ty  per gram uranium hexafluoride in charge 
ac t iv i ty  per gram uranium hexafluoride I n  product cut Decont€unination Factor 

Tellurium Iodine Total 
Operation Beta Beta Fission Product 

Dissolver Dist i l la t ion : 

m6 R O W  Product Cut 14 2,2 x 103 1.6 x lo3 

Purification Dist i l la t ion t 

UF6 Product Cut 9,6 x lo4 1,1 x lo2 8 104 

Preliminazy results indicated that plutonium i n  any overhead 

fraction was less than 20 parts per b i l l ion  uranium. 

Bramine compound contamination of uranium hexafluoride product 

is being studied a t  the tima of t h i s  writing, In  the run here reported the 

product fraction contained about 0.6 ut per  cent expressed as bromine. Soma 

samples showed aa l i t t l e  as 0.01 per cent bromine, b u t  fractionation behavior 

was not consistent a t  low bronine levele. 

Further work needs fo be done to  demonstrate that the bromine compound 

contamination can be substantially reduced, 

Bo Bromine Trifluoride Process - Brookhaven National Laboratory 

There havwbeen two p i lo t  plant  units b u i l t  a t  Brookhaven National 

Laboratory. The first one, was called the l i g h t  ends separations unit, It 

has nou been dismantled, The second uni t  has been b u i l t  to study the 

continuous dissolution of uranium and at  the time of writing has j u s t  

s ta r ted  on cold runs. 

ts 

i 

# 
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1, Light En& Separation Unit - Equipment 

From the early data on the fluoride vola t i l i ty  process It was 

thought that tellurium and possibly iodine might be l imiting f iss ion pFoduct 

ac t iv i t i e s  i n  the decontamination of uranium hexafluoride. A unit w a s  

therefore b u i l t  a t  Brookhaven to  s t u e  the soparation of the hexafluoride 

from the more vola t i le  contaminants, Since it was believed that the 

eventual process would be continuous it was decided to study the l i g h t  end 

d i s t i l l a t i on  separation with tracer amounts of ac t iv i ty  as 8 continuous 

process with recycling of the column overhead and bottom streams. 

The f low sheet for the l i g h t  end separation uni t  is shown in 

Figure 12. The unit  consisted of two d i s t i l l a t i on  columns connected With 

storage tanks, pumps and other Jwcilaries These were connected in such a 

manner that a synthetic mixture of uranium hexafluoride, bromine t r i f luoride 

(with or without bromine pentafluoride) and l i g h t  end fission product 

ac t iv i ty  7ould be pumped t o  the first column where the hexafluoride would be 

stripped of t h e  more volat i le  componentso 

of the hexafluoride, bromkne t r i f l u o r i h  and such other f iss ion product 

components not removed as overhead were pumped as feed t o  the second column 

where the hexafluoride product was taken off as overhead and the bromine 

t r i f luor ide  removed as bottoms fo r  recirculation, 

Tho column bottoms, consisting 

A detailed description of the various s y s t e m  components can 

be found in a 8 U I I I m l y  repart written by W. B. Page e t  alO2 T& coi- were 

nine feet high and packed With 5/32-inch I D  aluminum single  turn helices 

made from 24 B+S gauge 2s alloy wlre. The pumps uere 3-gph Lapp pulsa-feeder 

units with double diaphragm hydrauli pulse transmitting 8 Y 8 b m o  The 

primary diaphragms wem located outside the temperature-controlled box which 

houses the p i l o t  plant and the pulses were transmitted by means of Kel-F 

oil t o  the secondary diaphragms inside the box. 

check valve systems in  the process streams. All pump part9 in contact with 

These diaphragms actuate 

process f l u i d a  were either Monel or Teflon, The flows were metered bu 
means of rotometers. 

635 



T t  k 

C O U Y N  
M 

W N O S  , 
I U 

pig. 12 - Elav sheet of Brookhaven Ught ends separation e t ,  

f 

f 
". 

h# 
536 



c 

A; 

'* 

The l iquid levels i n  the storage tanks and still pots were 

measured with fluorothene s ight  glasses, 

and were equipped u l th  l iqu id  dividing heads which were specially 

constructed 80 that the gas flowed up f r o m  the column by a separate path and 

the condensed l iquid flowed down through a gas sea l  t o  a solenoid-actuated 

nickel bucket which dis t r ibutes  the condensate between distillate and reflux 

stre-, The pressure on the separations uni t  was regulated by means of an 

air-actuated diaphragm valve and Taylor fulocope combination as shown in 

Figure 12. 

The condensers were water cooled 

The feed preheaters for the columns consist  of 6-ft lengths 

of l/b-In. nickel tubing one end of which was grounded, the other end of 

which uas insulated from the s J t s t e m  with a teflon flare union i n  the l i n e  

and was connected t o  a low voltage, high current transformer to permit 

heating of the nickel tube wall directly. 

aystem were neaaured with standard Bourdon tube gages. Iron constantan 

thermocouples in appropriate wall structures were used throughout with the 

leads connected t o  recorders on the outside of the box, 

Pressures a t  various parts of the  

Aluminum alloys (2s and 3S) were used for  construction of 

most of the equipment, A l l  l iqu id  and gas l inea were 2s and 3s m-inch 

aluminum tubing with the exception of the "An nickel feed preheatere, and 

the l/lr-inch copper gas transfer l i n e s  to the trap system. Parker 17ST, 

2bT and l&T aluminum flare f i t t i n e s  were used i n  connecting the tubing 

t o  the various components of the system, 

2, Light Ends Separation Unit - Data and Results 

In order t o  test the system with fiesion product l i g h t  end 

act ivi ty ,  a synthetic feed was made up which qonsisted of about 3 mol per 

cent uranium hexafluoride and 97 mol per cent bromine t r i f luoride t o  which 

wereadded the volatile fluorides from 45 grama of i r radiated uranium 

tetrafluoride. 
8 about L x l$ neutrons/sq cm (305 weeks in the Brookhaven reactor) and 

The uranium tetrafluoride had received an irradiation of 

537 



had cooled f o r  30 days a t  the time of processing. 

was fluorinated lJith a m i x t u r e  of lot) ml of bromine t r i f luor ide  and 23 ml 

of bromine pentafluoride . 
The uranium tetrafluoride 

This feed was pumped to  the first column a t  a rate of 1.74 gph. 

The column head uas operated a t  total reflux and the heat t o  the feed and 

still pot was such that the feed was close t o  its boiling 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 ac t iv i ty  entering with t@e 

feed l e f t  with the mixture of uranium hexafluoride and bromine t r i f luor ide  

overflowing from the still pot. 

of 1.39 gph to the second column where the  uranium hexafluoride was separated 

This bottom mixture was then fed a t  a rate 

frm the bromine trif luoride.  The second column was operated w i t h  a reflux 

r a t i o  of 39 t o  1, with the feed as l iquid a t  the vaporisation temperature 

and with a sti l l  pot boilup rate of 57,7 @/hr of bromine trif luoride.  

Analysis fo r  t e l lu r ium ac t iv i ty  per gram of uranium hexafluoride i n  the 

uranium hexafluoride product, the feed and the still pot from samples taken 

during the run showed that the product uranium hexafluoride contained one- 

s ix t ie th  of the ac t iv i ty  of the feed t o  the second column. 

activity per gram of still pot solution was only s l igh t ly  less than that 

f o m d p e r  gram of feed, indicating, a closer association of the tellurium 

with the bromine t r i f luoride than uould have been expected. 

The tellurium 

The over-all decontamination factor  for tellurium f o r  the 

two columns was thus about 1703. Since neither iodine nor molybdenum 

ac t iv i ty  was found i n  the product uranium hexafluoride, the gross gamma 

decontamination factor for the runs was estimated to  be about 13 and the 6 

gross beta decontamination factor about 2 x 10 5 based on the ac t iv i ty  of 

the original bs grams of uranium tetrafluoride. 

the uranium hexafluoride product showed no detectable halide; analysis 

would have detected about 1 par t  bromine i n  1033 parts uranium hexafluoridee 

Analysis f o r  bromine i n  

t 

4 
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The #hill pot  solution contained 0.0005 M fraction uranium hexafluoride i n  

bromicie trifluoride. 
I 

On the basis of theso analyses, the number of plates i n  the 

second col~rmn was calculaied t o  be a minimum of 18, based on the Raoult's 

l a w  Ossumption and the  respective vapor pressures. 

2-jn. column packed with 5/32-in. helics was thus astimated t o  be less than 

6,3 in, Calculations of a similar nature on other runs yielded 3ETP values 

of between &.S and 6.0 in,, roughly twice the values obtained when the 

column was original ly  tested with n-heptane and methylcyclohexane. 

The HETP f o r  the 9 f t  of 

The d i s t i l l a t i on  resu l t s  indicate that when f iss ion product 

tellurium i n  uranium tetrafluoride is fluorinated, part of the tellurium 

. i s  present in a less vola t i le  *form than tellurium hexafluoride since it 

leaves from the bottom of the first column. 

middle of the second column the ac t iv i ty  ap l i t s ,  a small part going overhead 

and part remining behind, 

partial reduction of radioactive tellurium hexafluoride t o  a non-volatile 

form by internal conversion reactions does occur, It was demonstrated, 

however, that bromine t r i f luoride reoxidiaes th i s  non-volatile material 

t o  vola t i le  tellurium hexafluoride. 

However, on being feed t o  the 

I n  l a t e r  experimentsll it wi18 confirmed t h a t  

It was a lso  found that no non-volatile 

complex o r  compound is formed froa mixtures of tellurium hexafluoride 

and uranium hexafluoride. 

plant  experiments j u s t  c i ted  fs different  from the data indicated by 

laboratory work. Also in the high Xevel uranium hexafluoride decontanination 

experiments carried out a t  Argonne on overall  tellurium decontamination of 

10 was obtained as compared with the overall  factor  of 2 x lo3 jus t  cited. 

Therefore the tellurium behavior in the p i l o t  

6 

On January 29, 1951 a fire and an explosion occurred dirring 

a check out of the d i s t i l l a t i on  columns described above, It is believed 

that the use of alumhum contributed to the d i f f icu l t ies  which occurred in 

in this incident., The d i rec t  cause, however, was the breakage o f  8 column 

feed line spraying interhalogen over combustable insulation. 

uas badly enough damaged so that f t  was not rebuilt. 

The equipment 
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3. Continuous Dissolver 

The Brookhaven group fe l t  that the continuous d i s t i l l a t i on  - 
2 experiments established that continuous operation of t h i s  phase of a process 

for  the uranium-plutonium systern was possible. They have gone on t o  1 

construct a continuous dissolver. 

indicate the feas ib i l i ty  of a completely continuous process of the type 

suggested by Figure bo 

It is hoped that the over-all data w i l l  

t 

In the newer Brookhaven unit  it is planned to dissolve 

continuously about 5 pounds of uranium per hour. 

pipe. 

50 gal/* or eight dissolver volumes per minute, 

The dissolver is to  be a 

The dissolver solution wi l l  c i rculate  through the dissolver a t  about 

The heat of the reaction 

is removed by circulating through a heat exchanger, 

is t o  be continuously fed to an evaporator. 

evaporator I s  bromine trif luoride,  uranium hexafluoride and an amount of 

The dissolver solution 

The condensate from the 

bromine pentafluoride dopending on the mode of operation of the dissolver; 

t h i s  is fed t o  a continuous coluanr. The overhead from the column w i l l  be 

uranium hexafluoride with bronine pntaf luoride while the bromine 

t r i f luoride w i l l  bo removed from the bottom of the column. 

An important contribution of the Elrookhaven group to the 

development of fluoride v o l a t i l i t y  processes has been the demonstration 

that a modified Model E chsmpump may be sat isfactory f o r  interhalogen solutions. 

A detailed description of the equipment is not appropriate a.t this time 

since the equipment has not operated for an appreciable length of time. 

is very l i ke ly  that in 18 months such a description, along with run dab, 

w i l l  be available in the open l i terature .  

It 

C, Chlorine Trifluoride Process - Oak Ri&e National Laboratoty: 

In  the chlorine t r i f luoride p i lo t  plant a t  Oak Ridge National 

Laboratory essentially three operatSons were carried out. 

diesolution of the uranium, the second uas dis t i l l a t ion  of the uranium 

hexafluoride from tha dissolver solution, plutonium and fission Droducts 

The first was 

B 

i 

T 
/- 

bi 
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and the third MS the recovery, i n  an aqueous solution, of the plutonium 

and f iss ion product fluorides. 

given i n  Figure 6. 

f o l l o ~ s :  

This procedure followed the flowsheet 

A discussion of the data f o r  three high leve l  runs W 
f 

'* 

1. Dissolution. 

In  a typical disaolutdon about 2.5 bg of Irradiated uraniu,,  

cooled about 90 days, MS dissolved in b.5 kg of dissolver solution a t  

3OoC, 

vary f r o m  37 to 50 psig. About 5 days were reqdred  to dissolve, a t  3OoC, 

a l l  of a batch of uranium slices varying from l/8 t o  1/2 inch in thickness 

with a dissolver solution containing about 2 moles of chlorine t r i f luoride 

per mole of hydrogen fluoride. 

t r i f luoride to  hydmgen fluoride mole m t t o  of 0.3 t o  2 a t  8OoC, the  

dissolution time for an unsliced slug 1& in. An diameter is estiiuatcd a8 

19 hours, When the reaction was complete, as indicated by the cessotfon of 

fluorine consumption, t h e  reaction mixture was transferred, as a vapor, to 

t h e  fractionat& column, I n  the simple d i s t i l l a t i o n  f r o m  the dissolver a 

bdta decontamination factor of Id, t o  105 f o r  reaction and simple d i s t i l l a t i o n  

ami a pamma doconhmination factor  of @bout Id wen? achieved, 

The pressure of fluorine maintained on the system was allowed t o  

Using a dissolver solution having a chlorine 

2. Disti l lation. 

The d i s t i l l a t i on  colurrn was constructed of a 4 1/2-ft length 

of 3/4-inO Monel tubing packed with Podbielniak 'Ieli-Pak, Under t o t a l  

ref lux and a throughput of 200 ml/iir, the column had about 23 theoretical  

plates, giving an HEW (heieht equivalent t o  a theoretical  plate) of 

1.93 in. By suitably adjusting the throughput and reflux r a t i o  the HETP 

of the column could be varied from 1.93 t o  13 in. .This d i s t i l l a t i on  results 

obtained in the three hot runs are given i n  Table lb.  The over-all beta 
6 decontamination factor for  the process varied from 6 x lo6 t o  20 X 10 D 

whereas the gamnti decontamination factor was about lo7, Mine the first 



Table 1b 

SWMARY OF DTSTILLATION DATA AND DECONTANINATIION DATA 
FOR HIGH LEVEL RUNS 

Run Vumber 1 

Throughput, ml/hr 155 

Reflux Ratio 59 

HETP, in. 2.7 

Theore tical Platen 20 

Uranium Recove+ 

Product 58 

Forecilt 

Heal 

Decontamination Factora, Procbtct UF? 

Pr, Y, aJd 

zr 

Te 

cs 

Cel 

Sr 

Pu 

6 - 10 
' kxlos 

3X1O6 
7 - 10 

703x104 

2 

200 

1307 

900 

6 

60 

3 o s  

16.5 

lo6 
7 

7 
- 10 

-11) 

7XlO6 
7 

8 

7 

- 10 - 10 - 10 
12 

3 

2m 

3 

760s 

1201 

1lC.lr 

3 2do6 
7 - 10 

7 - 10 

7 rcr 10 
ti 

rJ 10 

sa06 

107 
5 

205x10 

$er cent of the uranium i n  the still  charge. 

bDecontarnination factor is defined as 
i n  product uranium per gram 
in charged Uranium pe 

run a low product yield of 53 per cent waa obtained because P completely 

adequate d i s t i l l a t i on  technique was developed only after the completion of 

t h i s  runo 

66 C during the en t i re  dis t i l la t ion.  

The last two runs were made with the column head operating a t  

This method of operation ensured that 

cli 

3 

4 

5 

P 
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a l l  components i n  the system ware l iquid a t  a l l  times. Since the colunn 

was a batch colunm and the holdu? was about 20 t o  25 per cent of the t o t a l  

amount of uranium hexafluoride charged, a product fraction containing 75 t o  

80 per cent of the uranium charged would be the largest  fraction obtainable. 

The data in Table 14 show the decontamination effected by tho 

3. Plutonium Fluoride Dissolution 

The plutonium and fission-product fluorides were recovered 

from the reactor pot with a 5 per cent aluminum ni t ra te  solution a t  a ,pH of 

9.5. 

per liter. 

The plutonium recovemr solution contained about 1 gram of plutonium 

The dissolution was carried out a t  room temperature and required . 

about two days. ki th  temperatures near 100 C, a dissolution time of 2 or 

3 hours is probable. 

processed by modified solvent-extraction techniques. 

The aqueous aluminum n i t r a t e  solution can be 

11. Possible Improvements - Plutonium ltexafluoride 

Although it is possible that a f luoride vo la t i l i t y  process i- somewhat 

less cost ly  i n  the processing of uranium-plutonium systems than solvent 

extraction, the full  potential  of a vo la t i l i t y  process has probably not 

been realiced u n t i l  plutonium is converted t o  the hexafluoride and separated 

from fission products through its volat i l i ty .  A possible procedure might 

involve the following steps: (1) dissolve the uranium-plutonium al loy 5x1 

bromine or chlorine tr if luorides;  (2) d i s t i l l  the dissolver solution 

leaving a non-volatile residue of plutonium and most of the fission 

products; then decontaminate the uranium hexafluoride by dis t i l l a t ion ;  

(3) heat the non-volatile residue t o  perhaps bo0 C and fluorinate with 

fluorine t o  form plutonlum hexafluoride; ruthenium and niobium pentafluorides 

W i l l  probably vola t i l i ze  a t  this point; (I) decontaminate the plutonium 

hexafluoride by d is t i l l a t ion ;  ( 5 )  remove the fission products by dissolving 

them i n  a fused fluoride and store t h e m  in t h i s  fom. 



There are certain areas for  intisnsive development 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 603 C was necessary to  fluorinate plutonium tetrafluoride a t  a pract ical  

rate t o  the hexafluoride., Also, ear ly  data on the s tab i l i ty  of the 

hexafluoride were discouraging a8 far as process applications., 

however, encouraging information has been accumulated on the kinetics of 

fluorination of plutonium tetrafluoride by fluorine gas, on the kinetics 

Recently, 

of decomposition and on methods of handling the material without 

decomposition. 

removal and storage problems. 

Experimental work needs t o  be s ta r ted  on the f iss ion product 

A, Kinetics of Fluorination of Plutonium Tetrafluoride 

Experiments have been carried out a t  Argonne Yational Laboratory 

to establ ish the temperature necessary t o  achieve a practical ra te  of 

fluorination of plutonium tetrafluoride. These experiments were done on 

two different batches of material (designated as A and U) and on the 

residue obtained by dissolving plutonium uranium alloys in bromine 

trif luoride.  The data consist of weight losses of plutonium tetrafluoride 

Over a specified period., The data have been converted t o  a rate per square 

centimeter of exposod top surface area. 

=re uniformly spread Over the bottom of the reaction boat, 

shown i n  Table 15 and Figures 13 and lb. It  can be seen that the rates 

It was osaumed that the samples 

The data are 

are considerably greater for  fluorination of residws from the bromine 

t r i f luoride dissolution of plutonium-uranium allags than those obtained fo r  

fluorination of plutonium tetrafluorides from batches A or  R. It can also 

be aeen from a comparison of Figures 17 and 

coefficients of the rate of the reaction are different for the residues 

from the bromine t r i f luoride dissolutions, Extrapolation of the data 

that the tercpemture 

t 

i 

s 

obtained using dissolution residues indicates a sate of fluorination of 

plutontum tetrafluoride of about 200 grams hrol fC2 a t  300 C. Application 
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Table l5 

FUlORRJATI3N OF PLlJT3VIUM TETRIIFUJ:)RIDE AT ET8VATiD TEVERATGUS 

Flow systein; fluorine at one atmsphew; flow rates 50-233 cc/min, tube 0.625 i n  ID. 
Rate calculated from might loss and the top surface ama of the sample. Surface 
area calculated from the reaction vessel geometry, might and bulk density of 
1.3 doc. (Experimental for batch A.) - 

 ate (mg tu-.' ano2) 
pup; PUFI vt. Tim pup4 PUP, s$ Pu-U A l l %  lox Pu-U AlV 

(nih) Batch A Batch B Mssolution Dissolution 
~~ 

25 77.t 3P 0 

200 SL.1 60 2.5 
2130 a.3 75 
200 18.5 30 

511.1 L5 2.9 
h. 2 

293 
lr9.1 15 1 

120 9.9 
253 

52.1 250 
250 w.2 

3 -0 
Is 

I 

a 20 

375 
375 
375 
375 
375 
375 
375 
375 
3 75 
175 
375 
375 

57.2 
318.1 
629.7 
52.1 
h9.6 
95.8 
53.1 
U.0 
&!A 7 
87.3 
175.3 
k8.b 

20 
20 
20 
20 
10 
lo 
6 
5 
6 
6 
6 
6 

&* 50.0 5 
57.1 5 

5 
500 

&6*7 9 0  
5'Jll 39.1 1 

226 
293 
222 
222 
31& 

285 
175 

2 u  

367 
231 

73& 

826 
660 4707 . 1.5 586 

,699. 9.8  1.5 - 
a In i t i a l  sample weight. 

b s l d u e  from the dissolution of alloy i n  b r d n e  trlfluoride with subsequent 

'Special reaction vessels. Top surface area accurately controhed a t  2.11 cui2. 

Surfaces areas a m  calculated on the basis of average 
sanmle weight. 

removal of bromine nuoridea and uranium h e d m r i d s .  
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of this value to process scale equipment should recognize the f ac t  that the 

geometry of the laboratory apparatus res t r ic ted the depth of the tetra- 

fluoride to about -1.25 mm for  an average (!% mg) sample, 

A more detailed study of the ra te  of fluorination of batch A of 

plutonium tetrafluoride was undertakeno Samples were exposed repeatedly 

to fluorine a t  the same temperature and the weight loss  determined a t  

selected tines, 

It was found that even when the fluorination MS carried out until. only 

10 per cent (at 233OC) or 1 per cent ( a t  SOOOC) of the original starting 

material remained the ra te  of fluorination did not decrease seriously. 

These experiments uere carried out a t  various temperatures. 
v 

It is believed that these experiments show that the reaction of 

fluorine and plutonium tetrafluoride proceeds a t  a practical  rate a t  

modest temperatures . 
B. Stabi l i ty  of Plutonium Hexafluoride and Some Eethods for Handling It 

Plutonium hexafluoride has acquired a t  well deserved reputation for 

instabil i ty.  

reaction with container materials. Secondly, it is chemically unstable. The 

It is first of 811, highly reactive and thus subject t o  chemical 

ra te  of t h i s  decomposition is a function of temperature. Finally it is 

decomposed by the alpha radiation of plutonium, 

hexafluoride is stored as the so l id  phase the amount of this decomposition 

corresponds to  the destruction of about 1.5 per cent of the volat i le  material 

per day.' In  order t o  decrease the loss of the hexafluoride due to 

irradiation decomposition the material can be s t o r e d m  a vapor in  a nickel 

container. In this state, dependent on the geometry of tho container and 

the pressure of the gas, a large fraction of the alpha par t ic le  energy is 

absorbed by the walls oE the container and does not result i n  decomposition, 

For a m p l e  when plutonium 

Weinstock and Xalmla losses were about 0.1 per cent per day under these 

conditions, Thus, the thermal ins tab i l i ty  and radiation decomposition can 

be minimized by keeping the containers belowlOO'Cand by keeping the 

plutonium hexafluoride i n  small amounts, diluted with an ine r t  material, 
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or in the gaseous s t a t 0  where possible. 

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

vessel walls due to chemical reaction can be minimized by proper pre- 

fluorination. The e f fec t  of prefluorination of nickel equipment with respect 

t o  recovery df plutonium hexafluoride is i l lus t ra ted  by the resul ts  fiom 

several experiments s h m  i n  Table 16. In these experiments the equipment 

was prefluorinated under various conditions. Plutonium hexafluoride was 

Table 16 

RELATIONSHIP OF PREFLIK)RT”JATION COFJMTIOYS TO VAPORIZATION 
OF PLUl”ItR4 HEXAFUIORIDE FRON A NICKEL TRAP 

Equipment: The t rap consisted of a “U“ tube of 3/8 in. O.D. nickel 
heated by resistance winding. Length about 35 em, internal 
surface area approximately 70 an2. 

rate of 2.00 cc/min for 30 min. PuF was kept as a so l id  

t o  21 mg of plutonium used i n  each experiment. 

Experimental Conditions: PuFb vaporieed from t rap by a helium f low 

in the trap for a period of 20 minu k 8 to one hour. 12 

Per cent Pfl6 Docomposed 
(i.6. amount remaining .in trap) 

P re fluorination Time of Prefluorination 
Temp (C) (min) - 1s 30 60 90 - 

280 IO0 

3oQ n 
330 70 

condens 

i n  volat i le  plutonium hexafluoride was a mas Of the bdeQmCY Of Pm- 

fluorination. It also must be remembered that radiation decomposition was 

occuring simultaneously. Prefluorination for 90 minutes at  569OC is 

a nickel trap and then revaporiced in a helium stream. The loss  
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apparently suff ic ient  t o  allow recovery of much of  the plutonium. 

figures i n  parentheses seem t o  be out of l i n e  for an unknown reason. These 

experiments are, of course, with ra ther  small amounts of plutonium. When the 

amount is increased f t  is believed that8 smaller fraction w i l l  be lost .  

hrperimenta need to be carried out to tests t h i s  assumption, 

The t w o  

i d  
f 

In  addition a study was made of the decomposition of plutonium 

hexafluoride on nickel wool i n  which decomposition temperature, prefluorination 

conditions and tihe atmosphere (helium or fluorine) ware varied. In  these 

experiments nickel wool was inserted in a nickel tube furnace, Plutonium 

hexafluoride was passed through the nickel wool and caught in a cold trap, 

The nickel wool vas removable f r o m  the tube furnace and the plutonium was 

recovered leaching. The plutonium found on the nickel wool MS thus a 

rfteasure of the amount of plutonium hexafluoride loat by decomposition, The 

area of the nickel wool was estimated t o  be 1500 cm2 and was held in a tube 

0,625 inch I D  and 10 inches long. The prefluorination conditions of the 

nickel wool were varied as well as the decomposition temperature. 

hexafluoride was prepared by passing fluorine over plutonium tetrafluoride 

The 

a t  m°C, Uhen the decomposition was studied i n  the presence of fluorine 

the gaseous mixture was passed directly into the nickel wool, When the 

decomposition was studied i n  the absence of fluorine the hexafluoride ~8 

trapped i n  a l iqu id  nitrogen t r ap  placed between the preparation furnace 

and the nickel wool decomposition zone., The plutonium hexafluorido was 

then removed by volat i l isat ion in  a helium stream purified by passing through 

a charcoal t r ap  immersed i n  l iqu id  nitrogen. The data are given in Table 17, 

The following conclusions may be drawn: 

(1) The decomposition product can be refluorinated a t  modest 

temperatures. (See ver t i ca l  column 2.) Thus, with no prior 

prsfluorination of the nickel wool, less plutonium hexa- 

fluoride decomposition product i s  found as the tefiperature 

increases i f  the transport of the hexafluoride is done in 
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d C 

en s Decomposition 
Temperature 

Table 17 

DEPENDENCE OF RATE 3F DECOMPOSITION OF PLUMYIUM HEXAF'LUORIDE ON TEMPERATURE 

volume of packed tube 
flow rate of carr ier  gas 

Dafinitions: Residence time * 

( PUFL decomposed) (log) 
(PuFg used)( residence time) 

decomposed/sec, = 

Experimental Details: Linear f low ra te  about 12.5 cm/minc 
Residsnce t i m  varied from 70 t o  200 secondsc 
Surface area of packing about 1500 an2, 
Experiments used 1 to 20 mg of plutonium, 
Nickel packing was prefluorinated except where 

Helium used as car r ie r  gas except where noted, 
indicated otherwise. 

120 

k FWc; Decomposed per Second 

n 

240 0*3b 0.9k 0,82 0.38 
0001 

- 

%eke1 packing not prefluorinated, 

bFluorine used a8 carrier gas inatead of helium, 

CDoubtful valueao 



the presence of fluorine. 

the rate of decomposition w i l l  increase with increasing 

temperature the decompositiorl product can be assumed t o  be 

refluorinated, 

found possible t o  move tho docornosition product through a 

nickel wool plug 

(2) A s  prefluorination conditions become more severe, less 

plutonium' hexafluoride decomposes i n  the absence of fluorine. 

For example, f o r  a decomposition temperature of 2 b ° C  the  

per  cent decomposing dacreases from 0,9 t o  0.4 as the pro- 

fluorination tenperaturn is raised from 350 t o  &QoO 

decomposition tenperatuw of 183' the percent docomposeQ 

per second decreases as the profluorination conditions become 

more severe although the trend is riot very marked., 

The effectiveness of transporting plutonium hexafluoride i n  

a fluorine atmosphere can be appreciated by comparing the 

experiments done with and without fluorine when the equipment 

was prefluorinated fo r  30 minutes a t  350' and the decomposition 

studied a t  240°, i.e. 0.9 par cent vs O , O ~  per cent, 

Since it is t o  be expected that 

In experiments not reported here it has been 

fluorination below 29'. 

For a 

( 3 )  

The resu l t s  of these experiments indicate that plutonium hexaflucri.de 

can be transported i n  a fluorine atnosphere when (1) t h e  temperature is 250' 

or higher and (2) an excess of fluorine is present,, 

experiments are necessary t o  clarify fur ther  the proper conditions f o r  

kesping and transporting plutonium hexafluoride 

be carr ied out a t  higher plutonium levels,  

It is believed that 

Theae experiments should 

The Knolls Atomic Pouer Laboratory has a lso  carried out work with 

plutonium hexafluoride, 

t h e  development of a separations process, 

in (a) methods of preparing the hexafluoride by induction heating, (2)  soma 

of the chemical reactions of the hexafluoride and ( c )  the consumption of 

This program has not had the d i rec t  objective of 

The investigators were interested 

t 
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p1ur;onium hexafluoride on possible materials of construction. 

program objective is  particularly pertinent t o  separations process 

development, 

fluoride layer result ing from prefluorination a t  temperatures from 75 t o  

17!?C0 The samples were prefluorinated a t  the selected temperatures for 

1 hour a t  25 mm pressureo 

t o  10 mm pressure of plutonium hexafluoride for  1 hour at 75 C. 

were then counted and the data reported i n  micrograms em""'. The data are 

The latter 

These investigators have made a study of the s t ab i l i t y  of the 

The prefluorination was followed by an exposure 
0 The samples 

shown i n  Figure 15, 
prefluorination temperature lies within the range studied. 

For a l l  the metals except nickel the optimum 

The abrupt rise 

i n  deposition rate for the  other metals suggests 8 partial destruction of 

the passivating metal fluoride layer due t o  enhanced fluorine corrosion as 

the prefluorination tmperature is increased, It is not appropriate to  

compare these data with the Argonna data just c i ted  since the range of 

prefluorination conditions is quite different. However it appears that the 

data do not  disagree. 

C. Corrosion Studies Pertinent t o  Plutonium Hexafluoride Preparation 

Corrosion studies have been carried out on nickel in a fluorine 

atmosphere to  see i f  corrosion d i f f i cu l t i e s  would be expected i n  the plutOnium 

hexafluoride preparation step. The data are given i n  an abbreviated form In 

Table 18. 

may be 8 sat isfactory material of construction. Since, it was found that 

the preparation proceeds a t  a much more rapid rate than original ly  

anticipated an operating temperature of much less seem9 reasonable. 

corrosion s tudies  were not carried out in the presence of plutonium and 

such a stuCty should ba eventually done, There are cations that the 

presence of plutonium does not complicate the corrosion problem. A boat 

w e d  f o r  the preparation of plutonium hexafluoride under a variety of 

conditions was sectioned and examined metallographically by R. J. Dunuorth 

and L, Kelman of the Metallurgy Division of Argonne National Isboratory. 

It was found that them was no evidence of intergranular penetration. 

These data indicate that evin a t  temperatures of ss°C nickel 

These 

i 
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3t7 Stainless Steel 

Inconel 

M i C k e l  

Al-m 

c 

I b I I I 
75 100 125 150 17 5 

Pre-Fluorination Temperature (OC) 

Fig. 15 - Effect of preflwrination temperature on subseqwnt 
flutonitnu deposition. 

Comparison of Fluoride Volatility and Conventional Procosses 

O f  prime interest is  a comparison among a fluoride volatilitf process 

Vith aqueous plutonium recovery, an a l l  fluoride volatil ity process and an 

aqueous solvent extraction process, 

the block diagrams in Figures 16, 17  and 18, 

Sone idea may bo gained by considering 
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Table 18 

CCWlOSTON OF MATERIALS I N  GASEWJS FLlX)RIVE AT ATMOSPHERIC PRESSUX 

sample areat 1 to 2 in2 
Time: 2,s to 6 hours 
Corrosion data calculated from weight gains of sample. 

4 - c o r n -  

Mate-1 

Nickel 

Mono1 

4 & 350 
40 2900 

Inconel 3200 7100 25000 

Copper 110 430 750 
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I I Diseolution o f  Ururlum 

- 
-A 

Masolution of 

Solvent 
Extraction 

Precipitation 

calcination n 
f 

Fig. 17 - A typical plrrtolatrm cycle - flutodun pxduetion reaetar, 
Fluoride volatility FQY)()OSS. 

Let us first consider the uranium cycle for a plutonium producing 

reactor shown i n  Figure 16, 

skips obvious. 

The impressive simplification i n  the number of 

Instead of ten steps in the uranium cycle there are only 

six. It is a lso  important that this simplification occurs i n  the handling 

of the bulk constituent, 

In  Figure 17 is shown the plutonium block flowsheet for the conventional 

procedure compared with that of a fluoride vo la t i l i t y  processo It is 

important t o  remember that the solvent extraction equipment f o r  the fluoride 

v o l a t i l i t y  process is scaled t o  handle only the plutonium, while that for 

the conventional process handles the bulk constituent, It is clear from t h i s  

figure, however, that plutonium handling will  not be greatly simplified by 

c 
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the fluoride vo la t i l i t y  process. 

if an advanced vo la t i l i t y  process is achieved. 

Figure 18 shows the simplification involved 

Diesolution of Uranium 

Fluorination of 
IbSidU0 

Solvent 
extraction 

Prrcipitption 

lieduction of 

Reduction of l?ydroflaorination 

Beduction of ELI 
Fig. 18 = A typical plutanimn oycle - plutonium production reaotor, 
Advanced Rporide volatility prooeas. 

VI1 . Acknowledgements 

Principal investigators who have contributed t o  the laboratory wrk 

OD the  bromine t r i f luoride process a t  Argonne National Laboratory are the 

following: 

1.1. Levenson, R. Liimatainen, R. Long, W. Ludewig, W. J. $khan, J. 0. 

Schnielein, P. Seufeer, I, Sheft, L. Stein, and L. E. Revorrow. 

0. DuTemple, 3. Fischer, L. OaUmer, Ei. Hildebrandt, X. H. ma, 

Omup 

leaders of the laboratory a t  various times have been J. J.'Katz, 

R. K, Steunenberg and A. C. Vogel. 

Principal investigators who have contributed t o  the p i l o t  plant work 

on tho bromine t r i f luor ide  process a t  Argonne National Laboratory are 

657 



0.  DuTempld, L. Gamer, G. E. Goring,* It. Kossie, N. Levite, R. Liimatainen, 

W. A. Rodger, W. Seefeldt and J, I. Thigpen.'* M. Levenson and W. hecham 

have been group leaders. 

laboratory and p i l o t  plant work. 

S. LawrosM had ovctrall responsikLlity f o r  the 

The group a t  3rookhavon hational Laborator; which built,  ran and 

contributed to the  success of the early p i l o t  plant consisted of C. J. haseman, 

E. I. Goodman, C. 3. Scarlett, F. T. Miles, U, E. idinsche, H. Lo-Finston 

and R. W. Stoenner. W. R ,  Page was the ,"~OUFI leader. The Brookhaven group 

now building the continuous dissolver p i lo t  plant and uorking on the bromine 

t r i f luoride process consists of F. L. Horn, R. Johnson and J. Speirs. 

0, Strickland is the group lead of t h i s  group, 

responsibil i ty for tho effor t .  

0. E:. m e r  has had overall  

Principal investig3tors who have contributed t o  the laboratcry and 

p i i o t  plant  work on the chlorine t r i f luor ide  process a t  Oak R i d g e  National 

Laboratory are the following: 

I$. Davis, J. R. Flanary, C. F. Hale, R, L. Jorry, T. Sa Kirslis, 

T. S. M d i l l i a n ,  F. D. Rosen, E. B. Sheldon and W. S. kndolkowski, 

R. A, Gustism was the group leader during most of the investigation period. 

E. J. Barber, S. T. Benton, H. H. Bernhardt, 

Investigators contributing t o  the laboratory work on plutonium hem- 

fluor$.de are M, Adam, J. Go Malni, H. Sbindler ,  R, K. Stemenberg, s. Vogler, 

R, C. Vogel and 8, Weinstock a t  Argonne and at KAPL are R- Branden, J o  w. 
Codding, R, E. Grande, N. J, Ilawkirls, W. Le Robb and wo Sabol. 

*Special Scient i f ic  Enployee on loan from Union Carbide Nuclear Cornpaw. 
*Special Sciontific Employee on loan from Horcules Powder Compaqy, 

-. 
I 
I 

V 

558 

http://fluor$.de


1. 

2. 

3. 

l b  

5. 

6. 

70 

80 

Ref erencea 

Hyman, H. H., Vogel, R. C. and Katz, J. J. Decontamination of 

Irradiated Reactor Fuels by Fractional Mst iSlat ion Processes Using 

Uranium Hexafluoride, Geneva Conference Paper N u m b e r  A/conf . 0/P/Slr6 

Page, W. R. e t  al. A Continuous Flow Pi lo t  Plant for the Separation 

of Bromine-Fluorine Campounds and L igh t  End Fission Product Fluorides 

from Uranium Hexafluoride, BNL-174 

Strickland, G. Privata Communication, January 8, 1957 

Stein, L. and Vogel, R. C. 

Materials i n  Fluorinating Reagents, Ind. and Ihg. Chem, 4 U S  (1956) 

Malm, J. 0. and Weinstock, B. 

fluolride, Geneva Conference Paper Number A/conf . 0/P/733 
Yosim, S. J. 

Trifluoride a t  2pC, NAA-SR-1037, October 1, 1954 
Schnielein, J. G., Steunenberg, R. IC. and Vogel, R. C. Corrosion 

Studies Pertinent to Bromine Trifluoride Processes, ANL-5557, 
April 1956 

Benton, S. T. and Gustison, R. A. 

Products from Reactor Pot Residues of the Chlorine Trifluoride 

Process, K-817, September 12, 1951 

Behavior of Uranium and Other Selected 

The Properties of Plutonium ilexa- 

The Chemical Effects of 1 Mev Electrons on Bromine 

Recovery of Plutonium and Fission 

9. Mecham, W. J., Liimatainen, R. C., Kessie, Ib. iJ. and Seefeldt, W. B. 

Decontamination of Irradiated Uranium by a Fluoride Vola l i t i l i ty  

Process, Chem. En& Progress 53, 71-F t o  77-E (1957). 

10. Liimatainen, €2. C, and hecham, W. 3. 

Dioxide and Aerosols from A i r  in  a Spray Tower, ANL-5429, 

February ? E ,  1955. 

Fischer, J. and Stemenberg, h. K. 

of Tel lur ium i n  Fluoride Volat i l i ty  Studies, AML-5593, June 19% 

Ewmoval of Halogens, Carbon 

11. Chemical and hadiochemical Studies 

559 



FLUORIDE VOLATILITY PROCESS FOR HIGH ALLOY FUELS 

G. I. Cathers* 

May I, 1957 

Introduct ion 

The processing of high a l loy  uranium fuels v i th  good corrosion 

resistance is d i f f i cu l t  by aqueous nethob. This is the case f o r  fuel 

elements w i t h  a core or cladding of zirconium or stainless  steel. An 

a t t rac t ive  al ternat ive is fused salt diasolution of these materials i n  

conJunction with fluoride vo la t i l i t y  proceesing. The essent ia l  steps 

of a fused salt--fluoride vo la t i l i t y  process are  shown schematically in 

Fig. 1. The fused salt dfssolution converts the sol id  fuel a l loy  Into 

a l iquid containing UFb, which is readily fluorinated t o  volat i le  UF60 

The UF6 product is decontaminated i n  the last s tep t o  the extent required 

by future use. 1-4 

The fused salt-fluoride vo la t i l i t y  process has a number of advontagee 

over aqueous processing. A mJor advantage is that the product w6 is 

returnable t o  e i ther  the diffusion process or metallurgy without many of 

the chemical conversion steps necessary in aqueous processing. The f iseion 

product waste is also more highly concentrated and i n  a sol id  form convenient 

for disposal. The absence of water reduces the c r i t i c a l i t y  problem and 

makes the process applicable t o  highly enriched fuels. The nature of the 

procese Indicates a high plant capacity re la t ive t o  aqueous processing 

although not as high as that of metallurgical processing. 

*Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
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Fig. 1 Fused S a l t  Volat i l i ty  bocess  Cycle 

The material presented here is a br ief  survey of development work on 

the fused salt--fluoride v o l a t i l i t y  process being carried out a t  the Argonne 

and Oak Ridge National Iaboratories. It covers the fuaed salt diesolution 

and fluorination work i n  addition t o  NaF absorption a8 a proposed new 
technique'for decontaminating and handling the product m6s 5-7 The 

al ternat ive of d ie t i l l a t i on  has been adequately described. 

Process Alternatives 

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

the three major steps of the process. Some of the procedures tes ted 

are given in Table 1. 

steps there i s  a vide choice In the salt system and fluorinating agent. 

The essent ia l  requirement of the salt system is compatibility x i th  all 

In the fused salt dissolution and fluorination 

the fluorides of the fue l  element. 

e .g, , NalF2 and KEF2, were t r i e d  with generally unsatisfactory results . 
Although corrosion l e  higher, the w e  of high-temperature binary or ternary 

melts is. preferred in the current work at both Argonne and Oak Ridge Hational 0 

In ear ly work low-temperature mlts, 
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Tkble 1. Fused Salt--Fluoride Volat i l i ty  Process Methods 

Byetern 

HaF-LIF } F2, BrF5, EF 
NaF-LIP-IW 

KF-LW J 

Temperature (OC) 

Laboratories, w i t h  anhydrous hydrogen fluoricle as the dissolution agent. 

The most a t t rac t ive  melts are underlined In the table. 5,8 

The diesolution procedure is baaed on the following reaction f o r  

uranium (or uranium oxide): 

U(so1id) + 4 ~ ~ ( s 0 1 u t i o n )  c ~ ~ ~ ~ ( ~ i o l u t i o n )  + m2(gas) 

with a similar reaction f o r  s t ruc tura l  pmetals and fission products. 

the second, o r  fluorination, s tep  a fluorination agent each as BrF4, C l F  , 
o r  Fg 18 used. 

I n  

3 
In the case of F2 the reaction is 

m4(Sol*iOn) + FP(m8) m6(@s) 

In some work F2 or BrF achieved both diesolution and m6 volati l ization. 

There seem t o  be l i t t l e  economic Just i f icat ion for thia,, however, in 

view of the much lower cost of hydrogen fluoride. 

5 

In the th i rd  major step of the process, the alternatiOea fo r  complete 

decontamination of the uF6 are dis t i l l a t ion ,  absorption, o r  gee f i l t r a t ion .  
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It is probable that gas f i l t r a t i o n  would alwap be wed in conJunction w i t h  

one of the other methods. 

Flowsheets 

Emphasis is being placed on use of XaF-ZrF4 salt fo r  processing 

fuel elements. The Argonne and Oak Ridge fused salt processlng SCheu~eS 

differ in two principal points. Argonne has emphasized the use of BrF 

rather than F2 as the fluorinating agent, and Oak Ridge hss proposed 

that the decontamination of m6 be carried out by a XaF csbsorption- 

desorption cycle ratber than by d is t i l l a t ion .  The two processes are 

5 

Dissolution Step 

Points of in te res t  in the hydrofluorination step include: 

1. Geometry and type of gas-salt contactor. 

F. 

.t 

2. Composition of melt 

3. BF sparging ra te  

4. F+ressure 

5. Tempertatwe 

6. Metallurgical variations . 
The UF-ZrF4 melt has been studied the most completely with respect t o  

these variables. 

importance of these factors &ng t o  their independence. We HF 

sparging rate, pressure, and temperature are important, poseible because 

of the neceseity of keeping the salt saturated vith Hp. The salt compo- 

s i t i on  is also important since it changes continually during batch 

It has proved d i f f i cu l t  t o  evaluate the relat ive 

diesoltrtfone. The e f fec t  of temperature on the dissolution rate is 

smal l  (Tablee 2 and 3).5'8 
The XaF-ZrF4 system l e  sul tea  t o  the disaolution of tirconium-contaln- 

lng fuel elements. A convenient i n i t i a l  salt composition would be 4 0  or 

45 mole $ ZrFk with the final concentration belng 55 t o  60 mole 4.  A 
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'C 
(2) - 4 

(4) 
I RF 

Produce w4) 
Br-rP3 
Converter T b  7 

?wed Salt h 6  Br8, 
Dirsolutlon 

and 

Steps 
Distillation 

(3) Colrmm 
Volatilization 

High Boilers B r F 7 L  
(8) (aoOoC, 1 atm) 

I Br?5 for UFI, to UF6 Conversion 

t 
nonvolatile 

Pisrion Products 
in Salt Uarte 

( N r m b e n  in parenthe#cs indicate operational order.) 

Fig, 2 ANL Fused S a l t  Volatility &mess Flowsheet 

Absorption 00 i1-t W bed ' 
Both w bed. at 1 0 0 ~  
at 1ooOci demorption thro* 

mmte salt 
(,*or F.P.'.) 

Fig, 3 ORNL Fused S a l t  Volatility Recovery Process Elovsheet 
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Table 2. Effect of HF Sparging Rate and Pressure on Dissolution 
at 600Q C in NaF-ZrF,, Medim 

Bterial dissolved: zirconium-tin-uranium alloy, 1.s tin, 
l$ (overall) uranium, remainder zirconium 

Pressure HF Rate Pcnetrntion Rate 
(atm) (g/min) (milE/hr) 

0.25 
0.42 
0.70 
0.66 
0.43 
1.14 

Table 3. Dissolution of Zlrcontm in Fluoride Eaelts by Hydrofluorination 

Composition Mssolution Rate (mils/hrf 
welt  (mole $1 600% 7ooOC 

LlF-HaF 57-43 --- 48 

LlF-XaF-zrF4 26-19-55 0.4 15 

lkF-zI.F4 65-35 30 
HaF-ZrF4 50-50 15 18 

LIF-BaF-zrF4 35-27-36 18 33 

--- 
-0- l?aF-zI.F4 40-60 3 

second diesolution would be made by taking part of this e a l t  (discarding 

the remain8er) and reenriching with NaF. 

A second a t t rac t ive  alternative is t o  we a LIF-NaF melt (57-43 mole 6) 
et woC t o  avoid any initial ZrF4 Inventory. There would be no neea of 

e a l t  recycle in t h l s  case. Some tnlcal corrosion rates for the  LlF-NO- 

ZrF4 case are given In Table 3. 

Consideration has been given also t o  processing stainless e t ee l  fuel 

elements (Table 4) in e i ther  W-ZrF4 o r  LIF-NaF-ZrF4 mixtures, The w e  of 

a higher temperature l e  desirable i n  this case to  Increase the so lubi l i ty  

of FeF2, CrF2, and BIF2. 

The behavior of raclioactive fission products during dissolution of 

pawer reactor fuel elements In fused fluoride8 has an important bearing 

on the l a t e r  process steps. Several t e s t s  showed that e i ther  HF doe8 



Table 4. Effect of Solvent Composition and Tem;perature on Type 347 
Stainless Steel Dissolution Rate 

Composition Temperature Dirrsolution Rate 
Solvent (mle  $) (OC) (mil/hr) 

Re-ZrF4 50-50 600 0.3 
50-50 700 4.2 
9-50 Boo 5 -4 
43-57 700 10.2 

3 e 0  

6.0 
0.6 
6 .o 

or  that complexes are formed between t k se  compounds and the fused fluoride. 

Data preeented in Table 5 show tha t  O.Ol$ o r  less of the gross ac t iv i ty  was 

volati l ized when uranium metal containing a large percentage of the fission 

products which form volat i le  fluorides was dissolved. The volat i l izat ion 

of uranium is completely negligible in the diseolubion step. Later data 

have Indicated that niobium is  the largest contributor t o  the ac t iv i ty  

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

fraction of the total niobium ac t iv i ty  present. 

I 

UFL Volatilization Step - 

Table 5 .  Volat i l i ty  of Fission Product6 durlng Uranium Dissolution 

Umnium dirrrolved: 6 g 

Uranium irradiation: 
hrsed mlt: 
Temperatwet 650Oc 
HF rate: 20 &min 

40 Md/ton, decayed 21 Qym 

67 g of 50-50 -le $ 10aF-ZrF4 

Activity Volatilized (5 of Total) 
Activity Run 1 Run 2 

0.012 1.3 x 10 -4 

0.030 0.4 
2.0 --- 
0.2 --- 
0.0015 0.74 
0.005 0,026 

The recovery of uranium as W6 by fluorination of fused salt is 

accomplished with l i t t l e  difficulty.  Data wlth different fluorination 

t 
f 

t 
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agents ah& that mre than 99.s volat i l izat ion l e  possible (Table 6 ) .  

However, the chemistry of the fluorination eteg is probably complicated 

--LJ 
;i 

c 

1 

3 

c 

* 

W 

by the formation of intellllediatee and the presence of impurities. This 

is t rue  particularly at higher initial uranium concentration melte where 

an induction period is evident (Fig. 4). 

Table 6. Summary of Ikta from Uranium Recovery Rune at 6oo0c 

zircdloy 73 4.0 0.0031 BrF5 1.0 X l o 3  15 1 9.9 
30 0.7 
60 0.1 
90 0.4 

Uranium 0.96 2.4 O.OO40 F2 13.3 x lod 15 1 0 e03 
30 0.01 
45 0.01 
60 0.01 

30 0 -03 
zircdloy 58 2.6 0.00& BrF5 8.7 x lom3 15 1 0.11 

m4 1.06 2.6 0.0034 ClF3 5.2 x l o 3  15 1 0.04 

0.03 2 0.03 

0.98 2.6 0.0031 BrF5 1.4 X loo3 15 0:5 52.2 
30 0.46 
45 0.02 

UF4 

aApproxln&ely aqWwlar In  BaF and ZrF4. 

lit. mler iluorinatlng age 
hour x m l  pelt 

bsprge rate = 

2he behavior of ac t iv i ty  in the fluorlnation step is probably not 

too dependent on the type of fluorination agent, The result8 for Fg show 

that decontamination is high for the nonvolatile f isaion product fluorides 

and low for those that are vola t i le  (Table 7). In the case of S h O r t - d e C a y e d  

fuel much ioaine and tellurium ac t iv i ty  is a l e 0  volati l ized, result ing ip 

low gross Uecontdnation, 

Final UF'K Purification Step - 
There is  no doubt that d i s t i l l a t i on  could be wed 88 the last step 

in the proces8. 

use of N ~ F  absorption as a basis fo r  decontaminating uF6 ( o m  flowsheet, 

In this paper an e f fo r t  w i l l  be given to  describe the 

667 



70 

60 

50 

a 
b 
.E 40 
E 
'1. 

E 

5 30 
3 

- 
w 

s 
lL 

20 

10 

n - 
0 (0 20 30 40 50 

TIME (min)  
Fig. 4 Kinetics of Fluorination Step U d n g  F2 W i t h  HBF-zrF4-UF4 
(4&4&4 Mole $1 

Table 7. Decontamination of Uranium by Fluorination f r o m  Molten 
IWl, -Nd'&F4 

charge: ~ a ~ - m 4 - w 4  (y mb $) with rirsion product 

Conditione: r2 bubbled through fused malt a t  6 0 0 - 6 5 6 C  in 

activity leml o r  10 groan beta countr/min/mg u 

L nickel reactor 

Bet .  Deconhmination Fectona 
Firsion Product Run 1 Run 2 Run 3 

Oroar m 110 230 

Ruthenium 14 6 17 

zirc.conium 4.2 x ld 1.4 x 14 1.9 x Id 
Biobium l 3  6 5 
Totdl rara earth 2.1 x lo4 3.0 x 10 6.0 x Id 

LDecontamination factor I quotient or in1ti.l activity per unit or 
uranium aaa product activity per unit or unnium. 

1 

E 

t 
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Fig.  3). 'phe reaction is described by the equation 

m6(ms) + 3NaF(S0lid) ~6*3?@(801 id)  

This  reaction I s  reversible in that an equilibrium partial pressure of 

UF6 exis t s  over the complex. The dependence of the equilibrium partisl 

preesure on temperature i n  the range 80 t o  35OoC was studied by the 

transpiration mthod for a bet te r  understanding of the process operation 

(Fig. 5 ) .  The effectiveness of N ~ F  at XOOOC in absorbing UF6 is due t o  

the small equilibrium pressure of about loo3 mm Hg. This corresponds t o  

a m6 cold-trap temperature of less than -80Oc. A t  3 6 0 ~ ~  the equilibrium 

pressure I s  approximately atmospheric, which accounts fo r  the relative 

ease of desorption.7 

The separation of m6 from,fission products in the Na?? absorpt;ion 

step may be described as gaseous chromatography. A srnmnary of the ac t iv i ty  

distribution in several runs (Table 8) shows that a three-way s p l i t  occure 

between uranI\pp, ruthenium, and niobium. A large part of the ruthenium 

ac t iv i ty  passes through the first Hal? bed when the m6 is ,being abeorbed 

at 100°C. The niobium is a l s o  absorbed. 

40O0c, however, result8 in e s s e n t m l y  all the  niobium relpaiaing on the 

first bed. The second bed removes any ac t iv i ty  carried f r o m  the first bed 

Desorption of the m6 at 100 t o  

in the w6 stfiam. The effectiveness of the NaF in removing particulate 

matter in the garr stream is I l lustrated by the ra re  ear th decontamination 

in the first bed. 

Table 8. Dlstributlon of Activity in NaF Absorption-Desorption Step 

Activitya ($ of Total) 
After 4 Consecutive Runs After 1 Run 
NaF BaF Ru BaF B O  RU _ -  

Firsion Bed Bed Cold Bed Bed Cold 
Product 1 e TMP 1 2 Trap 

Ru Y 1.6 1.1 97 18 0.9 81 

R M a a r t h p  92 ' 4 4 97 0.1 3 
B b Y  98 0.04 2 99 0.04 0.4 

.Activity found in product, He3 beb, a d  ruthenim cold tMp. 
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O v e r 4  process tes t ing  of the ORNL flowsheet has given the resulte 

summarized in Table 9. A d i f f icu l ty  encountered w i t h  e i ther  the AMI, or 

ORNL floweheete is that tes t ing  has t o  be carried out a t  high ac t iv i ty  

levels t o  obtain much ac t iv i ty  in the product. 

Table 9. Decontamination of Uranium in Fluorination and NaF Absorption 
Steps 

Feed: lrradlatcd natural uranium, decayed 120 dap 

Decontamination Factor 
Process Gross Groas Cs, Sr, and 

%or e ~ e  of long d e c y  period. Omas decontuminatlon I s  lcsr in prcrence 
of Iodine or tellurium In  cane of L short decay period. 

Corrosion 

Corrosion l e  the most adverse factor  in the fused salt--fluoride 

v o l a t i l i t y  process . 5r6 High-nickel alloys are being considered f o r  both 

the dissolution and volat i l izat ion steps. The use of graphite or copper- 

l ined vessels is  also possible In the HF dissolution step. Although 

corrosion l e  more severe in the volat i l izat ion step, the length of time 

required for dissolution makes this corrosion more eerlous. Gas impinge- 

ment effects  are especially serious in e i the r  case. Since the w r e t  

corrosion occurs in the fueed salt--containing vessels, consideration 

is being given t o  using the salt process vessel 83180 as the waste salt 

dieposal vessel. 

A comparison of materials for the HF dissolution step is given in 

Table 10. In the tests, inconel Buffered chromium depletion, ehoxing a 

weakenea and eqanded surface layer 8 t o  12  m i l s  beep. Low-carbon 

nickel showeb no failures but some intergranular penetration from 2 

t o  7 mils, which, of course, was much l e s s  than f o r  "A" nickel. 

Bastelloy B showed no at tack other than that indicated above. Varlations 
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Table 10. Corrosion of Matedels in  Dissolution Step 
Melt of NaZrFr at 600°C 

Materidl 

Graphite 
"A" nickel 
Iav-csrbon nickel 
I U C O M l  

Wonel 
Copper (electrolytic 

Hartelloy B 
tough pitch) 

Approxlme,tt Penetration 
Rata (muslday) 

0.1 
0.2-1.2 
0.25 

0.7 
0.4 

0.1-1.0 
0.04 

in weight loss of copper were due t o  concentrated local  attack in some 

cases. Monel suffered severe copper depletion to  depths of 16 mi le  and 

moderate depletion through its ent i re  cross section. Monel apparently 

was not weakened by intergranular effects. Nickel, w l l o y e d ,  suffers 

greatly f rom sul fur  ermbrittlement, and there is considerable question 

BB t o  whether eimilsr effects  would not arise from fisrrion products. 

Embrittleuunt effects  greatly complicate corrosion studies . 
Corroslon in the fluorination or VolatiliEatIon step is in the 

range of  1-10 nrils/day for nickel o r  nickel alloys, o r  possibly tenfold 

greater than in the dissolution step. Since the fluorination etep is 

complete in about 1 hr, it is more pertinent t o  state the corrosion rate  
f 

as approximately 0.1-1.0 mil per batch. The corrosion ra te  In the 

fluorination step is perhaps dependent on the initial uranium concentra- 

tion. 

slrmmary 
The fused salt--fluorlde vo la t i l i t y  process appears t o  be an 

at t ract ive method of recovering uranim from high-alloy fuels. Both 

tho ANI, and ORNL flowsheets have been ahown t o  give high uranium recovery 

and decontamination f r o m  f iss ion product activity.  Continued conaideration 

and development of the process are warranted on the basis of these resu l ts  

L! c 
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and some of the more general factors, euch as IL l o w  solid volume, simple 
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fuel recycle procedures, l ess  stringent c r i t i c a l i t y  considerations vith 

hi@ plant throughput. Consideration could also be given t o  alternate 

head-end steps, fo r  example, combination of Zircex (hydrofluorination) 

headend treatment vith fused salt ~roces6lng. 
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ENGINEERING AND ECONOMIC CONSIDERATIONS 
OF VOLATILITY PROCESSES 

INTRCDUrn~ 

Soparations processes based on the  volatility of wanlux hexafluofide 

offer two general advantages over the  well=-establiahed aqueous flowsheetsf 

(1) The uranium hexafluoride product is closer t o  the desired end 

material than tha t  produced by aquaous processesa 

The required decontamination is more easlly effected, a t  least 

potentiallyo by the use of two unit operations not possible in 

(2) 

the  aqueous flousheots, namely, fractional d i s t i l l a t i o n  and 

abaorptlon-desorptiozb 

Processes studied to  date fall into two general classes wtrich nay be 

characterieed by the temperature rallge In uhich t h e  i n i t i a l  dissolution is 

carried out, I n  the first of these, naninally called t h e  lou-temperature 

process, natural or s l igh t ly  enrichad urdum containing l i t t l e  o r  no alloying 

agent i s  dissolved i n  8 l iquid Interhalogen compound st temperatures up to 

130 C, 

interhalogen reagent and t he  volatile fission products by f rac t iona l  dis- 

The product uranlwn hexafluoriaw is subsequently separated from the 

t i l l a t i on ,  In  the  second classe label led  the  high-temperature procosso 

uranium (generally enrzcned) -rloyed with signif icaut  quantities of one or 

more other metals is diesolved i n  a fused fluoride salt bath at t m p r a t u r e s  

of 600 t o  800 C, The dissolution uses bydrogen fluoride t o  convert the 
5 

alley metals t o  t h e i r  f luorides and the urmiunt t o  the  tetrafluoride,  followed 

L: 
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by fluokine or an interhalogen t o  convert the uranium t o  tho hexafluoride, 

f i e  final anparation and decontamination may then be sccomplished by dis- 

t i l l a t i o n  os in the low tenparatwe flowsheet, or by absorptlon-desorptioao 

Host of. the work on high-temperature processes t o  date has been I n  connection 

ui th  zirconi.um=nra'trix fuels, 

The chemistry Of these two types of pIUC~88f?8s bgother With descriptions 

of pilot plants and some operating data, has been discussed earlier i n  this 

symposiwi,(L*) 

detsil %he enginoering problems end the i r  solutions, as found by the  results 

of' both bench--scale and pi lo t  plant, studies, The problems arise largely from 

the highly corrosive nature of t h e  reagents, thus requiring prudent selection 

of containing materials, Also, valves, f i t t ings ,  Instruments and process 

eguSpnent oftmi have t o  be specifically designed since the ordinary comrnsrcially 

avaflsble items are generally not sat isfactory nor made of acceptable materials, 

Aha, ainco the chemicals used ere highly toxic as w e l l  as corrosive, added 

precautions 81'8 necessary i n  both the design of equipment and In  the  selection 

and us0 cf operating procedureso 

personnel. safety, 

can be handled sa t i s fac tor i ly  and this paper attempts t o  convey th is  confidence 

tn technical feasibllity, 

It is the purpose OP M I of t h i s  paper to present i n  greater 

Considerabl.6 emphasis h a  been placed on 

It is f e l t  t h a t  most or d l  of t h e  engineering problems 

In I W  XI an attempt i s  made to proson% the  probable economic position 

of volatility procesass, TWO hyp%hctical plants (using a lou and an high 

temperature process) are postulated and the capital and operating costs of 

each are estimated,, 

and the costs are oaloulated without benefi t  of data f r o m  o p e r a t i e  plants af 

1% should be emphasized tha t  these are hypothetical plants 
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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. Gor- 

May 1,1957 

I t . uas  recognimd f r o m  the beginnhg of deVel0piOnt work on fluoride 

w l a t i u t y  processes tha t  corrosion would be t h e  predomiuant consideration 

in raele&lng materials of constructiono Thus considerable e f f o r t  has been 

devoted to  studying the corrosion environnlents i n  the variaus process operatiom 

of both low and high temperature floarsheets, 

these studios and t h e i r  conclusions, 

%e two sectiona below summ8Ffze 

A. Cormdon Studies for Lou Temperature Flowsheet 

1, Dissolution 

The orleinal process concept specified a three-stage dissolution 

involving alternate aqueous and interhalogen emirpnments in the  same vesselo 

An aqueous sodium hydroxide-sodium etrate solution was t o  be introduced 

first t o  decan the slugs, fol lomd by removal of the  residual solution and 

thorough drying of the vesselo !hen the slugs ware t o  be dissolved i n  l iqu id  

interhalogen compounds a t  temperature8 up t o  130 C, the step being terminated 

by taking the vola t i le  uranAum hexafluoride and residual interhalogen overhead 

for further processing, 

p1utonj.m fluorides was then removed by a second aqueous wash contaiabg 

aluminum nit rate ,  the result- solution being sent t o  ra. solvent extsracUon 

step for plutorrlum recoveryo 

'he d r y  residue of non-volatfle f i ss ion  product and 

Thus the  dissolver would have had t o  contain auccessiw corrosive 

environments af interhilogens and aqueous solutions, 

interhalogens anly, nickelp Hone1 and Inconel have t h e  greatest  resistance 

to  attaek, These fom ~ ~ M C I O U S ~ ~  adhering fluoride films t h a t  remain i n t ac t  

I n  exposures inwlving 

'Chemical Engineering Division, Argonne National Laboratory, Lemont, Illhois. 
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over f a e l y  wide temporatwe ranges, resulting i n  very low corrosion mtes, 

Typical rates measured i n  bench-scale tests are shown i n  Table 1. 

-~ 

1 The effect 

of turbulence on these rates is not known quantitatively, hawever, experience 
A a i J  , r ’  Table 1 

s 

Cbi 

LABOIUTORY CORR@ION DATA OF & E T A I S  IN FOUR 
INTERHAMOEM ENVIRONMENTS AT 125 C 
(hta adapted from AHt-Tsf;?, page 8) 

Separate samples of each metal were exposed to each of the four 
following enviroments i n  both l iquid and vapor phases and e.t the 
interface 

HezBl . 

Nickel 
Welded Hick01 
pfonel 
Melded b e l  
K Hone1 
Inconel 

iLl- 

Duranickel 

Ffld Steel 

mcxoy 9b 

- 

11 
ll 
ll 
ll 
11 
11 

1 

1 

a Exposed t o  environment 4 only, 

0,018 
0.012 
00025 
00033 
00036 
0.dr6 

0031 
0037 

306 
60 9 
508 

19 

160 

1 

b Fkpsed at interface to enviromnts 1 through 30 
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indicates t h a t  t h i a  w o u l d  ba Inappreciable, Table 2 gives corrosion data on 

some of the  saw metals exposed alternately to both enviroments, The 

penetrations Indicated correspond reasonably well with data for alumrinm 

n i t r a t e  corrosion axone, thus implying t ha t  all of the  corrosion occurred 

during $he aqwous exposure and a negligible amount duriug the interhalogen 

exposure,, This also implies tha t  only a small quantity of metal 18 consumad 

in the initial formation of the protecttve fluoride filmo 

Table 2 

LABORATORY CORFtOSION DATA ON PlETALS I N  
1 ALTERNATE AQaEOUS AND INTERHAUXIF,N ENVIPONMENTS 

(Data f r o m  ANL-5557, page 27) 

Cycler 20 hr in BrF3 at 125 C; 20 hr i n  1 !4 AI.(N4)3, 
0,OS H Sulfsmic Acid, pH Oo5, room temperatureo 

, Niekel 0000s 1 

Welded Hickel O.OC4 1 

Hone1 O O O O L  1 

Welded Hone1 o o o o t  1 

I( Hone1 00005 a 
Inconel 0,004 1 

Comparison of Tables 1 and 2 shows that ,  on 8 bench aacle, the dud.  

environrrtaat results in about 20 t l m s  the  corroaion rates that obtain with 

interhalogens alone, although tho magnitude of t.h& former is st42.l kw, 

Hmemr, nickel alloy coupopls exposed t o  alternate cycling i n  t h e  Argonng 

National Laboratory p i lo t  plant dissolver showed greater  dimensional, change 

than would have been predicted f r o m  laboratory data, 

tests are shown in Table 3= 

The results of these 

‘he time cycle which obtained is  not repre- 

sentative of the postulated, dual-envirornent process, but the appmximate 

penetrat5on rates in mils/yr give at least qualitative indication t h s t  othep 
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variables are operative i n  the larger equipment, 

i n  the  presence of interhalogen vapor o r  liquid accelerates the  rate of attack, 

e.nd this may partiallg explain the higher r a t e  on the  p i lo t  plant coupons, 

although effods were made t o  keep the equipment under helium pressureo 

Data from Brookkaven National Laboratory(3) i n  conjunction with some dynamic 

corrosion tests onbrvmine tr3fluoride also indicate a possible effect of 

airo 

It is suspected tha t  air 

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

Table 3 

KIOT PLAN!l' DISSOLVER COBROSION DATA 
IN ALTERNAm AQUEOUS AND INTERHAuw.F-,N ENVIRONMENTS 

(Data from ANb6602, page 50) 

Cycle: 600 h r  i n  Interhalogen medium (15 t o  160 C) 
25 hr in apueoua wash and decanning medium 

(1s t o  60 C) 

Liquid submerged coupons 

Unmlded %ne1 Oo 7 10 ~ p p t ~ a ~ ~ c e ' ;  8OUnda no p i t t i ng  
Unwslded Nickel 0,6 9 Sowdo som minute pits 
Welded Monel-nickel 0.7 10 S m a l l  scattered pits 
Unweldsd Ineonel 2.7 LO General attack, pi t t ing 
Welded Inconel 8 a 9  120 Attacked end pitted; 

part+miLarly the edges 

Vapor exposed coupons 

Umrelded Mom1 and Nickel O e 3  5 Good apparanoe 
Welded Honel and Nickel 0.L 6 Oood appearance 
Welded bnel-nicketl 0.3 5 mod appearance 
Unwelded Inconel 6 e 9  10 Severe attack; edges pi t ted  
Welded Inconel 5.8 8 Attacked and pitted; 

weld thinned 

such as the ponstration of Inconel coupons being 3 t o  10 times greater than 

nickel or Honel, and the existence of Wferences  b8twaeri l l q u l d  and vapor 

elrppronments 
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In general, howver, the highor rates obtained on nickel and b n e l  

coupons i n  p i lo t  plant tests are still suf'fioiently low t o  make their use 

reliableo 

20 Fluorination 

The vapor taken overhead from the  di8SOl?1t&On step is condensed and 

then contacted ulth elanental fluorine t o  convert bromine to bromine t r i f luoride 

pr ior  to distillatiion., 

met be exposed to gaseous fluorineo 

!Chm at least one process vessel and several lines 

Nickel and nickel alloys are useful for %he containment of fluorine 

up t o  p r e s m s  of 400 p i g  (although routine prac'ice is U m i t e d  to 50 psig) 

at  a b i e n t  temperatures, For atmospheric pressure operation, temperatures 

up to  600 C may bo tolerated, 

temperature to the ignition point vi21  cause rapid burning of the %eta1 and 

material fa i lure ,  ltocal heating to  .&nitton temperatures has occurred due 

t o  reaction of fluorine vlth organic materAals t h a t  had not been removed, 

For t 8  reason screwed connections should be avoXded because of the organic 

substances usually present i n  pips compoundso A pipe Itdopea of calclum 

fluoride is recommended if screwed connections are neceesaxy, 

in process llnes, which cause highqeloci ty  impingement of procoss gaseso 

are thought to be the cause of high Local corrosion r a t e s  and thus should be 

avoided I f  possible., deldad construction is preferred,  and heavpwall piping 

and tubing w i l l  tend t o  premnt local  hot spots and possible ignition. 

Houever, the inadwrtent rai- of metal 

Sharp bends 

30 Dis t i l l a t ion  r- 

The f i n a l  separation of urani.um hexafluoride p d u c t  from residual 

interhalogen i s  performed in n d i s t i l l a t i on  colum-containing nickel porokin~,~ 

A8 pointed out previausly, the observed corrosion ra tes  in interhalogen 

environmento a m  low enough so tha t  s t ructural  In tegr i ty  is not %hrsntelpedo 

In t h f s  operation, housver, corrosion is a pmblem from the standpoint of 

metirg, product specifications, Since the  colwais contain a very large 

nickel a d a c e  due t o  the paclctng, tho followine: type of reaction can occur 
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The specificalAon for bromine in product uranium hox&fluoride i f 3  very low and 

the separation of these two compomnts by d i s t U a t i o n  i a  difficult, 

he MisceUaneous Equipment Difficaltiprs 

A poblem t h a t  still ex i s t s  t o  some degree is the occosiond. f&m 

of nickel and Mono1 bellow and di3aphragms i n  packless valms0 The p b w i d  

in t eg r i ty  of Ume protectivot f2,uoxd.de f- on these units 18 jeopardized by 

the flexing action of the  bollows and diaphragm, 

metal can be deformed bztthsrrt causing rupturo of tha film is not known. 

Additional improvement is needed in this area. 

Tcr what exten% the base 

In laboratory experheatal equipment, copper and nickel haw *en 

been joined via silver-solder connections and leaks have developed at these 

. jointso I n  mod cases preferentidl  attack of tho copper was notedo The role  

o f  t he  silver solder at thew Joints may or ma- noti have accelerated theso 

e f fec tso  I n  oarlier experiments, ailvar solders that were less m s i s t s n t  t o  

corrosive attack were used, and some of the early failures might be attzdbutable 

t o  them. Sewerd. biaskaU.ic couples (equd. areas) we= exposed i n  the 

laboratorg t o  Sntorhdcgen llquidso Though not conclu8iw, the metal l O S 8  

data indicato t h a t  nickel is mor0 noble than copper and perhaps sUghtIy 

less noble than ulaaum. 

so Other Matorials of Construction - 
As ahown in the preceding paragraphss most of the laboratory and 

pilot plant etudfes on corro8%on have been focussed on n f c b l  end nickel crlloyn~ 

Nickel and Monel are the most caoamollly used mat;erial8 in tho Conatrudfon of 

vesselcr b three v o l a t i l i t y  ~ ~ 0 . 0 ;  plants built t o  di&, 

a t  Brookhaven National Laboratory, Argonne National Laboratory, and Ckak a d @  

National Laboratoryo Tho l a t t e r  pilot plant is no longer in w e a )  E v u r #  

other materials have s h m  good &ruc€ural integrity and should be mentioned 

jn connection with tke low-teruperatm flow<she(rt, 

(These ~ s e  located 
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In general, the uue c& copper has bo0n rest r ic ted 'to brcwlne 

pntrafluopfde, vapor Lines, and sometlraos to fluorine, The cornsion of 

copper is thought t o  be somewhat greater than litat of nickel aUoys and it 

is probably more susceptible t o  a n i t f o n  #i%h fJ.u.oritles but experience i n  the  

laboratory has demms*trated it t o  be a usoful materinl for handling inter-  

halogensc Its physical properties detract  from its use whew s t r u c ~ u r a l  

strength is desire&, In general, the fluoride films fomad a m  heavier than 

those for nickel alloys, and 80n;ewhat l e s s  protective,, Copper is 3ncanpatibla 

with the aqueous aluminum nitrate solution used for d@contamim%ion and 

plutonium removal from the dissolution atep, 

p v i o u s l y  d t e d  indlcsts t h a t  copper is l i k e l y  t o  be anodic in contact with 

nickel and aluminum. sach junctions should be avoidedo 

%a bl-metall ic cmpb data 

b e  AXUI&UXII 
.0.11- 

A l e m r m  is very .wsIstant to int'erhaloeen soluIAono, but iS 

quite sensit ive t o  hydrolysis products in the presence of moisture, Aluminum 

is not usable for the decanni~g solutions. nor bould it be satisfactory with 

the aqueous decontamination solutdons, 

The fluoride film3 formod on ~~UIY~.IAUIII appear t o  be loss tenacious 

than a nickels and there have boen rscattered frstancss chere l i n e  plugs have 

been attributed t o  loosened fluoride films, In other cases, good protective 

f i l m s  have been observed to tempwatures af lfi0 Co The bi-metalUc behaviour 

of al.wrpinUm is good; little accelerated at tack of aluminum with nickel or  

copper has beon Qbsemdo 

The stmctural properHes and the molting point of aluminrrm 

detract  f'rum its useo Local tneat-generating rer&iona bring the temperature 

of the aluminom up t o  mactdm level, followed by possible mltingo The 

utagnitade (although not the cawso) of e s%ir;ze incident at  Brookhaven National. 

Laboratory can probab3.y be attributed t o  tne use af aluminum. %re a pilot 

plant iriisstillmtion column and still pot constructed from aluminum WOP 

-. 
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destrayad, largely because the rnateA.a3 did not have sufficient stroagth, nor 

could it withstand high temperature without melt5ng (see ldar section on 

safety)o 
,\- ita us8 w i t h  elemental fluorine, me corrwion rite of armrimrm in fluorine 

rtiis kinitation of aluardntlra is  a serious ono, and ailso applies to . 1 

is low ev8n up t o  t e m p r a t m a  of 40Q C, but the lack of' good mechanical 

properties and suscep t ib i l lw  t0 ignition are barrier8 to i t a  usee Aluminum 

is also susceptible to rapld relact$.on with bromine which usually j.8 pw8eXt 

t o  some extent In  most bromino-contdniug interh810geaso 

eo U d  Steel 

blild e-el is wed as structural r&d.al  i n  the manUiactm - 
of crude interhalogens, hydrogen fluoride, End fluorine, and also for U l S  

shipping of these materials, I n  laboratory com8ion t8at;a, the rate of 

attack of mild ateel was several times tha t  of rdckel, i t a  e3loys, and coppera 

The presence of moisture acceleratets the rate d attack, 5ut in most cases, 

this rate does not exceed 20 mils per year, Its low cost and ease of febrica- 

t i o n  make it attractive as a material af' constnrction fn places where high 

purity is not irm,oortant, In general, i t a  we for pi- i s  avoided because 

of i t 5  greater m c o p t i b i l i t y  t o  igni t ion in b e 8  containing high-velocity 

f l u i d  ~ - 8 - 0  

de Stainless Steels 

The Austerdtic stainless steels (types 302 and a?) have 8omo 

degree of ettracfiveness as materials o f  cmstrwtion for the interhalogen 

dissolvero From solvent extraction experience, the80 stainless B b O l s  are 

barn t o  possess the needod corm&+ resistance to the aluminum-nitrate 

aolutions used for decontamination and plutonium removal and also for the 

caustic solutions used for decannfng. 

w e m  conducted on the steinless steels at a l l  three s i tes  where fluoride 

volatility p i l o t  plants have gxifftett, 

steinless s t e e l  types 302 a d  347 in four dirfersnt solutions at  80 C for 

6 to 10 days, The four solut%anr; consisted of various anixtums of chlorfne 

Some Zabratory corrosion experiments 

Oak Ridge National Lab0ratoz"y tested 

i 
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trifluorfde, end urculfum hexafluoride pluo 0 to 15  per cent hydrogen fluoridec 

The test sa;op2es showad no loss 5n wight (sises of the samples were not. 

given)o A t  BmoH.aven National Xeboratory, apscLn~onu of the same stsinlase 

steels were h e r s a d  i n  boiling bromine trifluoride (technical. grade) 5n zm Y 

ahzminm mssol for 8 three=month paTfod, 'he m - m  rate of pndmitj.on 

observed uns 5 mils per yeao kt. Argonne Naaonnl Laboratory typos 3Ob and 

a7 atafnloss steel were exposed i n  four d.Ufemnt solutions having a bsuaine 

trifluoride base, and the mexixsux corrosion observed was 7 d l n  per year, 

To date no pilok ,plar& evduskions have been made of types 

302 and 34jj stain'loss steelo In general, it is fe1.t that these have no 

particular advantage over the us63 of rdchl. or hne2, pwticuIar3y tmew the 

aluxinm nitrate used is proporxr irhibitoc? with, sulfemic acid., 

eo Nomm&als 

Fluorothene and Teflon have found mch use both i n  the 

laboratory and i n  puot plantso W l o n  is often wed 88 a gask&Ing mlardal 

&ere flange connoctiom a m  d e s i ~ * e d ~  Fluorotheno test tubes h8ve beon used 

kn expesimcnts up t o  1s C end a x  routinely used for procuring samples in 

the pi lot  plant, but it has an aging charactepfstic tha't ros\ilts in embx%ttrXe- 

mento Using Flumothene with uranium hexathslrjde seems to  accelerate t h i 3  

rate of deteriorat%on0 Formerly there had been  NO^ difficulty ui%h fluoro- 

thme t e s t  tubes i gn i tbg  when smples were procured, and originally this  w a s  

sttributed t o  f u s e d  ends that had not fuse6 coniplotaly with %he bulk matsrZal, 

( I h i s  i.gnit$on did not ocaur st18;i the fluorothum occurred as massive pieces,) 

The Ignitions might also hsvs bem due t o  the presence of acetone in the 

minute crbrcks %hat formed fxwn enbrittlemonf,. 

prior to we, wit'? acetone which artght not ahcays have beon completely 

removed), 

( A l l  tubeo wore degroased, 

In general,, it appear3 that flqomthone and Teflon am rot quite 

88 satisfactory for use d t h  fluorine as compared to their use wlth inter- 

halogens, although dilution of the f luorbe exbends considerab&r tho usaf t i l  

life of these containing materials, 
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Celciupl fluoride i.8 useful f o r  both luboratory and pxlot plant 

where a transpafent material of construction is desiredo Brookhaven National 

-Wora tory  uses calchun fluoride f o r  sight ghsues amd peep holes in i t a  

process equipment, A t  Aqgonno Rational h b o r a t o q  this material is used uhme 

infra-rod analgsis is desired and also fer detetrlaining indexes of xwfractlon, 

&.' 
U 

A l d n a  5s suitable f o r  use with fluorine a t  both high and law 

temperatureso Glass and quartz have been used occasionally with interhalogons 

and uranium hexafhoride at mom temperature, 

6 

3, CoTrbsIon Studies f o r  High Temperature Flowehuet -I 

tdhils  uranium dissolves readi ly  in interhabgen solutions, alloyed urdmp.. 

particularly zixconium ~ I ~ o ~ ~ o Q s  noto The procsss under study t o  handle 

~ircmium-ursnium 8 U o p  consists of hersing the alloy i n  8 fused fluoride 

saltobath ( 50 mole par cent ZrY40 50 mole per cent NaF) at 600 t o  700 C and 

sparging tho molt with hydrogen fluoride, Thie converts the sircoxrLum to  

zirconium te%rdluoride and the uranium t o  uran5.m tetrafluoride. When 

~is i so lu t ion  i s  complete, the, melt I s  fluorinated (using FOo BrF3 or BrF,j), 

thus convcr$ing the non-volatile marbum fet.raf3uoride to volatile uranitun 

hera fhor ids  wMch %a s3.mul"aneously d i sUl l ed  from the melt, Subsawent 

cleanup of thp, uranium hexafluorLde mnr;y be acconpUshed by f ract ional  

d i s t i l l a t i o n  OF by an absorption-desorptlon cycle using sodium fluoride, The 

selection of materials of construction for both the hydrofluorination and the 

fluorination eteps .fs quite limited and tho problems encountered In the two 

steps &e sometrhat different. 

e 

*' 

I . ~  ElydraPluorinatian (Disso~.ution) 

PoprsjLble construction mabrhls for .the hydrofluorination are: 

nickel, Honelo Inconel, Hastellop Bo copper and graphite. 
9. 

a. NickeJ. 

The grads of nickt31 generally reforred to 8.3 "nlclcel" I s  known 

in trade parlance 4s 8~ nickel". 

carbon specifications fo r  the t w s  a m  0,s per cant n t ~ x  and 0,02 per em% IWC, 

nL nickel" is B low carbon modification, The 0 

u 
685 



ret9pectiv&ye 

However, i n  the  ttc3laparature rmge 500 t o  700 C, the carbon tends t o  comb out, 

of solution thus weakening the  m a t a l .  

precipitation ag its ca*on conterrt .$.s lowor thsn 3.t~ polubi l f ty  i n  the ahova 

temperahre rangeo 

nickel t o  300 C and with 

"An nickel is heat treated t o  sol.ubili%e the carbon contento 

Vit' nicke2 avoids t h i s  graphite 

%e ASME pressure vssssl code permits design with "As 

nickel t o  650 C, 

Eoth "A" and "Ln uicksl have one 6overe l imitat ion for  use c a t  

high temperature, and t ha t  is their suscepplibillty t o  intergranular attack 

by smur-boarbg materials. The sulfur combines preferentially w i t h  ~.cke3. 

along groin boundaries t o  form NigS2exo 

irreversible, h c e  metal has been attacked, there is no t r e a h o n t  of any 

kfnd that  can restore it t o  its orlginal condition, The Pore.ign mat;ez.ial 

\ 

Such effects are additive and 

%tius weakened sgvsraly at  operating temperatures, and loaves a matrix that  can 

be c.ntmbled in the hand a t  rocu~? ";umperature, 

Sma1 quantities of sulfur are known to ba present in  two of 

the raw materials used i n  the fusl-element dissolution steps the  fused salt 

and the hydrogen fluoride. SiiLf'ur i n  the fused sal% can be removed prior  t o  

process use by contacting the melt with nickel hsv%ag large surface areasb 

such 8s the various types of column packhg, or by passing o strorg f luo r ina thg  

agent t h r o x h  it (FzO BSFs, etc) 

more of a problem, As the  hydrogen fluoride throughput requintd for the 

process is high, e wry low sulfur specification must be observed to prevent 

Zoag range metal deterioration, I n  small-scale corrosion tests using a 

1,5-ino I D  nickel can with 0,032-in. wall (600 C), failure of the nickel 

occurred wi th in  500 hours, although t h s  su l fu r  content of the inlet  hydrogen 

fiuoride at no time exc'eedsd 4 ppm, 

The hydrogen fluoride p u l f i c a t i a n  presents 

The resu l t s  of this suld sMlati. corrosion 

tests that were terminated by metal smbrititlement a m  shown iin Table bo 
Jf sul fur  is excluded, nickel m y  be satisfactory for use i n  

Laboratory tests have 8rhown t ha t  the  corrosion the hydrofluorination step. 
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"L Nickelsr 

"L Nickelt9 (0.050-in. w a l l )  

Monel 

400 207 

629 l o ?  

1,188 204 

A l l  liners bogcur with 0 , 0 3 2 = ~ ~ ~  wall unless indicated, 

rate %hen is  primwily a function OS whothor tho rmtd contacts only liquid 

m d t ,  or malt  and gas alternately, %he lattnr being more sevei-6, In hydro- 

fLuorhation tests I n  which "An and frLn nickel b:(3~"8 exposed t o  simulated 

pkocsss condLtiona, typical rates of diumiskone?. change observed mre 0,2 

idls/day for =quid-phaae expostrm only and 2 mjl/dlay whom axposuro alternated 

bwttasen Uquid and gas .phaseto 

s p a r e  often produced a hard maly material. which was insoluble i n  the fused 

d d t  and had a high metking point, 

hnger l&orutoqy %est& With hydrogen fluoride 

Chemical smillyses of the matlorial revealed 

n n i c b l  content, of 12 t o  15 mob per cent m d  a eirconiwn to  sodium ratio 

IG excoas of that present i n  %lie clean melt, The material has not been 

charoctsrised, but i t s  presanca could roarbdly interfere with normal process 

operations UrLess provisions weft3 mads for it, 

sla,rface-to-vollutas ratio, tho maggrcitude of this problem should be lenssnod, 

21 larger unit,s hav5ng a Lower 
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b.l' arrd oAdat%ron resistance are comparable a8 3s t k e  rate of dimensional changee 

It is somewhat superior t o  nickei 5n msLset5ng t;rzlfu.aus matmla ls ,  Honel, ? 

hwevar, is subject t,o the preferential. fezaching of copper lemdng n weakened 

porous structure of nickel, 

e- 
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testa we= femx¶nated premsturely. No noet;83lurgical demat -  w89 obserued 

except f o r  busters t h a t  forraed i n  t h ~  mtal, 

sickness" in which corrosion p r d u c t  hydrogen rascted w i t h  oxide impurities in 

%is was attributed t o  Qydrogen 

the metal forming high pressure regiow of stearl t h a t  could not excape, This 

CM be avoidod by nsjmg oxygen-froe coppr. 

A successful application of coppe?? has been made in fused salt  

system at  Oak Ridge National la'oOFatOI'y where-%he kterial Chemistqf Division 

purified salt i n  batches of 250 lb  by alternate hydrofluorbation atid hydrogen 

reduction, ~n oxygen-free oopper Umr (l/&-in,, wall) is placed inside a 

st ructural  vossel of s ta inless  s t e e l  type 316, Treatment temperatuw is  800 C, 

The gas ratos per unit cross sectional area of the  vessel are roughly one tenth 

%hat of Axgonne National Laboratory rates, The experience t o  date has been good, 

f o  oraphit0 

None of the metals tested t o  datto have given sufficiently r e l i ab le  

prfonnance t ha t  the design engineers are willing t o  accept them as being f u l l y  

adaquate for plant equipment, A meterial which does appear promising, however, 

is graphite, The use of graphite is l imi ted  t o  the hyclrofluorination step 

sinc0 graphite and the strong fluorinating agents required fop uranium tetra- 

fluoride c o m r s i o n  tqd subsequent oPleti l l%ation are not compatibleo 

QrapMte is by fsr the most chemically inert material knm for 

hydrofluol-lmted fused-fluoride lpelts. 

was aubjected t o  simulated procsss coriditlons, the rate of dimensional ;change 

ranged from < 0,Ob mivday for alternato exposure t o  melt and hydrogen fluoride 

t o  1 mil /day whore hydrogen fluoride impinged d i r ec t ly  on melt submerged 

graphite at, tp velocity of two to four feet por Cpecond, The- effects of tempera- 

ture w o u l d  be expected t o  be small, elthough this ha8 not been confirmedo 

In  corrosion tests in which graphite 

Unllke metals, graphite i s  subject t o  diffu8ion of melt through it uhlch 

be a problem for two reasons: 

may be ~ e c o m r s b l o ,  and (2) t he rm2  cycling of mlt-contahing graphite rmay 

pomibly cause some degree of spa l l ing ,  Bench-scale data t o  date have not 

(I) UPAnium t h a t  ie cartled irrto the graph&,@ 

589 



Indica-bbd tha t  %he latter problei w i l l  be serioi1s. Qraphite manufacturers 

have been striving t o  achieve hizher densities ; i n 3  lowor porosities in t h e i r  

product, but t o  date a completely lslperpious matel'ial is yet to be developed. 
R 

Lid 
The biggest limitation i n  the  us0 of graphite %a its lack of Y 

impact strength. 

the Idaho Chemical Recessing Flant, f u e l  elements and subassemblies are 

gravfty chargad, and the d isso lmrs  are b u i l t  to withstand the impact. 

questionable whether a graphite dissolver could be designed for such impact, 

The alternative is to  restrain the element i n  lowering it, 

Xn t he  metal dLssolt~ors i n  use f o r  the aqueous processes a t  

* 
It is 

It would appear t h a t  graphite is chemically suitable for the 

hydrofluorination step, It m h 8  t o  be proved uhether or not the l l l 8 G n 8 I l i C d  

properties are satisfactory, although indications are f worable. 

2* Fluorlastion (Uranitrm Hexafluoride Volatilization) 

Considersrbly less cartpsion work has besn dme to date on the 

fluorination s tep  relat ive to the  hydrofluorination step. As wim mentioned 

previouslys graphite ia unsuitable i n  a fluorine environment, Hickel appears 

to be the most proDlieing materld.. b s t  of the small 8cale corrosion work 

hss been done with bromine pentafluorlde, but f luor ine  i s  expected to show 

similar behavior, h t e s  of dimensional change are higher than for the dls- 

solution (hydrofluorination) step and are strongly temperature dependent as 

shown in Table Se Intergranular d f e c t s  have been noted i n  runs of 80 h o w  

or mom, and these are more 8 ~ -  a t  the higher t e s t  temperature, The cause 

of these effects  has not yet been detenuined, 

Aa some meam of storage of the  melt is xrequired after volati l ieatlon 

of the uranium, It has been suggested tha t  the fluorinator itself be designed 

as a disposable unit, This unit  would be used for one or two fluorinations 

and then removed with its charge f o r  disposala Very high corrosion rates 

could thus be tolerated for the short overall e~:posure time involved, and 

if appeared t h a t  an inexpensive material lfke m:'~3d steel might be suitable, 

However, mild steel is subject t o  iga5t5on on exposure to  fluorine a t  

t 
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r#mensioaal Change, mila/dq 

Component 6OOC I 700 c 

Unera (two ~ a c e s )  3 to 8 xo to 13 

Hole Radii 1,s to 7 305 to 9 

plate Thickness (one surface) 1 *;a 105 6 to 12 

re la t ive ly  low temperatures (400 to 450 C), Alkhough laboratory tests have 

demonstrated t ha t  ndld s t e e l  oarfaces in contact with a liquid f u s e d a a l t  

melt a t  600 C will not ia;aite when apargea with fluorine, the danger of 

igni t ion in %he vapor phase is too great for ndld s t e e l  to be considered 

Sf3f ioU8@0 

Inhibit ion of tho ignitSon property of mild s t e e l  by a surface 

cozlting of nickel may provlde a suitcable material for a diapooable fluorlaator, 

Soveral ccmonercial processes are 11065 available which chepdcally deposit nickel 

films on s t ee l  surface (Bogo the "&anigenn procosa(h )lo IaborsrtorY expome 

bmrdne pentafluoxlde of BL ;paild s t s e l  sample ooated with 1 mE of gztnigen nickel 

r e s u l t e d  in no ignition, indicating that  porosity of the nickel coat wm very 

low,, To be suitable for fluorination uss, some assurance is needed that 

(1) the nickel will not be corroded awe at any spot during the t o t a l  exposure 

tine, and (2) %ha adhesion of the nickel to the a d  steel is sufficientlg 

dependable; preliminary- obsemations indicate good adhesion, To be redlsonablp 

safe from the comsion &epect, a coating of 15 t o  20 mila would probably be 

required, Kanigan coatlngs can be applied to uniform thicknesses of up t o  
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30 '- Consideration 

a. Process Hodification 

It &y be possible t o  mftiad0;e eane 09 the corrosion problems 

by proper design of plant equipmente A bchniquc that is useful in mducing 

corrosion of the material of construction ia the a t i l l ea t ion  of a %old wnU!~. 

This can be achieved by htroducing tihe heat into a vessel central ly  colobined 

Vith forced cooling of the container w& thus creating a frozen w a l l  adjacent 

to the outer vessel which would i so la te  the l a t t e r  from the comsiw enwiron- 

went. !this technique would also reduce the w a l l  temparature of the outer tress01 

resulting in further corrotdon reduction and reducing the probability of 

igni t ion (b the case of fluorin0 on mild steel) .  HawePar, .excessively coid 

walls would cause mom melt solidification with resul'ting uranium loss. 

A t  the present t ime ,  Aqonne National Jaboratory i s  having 8 

graphite "cold wall" dissolver fabricated through a mabccmtract. An inner 

graphite liner is contained in a nickel or  s t e e l  shell and the annufnr apeco 

is packed uith lampblack. By introducing the heat centrally, a tempera%uPe 

gradient through the graphite and lampblack is obtained t h a t  rssiMs i n  P 

boundary u5.thin the Uner beyond which the fused melt solidifies, In this 

manner the nickel is fsolated from tho enoironment but  still supplies the 

required s t ruc tura l  strength. A sketch of tho proposed equipment is shown in 

Figure 1.0 

Haw comsion fa3lums t h a t  haw occurred indicate equipeprt 

fabrication that was amanable t o  l oca l  attack, ra ther  than poor aelectlon of 

matefid. %e of the m o s t  important of desQn critex3.a te la t ioa  to corrosion 

Is the avoidance of orevices, 

affects i n  the  trapped volume, both ionic and df.ssolved gas concentrations 

change from tha t  of the bulk fluid (i.eO e lec t ro ly t ic  effects) wsulting i n  

accelerated corrosion. 

Wevices can t r ap  Uquid, and because of locd 

c 

r' 
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' W  c 

i a  

TEMPERATURE. GRADIENT THROUGH WALL 
700 * 

0 600 - 
0 

HEAT INTRODUCED 
CENTRALLY WITH 
GRAPHITE IMMERSION 
HEATER 

Fig. 1 - Cross sect5on of w a l l  of graphite dissolver using "cold wall" 
methQd. 

Dished heads should be wed where feasibleo %ids should be 

ground down id prsssnt plane surfaces, and all residual wolding fluxes (which 

usually contain fluoride and chloride) should bo removed f r o m  the surfaces. 

%on welding fran the outsIda of a vessel, a full penetration weld should be 

Usedo F i l l e t  w01& should be mpl~yad Ltbsrally. &ere temperatures are such 

as t o  canso metallurgical chargas i n  the metal, heat troatmen4; m y  be necessary, 

either of the solution (nickel requires no 6olutlion heat tre8-t) or strew 

relievfng Wps, 
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Eqmrlencs An t h o  past he8 indicated tha t  max%ruun dirmnsional. 

change occurs f n  thbs system when an $mp:Lnging gas meets mLa31 smfaces 

perpendicularly, and t h i s  effect reduces 2n magnitude as the angle sf: i m p i n ~ y -  

ment becanes more obtuseo €!ence, if gaa enters a vessel Lhro~gh a vertfccd 

Urie, aqy horfzontal eages or surfaces should, 50 possible, bo placed beneo5h 

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

path of the gas bubt51ese Where horizontal surfaces cannot be avoidsd, desi519 

t ha t  aUou for t h s  ec-tion of' gas under the surface t o  form a gas ouahloo 

are helpfd. Horizontal rounds are likely to corrode at the most sapid ratao 

The fnstallat5on of a sacrificial ,  m e t a l  draft tube w A l l  aid  Ui 

* 

s 

reducing the attack on vessel w a l l s  and other pe?rtso Where a graph5.te d r a f t  

tube can bo used, it might offer a degree of permanent protection to  vessd. 

ccmpbnents 

A. Introduction 

The purpose of the p i lo t  plant work has bean t o  s tudy further those 

process salients r m a l e d  by the bench-scale work fxm a vteupoint more 

mpreaentative of the ultimate full-scale plant. As has already been pointed 

out in' connection with certain corrosion problems, n p i lo t  plant test w i l l  

frequently reveal wholly unexpected resu l t s  of a phenomenon previously studied 

on the bench-scale, due to participation of' variables t ha t  were either overlooked 

or  not operatire in the latter, Also the topics af inatrumontation, materiels 

V 

-3 

handling, operating procedure and safety, which are vital to  design of the  

full-scale plant, could not properly be investigated on the  benchqacalls,, 

These topics are covered in the ensuing section8, 

Bo In&tmmentation; Measurement and Control 

As in most other phase8 of v o l a t i l i t y  work, 2% 18 often necessary to 

make some modification of the  comercielly. available instrumentation before it 

can be successfully appliad, 

Q 
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1, Temperahare 

The measurement of the temperature of fnterhalogen liquid o r  vapor 

I s  cornmadly accomplished by the use of 8: utandard themocouple i n  a protective 

wello For the low temperature range (0 to 200 C), either a copper or iron- 

constantan th81mOC0~pb i n  o nfckel or )lone1 uell is  used, For temperatures 

in the  range 200 t o  7 0  C, a chromel-alumel thermocouple i s  employede For 

fused s a l t  system involrlng hydrogen fluorldo, a graphite therplovell is  

frequently used,, 

For applications where a conventional th!?rmarell (auch as one made 

of l/lr-inch tubing or pipe) is too bulky o r  where less lag is required, t he  

needle type thennocoupler I s  appropriate, 

used In volatfflty work comia ts  of a l/l&iinch cp) Incone2 tub0 inside of 

which I s  maled an i nda - t ed  (glass f iber )  constantan wireo This thermocouple 

assembly can be used reprtduclbly to temperatures as high 89 600 Ce 

The wlt t h a t  I s  most frequently 

N0r1naU.y tho output from fha thermocouple I s  mar0J.y recorded on 

a d t $ p o i n t  potentiometer, although for  the  lnterhi4logea dissolvers a 

temperature mcorder-controller l a  wedo Durinq the bromine t r i f luoride 

dlssolutioa Clf uranium, a maximum temperature of about S O  t o  160 C l a  ChOU9n 

f o r  %he ae% point on the  controller. If the temperature of t he  dissolver 

reaches t'nia level, an omorgencp water coollng valve i e  opened; the flow of 

water q:dckl,y dmpa the temperature of the  dissolver to a l eve l  where the 

dissolution proceeds a t  a slow rateo klternatively, when the dissolver 

so3,ution is recirculated as is done a% Broohamn Wational Labor.n.tOry, the 

temperature controller regulates the oupply of cooling t o  the  heat exchangero ( 

U f e r e n t l a l  thmr1ocoup3ss w e  used on the d i s t i l l a t i o n  crolumne, and 
' 

the  columns mnintained st adiabatlcity by adgwtlng electrical. heater8 mtil 

the output from ths different ia l  themocouplos l e  Samo 

20 Pressure, -- 
MLrect indicating pressure gages with a Hone1 bourdon tube for the 

aenaine olement are asled extansively for presuums frtm 0 to 500 psica. 
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EneumaUc pressure trmaitters are used with ei$her e Itonel bourdon ZUbe or a 

HDnel bellom as t h e  mWiaa; element, All of these instruments are aommsrcially 

available v i t h  the approprhte receivere or pres8ure controUelg0 A’l.80, 

available are d i f f e ren t i a l  pressure transmitters using either None1 diaphragm 

o r  bellows 8ealsO Experience with a diaphragm made of Teflon and glatt8 has been 

mraatisfactorye 

A manometer f o r  isdicaating pressure drop across an orif ice  through 

which halogens ara h&ng can be made fraa transparent fluorothene tubingp using 

fluomlube o i l  98 the manometer f luid or sealing liquid,, 

A preeise device for  determining pressures i n  interhalogen systems 

is an Instrument known as *he nBooth=CFOmBrn pressure transmitter, ( 7 ,  The 

uni t  cons i sb  of a &ne1 diaphragm which is continuously kept a t  or close to 

t h e  null position by balancing the pwcesa interhalogen pressure with an inert 

gas such as helium. 

diaphragm actuates a l i g h t  a d  R self-balsncing re lay when the diaphragm is 

not i n  the null position, o different ia l  of &I2 mm Hg acmas the diaphragm 

being sufficlmt to  oause imbalance, The balancing helium pressure is 

nonnally measured with a nrarcury manometer, 

A mall e lec t r i ca l  oontact on the hellum side of the  

A pneumatic plessure controller is used with the interhalogen 

dissQlver I n  the same manner a8 the  temperature controller; t ha t  is, a pressure 

above the set-point floods the cooling coi$s with water, Far the  control of 

pressure on the d i s t i l l a t i o n  colturms, a pmportlonal oontmller is used t o  

gapern the water rate 5x1 the  reflux condensero 

hexafluaride i n  this condenser the cooling water is preheated to about 65 C,) 

(To prevent freezing of uranium 

30 UmId h-1 

For sltall vessels (up to about b-Uter mpaoity), fluorothene s ight  

glasses may be used t o  indicate the l lquid level d i r e c t 4 @  

fluoride windows are frequently used far observation o f  l lquid level, estima- 

tion of bromine concentration, or determination of the Fefrac t iw index of an 

interhalogen solution, 

&artz and calcium 

# 

t 

i 

t 

i;l: 
596 



The convgn%%ana, talegage system, which consists o s s s n t i d w  of 

maswing the back pressure from o dipleg thrcwgh &-ich an inert gas is 

bubbled, has been used infrequently. in VolatiXty worko Kovt  interhalogens 

We so vo la t i l e  t ha t  th0re would be considerable loss of msterial if tel€g%aS 

were used coo'hinuously in a vented aystm, Also, there is the danger of 

back-up of the halogem t o  the manonetars at  tha panelboard. 

The most rellable method of de teminbg  3iquid level is by the  use 

of a Cylindflcal monel float whose buoyaut force is conflrauoualy balanced 

Fm%unatlcallyi a Monel d i ~ p k w  eeals the  instrument insolf fmi~ the  halogenso 

%?is commercially mai lable  instrument l a  used at  Bmokhaven Natfonal Iaboratq 

8~ a l iquid level controller,( 

L o  Flow - 
Flow rates are frequently determined by observing usigh tank r8adiX3 

(see 6 below) as a function of time, Although this mthod gives an itccurato 

Inaication of the average rate ,  It I s  d i f f i c u l t  t o  use for the i n i t i a l  sett%ni: 

o? flou rates or ds2;erminatlon of echort-brm f luctuat lma in the flow ra teo  

A t h e d  flowmeter has been developed fox use with sqy fluorinating 

gas including fluorina, It consists of e, hairpin loop of l/l-fnch nickel 

tubing passing through two brass blocks, 

a constant texperature dXfererico of 

controller actuated by a differential thsmocouple connected across the two  

The brass blocla are maintained a t  

C by a proportioning typ,  pyrometer-. 

blocks; the p m e t e r  controle a resistance heater on the higher temperature 

block, 

being independent of the bottom block temperatureo The unit has baea 

This flowmeter requlres calibratlon for each gas, the cal lbrat iom 

calibrated and used for flou ra tes  between 30 cc/& and 30 l/min With respecti* 

outputs o.f' 0,l and 20 mKUivolts with an accuracy estimated t~ bo wfthin 3 per 
cent. ( 9 )  

For pleasuremen% of the rate d flaw of liquid fnterhalogen streams 

a magnetic, furbine4ype flomter aith sapphire bearings(com?nsrcially aog5l-' 

able) has been used with succoss at  the Broohhavea National Laboratory.(D) 
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Each procoas valve has a leak detector co:mected between the belloris 

end 'the packing gland, The datector consists of a steel sprlng G*ich is 

halogens; it has detected bellows-leaks which w e m  not revealed i.n the i n i t i e l  

fmcm t e s t  of the pmcess vizlves. 

Frooess ~ e s s s l s  are indi\adual1:7 leak tested in the shop and the 

ent i re  p l a t  is again fmon-leak t e s t e d  after as6mbly0 

be locahd by pressurizing an adjacsnt piece of equipment, After hterhalogsns 

are charged, leak t e s t b g  is carried ou% by pmsswiz5ng a Mete of equipneent 

with helium t o  abaut 50 ps'ia and observing pressure drop over a period of 

Inix~nZal leaks can 

several dags. 

any i n t e rha lqen  leaks, 

Potassiwn %&de-starch paper is generally used for indicating 

60 Weigh Tanks 

Weigh tanka are placed m scales which ha38 a remo%e tiead operated 

by a se15yn motor, Direct weights can be to.ken at; the scales by mmouing 

shielding plugs from might holes in the  shlelding waX1, bu't because of tho 

high accuracy and dupendabfuty of ?he ramate reading, t h l s  foa%we has mL 

been usedo 

Co IWefiah Handling and %npuIyi: 
___I_-- n 

1, Intern?= 

a, Z r ? a = ~ d s  Pl_ 

The volat i le  rialogenu are cowontently txvansferred wdor 

their  OUR vr.por pressure by heating the vessel to be discha-ed and cooling 

the vessel being charged, Transfer l inea ahodd he f i t t e d  wLth e x k r n a l  

heating coils so t h a t  residual Uqd.d9 if awr m a y  be vaporized, 'Rhue, 

after %ransfarb the discharged vessel and -transfer Une M i 3 1  comI&n on&y 

i 

9 
_-. 

u 
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vapr  a t  a pressrare detemiiied by the tanprature of the piquid i n  the charged 

W Idquid transfer8 may also be made by pressurizing t b  Wtial 

vessel w l t h  CUI hart gaso 

temperature b u t  has the  disadvantage t h a t  some material is l o s t  with ‘the 

lnerts when they (AL.B vented, 

T h i s  systlenr does not roquiro the use of 1\13 elevated 

bo - Transfer by Pump3 

A few pump8 mitable for  use on interhalogens am now availuble. 

Brookhaven has dewlopsd a canned ro to r  puuap(m for Uquid 

bramine trinuoride which wes metal-to-apetal bearings and a force balance 

system on the rotor  and impeller, Both diaphragm and piston pumps(12) are also 

becoming commercially available f o r  use with l iquid rand vapor interhalogenso 

A luu-capacity piston ptrmp(u) which has been used with vapor intefislagena 

u t i l f ees  a nicksl-coversd, ferro=mgnetic piston makwial which is machined 

0,001 inch smaller than the nickel cylindero An external alnico magnet moves 

the piston and gas f a  pumped in slugs by both sides of the  piston, employing 

gravity-closed d i s k d m  check valves at each end of the cylinder, 

Va’Lvcs 

Tho =in proooos valma used are MoneL packlcss 
- 

hav!img 

o bellows seal and pneumatically opera%ed stem, This valve is for simple 

shut-off operation only and uses a Teflon seating disk with a machined soat 

integral with the body. 

(l/h in,) a m  used on sampler systems (aeo below). 

Similar, =nually operated valves of smaller 

For thro t t l ing  flm-control and for hlgh pressure f luor ine  

systems a b n e l o  diaphragm-type(l6) medle valve was found t o  be the best 

of several  designs, This valve give8 satisfaCMry flow control dohm t0 

about 20 cc par minute at  a preasure drop of 20 psio 

=quid samples are taken by the system i l l u s t r a t ed  in Figure 2, 

The vessel whose contents are t o  be sampled is heated and the sample tank 

I$ 
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LINE 

GAGE 

SAMPLER + 
RESERVOIR 

rn FLUoRoTHENE SAMPLE 
TUBE 

I 1-VESSEL BEING SAMPLED 

cpoled, thus forcing lfquid into the  sample tank through the fluoratheno 

sample tubao b e $  are flushed by heating the sample tank and returning itS 

contents to the original vessel via the return line, repeating t h i s  procedure 

several times before isolat ing the captured sampleo The isolated sample I s  

then frozen d m  with liquid nitrogen t o  al low its safe &oval. Vapor samples 

can be taken in a similar manner. After tha lines are pacuated and purged 

by venting, -%e valves are opened a few xoments t o  fill the sample system with 

vapor, The sample tube is then cooled with Uquid  nitrogen thus condensing 

eihe vapor in the egstem themin, 

The above technfques'raay be modified t o  avoid the large losses  

of materia l  which would occur when a large mMber of samples are taken and 

when ma-venting taust be extenelve due to large changes in concentration 

between sampleso A continuous wrge without venting can be effected by addink 

a vapor pump plus a re turn line, This will circulate material through the  

b 

sampler system at  all times except when the sample its being collected and no 

material will be lost except t ha t  removed i n  the sample, A similar, contirmously 

purged 8mpler(17) f o r  liquids has also been worked out, 0 

r- 

bl 
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The techniqua used i n  hydrolyzing the samples should be briefly 

mentioned since most of ths  analytical procedures require that the interhalogen 

sample bo put at0 aqueous solution, 

carry out hydrolyses; machined polythed plugs hold the sample tube I n  t he  neck 

Two-quart polythsne bott les  are used t o  

of the b o t t l e  and the b o t t l e  seal is  effected by a rubbor O-ring compressed 

between s c m d  bottle-cap and plug,, 

For d i l u t e  solutions of uranium hexafluoride in hterhalogens the 

comments in paragraph 1 above apply. 

hexafluoride is handled essent ia l ly  pure, it must bo maintained above 6k C t o  

prevent soUdification, !Fhus sll m6 transfer Unes are traced with asbestos 

covered nichrozue heating wire and insnlated with aluPdnum covered glass  woo10 

The sample boxes are stem heated vith 8 finned tube heater located a t  the 

It should be added Ulat,'sahenever uraniam 

bottam of the box, 

3e Fused Salts 

eo Transfers 

The fused sal t  must be kopt abm 600 C to  mnintain fluidityo 

Transfer lines are f i t t e d  with external Cal rod  heaters with t he  interstices 

packed with steel wool and tho assemblylwapped with asbestos insulation. 

Oak Ridge has emplopd both autoresistive heating (circa 200 amperes through 

n l/2-inch nickel pipe t ransfer  Uno) and stom heating (through l/&oinch 

copper tubing tracing around the transfer lines)o 

valves 

Several freeze-tppo valves have been designed for use"vith 
.81111. 

fused salt transfer lines. A gas-tight design has been developed by Oak 

Ridge consisting of two loops in a 1/2-52nch transfer line, ThS loops are 

about 3 feet i n  diameter and are connected tit their  tops thmugh a bypass 

vdve, Tho bypass prevents vapor binding as w e l l  as permitting rotention of 

some liquid when the l i n e s  are drained, A sketch of this u n i t  is shown %n 

Figurs 30 

. 
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VENT VENT 
4 4 

FUSED SALT 
RECEIVER 

LLOOP FREEZE VALVE (UNINSULATED) 

DURING TRANSFER, VALVE IS KEPT AT 
6OOOC BY AUTORESISTIVE HEATING. 

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

FUSED 
SALT 

VESSEL 

Fig. 3 - Fnsed salt freeze valve. 

co sampung 

A fused-adt sampler has been des5gnsd for sampling the 

dissolver ui15 l~  brolnine pmkfluoride or other fluorinating agents a m  

sparging p,hpough the mlt, 

brass spoon &%ached t o  a nickel Leader-rod, The spoon is lowered through a 

1-inch pip w i t h  e steel masuring tape and tho lowering mechanism is con- 

tained h a pressure tight box having a removable window through which the 

tape can be read and the sample observedc 

from the top downvanis with haUum snd is  sealed from the dissolwer during 

sample removal by closing a 1 lnch gate valve, A sketch of this sampler is 

shot++ in Figure bo After lowelling the spoon in to  the m e l t ,  the smple i s  

raised and hold in tho cooler upper pa& of tho dissolver where %he salt is 

The saniple is taken i n  a 9'8-inch nickel-platsd 

The assembly is continually purged 

a l lwed  to solidify before raising through the pipe. This elimina%es any 

loss  of %he sample by liquid splashing, After scmoral of the spoon from tho 

apparatus, the sample is spalled frcm %he spoon by co~praasing with a pair 

o f  p3ierso 

L 

3 
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HELIUM PURGE 

WHEEL TO LOWER AND RAISE 
THE TAPE TO WHICH THE SAMPLE 
SPOON IS ATTACHED 

SPOON I N S E R T I O N 4  
CHAMBER WITH 

1 I 

-PLUG VALVE OPENED FOR SAMPLING 

l- 
t 

b- 
FUSED 
SALT 

DISSOLVER 

- FLEXIBLE STAINLESS STEEL TAPE 

- SAMPLE SPOON 

D, safety 

1, Introduction -- 
Volat i l i ty  separations p ~ ~ c e s s o s  as defined herein normally involve 

handling the materials and associated hazards liertod i n  Table 6 ,  %e con- 

bination of radioactive and chemical hazards makes it necessary t o  perform 

many of the process oparatlons remotely. 

of v o l a t i l i t y  separations is the handling of interhalogen materials under 

pressure so as  t o  pmmnt their escape or violent reaction with organic matter 

and wafer (includhg human t issue) ,  An additional problam is the prevention 

of inhalation o f  the toxic halogen vapors and volat i lo  f iss ion products,, For 

the former materials, the maxinnm , allowable concentrat2on f o r  continuous 

A unlque pmblem i n  the performance 

603 



Table 6 

MATERIAIS AND ASSOCIATED HAZARDS IN Low 
AND HIGH TEXPEZATUHE FLUORIDE VOLATIUTY PROCESSES 

State 
.IL-e053 

Material 

Solid Zr, NaF, ZrF4, U, Ups, -4, Radioactivity; expome 
fission products or ing eo tion 

exposure is tlbout I. ppm i n  airo (18,19) A lethal dose by ingestion of sodhxm 

fluoride i n  on tho order of 5 gramso (20) mm aowable concentrations i n  

air of the volatile radioactive - ta l  fluorides of interest are l i e t ed  in 

Table 70 

Table 7' 

MAXXMJM ALLCJdABB COeJCENTRATXONS IN AIR OF RADIOACTIVE 
UTElUXS ENCOUWERED IN FLUORIDE VOUTII[IIITY PROCESSES 

!fe1*?F6 1 x 10-7 

* National Bureau of Standarcls Handbook 52, Waxhanu Permissible 

llmounts of Radioisotopes in the Human Body, Air, and Watern 

o 
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‘The procedursnecsssary to obviate %he dangers outlined above and 

maintain the l i s t e d  tolerancss are described below, 

2. Containment of laterial 

The primmy container used for in%erhdogcn materials is  usually 

a nickel or %no1 pressure vessel, Thio vessel i s  supported on a liquid-tight 

metal tray of equal or gma%er vo3lumotric capacity,, 

normally required for the study of a process and these are located i n  an 

enclosed, vsnt i la ted  areacr Each vessel is equipped with a rupture disk which 

in turn is connacted to a large safety vessel. The safety vessel is connected 

Several such vessels a m  

t o  a process scrub (disposal) tower to penult conversion of any vented 

halogen compounds to  uater-soluble fluorides. The safety vessel is also 

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

prow 8s 

Teflon, Inconel, Monel and nickel rupture disks have been b a d  with 

8ucco8s. Since the thickness of the rupture disks  is 0- in tho order of a 

few mile, it is cornon pracace to coat %he disks wikh a’ film of f luoro then~~ 

t o  provide additional protection against corrosloa, 

r 

I 

Ths, br the use of trqsP ssfety vessels and rupture disks primary 

provision i s  made for confining both liquid and vapor leaks. 

Steel, concreto, or glass  enclosed vbntilsted meas serve as o 

barr ie r  t o  protect operatbg persoanel from gas jets or liquid sprrqw0 &trance 

l n b  these areas is held to  a m3njglum during operation and is dons, if Absolutely 

necessary* w2th tha precautions t;o be discussad, If necessary, small holes 

c m  bo dr i l l ed  fn the enclosure t o  permit insertion of extension nandlos t o  

roach the valves attached t o  the vessel, Wherever possible, equipeat is  

< 

remotely operated. whore a pipe %ramporting halogen materials must traverse 

an open areap the tochniyua, of double piping maybe used to insure that there 

K E L  be no release of t o a c  nabrials in to .=  m a n k i l a t e d  region. Finally, 

I n  any working am8 conWning helogens, it is mandatory that organic and 

aqueous mater&sl be kept to  a minbaum. Such organic materials as e lec t r i ca l  
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or thermal insulation can be protected by fZuorothene film or aluminum foil. 

Cooling water co i l s  around vessels are  made by attaching copper tubing to the  

vessel wlth cogper spray metal ,  Condensers on d i s t i l l a t i o n  columns are 

constructed in the same m e r e  %is technique of providing a double w a l l  

between the  water and interhalogens has been used for several years on vanlous 

pieces of equipment with complete success i n  avoiding incidentse 

Ttte safety a s p c t s  of an interhalcgen dissolution of uranium a m  

auff ic ient ly  ordqu8 t o  w a r r a n t  some emphasiso If the dissolution roactiont 

U -F 2 BrF3 c-7 uF6 Br2 

ware proceeding too rapidly, one obvious ;remedy would som t o  suggest i t s e l f ,  

nanely, dump the bromine trifluor3.de l i q u i d  wbich i s  reacting with the uranium. 

Howemr, t h i s  dunping of the liquid is the very thing to be avoided, since when 

metallic uranium in exposed t o  bromine trif ' luoride vapors a t  temperatures a t  or 

above G O  C, ignit%on of the uranium results. (a) Heme, cooling of the 

dissolver is the nost effective way of quenching an errant  dissolution, 

I n  the fluorination s tep  of processing fuels by fused-salt v o l a t i l i t y  

methods, it is necossarg t o  contain haardous materials such as elemental 

f luorine or bromino pentafXuoPide at a temperature of about 600 C, Experiments 

have shown tha t  ordinary 1020 s t e e l  ignites when exposed t o  these strong 
1 

fluorinating agents a t  t h i s  elewatsd temperature, Nickel o r  Monel do not 

ignite, Also, t e s t s  have shown t h a t  a s-mil coating of nickel over the steel 

is sufficient to prevent the igni t ion (see, previous sBction)o 

30 - Hmd- Escaped Materials 

If the primary bar r i e r  is breached and halogen materials are 

released i n t o  the cell, it is then necess- t o  convert the halogens t0 a 

mn-reactive form, A re l iab le  mothod o f  accomplishing this is to hydrolpe 

the  reactive halogens iza a spray tower, Tests have shorn t h a t  about 60 gpp 

of a 10 por cent caustic so;lution is adequate t o  scrub about f;ooo c f m  of air,(22) 
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The halogbns are converted t o  the soluble potassium fluoride or brodde  during 

contact with a spray of aqueous potassium hydroAda. 

employed because of the high solubi l i ty  of potassium fluoride I n  watero A 

cocurrsnt spray tower, ra ther  than 8 packed tower, is used because of its low 

pressure drop. 

bed could be used t o  coaverb the gas t o  calcium fluoride. 

Potassium hydrcadde is 

If hydrogen fluoride alone were the  contaminant, a limestone 

( 23) 

Since it in possible that  radioactive particulate matter would 

be present I n  the'leak, both disposal methods outlined above require t h a t  

standard AEC f i l t e r s  be present i n  the exhaust systcjiin. Tests on the exposure 

of A.EC filter8 to various halogem in M air strean have! shown t ha t  a gradual 

structural weakening resul ts  rather than ignition or destruction of the filter. 

Halogen concentrations i n  air ranging from &out 2 per  cent t o  20 per cent 

were usedo It was obsemd t h a t  about 3 pounds of reactive halogens could be 

passed through 8 f i l ter  before the pressure drop across the filter began t o  

decrease appreciably, S m a l l  dark spots were observed, indicating localteed 

reaction with either the f i l t e r  OF dust or both. 

of inkerhalogena are normally involved i n  p i lo t  plant operations, it is clear 

that a device such as a caustic' scrubber is required to  remove the bulk of 

t he  halogens from the air  stroan t o  p r m n t  a decrease in f i l ter  efficiency 

Since several hundred pounds 

and life-time, 

In addition to the ventilation scrubber for ambient air, a process 

acrubber is also amailable for disposal of waste halogen pmcess streams. 

The process scrubber consists of an 8-inch diameter Mona1 pipe with an 

9 foo t  long contacting sectiono nBo spray nozzles are locatod in serires in 

the upper me-turd of tho towero About 15 gal/& of caustic is pumpd 

through the m%%leso This vertical spray tomr has been used to dispose of 

approximafefy 500 lb  of mixed itltsrhalogcin wastas f r o m  both rcrboratory and 

pilot ,  plant operations, 

I r .  R3rsonnel safety 

When I f  is necessary to come i n t o  close contact with equQment con- 
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taining halogens (such as 2n sampling or maintenance operations), protective 

cloth*@ i a  used, Nomally, leather  or noopmas glove8 and a face shield 

8re worno Harevor, for sons oporcat2ons involving greater hazardsp leather 

trowera and a leather  jacket are also worn along with an assu.iat mask. 

it I s  necessary to work In an area containing high halogen conccntrat3.ons in 

the air, a helmet with an independen% air supply is worn. 

When 

Ooud safety policy consists of having a t  least two peop3.e present 

when worldrig with halogens, Safety glasses are worn at  a l l  tjrmSs, 

Carbon dioxide fire oxtbguishers are also available; this is  the 

o d y  type of extinguisher that is acceptable i n  an area containing inter-  

h d  ogen'jj, 

5. First Aid 

Each laboratory ha8 safety ahowers, eye wash fountains, and crockxr 

containing magneslurn sulfate solut9on. Workers tire instructed t o  us0 these 

f a c i l i t i e s  a t  the s l igh te s t  suspicion of halogen exposure, 

the  Medical Department is notified hmedlately; the p h p i c i a n  can then give 

additional treatment, such as calcium gluconate injection, if llQc0ssary0 

object of both the magnesium sulfate (or oxide) and calcium gluconate treat- 

ment is to convert *e hydrogen fluoride t o  the  insoluble calcium or megnadm 

fluoride, A recent developent i n  the treatment of fluoride burns i s  t he  us8 of 

quaternary ammonium compounds which are believed to function on the ion  

In a l l  incAdents, 

' ~ J J  

exchange principle. (24) 

The imporLant principle t o  bo followed in dealiw u i th  an individual. 

who has been in a halogen-contminated almosphem is apad in removal f r o m  

the area followed by a drenching shomr t o  wash the  hydrofluoric acid from 

the skin. 

i r r i ga t ion  u i th  watur is recommendedo If some of the halogen were taken 

If bydrofluoric acid has entered the  eyes, a t  l e a s t  a fiwecadnute 

internally, the individual should immediately drink a large quantity of mter,, (25 1 

Haterials such as fluorine, chlorine t r i f luorlde,  bm-e panta- 

fluoride, etc., a l l  require the same f3rst aid as outline above, since during 

I 

9' 

3 
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t h e i r  readtion v i th  body fluids hydrofluoric acid 13 produceda 

addition t o  the  chenical effect (reaction with t lssues,  etc,), thermal damage 

can occur because of t he  highly exothermic nature of the fluorinaUon. 

Howmr’, in 

811 of t h e  first aid f a c i l i t i e s  in a laboratory are given periodic 

inspection t o  insure that they are in working order, 

60 Incidents 

Host of the incidents which have occurred during the handling of 

inzerhalogens have been.of a re lat ively minor nature. A list of those reported 

is given below, followed by another Ust of the lessons emphasized by the 

incident3 

a. A vamm djssltillation of bromine t r i f luofide from 8 ono-ounce 
sample of (r graphite m a t e h l  w a s  being conducted f n  en 
alu.&~um vessel‘ When the bulk of the  brormine t r i f luor ids  
had been d i s t i l l e d  offo o sudden release of gas occurred a t  
about 1 0  Go 
performing the opora.W.oas i s a s  in jured  b7 fragment8 from the 
p.essel. 

A fluorotheno tube f o r  ixttorhalogens exploded while being 
refrigerated with dry ica-ac&ont, nriXture in a glass dewar, 
Soma af the  glass fragments struck %he individual An the 
eyes and face, 
t a p  since the experiment required obseroing crystals o f  
brminno pentcafluor?lde a t  -78 C, 

An open waste containor containing l iquid lnterhalogena 
contacted some combustible material; tho indivldual ham31ing 
the containor w a s  exposed to some drops of the liquid and 
to the fumes. (%e waste container was initially eersumsd 
to  be empty)o 

WhUe pipetting bromine kifluoride, a drop f e l l  on a nearby 
dewar f lask contatnlng aco%oneo 
trifluoride reacted with t h ~  acetans and ruptured t h e  ghss 
dewar scattering the acetone and glasso Sow of the  acetone 
then fell %nfo an opn container of bromine trifluoride, 
M c h  had been le f t  from (Mother oprat,tion, causing fu r the r ’  
reaction and splat;te%%ngO No personnel injury or equipnent 
damage was mrs ta imd  other than the loas of the dewaro 

Preparatory t o  trent%errfng abmt 80 cc of bromine penta- 
fluoride a nickel receiver vas W e d ,  
then chi l led t o  mfnimise vaporisation of the volatipe bromine 
pen%afluoPide during the t.ransfero about u) cc d the  l iquid 
had been ponred frcm a fluoJ?otihOx&3 beaker -to the nickel 
vessel when a sharp explosion 3urled tho beaker from the 
grasp of the operatar into a corner of the hood, Although 
the explosion was so rapid t h a t  the operator had no time 

, t o  mom, the  protective clothing and hood ventiUt5on gave 

The vessel then exploded and the individual 

b. 

“h0 glass dewar was wrapped with transparent 

co 

do 
Tbis mall amount of bromine 

eo 
The receiver was 
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f o  

protection, The cause of the incident was a reactionbetween 
the brorainQ pentafluorids and water which had condensed in 
the  nickel vessel during the cooling operation. 
occurreme took place on a w m ,  hundd day. 

. 
This 

-, 
Ten grams of irradiated waxzium was placed in a one-helf 6.. 

* inch copper tube together w i t h  37 grams of crude bromine 
triQuokidoa the tube was then plugged shut and allowed t o  
stand at room temperature In o lead shield, Two hours later 
the tube exploded sharering the mom with halogens and f i s s ion  
produc.ts, The copper tube was propelled through the  t r ans i t e  

of the hood,, Scm p r t i n e n t  infomation concerning 
incident is  as follows : 

Poof 
this 

The incident occurred very early in the  history of 
the  v o l a t i l i t y  program; at t h a t  t h e  the  autocatalytic 
nature of the diersolution was not bm. 

The sane operation had previously been done with 
d i s t i l l e d  bromine t r i f luorida with no reaction noted, 

The tube was open t o  the atmosphere about t en  ndnutes 
during the charging of the uranlum a d  bromine tri- 
fluoride, 

The lower end of the copper tube vas spun antl aea3,ed 
with e i lve r  soldore The other end had a flare nut 
seal, 

There were no casualtias f r o m  the incident; however 
one individual w m  shomred with red fumes (bromine5 
and about 20 mr/hr of beta-gamma activity,  

90 per cent of the  in l t ia l  beta-gamm octiv%ty in 
the metal scattered3 10 per cent romainad in the tube,, 

go #idle trransSerping an Werhalogen dissolver solution undor 
2000 mm Hg pressure (containing UF Brzr Err , PuF , and 

line, The exact location of the f d l u r e  was a connection 
between 4 copper and nickel tube which had been silver 
soldered, 
both i n t o  the  hood and unto the laboratory floor. Tha 
coppor-nickel couple had behaved sat isfactor i ly  for ten 
previous transfers, Two hundred grams of Irradiated uranium 
was present in the  solution, No injury o r  contamination ta 
indiwiduals resu l ted  because of t h e i r  remote location, 

fission product i2uoridss) a leak P emeloped d the t transfer 

&out 350 n i l  of the radioactive solution spilled 

1 

he ).Jhile charging a bromine trifluori.de puriflaation o t i l l ,  8 
cplinder coubainlng S lbs of the  crud0 Interhalogen waa 
connected to  a metering tank. An operator not cunnected 
or familiar with the still, while working v i th  another 
piece of  ewpnent ,  inadvertently appliad helium pressure 
to the  tank, thus forcing about 13 lbs of the  b&ns 
tr if luoride out of the vessel. The material w a a  discharged 
into a hood; the hood doors =re immediately closed, No 
indm t o  persontx~l resu l ted .  Tho helium manifold, with 
open valves, which serviced savera1 pi9ceS o f  equipment wa8 
coatrfbutory to t h i s  incident, 
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A section of a fluorlne t ransfer  nm&t'old containing load 
seated, brass valves ignited during a t ransfer  from a 
cyllndor at LOO psig t o  a storage tank a t  30 pcsigo 
Intense heat caused volat i lkmtion of the braes and melt%ng 
of 8m6 of tha nick01 linas.. 
cell around t h s  fluorine cylinders, manifold, and storago 
tank crave protection t o  the operatorso Eseh thowh &IOU% 

b pounds of fluorine wo9 relea:iodx only a f a i n t  f luorine 
oldor could be detocted ou'tside the  c e l l  streg3 loo0 cfm of 
air wnt l la ted  tho fluorine storage m a  which had a volusne 
of about 500 cubic feet, 

A diesolution of %bout 1 kg ofunirradiated uranium metal 
with br&e t r i f luor ide  in an $.winurn dissolver resulted 
An rupturing the dissolver v s s s ~ l o  h e  individual received 
superf1cPd fluoride burns; Qtl pcrsomel involved wow 
face rjhieldsc No rupture disk or blowoff valve was present 
on tho v ~ s s o l ~  It is  U k e l y t b t  igni t ion was probably 
started by exposure of the slug to  the vapor phase of 
f luorine , bromine trffluor-lde , bromine, uranium hoxarfluorida ,, 
The motal was lnitia3.ly covered with liquid; however, suff ic ient  
matarhl w&s v o l a t i l i e e d  fmm the dissolver i n to  a cold t r a p  
during tho dissolution t o  expose the slug ta the vapor, The 
temperature Just beforc the igni t ion was 262 C, This incident 
occurred before the study of t e igni t ion of uranium in Inter- 

Tho 

The wee of a concrete and stsel 

halogen vapor had been madeo@ 8 
SevereL ruptures of fluomtheno tubsrm which are used both 
sample tubes and os cold traps ham occurredo IiLguid fluorine 
and l iquid uranium hsxafluoride ham boen i n  the tubas during 
most of the fncidents, 1% is known that prolonged ~xposura: 
of tubes t o  liquid uranium hexafluoride results- i n  doteriora- 
t i on  of the fluorothsne, (he incident involved chlorine 
trifluordde McK had beon frozen in a 3/L-%nch fliiorothene 
tube. Upon melting, the %nterhalogen apparently reacted u i th  
some o i l  in the bourdon tube at' an improperly degreamd 
pressure gage wNch vas connected t o  the  tube, ' h e r  tube 
ruptured ocattering some of tho liquid chlorine trd.flUO1'id6 
on ai? individual standing neraby, Somu burns on the leg  
resultad .. 
A amall&%ile dissolution of uranium metal in a bromine 
trifluorida-bromine pntaf luor ide  solution i n  a nickel vessel 
resulted in sudden discharge of tho hserhalogens because of 
8 failure which dave lopd  i n  a thermocouple u e l l  immersed 
in the  Uquid phase, A similar f a i lu re  of a weld at  the end 
of CL themowell occurred in a still pot containing about 40 
pounds of interhalogens under 3 atm pressur% 

During check-out operations on o d i s t u l a t i o n  column mado 
of 2-inch IFS, tspe 32%' aluminum p i w o  B fire and explosion 
occqredo 
for o period of about 18 moiiths. The interhalogep solution 
during the incident consisted of about 5Q per cent bromine 
trif luofido, less than 2 per cent bromine, and the remainder 
uranium hcxdlfluoride and bromine pentafluoride. Oth6r pdi- 
neat data on the incident are as followst 

The equipment bad previously been used I n t e m i t b n t l y  
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(1) %'he entire still assembly was contained i n  an aluminurn 
covered plywood box, This enclosure confined the 
explosfon and most of' the fumes so t ha t  no hazards t o  
personnel were invol.cad, 

(2) Sufficien% heat was gemeralied to melt the aluxdnunl in 
some locationso It seemd likely that a small leak in 
the feed line deweloped thus causing interhalogem t o  
contact the (Ilascol heating mantle on the  column and t o  
Ignite explosively, 

The still pot made of 2s a l d u m  was ruphred. (3) 

A copper cold-trap exploded as a result of inadvertantly 
condensing both water and bromine pentafluoride i n  the 88308 
trap, The water was t ha t  amount present i n  the air in a 
nickel overhead Faceiver which was being wacuated, The 
lnterhslcgen vapors were eondensad from the  distillation 
coltlmn, 
the bottom of the cold trap was blown outo Piecds of copper 
were scattered throughout the rooq fortunately, no one was 
near the tube a t  the tins of the rupture, The cold t r a p  
was being wed t o  protect a mechanical vacuum pump, 

Shortly after renlaval of the l iquid nltmgen coolant, 

Of tihe inoidents reportkid, five resulted in .inJury such as halogen 

burns to the individad.  

of protoctive cloth5.ng prevented halogen attack I n  all other incidentso It 

ia estimated tha t  t h s  incidepts haw occurred during a time interval corm- 

apnding to  about 200,000 manohours af laboratorg and p i lo t  plant work, It 

is signifioant t h a t  during this long por9.d of handling of halogen materials, 

only a few events involving hazards t o  indfviduals have resultad. 

The us8 of ventilated cells or hoods and the toe- 

From these incidents one can make t he  following rather obvious 

recornmendations : 

1. Amid contact of reactive h a l q e n s  with reactive items such 

as gmphite, mod, skin, paper, grease, acetone, water, etc. 

2. Use metal dewars for refrigerating cold t raps  in halogen 

systems3 however, if glass dewars are used a protective shield 

is necessary around the trap assembly, 

Before, disposing of vsaaels, Unes, o r  valves uhich have 

contained halogens, me should first blow then out wi+h a i r  

3, 
3 

and then giva them a water wash t o  idsure that  them are no 

residual halogens e 
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10. 

Do not al low halogen reactions t o  take place in a mssel. 

without a rapture disk, particularly if the  vessel has no 

pressur0 gage or if it w i l l  bo left  unattendedo 

Avoid junction of dissimilar metals in pzping which will 

contaiti Uqzldl interhalogens since electrochemical corrosion 

w i l l  msulto 

Avoid brass valvea i n  pressurised fluozdne systemso 

trse nickel or &ne1 for vessels containing interhalogens 

rather than al&urne 

Flumthene  tube8 should not be wed repeatedly f o r  liquid 

fluorine or urani,qun hexafI.uoride vithaut first chocking for 

evidence of weakening (such as cracking) 

‘ h u  oparat.l.ng psrnonnel should understarid the exparbent 

they are performing and the equipment they a m  using, 

S h s  cold t raps  for protecting vacuum pimps are always 

somewhat of a nulssnce andla hazard, it is desirable t o  

\ 
\ 

tr inbiee t he i r  useo For l o w  vacuums a t o m  j e t s  can be used; 

i.f high vacuums are ~smded,  f luorohbe o i l  can be used i n  

mchanLceil WBCUMQ pmnps which a m  nickel plateda The inter- 

hd.qgms can then pass h d e a s l p  through the pumpo 

Part 11 - Economics 

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

May i, 1957 

‘fhe art of v o l a t i l i t y  processing is not yet sufficiently advanced t o  

w a r r a n t  assign3ng firn costPo to the  various flawsheetso 

however, to attempt a quali tative comparison with cudsting solvent extraction 

It is of interest, 

ppoc8881380 

*Chemical Engineering Division, Argonne National Laboratory. Lemont, Illinois. 
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For the two types of volatility processes which have been discussed in 

th5s session (lw-tomperatwe interhalogen dlssolution and high-temperature 

fused-salt dissolution), complete procosses have been proposed, hypothetica'h 

plants designed, and capi ta l  and operatbg costs  calculated, 

should be viewed as indic&ive only0 

actual operating figures for solvent extraction plants nava been deliberately 

avoided, as aufficient time was not available t o  assure t h a t  these estimates 

uere made upon bases cmplet'ly comparable with solvent exbraction infom8tiono 

These costa 

Comparfsons with previous estimates or 

Bo Introduction 

In this process it is assumed t ha t  natural  uranium f u e l  elements are 

de-jacketed and then charged to a dissolver i n  which they ant dissolved by 

liquid Interhalogenso Volatile uranium hexafluoride is m o v e d  and decon- 

tamination then completed by f ract ional  d i s t l l l a t ion ,  

of the f i ss ion  products remain i n  the dissolvero 

by an aqueous uash and the Rlutonium d a e q u e n t l y  recovered by solvent 

Plutonium and moat 

These m a y  be removsd together 

extraction, or the  plutonium may be selectively removed I n  one operation by 

fluorination a t  an elevated temperatUre, A S C h e ~ n a t i C  comparison of these 

pcessss with solvent extraction is shown i n  Figures 5 and 6. 

Itn the uranium cycle (Figure 51, the  advantage accruing t o  t h e  volatility 

method is a decrease in the  n*er of processing steps which is achieved by 

replacing the solvent extraction, denitration, reduction, hydrofluorination, 

and fluorination steps of the solvent extraction process d t h  a slngle 

diat i3lat ian operation. Both the capital. lnveutxaent and operating costs 

are thus decreased. 

In the plutornium CJrCle (Fig- 6), 8x1 additional dissolutlon 8-p i s  

mqaired the VOl8tiutJr process conventional SOlVent d X a C t b ! l  mthodS 

are t o  be used t o  recover the plutonium (Process I). However, I f  the 

plnbrdum can be f luorbated and vola t i l i t ed  away from most fission produds 

and then purified by di8tfflat;Con ( h c e s s  If), ths nrrmber of ~ P S  in the 
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DEN I lR AT I ON SOLVENT 
EXTRACTION DISSOLUTION 

I 
D I SSOLUTI ON 

I N  BrF3 

PROCESS I METALLURGY REDUCTION 

Fig, 5 - Ccmpu5son of steps in bromine t r i f luoride vobtllity process and 
the solvent extraution puess ,  aranium cycle. 

FRACTIONAL PROCESS 
DISTILLATION 

. SOLVENT EXTRACTION PROCESS 

T 

E CALCINATION HYDROFLUORINATION I .. ..__.. .... IlON 

PRODUCTION 

--- 

I 

I 

r 

HYDRORUOR I NATION 

REDUCTION TO 

PROCESS I 

U RAN I UM 

PRODUCT ION 
TETRAFLUORIDE 

ACID 
DISSOLUTION 

GASEOUS 4 FLUOR IN AT1 ON 
DIFFUSION 

Pu RESIDUE IN / 

REDUCTION TO 
PLUS FOUR - FLUORINATION - DISTILLATION - 

PROCESS II 
DISSOLVER OF 
U CYCLE (Fig. 1) 

REDUCTION TO 
METAL 

VOLATILITY PROCESS 

Fig. 6 - platonitrm recovery - camparison of steps in bromine trifl.lroride 
volatility p c e e s  ami solvent extraction process. 

, 

process are again reduced compared to the overall aqueous flowsheet, 

Maadvantages, however, exist i n  Tpolatillty processingo Qenerally, the 

templaratares +d pressures are higher than thwe required in aqueous processiag, 

Host materials of construction rmst be inert to fluorine, and a greater health 

haaard ia Uke4 because of the higher pressureso And, finallys &at of the 
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process streams are mom d i f f i c u l t  t o  handle than those found in aqueous 

f lowsheets 

Bo Process Description and Flowsheets 

For estimating purpoaes a proccss end a plant to handle three metric 

tons per day of uranium and 2 kg per day of plutonium are bypothesieed, Ihe 

process coslsista in dissolving the deJacketed slugs in bromine t r i f luoride 

thereby forming a vo la t i l e  uranium hexafluoride, a mn-volat i le  plutonium 

fluoride, f ission=product fluorides af vazying volatilities, and bromineo 

%e vo la t i l e  uranium hexafluoride is removed from the dissolver as a gas 

along with the bromine, any bromine pentafluoride present, wry emsll amPrmta 

af bromine t r f f luorida (since its boiling point is Wh), and also t he  

Volatkle fissfonaproduct fluoride af t e l l u F i l r m o  Due t o  ' i t8 low boiling polnto 

the latter is quantitatively vented a8 a gas when the remainder of the vapor 

is condensedo The condensate is  then fluorinated, converting the Uquid 

bromine t o  the t r i f luar ide,  and a mall amount of the pentafluoride may also 

form in t h i s  Step0 The uranium hexafluoride in the mixture 5s then obtained 

as a pure product by dis t i l la t ion,  

The non-volatlle, plutonium f luoride is  removed f r o l a  the dissolver by a 

non-aqueous Uquid carrler. 

plutonium and fisdon-product, residue which is reacted wlth elemental fluorine 

to form volatile plutonium hexafluoride and the vo la t i l e  ruthenium and niobium 

fluorides, The plutonium hexafluoride i s  Wen purif ied in  a d i s t i l l a t i o n  

column. Ruthenium and niobium fluorides are occasionally removed from the 

d i s t i l l a t i o n  pot by washing w i t h  aluminum n i t r a t e  solution. 

product residue lef t  in t he  evaporator after the fluorination 18 also removed 

The carrier liquid is evaporated, leaving a 

The other fission 

with aluminum n i t r a t e  wash. Except for iodine no fission product bull& up 

i n  the v o l a t i l i t y  system. "he iodine remains with the brolr;ine t r i f luoride and 

is recycled t o  extinction, 

Considerable pilot-plant design data on the uranium diesolution and 

purification have been obtained. No pilot-plant data have been obtained on 

L 
f 

I 

3 
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the plutonium recovery s y s t e m  although bench-soale experiments have Indicated 

that the conservative batch system presented is warktlbleo 

1, Fluorine SuppI.37 system (Figure 7) 

Fluorine gas ie produced by thirty mediumatsmperature fluorine cells 
bl 
f 

operat- at, appm-ately 3260 amperes, Four other cells are in maintenance 

or 0x1 standbyo Gas from the cells is moved by a blower through the hydrogen 

fluoride removal ayatom consisting of a refrigerated cooler, in which the 
d 

I 
1 major portfon of the Wdmgen fluoride is removed, and 8 sodium fluoride 

absorber for further removal 09 hydrogen f luoride (the gaa originally con- 

taining 10 to l!+ per cent Qdrogen fluoride would then contain less than 3 

to b per cent). The gas is next coIppsessed to slightly above the process 
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dissolution pressure and again put through 8 similar hydrogen fluoride 

removal system t o  remuwe the last of the m o g e n  fluoride," 

2, Dejacketing System (Fkgure 8) 

Slugs shipped t o  the plant i n  shielded baskets are removed from 

the shielding by a remotelp-operated mnora l l  hois t  which c&es the slugs 

t o  the jocket-romoval dissolver, The alrrminum jackets are dissolved by a 

10 per cent sodium hydroxide-20 per cent sodium nitrate solution. The 

dejacketed s l u m  a m  then rinsed with a fiw per cent n i t r i c  acid solution 

-.. 

if 
f 

i 

and alloued to air-dry,, They are then remotely charged to  the dissolver, 

OFF GAS 
A 

WACKETED 
SLUGS TO 
D l S S a M R  

1 I 
SLUG JACKET 

JACKET WASTE 
REMOVN HOLD 

TANK TANK v 
TO 

WASTE 

3 

Fig, 8 - slug jacket cBppovEI1 eystem, flow&eet 2, 

The hydrag.en fluoride removal f r o m  the fluorine has been pre88nted as a 

two-step process, L e o s  refrigoration and sodium fluoride absorption t o  

three per cent hydrogen fluoride and then the refrigeration-sodium fluoride 

treatment again, 

able f o r  producing fluorine containing a three per cent hydrogen fluoride 

impurity, In an actual plant the hydrogen fluoride concentration would be 

* 

T N s  has been dane because accurate cost data are avail- 
z 

reduced to  a IOU mount w i t h  only one pass thmugh the re4rigerant4adsorbero 3 

Amount and. cost of equipment would be approximately the sameo 
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3e D'ieso1utim, Bm&e Trifluoride Regeneration, 
ond Uranium lRtrzfication (Figure 9 )  

The dissolution system consists of the dissolver and condenser, 

the evaporator and condenser, and the fluorinating-liquid hold-tank, The 

dissolution o f  the dugs in the bromine trif'luoride-bromine pentafluoride 

l iquid is semi-contlrmousn lko material atreams enter the reactor-the 

slugs and the fluorhating liquid3 two material streams leave the reactor- 

the uranium hexafluoride product stroam and tho plubnlum product stream, 

*Estimated 

fig. 9 - U d m n  dissolution, solvent regeneration, ard araninm plucifi- 
cation, flowsheet 3. 
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The  slug^ are added as required t o  the dissolver through a %riple-valve system 

sealed by iner t  gas; Uquid fluorinating agent I s  added as mquired from the 

l iqu id  hold-tank., A uranium hexafluoride product gas Stsegm 5.6 taken pericdi-  

caUy f r o m  the dissolver-condenser and condenaed in the bromine t r i f luoride # 

regeneratoro A portion of the  U q d d  fluorinating agent containfng the 

plutonium and f i s s ion  products I s  removed periodically to the evaporator 

where the fluorinating agent fs evaporated, condensed, and returned t o  the 

l iqu id  hold tank. 

3 

E8solver liquid l a  kept a t  appmxlmately 120 C by cooling water 

i n  the coi l s  of the d i a so lwr  condenser1 system pressure l a  kept a t  approri- 

mtely &O psi by bleeding the uranium hexafluoride product s2ream from the 

dissolver. A dissolution rete of crpprolamately 0,U lb/(hr)(sq in) obtained 

I n  the p i lo t  plant runs has been used far design puFpo8eso 

Ths bromine t r i f luoride regemrat0l.g s y s t e m  oonsiets of the 

regenerator tank, fluorine supply tank, and the condenser,, Uquid In  tho 

regenerator is held a t  approxlmtely 25 C W e  fluorinating the b r a e  to 

the bromine fluorides i n  a closed system, Any Inert gas I s  bled through the 

condenser as required, The fluorinated liquid, consisting uranium hexa- 

fluorideo bromine t r i f l uo r ide  and some bnxldna pentafluorlde, passes to the  

d i s t i l l a t i o n  column hold-tank of the purification system. 

The uranfum purification systepr consists of two continuous 

d i s t i l l a t i o n  columns, condensers, hold tanka, and l iquid pumpso In the first 

column a split is d e  betwoen any bromine pentaflwride present and the  

uraxdm hexafluoride plus bromine tr if luoride,  The latter fraction $8 

separated i n  the next column. Both d i s t i l l a t i ons  are performed a t  appro&- 

mate4 three atmospheres absolute pressureo A l l  bromine fluoride streams 

from the two columns pass t o  a common hold-tank from where the l iquid I s  

periodically pumped to the llquid hold-tank of the dissolution system, 

Volatile fissiowproduct tellurium is bled to the scrubber, system from the 

a 

firat d i s t i l l a t i o n  column condenser,, 
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If the bromine pentafluoride concentration builds up i n  tho system, 

At may be necessary to divert soma bromine pentaf3uoride from the first column 

overhead to the s o l w n t  regenerator, No add2tional equipuent is required 

aince the  l iqu id  can be drained by gravity to the  regenarator tank which is 

at  a lower level and also pressure than the d i s t i l l a t i o n  columns. 

l o  K U t O r d u m  B ~ c ~ w  ( p i y r e  10) 

The plutoniuni recovery 6ys tBm consists of the  evaporator o f  the 

dissoltw system, a cooler-condenser, gas pump, d i s t i l l a t i on  tower, and a 

wash storage drumo The dry fission product and plutonium f3uozddes remaining 

in the  evaporator after the evaporation of the  fluorinating agent .am reacted 

With fluorine gas a t  approyimately 350 C, 

a diaphragm pump succeasively t h r o a h  the hot reactor, a cooler in which the  

gas is cooled t o  150 C t o  protect the pump, and then t o  the pump inlet, *en 

the fluorination io completed the water in the cooler coi la  is replaced by 

refrigerated U q d d  (-60 C) and the plutonim hexafluoride is st r ipped from 

the circulating gas, Volatile niobium and ruthenium fluoridea are also 

removed hem, Some plutonium tetrafluoride w i l l  be prosent due t o  decompcmi- 

t lon  of the hsxaf'luoride although the mount of this component should be mall 

since the  operation is carried out In a fluorine atmosphere, 

of the  condwer am Uquified and drained t o  the d i s t i l l a t i o n  column where 

the plutonium io separated from the fission-product fluorides,, Piobiua and 

ruthenium fluoride 8oUd resj-dues are remove4 from the  d i s t i l l a t i on  pot by 

an acid aluminum-nitrate wash as required, 

The fluoI3.m gas is ' recirculated by 

The contents 

5. QfTVaas Sciwbblq EEqUlp nt 

The off-gas scrubbbg equipment consists pf a ver t ica l  scrub tower 

through which a solution of' potassium hydrdde  is circulated, A n y  process 

gas vented from the process equipment passes through this %over, The scrub 

lfquid is considered an highlp a c t i w  wasteo 

Co B u f l d i n g  and Plant Area 
. 

A a h g l e  bailding, shown in Figure U, buses both the processing area 



H20, lblbatch 

REFR I GER AT I ON 

/ 

99.9 99.9 0.1' 0.1' 

Fig. 10 - Plutonium recovery, flowsheet 4. 
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A. OPERATING GALLERY 

8. COLD SERVICES 
C. AIR & ACCESS 
0. SAMPLE GALLERY 
E. HOT PIPE 
F. HOT EXHAUST 

Fig, 11 - Of p-868 azd hboratorg tmilding8. 

 ad the laboratory and maintenance areao The processing ce l l  block SLS 

appmxbately 65 feet long, l0  feet vlde, and 30 feet high. Belou ground 

l8-l the construcuon is C b 8 s  1 (bl88t-re8i8ttUlt C O n S t ~ C ~ ~ )  While aboog 

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

with friable ualla)o 

h e  pcerrsiry! section consists of five cella, all Uned with steinless 

ateel on the inside skfacea, A layout of the cella and etuiplnent is 8hom 

in Figure 12, The aqueous solution loakc-up and feeding ecplpent facilitiss 

are on the upper level operating deck, 
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The taboratory and maintenance section i a  B tw0-8toly structure ruxdng  

the length of the processitg m a o  It contains tlie laboratorieso change 

rooms, offices, &oms, and shops. 

Other plant buildings include a fluorhe production plante a fluorine 

compression and purification planto refrigeration plant, chemical atorage 

building# a laboratory-waste evaporator building, steam, water, compressed 

air plants and an electrical distributkm planto In addition, there are the 

following areas: retention basin, undergruund Uquid-waste storage, burial 

ground, waste-burning ground, and a stack filter for gaseous wasteo 

Do &8t P a h  

The plant is designed to  process three metric tom of ur&m and 2OW 

grams of plutonimn per dayo The fuel elements are cooled tor 120 days prior 

to processingo llrdusn hexafluoride, plutonium hexafluoride, and the fission 

products in aaid solution are the products. Direct maintenance of equipment 

is COIZSideI'ed fn U Coat SStimateSo 

Proces95ng both ttranium end plutonim by volatility method8 would rsault 

In  a t o t a l  cost of laboat $s per gram of plutonium if aU costs are charged 

to the plutorduma &e total coat can be broken dawn as follous: 

4 $192 3 574 

Nor- capital 

TOTAL 

17,400 

ll$2lk,?Oo 

60 83 

5074 
z076 

0002 

15035 

interest chargo on the investment, equivalent 'to amortizing a% 16 per cant 

par yearb special materials iuventory is taken st 4 per cento 
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Thr, estimating methods and bases and 8mce8 of costs are detai led in 

Appendix A, 

cost in  Appendix B-2; the inventoiy &7d working capi ta l  charges i n  Appendix B-3., 

%e oapltal i m s t w n t  is detailed in Appendix E-l$ the operating 

c 
r 

HIOH TEp?pHIATIRE pRaE!5s -- 
An I n t r 0 d ~ C t i . 0 ~  

e- 

Enriched ureninm-fueled mastors are likely to be important for such 

applications 8s ship yrcpulsion and (as the "seed" core for multisone power 

reactors such as the R?R, These f u e l  elements are alloyed or clad with 

zirconium OF stainleas steel, I n  this paper are considered the economics of 

e fused-malt volatkli ty process applied to the processing of high zirconium, 

highlylenrbhed uranium-alloy reactor fuel (which cannot be di~solved in 

l i g d d  interhalogene) 

The chief etep of the  fused salt process are the folloubgt 

(1) dissolution of tihe ' U o y  in molten NsF-ZrFk with an tqdrogen 

fluorid0 vapor spapge a t  about 600 C and atmospheric pressumo 

(2) fluorbation of the uranium tstrafluoclde to uranium hexafluorLde, 

this product being volati l ized from the malt at 1 a b  and 600 C 

with partial decontamination, 

!3) final decontamination of uranium hexafluoride by f ract ional  

d i 3  t i l l e t ion ,  

A fused-salt process may be us8d t o  extend application of fluoride- 

v o l a t i l i t y  rsrethods to recovery of decontaminated uranium hexafluoride f r o m  

high zirconium-wenium fuel  alloys, 

temperature process are retained, namalys 

%e chief advantages of the law 

(1) a minimum number of process steps for uranium hexafluoride 

pkduct, 

pmxi,sion cf a l iqu id  phase to remove the heat aC reaction, 

retention OC Xhat bulk of the fission products 89 a concentrated 

(2) 

(3) 
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1 
1 non-voletilo residue after the vu1at;ilieation o f  uranium 
~ 

hexaflimrids, 

A qualitative canparison of $he .9used=ualt vo la t i l i t y  jwocess with 

ostabl5shed solvontaextraction methods shows two areas of defini te  potential 

advantage for the former, t h e  -amas where the advantage $8 equivocal, and 

a single area of definite dlsadvantagee 

A ma3cr contribu%ion t o  costa i n  the  present solvrmt extraction process 

i r  the large waste volume which mst be stored and ultimately dieposed of, 

waste velum discharged from the fused-salt process is maller by a 

fac tor  of more than teno 

Anbther advantage of the  fused salt process l a  tha t  the  equipmsnt and 

c e l l  s i ze  pronises to  be sra4ler than f o r  the aqueous process,, A genard 

comparison can be made between fused salt and aqueous process as regards 

equipent  and cell aica by reference t o  the several items of major process 

equijnent and the uranlum concentrations in the process solutions, 

are auaaDarieed in Table 8, and the figures show t ha t  tke f u s e d - s a l t  process 

requires fewer ~ I O P  items of equipmsnt and less c a l l  spaceo The saving i n  

heavy concrete shielding is  expected t o  represent a substantial  dollar valueo 

These 

Since nltrle’acid oannot bo used t o  dissolve hlgh-zirconAtm J d l O y S ,  an 

aqueous dissolution must use hgr ld luo r i c  acid, The cost  of hydrofluoric 

acfd is &out tho 88mB9 8O025/lb, in either the aqueous or thQ anhydroau 

fom. 

of the-fused salt process due t o  the high efficiency of ut i l iza t ion  of 

hydrof luorlc &@id %herein, 

Therefore, this reagent cost  I s  comparable, or m y  men be i n  favor 

Th% volatilltiy pmcess requires tho use of fluorine, or an ecquivalent 

I fluorinating agent such as bromfna pntaf luor ide  or Qhlorine trifluorids,  

for formation of -srarlium hexafluoridea Fluorine costs WQ about SloOO/lb 

for large cpantl t iee directly from the generating cell or $!LOO to $20,00/lb 

89 compressed gaso This cost moly be more than balance in t h e  aqueous flarsheeh 

however, i f  the uranyl nitrate product from solvent extraction I s  subssquentk$ 

’ 2  

4 

il 
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ChiefiRcwess Steps Fused Salt Aquem Solvent htraction 

I#ssolution (Step 1) 

Equipment 1 dissolver one or more disaolvelrr 

Solution volume, 
liter/kg U pi-occssed 320 

Eqidpent 1 fluorinator one or more feed preparation 
t& 

Fj.rn3. decontaraimation (Step 3) 

Solution volume 
uterhrg u 

1 distillation three C y C b S ,  each of 3 
colunrn extraction colamns 

. 

0028 e 3 3 0  

to be converted to the fluorlde for re-introduction to an Isotope separation 

cascadeo 

An add2tloaal chemical cost for the volatiUty process is that of the 

fused elalt, The desirable features of a molten-fluoride mredlron am high 

flutdity and low vapor pressure at  moderate temperatures (together with good 

chemical pmprties for dissolutkon of fuel  elements and xwlease of uranium 

hexafl~aride)~ A blaF4rF4 rdxtuw haa these required ppeFtieso Econoabcally, 

the sirconium alloy dissolution mnplemsnts the use of this salt ,  8ince the 

fuel element furnishes the tirconium fluodde and only make-up quantitiea of 
3 

,- 

W 
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the reptiveu inexpensive sodium fluor%&* repuired, Also tho rEIy 

mateaal cost ndght be defrayed by using the rcalt waste i n  another process 

for dissolution of other types of fuel elements, eogos U% clad with etainless 

8tWlo  

Corrosion of process equipment is a serious problem i n  the fusedaalt 

flawsheet and it appears that more frequent replacement of vessels w i l l  be 

required than in an aqueous process,, To have a process life of QS long as a 

ye&, a graphite-Un%d diasolver-hydrofluorinator and a heavy uall (2 inches 

or more thick) nickel fluorbator are req&bed, 

D e t a i l e d  flowsheets for the pmc~ss  am giwn i n  Figures 13 and lbo 

The dictsolution of %he fuel elements, assumed to have a Zr/b might 

ratio of 12O/l0 i a  shown in Figure 13@ The fue l  elements, pzpvious~.y r e m d  

from the reactor coqere charged to  tha dissolver f r o m  a shiolded pot w i t h  

a mote-hmdling machineo !ha fused-salt canposition i s  allowed t o  r i s e  

from 

MF 
SUPPLY 

REFRIGERANT 4 
SALT' TOFUINATOR 

52 

Fig, 13 - Mssolver and BF csystean flaraheet, 

* About 8o,IZ/lb in technical grade, 
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FRACTIONATING 
COLUMN 

SALT --- 
TANK 

STILL POT 
ELECTRIC 
FURNACE 

FLUORINATOR 

Fig. l4 - Zlwrimitor and distillation cduum. 

per cent durAng diasolutiion, 

from a boiler and the exit gas from the dissolver is put through a solids 

trap and gas cooler and then a condenser, whore %he excess hydrogen fluoride 

ia condensed and recaverod for re-08ee 

consist hrgely of hydrogen pmduced frcxn the rua0tlon9 me put through a scrub 

towep t o  remove traces of hydrogen fluoride and volatile f i s d o n  products, 

since some oamy-ever of, f iss ion product ~fmodlua, niobium9 ruthenium and 

l.sd5ne fs expected, 

trap, while the acrubbar w i l l .  mmme the iodine and the remaining volatfle 

f isslon produei;ao 

Hydrogen fluoride sparge rapor is introduced 

The remaining non=mndensiblaa, which 

The former three maybe left  principally in the solids 

A t  the cc+mp16tion of &a dissolution a portion of the salt equivdent 

t o  the metal  charge is taken off through a freese valva to the fluorinator, 

sodium fhor i .de  l a  added for each batch in an cMmt sufficient to restore 

the i n l t i a l  malt composition, Tu0 batches per day  are scheduled, 

The salt (bearing %) in the fluorinator is sparged with fluorine to 

wl.atiUse the uranium hexafluoride (Figure The aff-gas recycles 

bi 
f 

t 

thmgh a fmese-out trap, here the urmium hexafluoride is collected. Ths ? 
eWpped waste salt i o  discharged at  tha end of the batch cycle, armd the 
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uraniun hexafluoride I s  aubllmed and muted to a storage tank, Bemuso the 

plutonium concentration in the  enriched fue2 i s  very low, It is not recovered 

but I s  treated 6s waste (the bulk of this plutonium Is expected t o  remain 

i n  the  a a l t  phasa). About k hr/batck i s  Pequimd for this overall fluorina- 

t ion  stepa 

The partially decontaminated uranium hexafluoride from the fluorlnation 

Af'ter a p d o d  a t e p  is charged t o  the  still pot of the dlstil'latfon column, 

of to ta l  rafluxo the volatile fission products, principally tellurium h a -  

iluorLde, concentrate at the  top of the column and are removed to a cold trap. 

I'he uranium hejrafltuorida product is then d i s t i l l ed  omrhead leaving any l ess  

vo la t i l e  fission products in %he s t l U  pot, A n y  uranium hexafluoride caught 

i n  the  waste cold t r a p  is  periodicdly malted and returned *to the urarium 

hexafluoride storage tank for reprocessing, 

much more volatile than uranium hexdluorkde, the bulk of it can be ssparabd 

Since t e l l u r i w a  hexafluoride j.B 

i n  the  cold traps and disposed of i n  %he waste fluorine caustic scrubber, 

oneso are removed with the  w a s t e o  Waste d56posal is a c h i m d  by bur5sl i n  n 

concrete trench, 

Other hat wastes w e  aqueous: solutions froin the  process mrub towers, 

process equipment decontamination, solutions and laboratory ~rtas'ttns, These 

aqueous wasbs are concentrated in an evaporator and disposcttd of by atorage 

i n  1 q e ,  stainleas-stoelunderero~md tanks, Because almost a l l  of t+he 

fission products in the aqueous aolutions &re shoct-lived, storage for 5 years 
I s  tantaxount t o  ultimata disposal ,  

The plant building conziiists of 8 3nain process building with three 

adjuncts: core mloading and handXfng facilityB laboratary and office, and 

pmduct uranium hexafluoride storage areac Tho process equipment cella are 

below gzada with operating deck above, A tunnel. provides passage for fuel 
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elements from core handling f a c i l i t y  t o  the dissolver process cell, 

pmcess cell lapout is considered Sn detail, 

Qlly the  

The process l w u t  shorn in Figure 4 consists of eight c e l l s  20 f t  

high i n  a block 40 ft wide by 48 f t  long, exclusive of the f u e l  element 

receiping tunnel and miscellaneous gallexcisso All cells are l ined with stab- 

less sf&elo 

transite structure, 

%he oparatirg deck i s  enclosed i n  a blast-resistant steel snd 

The dhaolver and fluorinator high-tenpo$&ure coaaponsnts are opecatad 

and mintained remotely, 

war maintenancs assumes remowal and replacement of an entire unito The 

moderafie equipment sic% and tho location In lnd iv ldua l  cell8 f ac f f l t a t e  t h i s  

me%hod, 

decontaminated alld direct maintenvlce may be employedo The uranium ham- 

fluodde distillation and pmduct handling is &ne remotely but  maintenance 

i E  direct0 

To avoid d i f f i cu l t  and expensive remote operations, 

Q the other hand, low temperature component8 are more readily 

Do &St Data 

The plant is designed to process 1750 kg per year of highly-enrichod 

uranim contained in a high zr-U alloy, The produd is uranium hexafluoride 

decontaminated t o  natural levels of radioactivity. 

o s t h t e d  t o  bo about 82,25 per gram of urenitrm, 

down as follows: 

!he pmcesdng cost is 

This cost can be broken 

Annual Cost S v  
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CHARGE - WASTE ~ 

,TUNNEL TUNNEL 

1 1 1 1  
2 4 6  8 FT. 

1. PRE-MELT TANK 
2. DISSOLVER 
3. FLUORINATOR 
4. SALT WASTE TANK 
5. HF SOLIDS TRAP-COOLER 
6. HF CONDENSER 
7. HF BOILER-RECEIVER 
8. HF BOILER-RECEIVER 
9. HF SAFETY TANK 

10. AQUEOUS WASH TANK 
11. UF6 SOLIDS TRAP-COOLER 

12. uF6 FREEZE-OUT TRAP 
13. WASTE TRAPS 
14. UF6 HOLD-UP TANK 
l5. F2 SAFETY TANK 
16. F2 STORAGE TANK 
17. HF STORAGE TANK 
18. AQUEOUS WASTE TANK 
19. HF SCRUBBER 
20. F2 SCRUBBER 
21. uF6 COLUMN 
22. UF6 PRODUCT RECEIVER 
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'Iherfixed investment is amortitad i n  6 2/3 gears plus a one per cent 

average interest charge on the investment equivalent to amartirting at 16 

par cent per par. The spacial materials inventory is charged at b per 

cent 

!he estimating methods and bases and sources of costs are detailed i n  

Appendix A. The capital frmestSnent is detailed in Appendix C-1; the operating 

cost i n  Appendix C-23 the inrrentOry and worklng capital charges i n  C M ~ ~  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

u. 

12. 

13. 

E, C, Vogel and R, IS. Steunenbarg, liluoride Volatility Processes 
for Lar llllay Mls, paper psented  at Chemical Processing Sympedrrm, 
Brussels, Belgium, May 1957. 

0, Cathers. Elnoride VolatIUty Processes for Hi& Allas Fuels. 

Bxvol&aven National Iabomtory, Monthly PrOgTess Report, V O l a t i l i *  
Studies Group, A ~ R U  1954. 

Chemical Engineering Division Sumnary Beport, October -December 1956, 
Beport -5668, pp. 36-37, March 1957. 

W. 0. Rauch, Design an3 Constntction of Needle Thermacuuples, Report 
bartrog6. 

PrAvate ccummmication from 0. Stricklard, Broakhaven National Iabora. 
tow. 

S. Crmer, The Electrdc A.essu.re Transmitter and Self-balancing 
Relay, Beport mC-803. 

Private caarmmnication from 0. Strickland, Brookhaven National Iabora- 
tow. 
Chdcal Engineering Division Summary Report, Jtlly - September 1955, wf=t =f;494. 

Private cammnnication fran 0, Stricldand, Brookhaven National trbora- 
tow. 
Allied Chemical and 
Flxlorine F'roduct Data Sheet PLTA-854l.2. 

Corporation, General. Chemical Division, 

F. D. RORWL, Magnetic Pumps for  Corrosive Gases and Liquids, 
Beport a 3 3 .  

i 
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U. Fulton Sylphon Mvision, Robertshaw-FUton Controls Canpaw, 
Model 3064. 

15. Hoke, Inc., Model 1197. 

16. Hoke, Inc., Model 4l3. 

17. Private cnmnalnibtion from 0. Strickland, Broolrhaven National 
Iaboratory, 

C, Voegtlin and He C. Hodge, npharmacologg and Tdcologg of 
U r a n i u m  Cmpounds,w National Nuclear Energy Series Divllrion 
VI, Volume 1, McGraw-EEll Book Compmy, Inc., New fork, 1949. 

R. C. Uimatainen and M. Levenson, Absorption of Some Mogen 
Gases f'ra Air by a Idmestone Bed and a Spray Tawer, Rem 

20. Me C. Sneed e t  al., "Cormprehensive Inorganic Cheslistrg - The 
Halogens III," D. Van Nostrand Corm-, b., New Pork, 1954. 

Lo Stein and R. Vogel, Behavior of Uranium d Other Selected 
Materials i n  l~~uorinating Reagents, Id. Eng;. &em., 48: 438 
(1956 . 

18. 

19. 

AJL-5015, 1953. 

21. 

22. R. C. Idimatainen and I!. J. Elecham R e n d  of Halogens, 
Carbon Diorrdde, atld Aerosols fram hr in a Sprey Tower, 
J. Air Pollution Control Assoc., 6: 2 (May'1956), 

23. R. C, Uimatainen and W. J. Mecham, RemaVal of Halogens, 
Carbon Mcodde, ard h r O S d 8  from Bir in e Spray Tower, 
J. A i r  Pollution d Control Assoc., 6: 2 (May 1956). 

24. Private communication fram E. E. Evans, Director Medical 
Mvidon, E. I. du Pont de Nemours and Ccrmpaqy, &ambers 
Works, Penns Grove, New Jersey. 

25. Hydrofluoric Acid Chdcal  Safety Data Sheet SD-25, 
Manufacturing Chemists Assoc., Inc., bfashingtan, D. C. 

26. Lo Stein and R. Vogel, Behav5or of Uranium and Other Selected 
Materials in Fluorinating Reagents, Ind. Eng. chem., 48: 418 
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The group at Brootchaven ETational Laboratory, M c h  built, ran and con- 

tributed to the success of the early pilot paant consisled of C. J B  Rasenan, 

Eo Io Goodman, C. H. Scarletti, F. To Riles, Uo E. zsinsche, He L and 

R. 44. Seoennsr. W. R. Psge was the group leader, The tisookharoen group now 

building tha continuous dissolver pilot plant snd vorking on the bromine 

trifluoride process consists of F0 L Horn, R. J&ASOIY and Jo Speirs. 

StricUand is the group leader of this group. 

responsibility for ths e f f a r C ,  

Q. 

0, E. Dwyer has had Overall 

Principal inwatigators who have contributed to the laboratory and flat 

phrt work as the cNorine triiluol.lde procsss at Oak Ridge National Iaboratorp 

am the following: E, Jo Baxber, So To Benton, 8, Ho B8rnhardt, Wo Davis, 

J ,  R m  Flanary, C o  Fo Hale, R Lo J m ,  T o  S o  g i r S - 8  To S o  M c ~ ,  Fo D o  

Boson, E. Be Sheldon and Wo So braadolkowskio It. A. b t i s o n  was the group 

leader durbg most of the invsstigation pefiod. 

The fused salt mlat i l i ty  Fopcsss wmk at Oak Ridge htlmal Iaboratozy 

hac been d e r  the general direction of Fo Cullero P z b i p a l  contributors 

ham been a0 Blauco, Wo C a m ,  Go Cathers, Do Feqpson, H. Ooeller, Fb Ltndauer, 

do Ung, Eo Hcholsm, ood E. Steinksr, 

o Special Scientific Eqxoyee on loan from Union Carbide Nuolear Company. 

wi Special ScJantific Eslrployee on loan fmm Hercules Mar C-. 

b 

t 
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APPENDIX A 

Cost data and methods of taburating data used here para l le l  thoas 

used i n  CliUXbl786 in which the costs am detailed f o r  recovering uranium and 

plutonium by the chloflne trifluoride process. ('Ict Data f o r  the chlorine 

t f i u o r l d e  procoss cost study were obtained frm zdaho Chemical Rrocessing 

€%ant cost@*e) and from H a n f o r d  Engineering plant cost&) as  well as from 

+he usual astimating sources in the l i terature ,  All data haw been chocked 

with exist3ng data from various cost  estimating soumes'to ensure accuracy.(a*d) 

All construction costs haw been corrected to  the current Engineering W m  

Becord Index of 708 while a l l  equipment costs have been corrected to the 

current Marshall and Stevan%~ Index of the 2ll.3. Bel- are the costa af 

various itoms and also an explanation of the factors  used in the computation 

of finished costa. 

Ecluipme n t  Costs 

Cost of equipment Each item was l i s t e d  separately and .either 

manufacturerb c o d  was obtained or Idaho 

Chelnfcal Fkocessing RLant cost  data (from 

-1786) were used and a s i ze  fac tor  of' Oe6 

applled when necessary. 

Where data were not available for fluorine- 

containing equfpment the cost of stainless 

ateel equipont  was multiplied by a fac tor  

of 9,s t o  2.0 for tan'ka and Lr,O t o  6 0  for 

heat exchangers. (b) nit3 reflects the increased 

care in eq&ment construction due t o  the higher 

temporature and pressure used. 

* se0 references at a d  ~pperndix A 
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InstalZed cost of Csqvip- miis factor was taken f r o m  Idaho Chemical 

mnt-lo14 x equ&pment Processing man% datao The factor is  lover 

cost than usually found but reflects the high cost 

of equipment for radiochemical plants. 

pip ing  for equipment- Three factom were used: 

(Oo6, l05, or 2,O) x (1) 

the Anstalled equipment 

cost 

0.6 for non-radiochsnelcal squipent and 

low tempsraturs refrigeration l ines.  This 

number is generally used in aost esthating 

articles. 

1,s for aqueous radiochemical piping cost. 

T h b  f 6 C t O l .  i s  taken from Idaho Chemical 

msnt costso 

2.0 for radfocbemicaX fluoride lines0 

Besides reflecting an $ncrease due to radio- 

cfremical operation, the factor a170 reflects 

%he increase duo to the necessity of keeping 

a l l  lines above 6b C t o  keep the uranium 

hexafluoride from condensing, 

Cost of instruments-bion btnUaen%s and control valves uere l i s t e d  

separately t o  arrive 13% total total costo 

Either manufactureras cost or Idaho Chemical 

Processing Plant cost was used,, 

The, 1,39 and L67 factors were taken from 

Idaho Chemical Fmcessing Plant datao The 

106? factor is the cost of labor for installa- 

tion. 
fnstzllad COS% 02 instm- 

mntatton-erpipinent cost 
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Panels, piping, adl uno 

l i s t e d  auxilitzles- 

L 3 9  I equipnmt costs 

T. 1.39 x 1067 

P 

i 

W 



L.i 
I 

2 

s 

0.347 x equipizen't orid 

p%ping cost 

out laboratosg 

fBboratory building 

Ssrpicct baildings- 

refrigeration, air, steam, 

watero electricity 

s 

I 

w 

Other 
.DI 

site dewlopnent and 

general land facilities 

dsvelopoPsnt oosts 

The factor tima process equipment and piping 

installed cost represents the cost of instslled 

ins%r,rlrment&ion for a volatliity plant. This  

factor was taken from chloririe trifluofide 

volat i l i ty  plant costs. (e) 

Volume and area required i n  -the finfshed building 

were calcpdated snd unit volume and area costs 

obtained from the literature and Idaho chemic& 

Processing mSnt costs were ~ ~ p l i ~ ? d ~  

The laboratory waa uomidered equivalent i n  

cost to  the Idaho Chemical Processing Plant 

?aboratory, (For the fused salt process-no 

plutolbm mcmerg--the labOr&o~ W O ~  taken 

aa 50 per cent ICPP), 

Wterature data ware used for plant investment 

coats of the re?rQeratlon facffltpo Other 

coats are taken from Idaho Chemioal Procesang 

FUmt data. 

Fifteen per Gent of the lanrmiocturiqg plant aost 
ie the faofor Zcr the develapsDent CO8t80 This 
pmwated to $1,906,000 rjhioh oan be broken dawn 
a8 follmsr 

~cbtl.nistratlon, etce, 30aOO0 sq ft 

Qeaeral excavation, @ding, roads 301,OOO 
at $ W a q  f t  8 600,ooo 

mC@lhneOWr b a d i a 8  U8,ooO 
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Engineering, design and 

inspection-20 per osnt d 

fixed investment 

Coastruction and cmstruc- 

t.im fee-22 per cent 

nf fixed inoestment 

5110,000 
106,OOO 

yard Pipins 

Top soil and seeding 79,000 
cowrmnications and olarrns 59,000 - 
%wage disposal plant 57,000 

Fences 

tj 
$ 1,906,000 'i 

Niscellaneow 26,000 

A l l  costa except the first ax'e taken fron: Idaho 

Chemical Rocessing Elant costs * 

These factara  were taken from Idaho Chsmical 

Processing Plant datao This contingency 

factor  r e f l ec t s  the state of  the ert, 

Contingsncy-40 per cent 

of f i x e d  investment 

8' 
Preoperatlon and s t a r tup  

Operating coats 

Charge for fissionable 

material 

This value vaa estimated t o  be one year's 

operating expense, 
i 

This Value was estimated roughly since it 

will vary widely with the plant location, 

Unit coats wre applied t o  all labor and 

raw materials, Factors applied to these t o  

arzlve at  t o t a l  operating cost are consistent 

with estimating practice. 

Q 

Under t h e i r  accounting procedures, tne United 

States Atomic h e r g y  Commission charge8 a user 

f o r  the fissionable materials i n  h i s  possession, 
: 

hit 
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I 

t 

c 

At, the present t ime  thLe amount is four per 

cent of the value of these materials. 

Amorti'tation 04 f U e d  

blV8Stmnt 

The fixed investntant l a  anortized %n 6 2/3 years 

plus a one per cen% average interest charge on 

the Anvestment, This is equivalent to amortizing 

at  16 per cent por year, 

Plant opratlxg tints For cost esthation purposas, it was assumed 

that tho plant would operate 365 dqt9 per mar, 

24 hours per dayo 

Aries, R, So and H e i n ,  R. De, Chemical Engi.neerixg Cost Estiaation, 

H u l l ,  Ho Lot Zeitlfn, Ho R., wA Design and Cost Estimate StuaJr of a 

Rxrex plan.tn, Warch 32, 1.9St Oak 5dge National hboratorg, Carbide end 

Carbon chanicals co~npany (oRNIPS~~). 

Hicholson, E, LO9 "An Ecmmic  Study of the ChLOrirrc Trifluoride VoldWty 

process for Recovery of Uranium and P1.utonim from Irradiated Reactor 

Fuels", January 26, 3.955, Oak Ndgo National hboratory, Carbide and 

i 

C & O ~  C h h o m s ~ d . ~  con pan^ (ORME178&~~id . ) e  

W m m e m ,  00 T o  md UV%~C, 10, Chemioel w i n e e r i q  Costs, 1950, 

&du&&e;Z k S Q E W C h  SOrvfCOo 
I 

Robertson, Po Lo and Stockdale, We Go, "A Coot Analysts of the Idaho 

Chezclcal b c e s s i n g  hantw, Jonuarp bo 1955, (ORNI~1792oSpecial)~ 
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1, 

2.3 

3 e  

L O  

r: 
r O  

Plant P'acllities 

le Process hi ld lng  (excluding l.boratorJr 
and maintenance redion)  

Bo h c e s s  Equippgnt 

E1 Slug d o e d i n g ,  jacket raraoval 
and charging--abS90,700 

B 2 4  Uranium dissolution, solwnt 
regeneration and uraniwp hem- 
f'luoride purif~cation-$l,&91rs8~ 

BS Elutardttmrecopergand 
pueLfication-$fiO , 900 

E6 Scrubber ~ ~ p n t - - $ 5 9 ~ 6 0 0  

c e  Fluorine PLant 

Waste Facilities 

Service Buildings and Semdces 

Iaboratoxy Building 

Site DBvelopnent and Oeneral B u i l d i n g s  

Subtotal 
Fqineering, design, and inspect..$ en,) 
20% of aubtotd 

$ 2,L34,800 

2,286,000 

2,678 #200 

1,9793 

2,340,OOO 

$ 310177,200 

ii 

f 

hp.l 
642 



equivalent to a m t i e i n g  rt Xt% per par  

Anuual capital cost 16% of $31,177,200 

Details 

U Process Building 

Concrete, 3200 cu yd a t  $llS/cu yd 

Excavation and backf i l l  (10% of concrete cost) 

Operating, sampling, and crane b so s t e e l  and 
transite, l20,OOO cu f t  a t  $0*70 7 cu f t  

Heating and ventjlating equipment a t  $lo20 cfm, 

staidless steel lining, all surfaces in  cells and 
fluorine cell offcgas tunno1 and 2 f t  of walls in 
hot pipe tunnel, 34,650 sq f t  a t  $l%30/sq ft 

Electrical ssrvices (same as ICPP) 

Special equipnent (50 per cent greater than ICPP) 

Paint* 

Maintenance crane, 25 ton 

10 ch8aeS/hr 

Freight elevator 

$ 377,000 

379700 

lB Process Equipment 

1B-1 Slug Unloading, Jacket Rsmwd, and ChmgLng Eqtqi-t 

I t e m  Cost 

ECplprn en% I n  C e l l  

1 Jacket removal. dissolwr, 4 E t  6 fn. 
diameter by 8 f t  high $ 193100 

1 Reflux condenser, Iscx) sq f t  7,900 

by 9 f3 6 in. high 16$m 
1 Coating waste hold tank, 6 ft diameter 

1 Slug come- and pressurieed loading 
machine (estimaked) 94,500 

Subtotsil $ 138,000 

Instnunen- 
tatlm Cost 

199 990 

8 25,600 
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InS%PUm€3Il- 
Item Cost tation Cost 

Equipwent ;)utside call 
__I 

1 pJaCR-NaN+ metering tank, 500 gal $ 2,800 E 680 

1 Agitator, 1 hp 880 

1 HNC3-H20 me%er% tank, 275 gal 1,830 630 

1 Agitator, 112 hp 660 

2 Transfer pumps, 50 gpn 

1 26 per cent N a N 9  solut%m rn3lnt-- p tank, 

1,280 

9,500 gal 2,950 590 
1 Agitator 1,no 
1 Transfer pump 6440 

1 26 per cent NaN? storage tank, 3000 gal 2 9 , 5 5 0  , 180 

Subtotal * 22,100 8 2,080 

Total delivered equipcent 160,100 27,680 

Installation, 0,Ih x Do E. 22,400 

Insta l led  equipment $ 182,500 

27> t 750 

Equipment axl  piping 8 456,250 

P i p a ,  105 x Io E o  

Instmentation installation and 
pipings 1,39 x 1,67 x DOEo # 2 2 5 0  

Inatal3.ed i n s t m n t a t i o n  910930 8 91,930 

1 &mote rrmplcr - 3,000 

Total process equipment Ib 551,lm 
2 Slug transfer buckets 39%) 

3. Slug loading crane s o 9 9  

charging 20,000 

'i'o't,& cost d equipment (m) 8 590,670 

2 m I ' h C O p 8 S  for Slug 

f 

t 

t 
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lB-2 Uranium Dissolution 

Item Cost 

1 Slug dissolver, T75 galp 15 f t  high $ 119750 

1 Reflux condensor, 150 sq ft  l.2 g 250 

I. BrF3-BrFk tank, 500 gnl 12,750 

1 Safetg- tmk, 500 gal 12,750 

1 Cold trap, I9 sq ft  refrigerent cooled 15,300 

1 Bromine storago tank, 10 gal 2,120 

?.B-3 Solvent Regmeration 

2 Fluorinatoro, 500 gal 

2 Evaporator-Pu fluorinz\tors, 100 gal 

1 Condenser, water cooled, 100 sq ft 

1 Fluorins hold tank, b0 cu it 1 o g m  

m 4  Ilren5um Hexafluoride Purificatdon 

1 Wety tank, 500 gal 

recovarp column 

1 Uquid hold t m k  8 still, 100 gal 

12,756 

U,SO 

1,720 

1 Licpid hold tank, kf.lO gal, for BrF3-xP6 

BrF549F6 mcov%ry disti l lation colwnn, packed 
tmr, 10 ine diameter by 30 ft  high, including 
a water cooled 100 sq ft condensar and reboiler 57,800 

BrF’pUF separation disti l lation column, 10 in, 
diameteg by 30 fk high, packed tower, including \ 

a wator cooled 100 eq ft condenser and reboiler 57, 800 

1 ErF3-ErF5 hold tank, 500 gal 

2 Lapp Pulsdeeder recycle pmps 

1 Uranium hexaflnor3.de product tank,, 500 gal 

Total dolivefed equlgment 

Installation, 0,Jh x Do E. 

Installed equipment 

Piping, 200 x I o  E e  

Equipaent and piping 
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Item Cost 

Instrumntntlon, 0,3h7 
x E* and P o  

1l samplers at $9s000 

Total. equipment cost (B24) 

1B-5 PZutcnium Recovery Equipnt 

Fluorinator (included i n  solvent regenerator 
equipment 

2 Q a c ~  pmps, Lapp pulsafeeders, 0 , l  cfrn 

1 Cooler candenserg water cooled and Freon 
cooled, 5 ft sq 

1 Distillation tower, 1 in, dimeter  by 16 ft 
high, batch, Including condenser 

1 Plutonium storage tank, product, 10 gal 

1 Safety tank, 500 ga l  

Total delivered equipment 

Installation, 0,lh x Do E. 

I n s t a l l e d  equipment 

RLp51gg 2eO x 1, E o  

Equipment and piping 

Inetnunontation, 0,347 x 
E, a i d  Po 

Samplers, 1 at  89,000 

Total oqilipmnt cost (E-5) 

G 
f 

z 

1,770 

33p980 

s lb0,930 

1B-6 Scrubber Equipent 
Xnstrwm- 

I h m  C o s t  -,. tation Coct 
-r- 

1 Offcgas scrubber, 6 ino diameter by 
15 ft hlgk 

2 Scrubber t m r  sump tanks, 100 gal 

2 Scrubber fluid recirculation punps 

2 Steam j e t s  

c 
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a 

* 

% 

W 
1 

EqUIpao snt Outside Cell 

14% KOII Storage tank, 500 gal 1,020 390 

1 Transfer pump 2&0 .1. 

Total delivered equipment 8 12,200 8 5,- 

Installed equtjxuent Ib u,m 
Installation, 0,lh x D. E. 1,710 

EnuiBment a d  PIP% 8 34,770 

f n s t m n t a t l o n  instdla- 
tion and pipings 1039 x 
1.67 x Do Eo U,&O 

Installed instrumentation 8 10,800 8 18,800 

2 Remota samplers at $3,000 6,000 

Total equipment and piping (B-6) 8 59,570 

1C Fluorine Plant 

XC-1 Fluopine bneration Plant (including; preliminary m f i c a t i o n  
YaciUti es 

30 operating cells (instolled cost) 
includes building, electrical services, 
piping and instnuaonta, blower, refrigere- 
tion and absorbers, cells $ 2,174s000 

& standby colls ( h s t a l l e d  cost) 36,000 

Total cost, i n s t a l l e d  $ 2,210sOOo 

U-2 Conpression and Purification Facilities 
inatnrmon- 

Item Cost tation Coat 

t puldt3ed~r ccxnpressors, 1 spare 134, 800 1,720 

1 F2 coolero 20 sq ft, water cooled 

3 F2 hoat exchanger, 50 sq f t  7,090 2,520 

1 W  condenser, 100 sq ft, Freon cooled 

1 F2 heater, 2 kw 885 1 p o  

h s 7 S  

&300 
1 HF collector tank3 10 gel, h o a  cooled 710 2&G 
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2 NaE’ packed traps, electrically regenerated 5,900 2,390 

X F2 cooler, 20 sq ft, water cooled 1,720 1,190 

1 Surge tank, 20 cu ft 

1 Safety tank, 260 cu ft 

F2 flow and pressurc conlml ---L 6 230 

Total delivered equipmunt 

Installation, 0,lh x DOEo 

Installed equipment 

Piping, 006 x LE, ,  

E q u i p ~ d  and Piping 

Instrument installation and 
piping, 1039 x 1067 x D e  E, 

Installed 5nstrumentation 

Total Process Equipment 

Building, 37,500 cu ft at  
80.825/cu ft 

Coat of Compression and Rulificatton Facility 

Total &st Fluorine Plant (1C) Q 2,678,160 

2, Was,ttS Fadllties -- 
2!4 

The high level ?jtftste volumes per day from different saurees are 
tabulated below: 

Osf-gas scrubber 90 g d d a u r  

Process waste mo g d d a y  

Lsboratory and decantandnation waste *- 120 gal/day 

542 g d d a J r  

Coating removal waste (concentrated In tank) 232 eal/dpY 

This is  appsodnrately 2 O00,OOO g s l  per ten-year poriodo A t  an 
bstdled tank cost of b o 5 9  par gallon, the capi ta l  cost i6 
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Transfer tanks, condenser, otcc 

Total liquid waste storage cost 4 1,233,000 

8 

a 

2B Qasaous H b t e  Facilities 

A scrubber disposal system consisting of a vertical gas scrubber 
(KOH solution) and o disposal stack tri l l  be used to  dispose of 
gas from the following: 

1, gas from the off-gas mrubber in cell 

2, the ventilation gas from the process colla 

Costs: 

Scrubber (estimated) 

Msposal stack, 10,OOO cfm capacity, 
250 ft  hight includes filter8 and blowmi 

Tot81 

2C ?fbceUaneoue Waste Faullities 

faboratol'g wade evaporation 
Retention basin for U ~ C B  water 
B u r i d -  ground 
Bprning ground 
Decontamination fb i l i ty  
Waste lagoon 

Total 

Total Waste FsciUtfas (2) 

3A Steam Oeneration 

Wocess steam (estimate) 
Heating and ventilating 
Peak load allowance 

Total capcity 

Cost of fac i l i ty  

8 59,000 

175,000 

$ 234,000 

l0,OOO Iba/hr 
4,000 
Ir,OOo 

18,000 or 20,000 lbs/hr 

$ 330,000 
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Electricity 

Emergency electrical 
Electrical distrlbutfon $18?,000 

serpIces 165,000_ 

subtotal 

Compressed air 

500 scfm $106/scfm 

Water - 
Irnr temperature Refrigeration System 
LO tan (estimated size - 60 C) 
Refrigeration plant ( 

P&pl.ng, 0.6 x I. C, 
i n s t a l l e d  coat) 8 85,000 

51,OOO 
Subtotal $ 136,000 

Total Services (3) $ 988,600 

Laboratory B u i l d i n g  

The laboratory is considered equivalent i n  cost to that of the Furex 

mnt Laboratory42 fh0,ooo ,, 

Site  Development 2nd General Euildings 

Selection and preparation of si tes ,  yard piping, electrical distribution 

fences, road, railroad spur, weehouseso etc-15 per cent of the plant 

investment 

-0.- 

15% of $129709,200 $1,W6,380 

1, (Jhemicals, except fluorine 

2. Labor, supetviSfoo, and overhaad 

30 Wntenance material 

hs, 
P 

4 

f 
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. * -  

* 

I 

LJ 
1 

i 
I 
I 

50 steam 124,100 

U, F;Fuorine plant 

12, Control laboratory 

Total 

Sodium nitrate 291,000 0,023 6,693 

Nitric acid (70%) 73,Sm 04205 15,067 
A l a -  nitrate, hydrated 1,150 0.13 llr9 

Ferrous sulfemate 766 1,oo" 7a 

Bromine*' b.9774 Oe32 . 1,528 

Pot;assium &dmpxltlo (45%) 796,800 0,425 . 33,64 

Total chemical cost $ fiOS597 

* Estimated 

** Assumed yearly lass 

Labor 
60st 2, - 

per Year 

labor (exclusive of fluorine plant) 
a t  %50/hr 8 39L,rn 

IEeintenance labor exclusive of fluorine plant) 
fi rPen/ahift at  J Z.S0/tu. 306,600 

slIpmAsioa, 50% of 0.L plaa 25% of &L 273,700 
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30 

40 

50 

60 

70  

80 

90 

100 

110 

12 0 

nointenance materld, 100% of M,, L plus 
maintenance supervision 306,600 

operating supp~cs, of 0, I,,, p ~ u s  10% of N, L. 70,000 

Stem, estbated load 340,OOO lb/day at $1/1,OOO lb 

Water (estbated usage l~OOO,(roo gal/day at  

Compressed air, estimated laad 2% cfm at  $0.05/ 

Inert gas, esticated nitrogen usage, 400 cfh at 

124,100 

$0010/1,o0o g a l )  36,500 

1,000 cfm 6,600 

$0.55 cu ft 19,300 

Electricity (estSmated load--l,OW EM at $OeO1/kuh) 87,600 

Refrigeration plant (10 tons eatimated load) 
$2 . 8O/ton/day 

nuorine costs 
Dollar 
p=/lb 

10,200 

Materials  chemical.^^ repairs) 0,3251 
mor (operating, maintenance) 0 .442  
Work materials (electricity, steam, 
water, etc.)  0.0427 

0,2556 Elant expense (overhead) -_I.. 

Total Oen76 
Assuming 13208,000 pounds of fluorine a m  produced (excess 
for stack loosos), the total  coat of fluorine ir $ 9&2,2OO/yr 

Control laboratory 

Total yearly operatiw cost 8 4,192,900 

APPENDIX B-3 

INVENTORY AND WORKIN0 CAPITAL 
(Lou Temperature h c e a a )  

SF Inventory har~ 

The SF inventory charges are based on 120 dayaf average holdup of 

materials from the reactor i;o final product shipping container8 arvl on 

the assumed dollar values for uranium and plutonium as given: 
s 
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Urardwn: $40/kg x 3,000 kg/day I 120 deys 8 lJJ~m,000 

Flutoniumr $l%/g x 2,000 &day x 120 days 36,000,000 

Total 8 SO#hoo*ooo 
SF inventory charge: 4% ef $5O,bOO,OoO or &2,016,0oO 

Working ctapital is considered as a percentage (existing money retea) 

of the following costst (1) 30 days' value of raw materials and supplies, 

(2) 30 days' operating costs! ,  and (3) the value of m t e r l a l s  I n  the plant 

fill-up, Under Atonic Energy Codasion procedures, the finished products 

am carried i n  SF inventory and thore are no accounts receivable, 

Item 

Raw materials and operating eupplies 

- 

APPENDIX C-1, 

FIXED It?VESTMEF- 
(nigh Tomporature plant) 

--- 

1, Process Building 

A. Building Propor 

Bo Spacial. equipment 

2, Process Equipment i n  Building 

A. Dissolver charging machina 

8. Dissolmr and HF systam 
e 
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$ 712,000 

520,000 

Jb 192326200 

80,000 

559,400 



3- 

40 
50 

63 

70 

80 

90 

100 

C. Flwrinator and m6 collection 

Do tiF6 disti l lation 

E, Auxiliary process equipnent 

Fuel Element HmdUng Fi-iciUty 

PrOdUCt up6 ShragS Facility 

Uboratory building (equipped) 

Hot salt burial faci l i ty  

Uquid Waste Storage (7 years * capacity) 
Kscellarreous Waste Facilities 

[laseous Waste Mspoaal 

services 

A. Refrigeration 

8 0  steam 

Cd Electricity (including emergency supply) 

Do Compressed Air 

Eo Water 

Subtotal (a) 

Site development and general buildings, 
I% subtotal (a) 

Subtotal (b) 

Engineering, design, and Inspection, 

Construction and construction fee, 

conthgency, bo% of subtotal (b) 

Reoperation and start-up 

LBnd, Ir sq  miles 8 840/acre 

20% subtotal (b) 

22% of subtotal (b) 

(estimated as 1 y r  operating expense) 

T o t a l  Fixed Irmestment 

mui l l  capital cost, 16% 

L. 19230,000 .-a. 
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Details 

lo Process Building 

-_P 

A. Building Proper (See Figure 15) 

Concrete (1640 cu yd a $lWca)*/cu yd x (g) 
Excavation and backfill (10% concrete) 

8 

Elec aezcoices 

Painting 

Halntellsurce Crane 

Freight elevator 

Total Building Proper (U) 

B~ SpecfalEQuipanent 
(selected from simi lar  category a t  ICPP(b) 

Sample s ta t ion  out f i t t ing  (4 stations a t  

perisC0pes8 tongs, etc, for remote operations 

$25 s etation ti on) 

I 

Electric trucks, lifts 

Activity sample coll handling 

Chargers, carriers for c e l l  8mpU.q 

Radiation detection instruments 

Individual shielding 

Total. Special Equipwont (1B) 

Total hocess  Building 

2, Process E<zuipment i n  Building * 
An Masolver Charghg Machino (2A) 

(assumd s as for uranium slugs i n  
0 ~ ~ 1 ~ 7 8 6 ~ )  

-* 

36,000 

$ 7120200 

Y Utter superscripts refer t o  references given a t  the  end af the appendix. 

1 
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E., Dissolver and HF System 

Eq\dpnsrrt in Cells 

Dissolver, Graphite-Nickel, (27 cu f% s a l t  

Pre-Melt Tank, Oraphi te-Nickel, 

Salt Freeze Valve, (to fluorinator) 

salt %mpler (remote) 

De-Sublimator and Oas Cooler, 

capacity 

(6 cu f t  NaF capacity) 

Hone1 (100 sq it, water cooled) 

HF Condenser, Hone1 
(150 sq ft, Freon cooled) 

HF Boiler and bcefver, Hmal 
(2 vessels, 400 gal each) 

Safety Tanks Steel (100 cu f t )  9 P O O o  2 0 0 0  

Total delivered equipmsnt # 118,900 $ 45,700 
____L- _o-.-- 

fnstdlation (a% 0, E,) -- 16,600 
Installed Equipnt $ 13SsrSW 

271 OOO -A- piping (2 x I, E,) 

Equlpmsnt and Hplng $ lr06,500 

Instrumentation Installation 
and plping (los x 1.67 x 
D,E,-fnst) 200 

Ins ta l l ed  Instrumentation 152,poo 

Mssolver and HF System (ZB) s 559,too 
Total Equipment, Inatruments and PipSng for 

C, Fluorinator and vF6 Collection (2C) 

&%.pent in Cells 
Ins trumen- 

Item cost tiation &st --- 

I)e-Sublhtor and Oas Cooler, Nickel, 
-(ELa+ft,-water cooled) 

i 

Fluorinator, nickel, (2 in, wallsp 9 cu f t  
salt cap) $ 35,000 8 9,000 

Fu~ame, for &om (50 kw) 209000 2,OOO 

Freeze valve (to waste pot} 1,500 2,000 
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Freeze-out trap, Nickel 
(23 sq ft ,  Freon cooled) 

Surge Tank, Nickel (4 cu it) 
Fluorine pump, Monel (2 cfm) 

salf s a p l e s ,  2 ( m M )  

Waste Cold Trap8 ( Z ) ,  Rickel 
(5 sq ft ,  F’rem cooled) 

m6 Storage Tank, N i c k e l  (10 

Safety Tank, S tee l  (50 cu f t )  

Total delivered equipment 

Instal la t ion (lh% Do Eo) 

Installed Equipent 

Piping (2 x I o  E.) 

Equipment and aping 

Instrumentation Instol la t ion 
and piping (16 x 1,6? x 
DOE, Inst) 

I r s ta l led  Instrumentation 

D o  UF6 h t f f l a t i o n  (2D) 

& i p e n t  in Cells 

Batch d i s t i l l a t i on  colum, hXckel 
(10 llbr S t i l l  pot, 1 f n o  C O l m s  8 ft high 
2 sq f t  condenser) 

M s t a t e  racaiver, Nickel (10 l i t e r s )  

Safety lankp Xonel (10 cu f t )  

m6 samplers8 3# (semi=-remote) 

Total delivered equigment 

Instal la t ion (111% De Eo) 

W t a l l e d  eguipment 

Plpiw (200 x I o  Eo) 

$ 9&,000 

Instrumen- 
Item Cost ta t ion  Cost 

8 3,000 8 8,500 

10200 b y 4 0 0  

15,ooo 

2,koo . 19x#) 

8 21,600 8 l4,loo 

3,300 
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Installed instmmntntion 

E. Auxiliary F’rocess Equipment (2E) 

Equipment fn Cells 

F2 off-gas scrubber tower, Mom1 
(6 in, d i o  x 10 ft high) 

2 Scrubber tower sump tanksg SS (100 gal) 

2 Fluid recirculation pumps 

3 U p i d  notzles and 2 steam jets 

HF off-gas scrubber tower, SS 
(10 in, dia x 15 ft high) 

2 Scrubber tower sump tanks, SS (100 gal) 

2 Fluid recirculation pump 

3 Uquid nozzles and 2 steam jets 

Hot wash tank for IiF boilers, SS (100 gal) 

Hot wash tank for UF6 still pot, SS fa0 gal) 

Fe storage and addition tank, steal (50 cu ft) 

NaF absorber for F29 Niokel (5 in,  dia x 6 ft) 

EfF storage tank, steel,(sO cu ft) 

6 Aqueous samplers 

Tots1 delivered equipment 

installation (a% Do E,) 

Installed equipment 

Pipins (3.05 I o  Eo) 
Equipnent and piping 

Instrunentation installation 
and piping (1.39 x le67 x 
Do E, lns t )  
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$, 124,100 

35 , 300 

Instrumenta- 
Item Cost --- tion Cost 

3,000 

3,500 



30 

l o  

50 

69 

70 

Installed imtrurnentatlon 51,5W 

Total E+lpmsnt Instnunenta and Prping 
f o r  Arudliary Equipment (2E) $ 176,bOO 

FueY. Element Handling Faci l i ty  

To t ransfer  f u e l  elements from a ehleldod shipping cask on a railroad 
f'ut car to the  slue charging machine, 

Concrete tunnel 8 150,OOo 
Remote crane 50,oOO 
Auxiliary f a c i l i t i e s  so,o0O 

8 250,000 

Iabaratory Building (equipped) 

100,m 

Hot Salt Burlal Fac i l i ty  

(Estl~aate of transportation and handling f ac i l i t i ee ,  
special  equipment a d  area davoloprnent) 

Uquid Waste Storage 226,000 

The estimated process high ac t iv i ty  w a s t e  volumes are: 

F2 off-gaa scrubber 2,OOo ga/yr 
€IF' offrgas scn&ber 24,000 gal/yr 
HF boiler decontamination 5,000 gcll/yr 
a ~ 6  equipment decontamination 1~000 gaI/yr 

32,000 s a U s  
The method l a  t o  concentrate the above wastes together With 
laboratow wastes and store  i n  a large underground tank. 

Above process wastes con- 

Concentrated decontamination 
centrated 5:l in evaporator 

and laboratory wastes (est,) 

6,400 gal/yr 

18,000 g d y r  

2LPOOo g a l / .  
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h c e  almost all long-lived fission producst are disposod of the 
fused salt waste, storage of l iquid  waste i n  steel tanks  for 5 
years is tantamount t a  ultimate disposal, - 
The lfquid ueste storage will use one 180,000 gal underground 
storage tank which w i l l  provide 7 yearso storage for a l l  high 
activity wastes ., 

Transfer, tanka, cmdsnsor, 

Total liquid waste storage 
etco _ 4 2 E  

cost t 226,000 

80 Miscellaneous Waste Facilitien 

(Estimate of fociuties  are &out 50% of counterpart for 
large natural uranium plant (aawL-1558 ( C )  1 

Laboratory waste evaporation 
Re?entj.on basin for service water 
Burial ground 
Buxming grand 
hcontamination facility 
Waste lagoon 

Total Misc, Haste 
Facilit ies Cost 

90 Gaseous Waste Dlspoeral 

Process cell exhaust air 

Caustic scrubber, vertical, Ss 

250 ft  stack, SS for first 20 fC 
(including fano and fi lters)(c) 

(10,ooo cfm) 

IOo Services 

A. Ref rigeration 

4 Tons estimated siee, -bo C 

# 272,060 

I 

T 

c 
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E 

a 

* 

t 

& 

Q 

Pipfw, 006 X I, c e  

BuAlding, 15,OOO cu ft @ $0072/cu f t  

A- No00 
8 79,000 

10,800 

Total. 

’ B o  SkWB 

Steam requirements (mix,) 

B u i l d i n g  heating 3,000 U h  
Praceso heating 600 B/hr 

5,600 a h  

l i q u i d  waste evaporation 2,000 lbh 

or 6,000 B/hr 

Cost ~f gencratar unit 

$ 162,000 

A total of l!&O KVA estbated for plant and grounds. 

Me tribution f acil it ie 8 

8 111,0oO 

Emergency gensrator m d  distrlbutiaa 
113,000 

8 223.000 Total 

De Compressed A i r  
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Total services (10) 

OFERATIEJO CWT 
(High Temperature Process) 

2EEE’x 
1, Chemicals 

2, mor, supervision and overhead 

30 Maintenance mterial 

4. operating supplies 

50 steam 

60 Water 

7 ,  Compressed air 

0, Inert gas 

9, EloctFlcity 

10, Refrigeration 

11, Control laboratory 

12, m6 containers 

U0 Salt waste containers 

l h o  Salt burial 

So uranium losses (1/2%) 

662 

8 618,000 

876,000 

109,500 

30,660 

219900 

8,760 

3 t 910 

$ 2,274,800 B 
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Dollars 
Ee& Annual Cost 

S O 0 0  $ 428,000 

0025 l40,OOO 

0015 39,900 
0.16 i 270 

10 .OoO 

S, 618,170 

or 

$618,200 
$283/kg Ue 2190 kg U 

* Quantities estimated at 10% above stoichiomtric. Process 
losses expected are less than thiso 

2, L I a b b a d ,  -- 

Operating labor 

Maintenance labor 

(10 men/shift @I 82&O/hr) $ 219p000 

(L men/shift $2,50/hr) 87,600 

131,400 

Overhead 
(100% OL and ML and supervision) 438 S O 0 0  

$ 876,000 

30 Wntehanca Material 

ho Operating Supplies 

So Steam 

60 Water 

(100% of ML and Main% Sup) 

(10% OL and HI,) 

(estimated Zaadr 50,000 lb/dsy &3 $L2/1000 lb) 

(Esthatsd use: 200,000 gal/day 8 $OO12/X00 gal) 

70 Compressed A i r  
(Estimbd Poadr 125 cfm : #0,06/1000 cu f t )  
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8, 

90 

100 

PY, 

120 

13 o 

llro 

Inert  as (est) 8 
EPe ctzlci t y  

(Estimated load: 600 kw @ $00012 kwh) 

Ref rigeration 
(1, tons estimated load) 

$ 

$ 

Salt Haste Containers $ 

Salt is dischaged into s t e e l  drumsc 
salt 8,74 cu f t  65J gdl. Since ordinary steel 55 
gal drums cost about 880OO9 it is estimated t h a t  9 
satisfactory drum f o r  this  purpose could be made f o r  
$20*00, 

Bakh volume of 

$20/drum x 730 batches/yr z $l5,000, 

Salt B u r i a l  

The drum are buried i n  a L2-ft deep tranch, at first 
covered with water, and, after 150 days cooling, given 
f i n a l  bur ia l  w2th eartho The trench is constructed 

Assuming (I) the drums are 20 inches i n  diameter 
and b feet long and (2) t ha t  the drums are laid 
b abreast, the size of the trench is 

4 x -2 20 i n  x 6,7 f t  inside wid%h 
12 

8nd 

Ir ft bgrtches/z 600 Rt inside length, 4 

'Xo%a% width  of concrete slab 

walls 21, ft high 

8 f t  wide - bottom 
32 f t  

Coat of concrete for 8-bch thick section, 

250,000 

18,OOo i 

5, 
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Excavat%on and backfill estimated a t  l0 per cent concrete cos t  = 
$4,8000 Other costso including temproary water and f i n a l  earth 

f i l l  - $70200, 

Total $6O,ooOo 

8, 164,000 

Total Operating Expense 

APPENDIX c-3 

CAPITAL AND INVENTcllzp CHARGE 
(High Temperature plant) 

Working Capital 
7 

Working capi ta l  I s  cost of money t i e d  up i n  supplied snd cash on hand 

for one aronthes Operating expem8so 

Che mnth's operating costs $2,274s000/1'L c u39,OOo 

Working capital $ 202,000 

13#00 Salt f i l l=up  

Charge on working capital 

t% x 202,Ooo '6: 

Special Materials Inventory 

The special  materials Inventory charges are based on 120 days' 

average hold-up of materials from reactor t o  final product shipping 

containers a& on the assumed dol lar  values f o r  u r ~ u m .  

materials are leased from the  Atomic Energy Commission a t  a use-charge 

(d ) of I per cent per annumo 

The spsdal 
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uranium, 
$15/g U x 6,000 &day x 120 days ," $10,800,000 

Inventory charge, 
4% of $~0,800,000 s $ 438,000 L' 

c 

i 
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THE CHEMISTRY OF PYROMETALLURGICAL PROCESSES: A REVIEW 

Harold M. Feder* 

May 1, 1957 

Hirstorical Introduction 

The possibiliv of separating fissile, fertile, and fission product 

elements from each other try means of dry reactions of a metallurqical 

nature was recognfeed ear ly  in t he  h is ta rg  of t h e  American atomic energy 

project. 

pieces of 1QhtI.y neutron irradiated uranium in b e q l l i a  crucibles i n  

vacuum for two hours a t  l40O0C and found that by t h i s  treatment the  per- 

centage removal of certain fission products was Xe, 990b; I, 98,8; k, 9708; 

Sr, 990s; Zr, 95,b; Ce, 75.5; (fs, Pr, Y), Rook; Mo, (1; Te, (1; Mp, < 1; 

fn the pioneering effurt Spadding and ca-workera(l) mlted  small 

Pus < 1; t o t a l  ganmba 7e9a Some of these elements wore readily shown to 

have bean removed br volatilization. 

expez-hent was carried out i n  a graphite crucible considerable concentration 

of 80m fission elements, notabv Br, Sr, Zr, Ce, La, Pr and Y, into the  

It was also noted that  if a similar 

reaction layer between metal and graphite took place, A U, So patent by 

Hei~ter,'~) dating f r o m  these early days discussee the purification of 

uranium by a process of melting it on B perforated praphite disc EO a8 to 

cause the dross t o  be left; behind as the molten uranium flows through f i b  

holes. Thermodynamic reasoning was applied t o  these processes by Brew&) 

in 1945. A nulllber of sulrsequent investigations, which will be considemd 

in qrcoater detail later, have, with a feu exceptions, verified the pre- 

dictions of Brewero 
&Chemical Engineering Division, Argonne National Laboratory, Lemont, Illinois. 
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Between 1945 and 1951 the  field under discussion lay more or less M- 

t i l l ed ,  

to re-examine t h e  possibil i t ies of pyrometallurgical processing, 

In 29% a number of imtftutlons, mom o r  less independently, began 
-- c It was 

soon rseognlzed that  the field was veqy wide indeed and that a lave number Q 

of separate investigations would be needed t o  fully explore its possibilitieso 

During this period a sipnificant contribution wa:3 made by O l a s ~ n e r ( ~ )  in 

the form of readily usable tables and charts of free energy functions. 

These table3, although they did not pretend t o  a hiph degree of reliabil i ty,  

were widely used t o  estimte the probable direction and extent of hQh 

temperature reactions 

The current compilations m e t  likely to be consulted for Urarmo@nand~ 
informatian 01). eystems of interest are as follows: 

(a) Selected Values of Chemical The-dc Properties, WBS C i r c u l a r  m, 
Rossiai, et 3, b!ashington, 1952, Part8 I, I1 and HI. 

(b) Heats and F’ree Energies of Inorganic Oxides, J. P. Cougblin, Bureau of 
Hhe8 Bulletin 542, waSh%tO!l, 19%. 

(c) The chemistry atad Hetall- of Hiscellaxieoua Materials, Therncxiynamxcs, 
biatiwal Nuclear Enem Series, Vole IV-lB, Fdited by Lo Lo Quill, 

(d) The R.ansuranium Elements, Part 11, National Nuclear Em= series, 
Vol. 1[v - lb ,  Seaborp, Kate and Hannlng, Hdlraw-Hill, 19490 

(e) High-Temperature Heat-bntenf, Heat-capacity, and Entrow Data for 
I n q a n l c  Compouads, It. It, Kelley, Bureau of Hinerr Bulletin 476, 
%whiagton, 1949 

H C Q r a ~ - H i l l ,  1 9 s .  

Supplementary phase equilibrium intormatian Is frequently required. The 
mat frequent consulted references (other than standard reference works) 
8Pe : 

(i) Compilation of U. S, and U. I. Uranium and Thorium Constitutional 
Magrans, He A. Saller and F. A, Rough, BMI-1000, Technical Informotiosl 
Service, Oak Ridge, Tennessee, 19% 

(R) Intermetallic Compounas of Pu, Coffinbemy and Ellinger, Geneva 
Conference Paper, P/6260 

(h) S. T, bmbeevslcy, Equilibrium Diagrams of Certain SYStem on P l U t o n h m  
Bases, A d .  of &I. U.S.S.R., Session on the Peaceful Uses of Atomic  
Energy, Pol. XII, 362-374 (Xoacow, 1955). 

In the past ffve pars the experimental investiqation of pyrometallurgi- 

cal processes has proceeded a t  an accelerated pa.ce a t  mally institutions sb 

t h a t  despite t he  passage of less than two mars since the laiJt revlew of 

prirrcipl .e~(~) a current (Mayo 1957) review appears warranted. 

4 
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OUTLINE, DEFINITLOWS, AND SCOPE 

The fcllowing outline of  pyrowtal.9urgical operations is (In the 

author's opinion) suitable for a systematic examination of the field, 

1, NOIJ=U~ENXXL SFPARATIONS 

A. F'mctional MstiPlation OP Sublimation 

B. Fractional Crystalll%at%on 

1, Without added solvent 

2, With added solvent 

C, Liquid-Liquid Partition 

D, LiquidSolid Extraction 

11, SEPARATIONS BY smxTrm OXIDATION 

A. Oxides 

B. Carb5des 

C. Mftrides and S a f i d e s  

D, Halides 

IIi, SEIwRAmONS BY CYCLIC 0XIDATIW.REDUCTIQN 

A. Chemical. 

B Electrochemical 

. 

phenomena, The tern process will man a proup of operations, either 8 h u L  

traneous or serial, that lead t o  a desired end, 

herein the tern ~ometa l lwf ! i ca l  process wil l  be restricted to the use of 

elevated temperatures to produce u desired resul t  and a product i n  m e t a l l i c  

- form, Thus, processea which have us the ir  aim the production of, say, 

purified uranium .hexafluoride or uranium dioxide will not be further dis- 

In the above outline the operations are isolable physicorchemical 

In the terminology wed 

I 
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cussed even though tihey may operata a t  elevated temperatures w i t h  substances 

which are oripinally metallic. 

The scope of t h i s  review is 3udged t o  be t h e  separation of uranium, 

plutonium, thorium, fission elements or other unwanted elements from each 

other i n  whatever combination t h e y  may occur and t o  whatever extent is re-- 

quired in COnn8CtiOn with neutron reaction technology, 

examples which are only indirect ly  connected with such t e c h n o l w  w i l l  be 

cited =cas ionallyo 

However, useful 

I. .p Non-Chem'ical Separations 

This section treat8 of multi-component metal m i x t u r e s  subjected t o  a 

variety of physical treatments. 

A. Fractional I l is t iUat ion or Sublimation 

The principles of fractional d i s t i l l a t i o n  of ydxtms are w e l l  under- 

Viv5.an(11) has discussed these more par t icular ly  for the special stOod, 

ca8e of in te rea t  i n  pyrometallurpical processing, namely, simgle stage 

Rayleigh d i s t i l l a t i o n  of metal RdXtWe80 Unless evidence 20 t h e  contrarg 

5s available 'the assumption of ideal solutions is usually made f o r  calcu- 

l a t ion  purposes. This must subsequently be checked experimentally. With 

regard t o  kinetics it appears t o  be safe t o  use the applicable Langmuir or 

Knudsen equations fo r  d i s t i l l a t i o n  a t  low pressures. 

It. 

1. Purification and Concentration of Plutonium - 
A theoretical  of t h i s  operation has been made, The results 

of t h i s  study have been expresaed as relaxation times, Le., the time re- 

If the solute  has limited &cibili@ with the solvent an appropriate cor- 
rection should be made, eogoO t h e  so lubi l i ty  of lanthanum in uranium at the 
melting point is about one per cent, hence Henry's Law should  be applied 
and an ac t iv i iq  coeff ic ient  of 100 assumed fo r  d i lu te  solutidns of lan- 
thanum i n  uranium, 

9 

b-i 
f 

i 
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e 

' h d  

quired for ttie impurity concentration t o  f a l l  t o  l/e of its i n t t i a l  va~ue, 

assuming ideality of dilute solutione. The relaxation times calculated are 

given in Table 1, For reasonable d i s t i l l a t i o n  timea of' t h e  order of IO4 

seconds purification of plutonium from A l s  Ca, Li, Mg, Mn and Na should be 

achievable 

The concentration of a plutonium-magnesium solution by preferent ia l  

d i s t i l l a t i o n  of nzaenesium a t  about IO microns pressure has been demonstrated 
on a fairly large scale, (WI) 

2, Separation of plutonium from Uranium 

The theoret ical  calculations for d i s t i l l a t i o n  of plutonium from less 

vola t i le  uranium have been gathered by Ro~ser(~3) who shows t h a t  the signlf l -  

cant variables are temperature and t h e  quantity, A t f i ,  exposed area x 

time/weight of charge, The general validity of these calculations -8 con- 

f W d  by Cubicciotti ( 1 ~  for plutonium concentrations up to  0.01 Fer cent 

and up to 99 per cent plutonium distilled, McXenzis ha8 independently 

verified these resulta up t o  ET plutonium concentration of 024 per cent and 

similarly conclucksthat b o d t ' s  Law* and the Langmuir equation are appli- 

cable. The completeness of the separation of uranium and plutonium, and 

the engineering difficulties are pointed out by t h e  latter authok, 

3. Separation of Fission Products from Uranium 

An experimental study ofthe vacuum d i s t i l l a t i o n  of fission product 

elements from i r radiated ukanium contafned i n  refractory crucibles has been 

reported by Hotta and co-workem, (7) A t  1680% and a value af At/, equal t o  

1700 cm%mc/gm t h e  residual f i s s ion  product a c t i v i t i e s  found were, in per  

cent  of initial activity, Ce, 33 total  rare earths, 2; Sr, 2; Ce, O,2; Te, 2; 

*The extrapolation of this result to hlgher conc'entra%ions should, however, 
be done only with reservationo 
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Element 

A 1  

B 

Be 

Ca 

Ce 

cr 

Fe 

La 

Li 

Mg 

Mn 

Mo 

l a  

Pb 

Ni 

Ru 

Si 

U 

Zr 

G 
5 

P 

P 

1 

rn 

qaken from Weidenbaum a& Rpn, Ref 12, 
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Ru, 100, Hotta concludes that the evaporation of fission product elemnts 

was substantially as expected from t h e i r  individual wapor pressures, but it 

Mi8 not demonstrated that evaporation was solely responsible for their roe 

moval.” A t  l2OO0C and under one atmosphere pressure of inert gas(a) cesium 

appears in the sublimate t o  a significant degree, only traces of strontium 

and rare eartihs appear and no tellurium is detected, Moreover, mechanisms 

of ibaion product remval other than voht i l iza t ion  were shown t o  be 

operative for strontium, rare earths and tellurium, A aimilar contrast ia 

shawn by the tark of Spedding(1) in which 98,8 per cent of trace iodine 

content 58 removed by heating i n  vacuum fo r  two hours at  l&OO°C and the 

work of Ader (I6) i n  which less than one per cent of‘ iodine is removed by 

heat- under atmospheric pressure of helium for four hours at 1250°C, 

These contrasts are, of course8 not contradictory; they aimply p o h t  up t h e  

sharp Influence of temperature and pressure on effective volat i l i ty  and the 

necess5ty of considering the deviation of thermodynamic activity of a solute 

element &om its ideal value, particularly for elements Gapable of f0rmi.w 

derately stable eompounds with the solvent, Thus, in the case of iodine 

for example, it 1s known t h a t  at  120O0C the uranium Iodides dissociate fa 

M i n e  cptom and uranium in high vacuum (17) and t ha t  a t  the 8ame temperature, 

under pressure, a sublimate havine: a volatiltty characteristic of the uranium 

iodides i s  obtained(, (I6) Qualitatively similar situations are t o  be expected 

for t h e  uranium selenides and tellurides, (18) 

*The demonstration of cerium and rare earth migration f r b m  uranium in vacuum 
d e r  conditions where on1 volatilization was likely ha8 been accor~plIshed~(~5) 

(one of t h e  minor fission products) from molten uranium, i n  conneetion with 
the  use of silver as a plutonium extractant,, 

Alao, Aim and McKenzfe(8 3 have demonstrated the  vaeuu~p dis t i l l a t ion  of a i lver  



It ‘1s evident at further work on the distiflat,ion of individual solute 

elernen.tS from solutSon In uranium, w i t h  particular emphasis ora %he collectIan 

of the evolved .species in  a budsen-type apparatus, would be eppecbtlly 

helpful for evaluating the p s s ~ ~ ~ l . i t f e s  of d i s t i l l a t i o n  for FraCtiCsf, t 

813 ml.1 as scientific p w p m ~ ,  

h, Separation of U r a n i u m  or Fisaion Produces from Thorium * 

Incidental t o  ano%hsr invest ipt ion Potter ( l 9 )  has shown that cesium 

and atrorMum way be nearly quantitatively volatilfeed f r o m  molten thorium 

in arrpetim at ~ ~ o o O C ,  thorium does not appear t o  Separation of uranium 

So Separation of Polonium f r o m  Bismuth 

Polonium formed In l lqu id  bismuth neutron capture may be removed 

therefrom by taking advantage of t h e  greater vo la t i l i t y  of polonium, (20) 

Bath &@.e and f rac t iona l  distillation studies (21) have been made in a 

rather thorowb fashion over a temperature w e  from 4S0° to 8so”C I n  the 
i 

pressure range of I. to 50 microns. Aeitation of the melt and de-entrainment 

of l iqu id  carried i n  the mor were shown t o  be siplnificant factors fn obtain- 
(22) & inp high polonium concentration factors and adequate recoveries, 

addftlon to intrinsic interest in the! production of polonium the distillative 

separation method has been indicated (23) t o  be of special  u t i l i w  for ttie 

continuous separation of polonium from 8 l iquid bismuth fueled reactor, 

4 

B4, Fractional Crystallication Without Added Solvent 

By f ract ional  recrystal l feat ion without added solvent is meant a fa- 

separation whereby minor constituents are physically segregated by reason 

of the i r  unequal distributionbetween a l iquid metal and the sol id  phase in 3 
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equilibrium with i%., Inasmuch as the operation usually requires repetitim 

use and zone-melting provides t h e  moat wll  known exemplification of 

repet i t ive c rys ta l l iea t ion  attentfan w i l l  be directed toward t h i s  operation, 

The theory of zone-melting as an idealieed operation has been r a t h e r  

thorotyrhly explored, (24, 2sap26) 

from bulk metal cpn be given as a function of (i) t h e  r a t i o  ("k") of t h e  

SlOpeS of t he  liquidus and 801Idus l€nes near the origin ("k") an a 

temperature-concentration plat  f o r  the given element, (ii) the number 

of pa8Sea and ( f i i )  the r a t i o  of the  length of molten tone ta total lenpth, 

The s i tuat ion is not markedly dependent on whether the &nor constituent PB 

preferent ia l ly  soluble in t he  l iqu id  or the so l id  pk8eo 

#kick control the apeed of zone-melting are complex, and involve t h e  line.= 

rate of primary crystal growth, diffusive and convective mixing in the 

The ideal separation of minor constituent 

The Hnetic factam 

mlten eone, temperature gradients, No 2 priori theory is applf- 

1,l Separation of Ordinary Contaninante from Uranium 

Dunworth (26) has studied the puriffcatiorr OF metallic uranium fmrn 

opdinrav contamim%s that occur in its production, The theory cannots of 

course, be applied to c o n t a ~ ~ t s  such 86 carbon, oxygeno and nitropen 

which form with uranium compounds esse 

e o 5  ape removed slaggingo M i f k a t i o n  from metallic lmpulvities, such 

a8 irono is afforded by this methad but t h e  relsults appear t o  rshow that the 

linear rate of zone t r ave l  required fo r  s ignif icant  movements of inrpurities 

are considerably lower f o r  uranium than f o r  more common metals, such as 

dminm, germanfun and si l icon,  

be applicable only to the  produotion of' ~rnall quantit ies of high purity mtbal 

for 'bborat.org ~ W ~ O S ~ S ,  

Hence, the zone-melt- method appears t o  

An interesting development alonp these lines which 
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has not yet reached p r i n t  in connection with uranium is the use of a vertical, 

rather than a horizontal, geometry as I n  the "float* sone" method. (28) 

Contamination by reaction with a container material is eliminated by t h i 8  

method, 

1.9 Separation of Fission Products and Plutonium f r o m  Uranium 

This gubject ha8 been investigated by three independent Rroups, (2%,29,30) 

In these SnvestfFrations essent ia l ly  the same conclusion u i t h  repard t o  lbear 

speed of zone-aeltinp was reached as was referred to  earlier, In the  most 

thorouph of these investipations Burris (25b) determined concentration profile8 

of appropriate traces i n  tbe so l id i f ied  ingot8 after normal unidirectional 

&eez?np, 

predicted shapes with satisfying accuracy, ( F i 4 3 ~ ~ 3  1-3) From the data 

apparent "kn could be determined for the following solutes: 

tuthentum, 0,303 palladium, 0,61; molybdenum, 1 - a l l  a t  the mi.nfmum solidlf3- 

cation xgte studied of l/SOO inch per minute. 

i n  reasonable agreemnt with t h e  respective phase diagmmo" The effective 

The coneentration profiles found aqreed w i t h  t h e i r  theoretically 

plutodum, 0.60; 

These values a l l  appear to be 

n ~ q 8 n  for t h e  first th ree  elements inorease toward uniw, ioe., separation 

18 very oavth less effective, when sol idif icat ion rates are increased, 

l , 3  Separation of Uranium fiom Thorium 

The separation of uranium (Leo, U233) from dilute w l u t i o n  in  thorium 

uoud appear t o  be feasible from inspection of t h e  pertinent phase diapmn, 

This subject is currently being examined by a rather unique technique of 

rsoneomelting, lee.D the use of a tmvellng arc to form tihe molten soneso (31) 
P 

* Recause of t h e  well known difficulties of determining llquldus and So'lidus 
1 k e s  with hlgh preoislon by thermal analysis of diluse 801~tiOnS the ratios 
determined by unidirectional freezing may, in fact, bs more n6arlyeorrect. 
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ret  Purification of Plutonium 

No information on this subject is avaflable to the authoro From in- 

i; 0 
spectfon of pertinent phase equilibrium data and the low (6L;O C) melt- 

point o f  plutonium it would appear to offer fruitful possibi l f t ies .  i 

B-2, Fractional Cq*stallleation With Added Solvent 
-+ 

The oeparations available by methods disaussed in the  previow section 

encounter natural limitations imposed by the nature of’ the hulk material 

present, 

large excess) the rol&llity relationa, the nature of the phaees fornwd, 

and the operating temperatures become ithm which can be varied by the ex- 

perimenter t o  enhame the desired separations, 

by fractional crgstallieation are w e l l  known; mathematical elaborations for 

the classical cases, Bogo, brhe orystallieotfon, mag be found in standard 

works. 

important constituents 81.8 present 4n concentrations w e l l  below their 

80 lub i l i t~eS  and the contamination of the crystal~featt? 

cal led  vcoprecipitationtf, as in the maYogous case iriwlving aqueous solu- 

tions of radioactive mbstances, No thorough investipation of this inter- 

esting aspect of liquid metal solutions eeeias to be fi. the literatune, 

Undoubtedljv, %oprecipitationn will be the phenomenon uh9ch w i l l  limit 

the ultimate separations achievable; detailed study of the responsible 

mechanisms - solid 8o2ution, surface adsorption, etc, == appears to be 

d e s i r x b h  

the addition of a aeetallic s01vem.t t;o the system (usually in 

The principles of separation 

However, in 8ome of the situations to be discussed many of the 

t h e m  m y  be 

In the sections to follow the material will be discussed in  terms of 

the 801Vex&ts used rather than the sepsratione desired because of the cument 

OrRanieation of the literature, Tho sofubili@ of uranium in a nunber of 

IO~Z mE!ltiW ~03ven.t;~ is shown %r Pipure b, 
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2,P Bi-Sn-Pb 

Fractlcnal precip.frtatllon proceases from these mixed solvents were tha 

-- 

b earliest =bo be i n v e ~ t i g a t e $ ( ~ ~ ) j  the reamn for their choice was the pro- 

posed m e  of uranium or thorium disperaions in these solvents for use as +i 

muc1ea.r fiels or blanloetrs, (33,34) Teitel'a studies (35) consisted of 

preparation of suitable alloys, heat treet9;ment to bring about complete *' 

solution, f i l trat ion (through porous graphite) a t  8 lower temperat- to 

remove the uranium intermetallic compound preoipftated, and analysis of 

filtrate and residue. The distribution of rare earth activi+,ies between 

filtrate and residue was determined and the results were expressed 

mathematically in terms of the ratio, R, of weight concentration in the 

liquid t o  concentration in the solid phase. Table I1 abstracts some of 

Teitel'8 results. 

The separation of uranium and tracer is  readily calculable f r o m  the 

formula: 
X 

Height fraction of constituent in liquid phase = + (l-x) 

here x i.a the fraction unsolidified. 

rpimply determirped, as expected, by the solubilitg of uranium. Pithin the 

mwe of variables studied ;RRE was not a stpow function of concentration 

or tmnpemture. 

T e i t e Z  found that the value of R, 5s 

The separation of uranium-233 formed in a thorium-bismuth breeder 

blanket was also studied with preliminary results given in Tabla 11. 

TeitelOs studies, though hardly complete, have established the uti l i*  

6 
of fractional precipitation from liquid metals as a method of separation 

even when the choice of solvent is limited to materials suitable a8 f lufd  

fuels or blankeu inr a slow neutron reactor, z 

682 



Table 11 

DISPRIBOTION OF RAW, EARTHS AND URANIUM BETWEEN LmUID AND SOLID YHILSES 

He5ght Conc. in Sol=ld 
Yelght Conc, in Liquid Filter 

Ra 
Intermetallic Compound Solution Comp RRE 

1 

USn3 *I 41 13,000 

u3i2 95.0% Bi-SoO% U LY 114 

not given 5, 5 *is 

202 2- 

450 

600 

457 

4 9  

450 

not given 

When the limitation just mentioned is removed the choice of suitable 
solverit can b8 made on the basis of other factors, Knjghtan, e t  03 (35) chose 

t o ~ s t u d y  tinc aa the solvent for fractional cry~tallieation on the basis of 

i t a  low coat, ava%lability, ~ome known constitutional diwrams, and its 

The l a t t er  p o b t  is of considerable iraportance because 

of the ease with which the intermetallic compowd precipitated f r o m  sola- 

tion - ap,, in the 08836 of ur8nfm 

vapor. The compound, m y o  .le non-pSm.phoric and occurs as Urge w e l l -  

developed crystals, 

mnts were obtained by ChiottS and h i s  c0-~0rker8~ 

be decomposed to uranium and zinc 

The peTtlnent phase diairam and vapor pressure memure- 

(36) 
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The work on this s y s t e m  so k r  reported (35) consists nainly of maawe- 

ments of the solubi l i ty  of metals in l iquid einc aver the temperature range 

t m O  t o  80OoC0 See Figures 5 and 6 ,  The metals stirdied were: wnium, 

barium, cerium, eirc~nium~ ruthenium, rhodium and palladim, 

the s&&ir$ties of some of these metals in 

zfnc, mapnesium and uranium have been measured. 

In additian, 

OOlnPleX -teras 

The poss ib i l i ty  for metals separation by re-crgstal2itation from sins 

is illustrated by the foll&ng example based on these solubiliw data, An 

alloy of uranium containing ( d o )  30f.t Mop 2.5 Ru, 0.5 Rh, 003 Pd, 0,l I r  is 

dissolved - solution pmcesda readiu with a l i t t l e  agitation - a t  6 S o C  t o  

form a 0,s w/o solution of uranium i n  einc. This is cooled to  500 C and 

filtered through porous qraphite, The filter cake retains S to 15 per cent 

o f  the ehc, depending on tho rate of coolfnp and the size of the crgetals, 

The filter cake is washed twice u i th  z i m ,  The filtrate contains 4,3 per 

cent  of the uranium, 9' per cent af the molybdenum, 8h per cent of the 

ruthenium, and essenthlly all of the rhodium, palladium md e h c ,  ZinCe 

play be evaporated f r o m  both filtrate and filter cake for recycle, 

0 

The mal1 scale recoveqy of massive uranium metal f r o m  the Zan9 by 

d b t i l l a t l o n  has been demonstrated, Residual einc contents of about 30 

per million were readily obtained, 

The mhbilkt ies  of plutonium8 thorium, alrrminum, and stainleas steel ia 

t h i s  q s t e m ,  and the dist r ibut ion of radluactlve materials present below 

their Rolubility linlits between liqufd and so l id  phases is under w e n t  in- 

vestbat ion,  These data w i l l  contribute to an analysis of the possibilities 

for proeessiw natural uranium or highly alloyed fie18 or various metallic 

blanket materials. 
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2 3  Mareuq 

The me of mercury as a re-crystall5sation solvent is attPactioe for 8 

nunber of reasonso In particular$ one mas* mention the lower tenperature of 

operation, as compared to a i m p  and the possibil ity of using convenUona), 

ateel equipment , (37) Some obvious disadvantages are the pyrophoricity of 

uranium quasi-amlp;ams and the colloidal character of the uranium mercurlde 

(Wb) which makes its separation from excess mercury d i f f b u l t ,  

Fmsto (38) In studies at Oak H i d q o  National LOboratory(37) tho aplparent; 

saturation sohbi.llfg of massive uranium in boiling mercury was found to be 

009b mole per cent, 3.a contrast to the equ%libr%um solubiliw of 13 mole 

per cent reportedby Frost for powdered uranium, 

The pertinent phase data on the uranium-mercurg system wepe reported by 

The rate of solutlon of 

massive uranium was found t;o be proportional to the expo$& surface 

and the fractional departure of the  aolutton f o m  appttrent saturation, 

The r o o m  temperature solubility of uranium I s  about 10 parts per million 

per million of m e r c ~ ,  A bu.tter-1iko urantum amalgam conwining 3 per G e n t  

uranium could be retained on a filter, (The uranium content of the mercurlde 

28 32,9 per C a t ) ,  Recovery of massive uranium by -cum distillation of the 

mreury from a quasi-amalgam has been demonstrated, Rerridual mercury em- 

tents were 10 to 30 papt8 per ailliono 
, 
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204 Haffnesium 

Chiottiand Shoemaker ‘”) have studied fractional precipitation from 

solutions in magnesium, An interesting difference from the solvents dis- 

cussed above is the  fac t  t h a t  uranium itself, rather than an intermetallic 

compound of uranium# is precipitated, The separation of small quantities 

of uranium from thorim, as for example U233 formed in neutron irradiated 

thorium, is particularly attractive because of the high solubility of thor im 

in liquid magnesium and t h e  low SOlUbQi-@ of uranium, The solubility of 

uranium i n  nragnesium, magnesium - 16 w/o thoriuma and magnesium 

thorium, was determined a t  various temperatures. A t  650 C these s o h b i l i t i e s  

are a, 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/og the balance 

35 w/o 
0 

be- sssentially uranium, 

b r a  this solubilitgr information I t  can ba3 shown that about 95 per cent 

uranium-233 contained in a b )I/O thorium allay r -  be =covered by dis- 

S O l V h g  the allcrp t o  form a 35 u/o thorium solubjon a t  6SOoC, and allowing 

the uranium t o  se t t le  into a relatively small volume. The uranium concen- 

trate could be removed and further separated from the matrix material by 

heating it above the melt- point of lu~anium to form a liquid phase con- 

tain- less than 1 w/o thorium. The temperature of aeparation of a uraniumo 

r i ch  liquid phase mlqht also be lowered t o  about 9OoC by t h e  addition of 

enough chromium t o  form the uraniumochromium eutectic, Separation of 

magnesium from thoriumbp d i s t i l l a t i o n  is suggested by C h i o t t i  and Shoe- 

mker . 

c 

2.5 Others 

An examination of the l i terature fails to indicate any investigation 
- 
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of other low melting metals, such as Pb, cd9 A l ,  Sb, in c0;anectAon with separ. 

V 
c 

e 
j 

Q 

a t ion  lqr recfgstal l ieat iono 

C. Liquid-Liquid Parti t ion 

The principles of liquid-liquid par t i t ion a re  par t icu lar lywel l  knuwn 

t o  workers in the  f i e l d  of atomic energy because of t h e i r  widespread use 

application t o  the  processing of reactor fuels, These principles are equally 

applicable t o  l iquid metal parkition studies. 

continuous multi-stage contacting of l iquid metals makes it desirable t o  

employ systems with par t i t ion  coefficients f o r  the  transferred material 

which are  suf f ic ien t ly  large so t ha t  a small number of batch contacts 

brings about the desired separation. 

The technical d i f f i cu l t i e s  of 

In theory any pair of inrmisclble l iquid metals might be examined for  

sepnpation possibi l i t ies ,  e.g., the partition of uranium, plutmlum and 

fission products between unsaturated solutions i n  zinc and lead, To date, 

however, with only one exception, systems i n  which one phase is uranium or 

a uranium-rich l iqu id  have been studied, The 8ystems to b e  discussed uill 

be classif ied according to tho major constituents of the imiscible phaseso 

These metals have very low mutual solulAlity with t h e  heavy mtals. 

They have not  received study on account of t h e  hlgb vapor pressures in 

the range of temperatures of interest, the range of temperatures of interest, 

2, fTranium-Calciurn or, Barium 

The extraction of plutonium f’rom uranium lg calcium or barium has been 
(40) found t o  be negl5gibI.y Small, 
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3e UraniumMagnesium 

The partition coefficient for plutonium betwoen liquid mgnesium and 

LEJ liquid uranium haa been detgnained. A t  lla C a value of 0023 (in mole Froc 

anits) uaa o ~ ~ a i r m d  (7, e) w i ~ h  initid p~utoajtum conosntrutiona in 

showed that up to  1 per cent by weipht original plutonium concentration 

t 

uranhm up t o  97 parts per million, In a further study Feder e t  al(4I) 

*- 
the partition coefficient remained constant a t  0,20 f 0,Ol a t  1190°C0 

The substitution of uraniPm-5 w/o chromium eutecticl doerr not affect the 

mault ,  Fqeriments were also carried out a t  lower temperatures with this 

eutectic alloy (mopo 8&PC), with equilibrium being approached from either 

direction, A t  93OoC the partition coefficient is O d 7 .  The heat of trans- 

fer  of plutonium is 90? kcal/p;ram atom, 

The p r t i t i o n  of trace fission product elements at llSO°C has been 

exsunined for  the  uranium-magnesfum q s t e m o  (7,421 The part i t ion coefficient 

reported for cerium and rare earths is approximately 2 f 1, The results 

for other act ivi t ies  were more i n  doubt because of possible interferences 

by the  operation of mechanisms other than partition, E l l i o t t  (43) has 

sxanined the parti t ion of macm amounts of added metals between mapnesium 

and the uranium-iron eutectio alluy (mopo 75b0C). A t  about 8WoC the inter- 

eatinff result was obtained that the parti t ion coefficients could be related 

t o  position in  the Periodic Table. For the second FOW transitional metals, 

zr, *, ~ o ,  and RU y8re found to have parti t ion ooeffioients less than 10-3, 

while rhodi\rm, palladium8 silver and cadmium enjayed parti t ion coefficiienta 

of about 1@., The sharp break between ruthenium and rhodium probably re- 

flecfe a 6Qnificant change i n  available bond~ ,orb i ta l s .  



I larger than thoee already di8cuseed. A t  llD°C the solubility of cerium 

in uranium is l,? per cent and of uranium i n  cerium, 3-6 per cent. ( 9 )  The 

mfsciblliQ gap for lanthanum and uranium is about the 6 a I U e o  Voigt(9) re- 

t 

Q 

ports the distribution coefficients (weipht fraction basis) for plutonium 

a t  1200°C a8 laO for ceriuu and 0,6 for  lanthanum, lh substantial agreement 

with A i M n  and McKen%ie.(’) A t  about 11oooc# With urauriun-chrodm eutectic 

alloy as the heavy phase, the  corresponding values were 006 and 0.5. In a 

mre detailed study HcKenzie e t  a1(45) determined the parti t ion coefficient 

of plutanium as a function of temperature betweon 1160 and UsO°C. The heat 

of transfer of plutonium h i n  uraniumwas found to be 3.9, 1.1, and 0,O 

(all f 004) In Mlocalorierr per pram atom, for lanthanum8 cerium and 

neodjdum, respectively. 

Some data on the parti t ion of fission products between uranium-rich 

phases and cerium or lanthanum are also given by VOipta(9) 

liable of these data, baaed on artificialal”rg8, show parti t ion coefficients 

into cerium a8 followst Zr, O,8; Mo, 0.04; RUB L O ;  Nd, 30, 

The most re- 

so Uranium-Silver 

Tnitial experiments with the extraction of tracer plutonium from uranium 

by molten ailver showed that about 90 per cent extracted when equal uaehts  

of uranium and silver were used. (8) A t  l3SO0C, 88 per cent is distributed 

t o  the s ave r  phase when the uranium initially contained 0.1per cent 

i plutonium, (L7) McKen~ie(~’) and Voigt(9) agree #at the par t i t ion  co- 

efficient in t h i s  case is a function of plutonium concentration but do not’ 

e variation, The e detailed studies of McKenzie show that a 

greater proportion of the plutonium is found i n  the silver phase at lower 

total PlUtOnkUn concentrations, On additloo of pold(b?) to the e y 8 h  p1u-w 

extraction is  increased and passes through a lRiiXimum. This maximum appears 

W to be associated with a part ic i lar  concentration of gold ir: silver and of 
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gold i n  uranium, 

than may be indicated by t he  large par t i t ion coefficients f o r  plutonium in 

t h i s  system because the solubility of uranium in s i l v e r  a t  113PC is about 

The separation of plutonium and uranium is less e f f i c i en t  

4 per cent, A t  96OoC s i l v e r  in equilibrium d t h  uranium-chromium eutectic 

( E )  (I€,) 

v 

alloy contains 2,8 per cent uranium and 0,03 per cent chromium, Some of 

the subsequent separations required have been considered further, F 

The extraction of f iss ion products from uranium by s u m  has been 

In the most reliable experiments reported macro amount8 of examined, 

several elements were irradiated and alloyed with uranium before equili- 

( 9 )  

bration with molten silver, Reported values f o r  the par t i t ion  coefficients 

are: Zr, 0.68 Ho, 0,028 Ru, 0,OZ; Nd, 3070 

these values with those quoted earlier with cerium as the imrniscible phaseo 

It is interesting t o  compare 

It is qui te  clear that very specif ic  factors are at  work f o r  not only do the 

r a t i o s  of par t i t ion  coefficients vary on going from silver to cerium but  a l so  

even on changing from cerium to lanthanum, 

6 Al\mrinumUBismuth 

The dis t r ibut ion of Pu, Am, and cer tain f i ss ion  products between molten 

aluminum and bismuth has been examined. (b6) An equal volume of bismuth 

extracts 78 per cent of t h e  plutonium, 93 per cent of the americium, the 

majority of t h e  tracer cerium, but essent ia l ly  no ruthenium or eirconium 

from the aluminum phase, The fraction of plutonium in  the  bismuth phase 

deeroases sllghtly with incraasinp temperature i n  the range of 800' to  1050% 

but is Independent of the plutonium concentration,, 

plutonium is ?,68 kcal/gram atom, Since plutonium-aluminum alloys have 

potential  i n t e re s t  f o r  cer ta in  reactors t h i s  par t i t ion  may be of value for 

recovery of the plutonium, 

The hea t  of transfer of 

r -  
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The bismuth-aluminum system is also of potential  interest for the 

purification of bismuth solutions of uranium but no work ic this field is 

known t o  the authoro 

D, Liquid-Solid Fatraction 

Separations based on metal system i n  which one phase is a so l id  in-. 

8oluble i n  another l iquid metal deserwe ereater at tent ion than they have 

receivedo Clean separations of two l iquid phases m y  require t h a t  the 

lnteri'ace be accurately locattjd 0 iin operation which is d i f f i c u l t  t o  perform 

remotely. 

the l i q u i d  and subsequently removed by f i l t r a t i o n  or, alternatimly, a l iquid 

may be percolated through a bed of sdlids, An operation of this kind w i l l .  

generally be conducted a t  a lomr temperature than the corresponding liquld- 

l iquid extraction, 

In the liquid-solid caseO howeverb the 80lid may be mapended in 

One of the drawbacks t o  t h e  use of a so l id  phase is the ra ther  small 

It may therefore be required- diffusion coefficients usually encountered, 

that the Solid phase be finely divided in order to  make tho diffusion paths 

short. 

poudering of the metal can be accomplished without grea t  d i f f icu l ty .by  the 

Fortunately, in the  case of mnilxm, thorium, zirconium, and plutonium 

cyclic absorption and desorption of hydrogen under re la t ively mild conditions, 

A separation employing these principles ha8 been deacribed by Feder- 

e% ale(4i) In this application uranium - 1% plutonium alloys were powdered 

hydriding at  250% and one atmosphere pressure, and dehSdrided by pumping 

off hydrogen at 3#O0CO The powder produced (ebout 10 p average diameter) .- 

was readily suspended in molten magnesium by snechmlcal a@tationo 

Samples of t h e  l iquid phase were taken from time t o  time by f i l t r a t i o n  . 

through porous erayhite o r  stainless steel, The fraction of t h e  plutonium 

present i n  t h e  mapnesium was found surprisingly large after rather short  
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t b e s  of contact, 

These results have been interpreted to man that  the hydridhg=deI@riding 

It appears to rise t0 a maxituum and subsequently dmi8heSo 

Ld cycle causes some i n i t i a l  phase separation of uranium and plutonium, and 

that subsequently back diffusion of plutonium into t he  solid uranium OCCUT80 t 

This interpretation is i n  accord with information that plutonium hydride re- 

quires rather higher temperatures for its decomposition than uranium hydride,(S*) 

and that plutonium has a large solid solubility i n  uranium, 

0 

The behavior of fission products i n  this s y s t e m  has been cursorily ex- 
aminede The rare eartihpr are extracted by the magnssiwn nearly 

quantitatively, while ruthenium and z~conlmn stayed nearly 

qtlantiatimly With ~kanim. 

The action of molten silver or other possible extractants has not been 

exemined, 

considerably less than the solubility of l iqu id  uranium so t h a t  6ome of the 

difficulties due t o  the contamination of the extracted plutonium by w ~ l u m  

The soldfility of solid uranium in molten silver or cerium is 

may be avoided, 

11, Separations by Selective Oxidation 

If the term oxidation is used i n  its broad sense of an increase in the 

valence etate of a metal then t h e  in i t ia l  work i n  ~rometallu??gy, referred 

to i n  the  historfcal introduction, is clearly an example of selective axid- 

ation, or more apecifically of carbide formtion. The selective oxidations 

which w i l l  be treated in this section include reactions t o  form oxides, 

carbides, nitrides, sulfides, and halides, 

cussion of selective! oxidations is mre  readily accomplished than the dis- 

cussion of physical methods of separating multicomponent metal llliXtUX'e80 

In  general, the rf! prior i  dis- 

1 

P 
Thie is so because t h e r m o m c  information on the pertinent metal qmtems 

is almost non-existent, whereas the relative thermdymdc stabi l i t ies  of 
LJ 
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the compounds which may be formed by oxidation are better, although a t i l l  

incompletely, knoun, Some of the pertinent data may be found i n  the 

reference cited in  the introduction and i n  referenced 3, h, !% and 52, 

A, Oxides 

The preferential oxidation of certain fission elements in a heavy metal 

- 

8 

mometallurgical chemistry, There appears to  be agreement among a l l  investi- 

gators that in a uranium matrix selective oxidation of strontium, barium, 

thorium, the rare earths, and presumablS, yttrium, may occur t o  a marked 

depee under appropriate experimental conditions, 

mental conditions oxidation of niobium, molybdenum, the  platinum metals, 

and in fact al l  elements wi th  atomic numbers f r o m  41 t o  50, inclusive, does 

not occuro The selective oxidation of eirconim and plutonium i n  a uranium 

matrix is ma@ml and may or may not mew, depending on the precise set  

of conditions encountered. Inasmuch as the results of these investigations 

are well known it appears most appropriate t o  deal first with the points of 

difference among the several experiments and to  attempt t o  resolve them, 

Under the same experi- 

> 

1, Mechanism of Oxidation 

On the basis of early experiments on the melting of uranium i n  ceramic 

oxides Feder et a1 (6,52) obtained evidence t h a t  the main mechanism of 

preferential oxidation was diffusion of the impuriw atom t o  the wall of 

the oxide crucible and subsequent reaction there. Martin and Miles 

on the other hand, had equally good evidence from their experiments that 

oxidation take8 place i n  the liquid phase by conibfnertion of the electroo 

positive elements w i t h  contained oxyeen, carbon, o r  nitrogen, The dis- 

(10) 

tinction was discussed (55) without .being resolved; the purity of the uranium 

used, the concentration of fiasion elements, the degree of nolxing, atmosphem 
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Since that discussion Yle rate of reaction of molten u r a n i u m w i t h  

various ceramic oxides has been measured. (%’) 

contahed cerium ( ini t ia l ly  about one per cent) has been shown t o  be a 

function of t h e  material of the ceramic used,* the resulting cerium oxide 

The rate of removal of 

a t  the crucible-metal interface has been identified, and the rate of re- 

mval of cerium has been shown (”) to behave a8 expected if the mechanism 

were bulk diffusion from an unstirred liquido 

The mechanism and kinetics of ceramic oxide corrosion by molten 

uranium is of considerable interest, particularly for the application of 

preferential oxidation t o  a large scale operation, 

be summarized as follms: (565q7)  

proceed a t  a nearly constant rate and are essentially stoichiometric, pro- 

ducing, i n  the one case aluminum i n  solution, and i n  the other mapnesium 

vapor. The ceramic surfaces are dissolved away and replaced by 

the  course of these reactions. When the aluminum corrosion reaction is con- 

ducted in vacuum gaseous A120 is also a product, The reactions with bergl lh ,  

thoria and zirconia proceed a t  a rate which accelerates wi th  theo The order 

of the rates of contamination of the melt are Al2Be’p.Th’aZr. The vari- 

The data obtained nay 

The reactions wi th  .alumina or magnesia 

91f 
during 

ation at 1200OC is from about 1 nlg/cm*/hr for alumfnum t o  less than 1 

*In fact, the  mode of fabrication, Le., slip==casting vs. drg-pressing, has 
a considerable influence. 

wBecawe of the evolution of magnesium vapor which occurs uhen molten uranium 
is held i n  magnesia crucibles the  impurity and m i u m  oxides which form on 
the crucible wall are  dislodged and float to the surface as a scumo This 
does not occur w i t h  the other ceramic oxides. 
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micrograq/cn?/hr for ejrconium, The reactions with thoria and zirconla 

are non-stoichiometric, t ha t  is t h e  quantity of oxygen react* wi th  the 

upanium I s  considerabu greater than t h e  eqdvalent amount of m e t a l  dis- 

erolved, The ceramic surfaces mmin  intact  during these reactionso The 

products of these two reactions have been identified by X-ray diffraction 

and other tests as oxygen-defieient oxides. 

A further point of interest  is that  uranium does not wet any of the 

five ceramic oxides mentioned above, with the exception of alumina which 

is wetted when uranium alloys high i n  molybdenum and ruthenium content are 

enphyed, The interior contact anple of molten uranium on the  dense p c b d  

oxide ion surfaces is 13f;O. The surX8ce tension 02 Liquid uranium is about 

2, Removal of Cesium, Strontium, Barium, Te l lu r ium and Iodine 

Differences between various investigators concerning the removal of 

these elements durirg oxidative slapghg can be readily resolved i n  terms 

of variations in time, temperatwe and pressure conditions, By examining 

t h e  sublimates f’rora various experimants more direct evidence about removal 

by volatilization $8 available than when only losses from the m e l t  are 

measuredo 

of the above-mentioned elements, is found i n  the sublimate t~ any large 

extent , (’’) Considerably less than one per cent of the available iodine 

is sublimed,(16) and the condensation curve for the iodine act ivi ty  nhows 

that the sublimate is uranium iodide(s) rather than molecular iodine. At 

higher temperatures and/or lower pressure appreciable fractions of barim 

and strontium may volakilize befor?e they become oxzdieed, The behavior of 

In en iner t  atmosphere a b  temperatures up to  13OO0C only cesium, 

tellurium accords wi th  that expected from observations on the stability of 

uranium tellurtdes t o  heating in VQCUWR~ (18) 
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3. Zirconium and Plutonium 

The highly variable behavior of elrconium in experiments i n  which it 

was present i n  vew l o w  concentration(6,lO) led t o  some confusion regarding 

the mechanism of ita remvalo The importance of graphite a6 a scaveriging 

agent for zirconium has been shorn, (6)  e e g u e n t  e-W(s8) 

have 8bomr. that as the concentration of zirconium increases the effective- 

neea of its removaldecreases, and that a t  macroscopic concentrations 

the removal of eirconium by preferential oxidation is very slawe 

of the earlier statements concerning the mechanism of corrosion of zirconia 

l i t t l e  or no exchange Os reirconium i n  uranium solution with inactive e&- 

conium in zirconium oxide should be expected when the concentration of' the 

former is large. 

In dm 

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 smal l  and variable, ioeo, concentration factors of 

1.0 - 1,h were usually found, Because side reactions with carbon (as in 

the case of zirconium) could conceivably play a role and because the them- 

agnamic stabil i ty of plutonium oxide(s) versus uranium dioxide was but poor- 

l y  known the  mle  of selective oxidation could not be accurately assessede 

Recent 

Cent i n  uranium show that plutonium is indeed selectively oxidized, the 

factor of Concentration in the oxidic portion being approxfmately l,6. 

with i n i t i a l  plutonium concentrations of 1 t o  20 per 

he Uranium Monoxids 

The possible role of uranium monoxide formation in  the oxidative 8 l a g g i n g  

of uranium has been in question for some time. Recent efforts by Vaughan, 

et al(59) t o  synthesize this compound in bulk by a variety of pethods have 

failed t o  produce a pure substance corresponding to thds formula, It 

i- 

L 
t 

5 
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1 
appears to be ent i re ly  unlikely that uranium monoxide is a product of any 

consequence i n  the  oxidative slagging of uranium, 
1 

E 

c/ 

5, Thorium and Plutonium 

Separation of fission products from th0rfUm(~9l 0s plutanimn &dative 

slaggfng; has been the subject of recent, incomplete investipations, The 

discussion must be deferred until more extensive information is availableo 

Be Carbides 

The relative stability wale for t h e  carbides of metals does not differ 

s t r ikbg ly  from t he  relative s t a b i l i w  scale of the oxides. Relative t o  

uranium the early transitional metals, e,g* zirconium, niobfum and moXybaenum, 

became somewhat more stable on going f r o m  oxides t o  carbides. Fwr imenfaws  

the relative s tabi l i ty  of plutonium also appears t o  be enhanced, contraw t0 

expectation based on estimated free energies of formation, (9) The relative 

stabilities of the  alkaline earth and rare earth netals are probably slight3g 

decreased, Closer inspection of -the free enerpies of fomlation of the car- 

bides shows that of the fission product elements only zirc:onium carbide is 

much more stable than uranium carbide(s), 

is fo~nd(~r5~) t-hat z%rconium may be selectively removed f r o m  molten uranium 

on a graphite surface, O f  course, i f  sufficient cafion is already dissolvsd 

in molten uranium -- ab i n i t i o  this effect is not obscrved,(l.O) No other 

fission product element appears to be affected as extensively, Plutonium, 

however, appears to be fairly effectively scavenged by a eraphitie surface, 

Even a t  900°C, where molten uranium-chromium eutectic alhy reacts wi th  

In accord with expectation it 

(52) 

graphite quite slowly, plutonium a t  l a w  concentrations may be l o s t  t o  

graphite 8urfaceso (wr) 
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. .  C, Nitrides and Sulfides - - 
On t h e  basis of kno-m or estimated thermodynamic s t a b i l i t i e s  it, would 

u not seem l i k e l y h h a t  selective formation of n i t r ides  or sulf ides  would 

enhance the separation of fission products or  plu%ordum fkam uranium, The V 

' e,.perhental resu l t s  of various i n v e s t ~ a t ~ r s ( ~ ~ ~ 3 ~ ~ )  appear to bear t h i s  

aut. Likewise, t h e  addition of boron or. silican(li) does not enhance the 3 

separations of f i ss ion  elements which occur i n  oxide slaggingo 

Do Halides 

The re la t ive  stability scale for the lower halides of the elements is 

considerably d i f fe ren t  fromthe same scale fo r  the oxides. The s t a b i l i t i e s  

of the  halides of' t h e  a . lka l i  metals, t he  alkaline earth metals, and the 

trivalent halides of the rare earth mtals, plutonium and the transplubnic 

metals are all increased re la t ive  to t h e  s t a b i l i e  of t h e  corresponding low- 

est uranium, thorium, and zirconium halides. 

of Investigators to inquire into t h e  poss ib i l i t i es  of selective halogenation 

* 
Thir; has led a large n&er 

for the separation of plutonium and the hQhly electroposit ive f iss ion 

product e l emnt s  from wanium, 

1, Sewration of Plutonium h r n  Uraniuti --- 
The first of many investigations of the separation o f  plutonium fiom 

uranium was directed primarily to-ward finding t he  location of plutonium 

t r iha l ides  on the stab315ty scale a t  a time when l i t t l e  was knoun of their 

thermodynamic properties. Fontana and t1ebster(60) examined the ditrtribution 

*An additional factor .. not available i n  oxide or carbide systems 0 which 
encourages favorable consideration of halide systems is the pass ib i l i ty  
of driving reactions i n  a desired directAon 
vo la t i l i t y  of one of the products, 

takw advantage of the 

P 

t 
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of plutonium in a number of system oontatninp a molten metal in contact 

with its halide, TheirD results are shown i n  the  fo33awing table. 

_ _  - .  - 

TABW IIJ 

DISTRIBUTXOH OF PLUTONIUM IN HETALMVAL HALIDE SYSTEMS u --.- __I- 

' e  

i 

17 

40 

32 

pb-PbClp 310 

From these results it was then deduced that plutoniumtrihalides are more 

stable than the corresponding uranium or n;.zgnesium halide3, and less stable 

than the barium, E;Zsontiw, or cerium halides, 
I_ 

Ader(61) ha8 heated umniura-chrornium eutectic allcys contain- *. . - 

plutonium with raagnesfcun chloride under inert gas presstare ta supprqa . .  the 

volatilieation of' nragnesium or magnesium chloride. Over the temperat .. . .. 

range 900°~10000C the selectivity ratio (= Pu/V in sa l t  phase K 
metal phase) varfed approxhately- from 100 t o  45, in quite fair agreement 

in 

with values predictedf'rom estimated fYee energies of' formation, 

Rosser (62) took advantage of the selectivity of chlorination by 

allowing uranium containing trace plutonium to react t o  a small, controlled 



degree (about, 6$) with easeous hydrogen chloride. The mixed chlorides which 

w e r e  formeed were subsequently sublimed in vacuum t o  produce a sublimate con- 

taining a l l  of tho plutonium, 

McKeneie(8) made use of the similar se lec t iv i ty  of fluorination by 

equilibrating molten uranium with fused uraniumtetrafluori.de and subse- 

quent* disti l l ing the  plutonium-enriched s a l t  phase in  vacuum,, 

tha t  the si tuat ion is complicated by the fact t h a t  uranium and %ts tetra- 

fluoride react t o  produce t h e  eolid t r i f luoride in the i n i t i a l  s t ep  and 

He observed 

that the tr if luoride disproportionate6 during the vacuum d i s t i l l a t i on ,  

E~yer(~3) assumes t h a t  the free energies of fonnation per pram atom of 

fluorine f o r  uranium t r i f luor ide  and tetrafluoride are quite  nearly the 

same a t  the temperature of h i s  experiments. 

data for t h e  equilibration reaction t o  calculate a free energy of formation 

of plutonium t r i f luor ide  which agrees Uithin one Idlocalorie with Breweras 

estimate. The addition of fluxing wents  (CaF2, LiF, BaF2$ BaCl?) to uraniwn 

tetrafluoride ha8 been 

ing the salt phase molten wi thout  hindering the se lec t ive  fluorination of 

He has used his se lec t iv i ty  

8:10) t o  be a useful procedure f o r  maintain- 

plutonium. reports data on experbents of t h i s  kind using about 

a kilogram of uranium; i t w o u l d  appear t h a t  the transfer reaction is 

kinet ical ly  controlled by diffusion, 

There appears to be no record of experiments in which plutonium and 

uranium are dissolved in a low-melting metal pr ior  to selective halogenation, 

h e r  temperature halogenation may w e l l  be mre select ive and technically 

more feasible than halogenation a t  h e h e r  temperatures, 

2, Separation of Electropositive Fiszlion 
Product Elements from H e a v y  Metals 

In l l l ~ n y  of the investigations mentioned above(7~8~10*62963) the selective 

removal of f i ss ion  product elsments as well as plutonium was examined, There 

T 

f 
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is essential apreomznt that t h e  alkalimetals, t h e  alkaline earth metals, 

and the rare ear th  metals are a l l  Be’leCtimly removed t o  a greater extent 

than plutonium, in accord wi th  expectation, M ~ t t a ( ~ )  reports one experiment 

using 2 mole % UF4 - 98 mole % caF2 as the liquid phase in which 99% of all 

these activit ies were remotred from irradiated uranium, Potter (19) also re- 

ports selective removal of some fission products from thoriumo A rather 

unique method of contact was used fn part of this i n ~ e s t l & i o n j ( 7 ~ ~ )  a 

pellet of thorium was placed on a column of aolid powdered calcium fluoride 

and allowed to m e l t  its way down throwh the column by inductive heating of 

the metalo 

An elaborate investigation (3t96L965366) has been made of aelective 

chlorination of fission products from CI dilute solution of uranium fr bismuth, 

It 018s 6hOWIl (65) a t  an early a w e  t h a t  the concentration dependence of the 

partition of a typical fission element between the s a l t  (bICl-El eutectic) 

and metal phases could be understood in terms of reactions such as 

A 
Ce(Bi) + Licl(LiCl-KCl eut,) - cec13(LiC1-Kc1 eut,) + Li(Bi) 

For tho subsequent development of t h i s  effor t  3.n the direction of more precieo 

control of the desired separations by the use of different salt compositions, 

buffering agents, deoxidants, etc., the reader should conmlt the references 

&ea@ clted. 

culating bis~puth-&nium reactor fiaels it appears that the necessary vexy 

In  the actual application of selective chlorination t o  cir- 

high degree of selectivity required, $,e, quantitative rreturn of the uranium 

present t o  the bismuth stream together with adequate removal of rare earthe, 

can be achieved only by employing at least two distinct sets of conditions 

i n  tandem, 

U 
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Purification of a dilute solution of ixranim in alm~mm has been 

briefly examined.(10) Molten potassium chloride was wed as the s a l t  phase 

and the degme of total  chlorination was controlled by the addition of 

gaseous hydrogen chloride, The residual metal was w e l l  decontaminated 

from ram earth activities and, of course, the uranium in the sa l t  phase 

was well decoritanhated from the nobler metals zirconiumo niobium, and 

rutheniumo 

The possibillty of selective removal of the most ele8:tropositive 

elements b x n  plutonium has been indicated bs* the earlier discussion, 

although f t  is recognbed t h a t  the si tuat ion is not as favorable as for 

separation fkam’uranium, McKenzie e t  have exmined the decontaxuin- 

ation of plutonim~ialuminum alloys using molten crgolite as the fluorinating 

ec;nt  and they have s h m  that strontium and cerium are etfectively removed 

wt th  l i t t l e  or no loss of plutonium. 

1x1. Separations by Cyclic Qxidatlon-Reduction 

From t he  preceding discussions of the relative s tabi l i t ies  of metal 

compounds it is app;rrenl that 3t is theoretktcally possible t o  make a Clean 

separation of q desired constituent from a mjxture an3 ta recover it in 

metallic form by a suitable oxidatton-reduction cycle. 

pothetical illustrative example, an alloy of mo&%denum, u-m.nium9 and 

lanthanum m i g h t  be caused to react with a quantity of zinc ck3oride 

stoichiamets4calPy equhilent to the aum of the latter two elements. The 

resulting mixture of uranium and lanthanum chlorides could then be cawed 

to react w i t h  a quantity of magnesium stoichiometrically equivalent to the 

quantity of uranj-tun in d e r  to  recover At as 11~ta1, 

‘.%us, t o  use 8 hy- 

L. 

704 



cs 
# 

5 

J 

I 

The success of such an operation w i l l 1  of course, depend not only or& 

the  possibiliQ of selecting appropriate oxidants and redustants but also 

on the completeness of the mquired phase separations, 

ditlons are not easy to fulfill, Fartic-ly in View of t h e  s-licity 

usually required of remote aperations, 

The necessav con- 

A. Chemical 

Two basically chemical methods of cars)-+ out the oxidation-reduction 

The simpler of these methods is based on the qole  have been investigated, 

-11 known van Arlrel-&Boer method of the& dectomposition of =ta l  iodidese 

The selectivityof this operation is due to p h p k a l ,  as w e l l  as chemical, 

factors. To be transported and deposited as metal an the hot surface a 

constituent of the metal mixture must (i) react with iodine at the tempera- 

ture and pressure of iodination, (li) the resulting iodide must be sufficiently 

volatile t o  be transported, and (iii) the volatile iodide must be deoomposable 

at the temperature and press-we conditions a t  the hot -face. The appro- 
priate conditions have been discussed in deta i l  for uranium (17) and 

zfrconiumo R&?3(69) has studied the decontamination of irradtated 

uranium obtalnable by- +,his method, and has demonstrated decontaminataon 

from both mare noble (nrthewium, molybdenum) and more electropositive 

(cesivm, strontium, rare earths) fission product elements. 

of Zlmonium and uranium tetraiodides are sufficiently similar tha t  these 

elements acmwpaw each other and result i n  the deposition of a uranium- 

Zfrconium eXloyo By incorpomtfnp an additional step, namely the selective 

Cmdensatf.on and re-evaporation of' urarriumtetraiadide the  separation of 

these two elements 'also rmy be obtained. Robb also discusses t h e  behavior 

of thorfum and plutonium i n  t h i s  system and Milne has eramined the be- 

The pmp@rthS 
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havlor of irradiated thorium., Pmtactinfum is transferred more rapidly 

than thoriums which in turn is tsansfemd more raPfdM than uranium0 

The kinetics of these reactions are not highly faoorable. A t  

highest iodination temperature teated (635%) uraniun was consumed a t  a 
2 rate of only 0,117 grams per c m  per hour, equivalent b a l inear pene- 

tration rate of about 65 mlcrons/hour, 

surface is limited by the pumphg capacity of the vacuum system, 

The decomposition rate at the hot  

Another chemical method of performinp cycl ic  oxiclation-reduction for 

the purification of irradiated uranium has been investigated by I'kiwson, 

Gibson, and Mdhy, As repr ted  W Martin and Miles (''1 uranium and lead 

chloride &+act stoichiometricnlly according to the equation (the "Gibson 

Reaction") 

3 ~W12 + 2 U a 2 E l 3  + 3 Pb . 
Potassium chloride m y  be used as a diluent t o  louor the melt- point of the 

resultinp; salt phase. 

separated from the precipitated lead ana treated tnth an amaunt 02 maffnesium 

The sal t  phase resulting from the Gibson reaction %e 

s l igh t ly  in excess of stiochiometric. The f i ss ion  product dis t r ibut ion 

obtained is shown in Table IV. 

It should be noted that the electropositive elements acoompaqv the uranium 

into the salt phase nearly quantitatively and are retalned i n  t h i s  phase 

to a large extent during the reduction by magnesium, The elements more noble 

than uranium appear not t o  ac:cmpany the precipitated lead nearly as 

quantitatively as expected. 

their very low concentrations elements such as ruthenium occur as a variety 

of very small sized metallic particles diapersod in the salt, 

It i s  reasonable t o  R K P P O S ~  that because of 

Some of these 
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TABU2 IV 

WXOVAL OF FISSION PRODUCTS FROM URANIUM BY CONVERSION TO 
-3 UC1 USING PbC12LFOLLOWED By REDUCTION USI)3G MACNEW€@ .- 

FisEion Product % Removal at E1.j stage 4; Removal After Final 
(After Filtration of Aqueous Solutisd Reduction to Metal by Htt, Element 

9 68 

Ba 3 

Sr 0 

Ct3 2 

Raw Earth Metals 0 

Zr 36 

Nb 73 

RU 77 

96 

99 

76 

46 

15 

31 

18 

* 
A f t e r  Martin and Miles, Ref, 10, 

would pass through the filter arnd appear %rj the aqueous solution of tho salt 

phase. 

the uranium to  P dwrec which suggests that the particles are carried down 

with the precipitating metalo 

problem in this syetem is l i k e l y  to be one 

This IqpoWesis I s  sapported by the appearance af these elemnix in 

Thus, an mentioned prevtousQ, the separation 

phase sepa=tlono 

One of the 

provide a liqui 

of' overcoming the phase 8eparat;ion di f f5aulw is to 

which %he noble metal elements can mma3.n 

(The lead precipitating during the Gibson reaction apparently d. 

does not function i n  tho desired manner). This mdification was incorporated 

when the Oibaon reaction was carried out on 20% uranium 

In t h i a  c m e  lebs than one per cent of mrirconirn, niobium, and ruthenium 

8 s  aluminum alloy,(10 

arctompartied uranium into the  s a l t  phase, However, the partial crhlorinatlon 
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of the aluminum present introduced an um?esFrable conmpl.ics.tion into subse- 

quent operations. It would t~ instructive t o  examine the net separations 

afforded by an operation i n  which the solvent metal Is no% chlorinated, 

example, a e h c  solution of uranium raay be chlorha ted  by a ZnClpXCT melt, 

For 
I 

and t h e  result- U C l + E l  salt subsequently redutxd with a Zn-Mg solution, 

Such a sequence ruight lend itself readily t o  multicyclic operations, 

Baedem~an(~') has s h m  that the Gibson reaction my be used wi th  

ZnC12, CdC12, or HgCT2 a s  the chlorbatlq agent, as well as uith FbC'&, 

and Martin and Miles (20) also indicate the use of ~:aa.eous hydrogen chloride 

or anodic dissolution in a fused chloride bath 06 additional ways of achiev- 

ing &?elective chlorination, The l a a t  mentioned p8sj.bilit.y brings one 

naturally t o  IP discussion of electrochemical oxidation-reduction q-ches 

E? Electrochemical 

The electrochemical production of uranium has bee2 reviewed by h t z  
C--.- 

and IRabZnowich, (I7) 

purification of uranium from a nmher of its cornmanly o c c u ~  contaminants 

by a cyclic oxidatiori-reduction process carried out electrochemically, 

this operation t h e  impure uranium is made t h e  anode i n  molten LiC1-KC1 

Mareano and h i s  co-workers (72) have demonstrated the 

In 

eutectic eontainhg approximately 20% by weight of UF], i n  solutiono The 

cathode m y  be tantalum or molybdenun? rod, Fused sil ica w a r e  makes a 

suitable container and an inert atmsphere must be maintained, Only a mall 

voltage is required t o  cause anodic dissolution of the uranium and deposition 

of dendrit5c crystals of the metal an tile a thods ,  Tho deposit m u s t  be crush- * 
ed and washed free of occluded salts. A t y p k a l  amlyaia  of the uranium 

obtained %s in parts per m3llion; C, 16; I?, 6 10; 0, ( 8 ;  Fe, 5; si, 5; CU, 1) 

Cr, 1; Mn, 0,s; Mgt 0,s; Al, so It was found that operation of this cell 
z 



I 

W 
* 

c 

could be maintained for several months, after which i f  was halted by t he  

a,ecmulation of a sludge of impurities and uranium tA.fluoyide at the bOtWrn, 

The formation of t he  latter substance could be avoided' by substitu%fon of 

uranium tr ichlor ide for waniuru te t raf luar ide i n  the melt, 

The application of this prooedure t o  the purification of irradiated 

uranium was iraveswated ?qy Ghssner, (73) The data abtslintd were  not encour- 

*fig fnsofar as t#he desired .msults were concerned, The clecontaxnination 

factor  f o r  uranium from the mre electmpositxe elemnts  (jncluding plutonium) 

was Si, t o  100, bu.t the decontamination factor from ruthenium was 5 ow less, 

and zirconium and niobium a c t i v i t i e s  were found t o  hawe severely cwtamjinated 

the uranium deposit, The mechanism o f t h e  deposition of zirconium w 8 ~  inE 

dstigated i n  separate macro experiments. 

chloride, a relatively inso l5 le  substance, is stable I n  t h e  presmee of 

metall5c uranium, but the application of only 0,05 volt is suff ic ient  to 

reduce it t o  metal on a uranium surfacec Because an applied voltage i n  

excess of 

migration the essent ia l ly  qutantIitativP! codeposition of zirconium (and, ppe- 

sumably, a lso  niobtwu) becomes understandable. Electrophoretic movement of 

fine, suspended par t ic les  is an mobher possible source of cathode contam- 

ihation. 

It was found t h a t  zjrconimi di- 

0 , l v o l t  is required t o  achieve a reasonable rate of electro- 

I 

olassner (7?) attempted t o  modify the dendritic nature of the deposited 

metal in order t o  shplirgt its hancllhg, However, variations i n  temperature, 

bath composition, voltage, current densi.tlp, and stirring of the me$t were 

not effective. A quantitative study of the effects of current density and 

temperature an the  deposition characterist ics of uranium obtained from mixed 

ehlorida-fluoride mlts at  72~-90O0C has also been made b3- Kantan 0% al, (7b) 

In t h i s  research, too, no massive rmtai was deposited, 
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Niedrach and O l ~ ~ r n ( ’ ~ )  have given careful consideration to t he  plpdblem 

of selecting c e l l  conditions appropriate t o  hipher specific decontamin- 
-\ 

ation, more manweable pyoduct, and longer steady operation, They ju.@ed LJ 
t 

the following points to be slgniricant. 

(i) Tho uranium product should be obtained as a liquid, Ideally, 

the cell should be operated above the meltjng point of uranium, but the 

corrosion problems attendring such a high temperature operation favor t h e  

use of a metsX cathode capable of forming a lower melting (?5Oo.=95OoC) 

eutectic with uranium, 

i 

* 

(51) The concentration of tihe electropositivs elements in the molten 

salt uil;r continually increase as the c e l l  is operated, and the decontamin- 

ation factor for these elements Ks_zl consequently decroasr. Ttierefore, the 

cell contents sbouY.d be periodically replaced, 

( i i 5 )  The nobler elements ehculd occur as M insoluble sludge and con- 

tanhat ion by them should not increase with t i m e  provided that, the sludge is 

retained In an anode barsket and is discarded periodically, 

The experimntal work of N i e h c h  2nd Ohm (75) establishes the effect 

of the significant variables on electrarefiningo 

summarized as follms, 

Their results may be 

( i )  C u r r e n t  efficiency is. not markedly affected by m e l t  composition 

or bmpsrature, Increasing current densiw decreases the current efficieW,* 

*The possibil itg of using much lower teniperatures and a liquid cathode of 
zinc or mercury is not mentioned br these authors, 
H. M, Feder of Argonne National Laborabry are  actively considering this 
development 

R. L, S u t t s l l  and 
1 

**Calculated on t h e  basis of three faradays par d e ,  A t  very low curren% 
densities this valiie was approached i n  t h i s  work and also in the reoearch > 
of‘ KO Rohde (privately communtcated) 

c 

b 



The effect of h&h current  density is believed t o  be polwizat ien at %k 

anode. When t h e  rate of ox2ddion at the anode exceeds the diffusional rate 

for t r iva len t  uranium ions tetravalent uranium ions form f n  s ignif icant  

mounts, 

inefficiently,  

(is) A minimum concentration of uran5.m salt  must be mintajned i n  the 

The cyclic reactions between the two valence states consume current 

melt. The deposition potent,bls of uranium ions and, say, calcium ions at  

the cathode are cuff ic ient ly  close 80 t h a t  if '  the activiw of the latter fGr 

exceeds the actiyity of t h e  former appreeiable amounts of calcium will co- 

deposit w i t t i  uranfwm, 

(iii) Both current and temperature have a s igni f icant  effect on the 

composition of the liquid alloy which drips from t h e  eutectic-forming 

cathode, A t  hiph current densi t ies  the alloy tends to be hypoeutectic and 

a t  low current densi t ies  hypereutectic. The composition $s determined 

the rate of uranium deposition and the rate of diffusion of t h e  cathode 

metal into the  deposit, A t  very high current densit ies the rate of uranium 

deposition may excoed the rate of diffusion of cathode metal and a sol id  

dendritic growth results 

(iv) Fission pr6durct decontamination factors  of from 80 to 260 were 

obtained after two throughputs.* As mqr as t en  throughputs were made w i t h -  

out decreasing docontamfnation too severely. 

(v) bnganese i a  8 sui table  cathode material because its selective 

distillation from the eutect ic  alloy in vaeum a t  1300°C b s  been demon- 

strated ,, 

9 
One throughput is the dissolution and deposition of a quantity of uranium 
equal t o  t h e  amount original ly  present in the melto 

e .  
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Hansen (76a) has undertaken invr?sti@ions of an electrochemical ce l l  

for refinlng irradiated f,horium, 

expounded by Neidrach and G l a m n ~ ( ~ ~ )  and malcea use of a manganese cathode 

(eutectic -30 w/o Mn a t  9kO0C) and a 60 w/o NnCl 0 bo w/o. l’hClh electrolfls, 

It operates on pinc ip lcs  sirtU.ar t o  those 

COMCLUDMG FE”LRE 
=.-U__Y___.-- 

The ’Jast seven years of research on pyrometallurgical processes ham 

boon busy and fruitful ones. I t  is a plausible ansumption that t h e  main 

areas of research have m u  been mapped out and await only further oxplorakion, 

me astute observer will, however, rm%h abrt t o  the chance dlscovery or 

new concept which W i l l  open entwely new vlstas, 

In the author’s oFfn5on current research in pyromtallurgical chemis.f;ry 

mer%* three major criticisms, 

mentalist’s n a t u r a l  desire t o  make h i s  apparatus small and uncoqlicatea, 

However, it is generally observed mt hjgh temperature-high radiation 

f ie ld  experiments yiela more reliable and mort?qU8ntit,ativtt hf’ormation when 

The first, and least, is due t o  the  exper5--. 

they are  carried out on a larger scale i n  arparatua designed to minimize 

undesired side reactions and surface phenomena, The second crtticism is 

I directed t o w 3 r d  the shortsighted policy of the experimentalist who continuos 

to  use and t o  tolerate thermochemical data known t o  be of inadequab accuracy., 

The coneclentious h igh  temperature chemist will want t o  add to our fund of‘ 

accurate theAmochemica1 data in  proportion t o  his withdrawals. The third, 
I 

and most severe, criticism Is of tho policy of rush- too rrapidly toward 

t h e  application of pymmetallurgical processeso As a result of this policy 

some has t i ly  conceived proposals for major innovations in nuclear tedinoloFy 

have collapsed because t h e i r  scientific foimdations have bsen inadequnttt. 
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With resp8c2 t o  the  future of m.rometallurgical mseamh the author 

belfeves that tho following may be sipnif'icant directfons 

(i) More attention will be aiwn to obtainbg basic 3cientific data -- 

thermochemical measurements, electrochemical potentirn3.s at:tivity coeff icientr?, 

diffusion coefficients, solubilities, etc, 

( i i )  Emphasis w i l l  shift toward lower temperatures oJ' operation and 

to f 3 O h t i O n S  in low-meliing metals. 

(iil) Corrcmion reseamih will bmgson, and the effe:ts of high radi- 

st ion f i e l d s  an pgrometallurglcal processes and materials w i l l  be piven 

mpe detailed e&atime 

(5.u) Bettar cor& inations of well-behaved operations into silccessful 

processes w i l l  be sought and found, 

No c l a i m  is made by the author for either the cornpSe.ixmeas or accisracy 

of h i s  bibliography, He w i l l .  appreciate having hi3  attentirrn directed t O W 3 r d  

any necessary ccwrection3 or inadvertent ornie~sion~~ 
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PYROMETALLURGICAL PROCESSES: 
PROCESS AND EQUIPMENT DEVELOPMENT 

E. Mob, D. Sinizer, G. Brand, J, Foltz, 
W. Gardner, J. Ballif, J. Guon, G. Kendall, 

T. Luebben, and K. Mattern* 

May I, 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. 
equipment 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. 

Some of this work has been carried out using somewhat larger 

The systems fall into two categories. In one a re  the various furnaces for 
extracting fission products o r  plutonium from molten fuel. 
are those systems related to the refabrication into fuel elements of the partially 
decontaminated and reconstituted fuel alloys. 
relate this equipment closely to specific reactor fuel cycles o r  to describe every 
type of equipment which has been used in this work, 
have been selected and are  described relatively briefly. 

In the second category 

No effort will be made here to 

Some representative types 

1. PYROMETALLURGICAL DECONTAMINATION AND EXTRACTION SYSTEMS 

Two types of equipment 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. 
placed in contact with the molten fuel, and fission products o r  plutonium are ex- 

tracted into the liquid phase. 

In the other, a second liquid phase is 

*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 a re  described. The first is a 1- to 
5-kg capacity vacuum induction furnace used inside a dust-tight system o r  gloved 
box, which is in turn enclosed in a hot cave to provide shielding from gamma. 
rays. 
the third is a 3'0-kg capacity vacuum resistance furnace. 

The second is a 50-kg capacity inert atmosphere induction furnace, and 

1. In-Cell Vacuum Induction Furnace (5-Kg) 

A schematic diagram of the basic system is shown in Fig. 1. 

WINDOW 

FURNACE HEAO / 
-7 P 

ELEVATOR 

OIL SEPARATOR 
8 FILTER 

ELEVATOR SUPPORT 

FURNACE 

INNER FURNACE DIFFUSION PUMP ROUGHING PUMP 

Fig. 1. Induction Furnace System (5 Kg) 

The furnace head contains an "0" 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. 
of the head for mounting purposes. 

An external flange is connected to the bottom 

A feature of this system is the remotely operated lid and loading mechanism 

for the introduction o r  removal of material. 
half inch hinged and counterbalanced brass plate. 
pheric pressure to the furnace head, using an ttO"-ring gasket. 
soldered to the lid, is used for water cooling. 

The furnace lid consists of a one- 

The plate is sealed by atmos- 
Copper tubing, 

A Pyrex sight glass is sealed 

7 
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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 "0" 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 liquid-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 system is placed between the diffusion 
pump and the vacuum shut-off valve. Both of these valves a re  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. 
during operation, thus eliminating vibration of the furnace. 
discharges into an oil separator and filter. 

The mechanical pump is equipped with a hoist for lowering it to the floor 

The mechanical pump 

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 
manipulator grips when the cart  is not in place. 
is closed with an inflatable rubber seal. 
apparatus used in the various processing experiments. 
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 a i r  filters and are  maintained 
a t  0 .25  to 0.50 inches of water below cell pressure; therefore, all a i r  leakage 
is into the boxes. 

The joint between the two boxes 
These boxes contain all operational 

A pair of slide-valve 

The furnace and vacuum pumps a re  suspended from the table, and cooling 
water, electricity, and gases a r e  supplied from a manifold on the inner face of 

the cave. 
the entire furnace, including the induction coil, is enclosed in a 1/4-in. transite 
shield. 

As a safety measure in case of implosion of the silica vacuum tube, 

2. 50-Kg Drossing Furnace - Inert Atmosphere 

A schematic 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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Fig. 3. Hot Cell and Dust Box Arrangement 



GRAPPLE FOR IYGOT 
TRANSFER TO VACUUM 

TILT POUR FURNACE7 FCE 7 

INGOT POSITION &- AFTER STRIP 

FCE SUPPORTJ 

Fig. 4. 50-Kg Induction Furnace - Inert Atmosphere 
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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. 
supported about 1 to 1-112 ft above the base with the tilting mechanism below and 
to the rear  of the unit. 

This coil-crucible unit is 

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. 
mote maintenance. 

The hood is movable and is designed for re- 

The ingot mold receives the molten charge from the oxide-drossing furnace 
preparatory to being charged to L vacuum-casting furnace. 
is accordingly dictated by two considerations - first, the shape and inside di- 
menbions of the vacuum-furnace crucible, and second, the means of grappling 
employed. 
vacuum-furnace crucible and includes a tapered plug to f i l l  the bottom-pour 
opening and a head suitable for grappling. Also shown is the mold-casting device 
which incorporates a split permanent-type mold. 
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. 

The ingot configuration 

The present ingot concept as shown allows adequate clearance in the 

In splitting the mold, the ingot 

3. Resistance-Type Drossing Furnace 

In this furnace, operations may be conducted in high vacuum o r  in an inert 
atmosphere 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 hoped that plutonium-enriched 
materials, in particular, may 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 a re  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 a re  33 in. x 28 in. x 33 in. deep. 
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Fig. 5. Pumping System and Movable Shields 
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' Fig. 6. Exterior Furnace Body 
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Fig. 7. Crucible and Heater in Position 
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e 

-m- 

728 



t 

Fig. 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 operation; and (g) thermocouple junctions a t  
strategic points. 
sealed connections by means of lazy handles extending through the shields. 
furnace body is 20 in. OD x 28 in. high. 

e 

The movable parts of the furnace a re  operated through l'O1l-ring- 
'c 

The 
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 1O: l  .step-down transformer 
connected to a 208v line. 

The pumping system consists of a 6-inch oil diffusion pump, a 4-inch 

booster pump, and a 60-cfm mechanical pump. 
a speed of 600 liters/sec a t  loS5 mm. A second mechanical pump for roughing 
down o r  for backing up is included. 
thimble type is located between the furnace and the diffusion pump. 
thermistor in this trap triggers an automatic refilling device which draws from 
a large liquid-nitrogen reservoir tank in the hood. 

The design specifications require 

A stainless-steel liquid-nitrogen trap of the 

A sensing 

3 
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 f 

phases, a larger semi-works scale extraction unit, capable of handling 5 kg each 
of the magnesium and uranium phases, has been constructed. 
cludes an extraction vessel, charge vessel, and receivers for the separated 
uranium and magnesium phases (see Fig. 9, 30, 11). The entire unit is positioned 

within a 20-kw resistance furnace capable of maintaining temperatures of the 

order of 1000' C. 
mately 10 hours to cool to room temperature. 

The system in- 

About 5 hours a re  required to heat to 1000' C ,  and approxi- 

The phases a r e  transferred from vessel to vessel by means of pressure 
and vacuum. Pressure-equalizing lines extend between the extraction vessel and 

z the magnesium and uranium receivers. 
the wrong vessel. 
with stainless steel outside the vessel to prevent oxidation of the tantalum. 

These prevent material transferring to 
All  transfer lines a r e  fabricated of tantalum and these a re  clad 

The phases a re  mechanically mixed with a tantalum st i r rer  rotating at d 

600 rpm. The s t i r rer  packing-gland is located outside the furnace and is water- ? 

cooled. L d  
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MAGNESIUM URANIUM ALLOY EXTRACTION CHARGE 
EXTRAeT RECEIVER RECEIVER VESSEL VESSEL 

Fig. 9. 5-Kg Scale Magnesium Extraction Unit (Schematic) 

The operational sequence 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 experience with this unit has been gratifying. No difficulty has been 
Under a pressure differential of experienced in transferring the molten phases. 

5 psi for magnesiw' 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 prevented 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- 

This is being remedied by the use of small vapor traps within 

pressure lines, with the result that these have occasionally become partially o r  

completely plugged, 
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the furnace (see Fig. 12). 
below the freezing point of vagnesium by a i r  cooling, 
fusing into these lines is solidified. 
heat to above the magnesium melting point, and any condensed magnesium will 

These traps a re  maintained at a temperature somewhat 
Any magnesium vapor dif- 

On discontinuance of cooling, the traps will 

drain o r  may be blown back to the vessel. 

I 

AIR 
IN 

1 

ARGON OR VACUUM LINE 

THERMOCOUPLE 

TO VESSEL 

Fig. 12. Magnesium Vapor Trap 

Difficulty has also been experienced in removing the ingots and heels from 

"Graphitite" 
the graphite crucibles. 
liquid magnesium penetrates into the porous walls of the graphite, 
crucibles, graphite-treated to provide a relatively non-porous surface, have been 
ordered and will be tested. 

It is apparent that a t  the high temperatures used, the 

In this equipment, an imperfect separation of the phases is effected. The 
quantity of uranium used is such that the interface is below the magnesium trans- 
fer line. 
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. 
given to incorporating a phase-separation vessel. 

Consequently, a clean magnesium product is obtained, but any magnesium 

However, consideration is also being 

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 thq 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 a re  being developed on the basis of the ex- 
perience obtained with this unit. 

- 
L t  

2.  Magnesium Distillation Q 

The objective of the magnesium distillation studies was to develop equipment 
for demonstrating distillation of magnesium and its contlensation and collection a s  
a liquid, since in process use it will be most convenient to handle the magnesium 
in the liquid state. 

5 

To reduce attack of molten magnesium on fabrication materials, the mag- 
nesium distillation is conducted under reduced pressure. 
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, gives reasonable temperature differ- 
ences for practical operation. 

The temperature of 

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 

M i l d  Steel -Thermocouple Well 

Graphite Gasiei-q-!r& >Galrod Heaters 

Crucible -2 11 H b  n-Thermocouple Wells, X 
Resistance 

Heat  i no,- 

Graphite Crucible 

-Resistance Heat ing 
Induction Heating Coil 

Receiver 

Fig. 13. Magnesium Distillation Unit 

motor-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. 

3 

- 
kd 
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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 crucibles 
were used in the receiver and still pot. Mild steel gaskets were used between h! E 

the flanges and provided a vacuum-tight unit. 

The major difficulty with this unit was that large temperature gradients 

existed along the condenser. 
temperature along the condenser by adjustment of spacing between coil turns, 
this was considered an unsatisfactory approach. 
but this was unsatisfactory because i t  was not possible to remove the latent heat 
of the condensing magnesium, 
rise to that of the still pot. 

While it may have been possible to obtain a uniform 

Resistance heating was tried 

As  a result, the condenser temperature would 

Consequently, i t  was decided to jacket the condenser and use liquid sodium 

One is to circulate as  a coolant. 
liquid sodium through the jacket and remove the heat of condensation in an ex- 
ternal heat exchanger. 
pressure is adjusted to give a sodium boiling point of 670-680' C, which is about 

60 mm of mercury. 
an air-cooled reflux condenser (see Fig. 14 and 15). 

to heat the sodium to 670' C and maintain it a t  this temperature. 
of power input, whether from the induction coil o r  condensing magnesium, is not 
required since only the rate of sodium vaporization is affected. 

Two alternative cooling methods a re  possible. 

The other is to use a static sodium system in which the 

Heat of condensation boils the sodium until it condenses in 

An induction coil is used 
Close control 

The static sodium 

PRESSUR E 

a 
a 

-RECEIVER 
1 

Fig. 14. Magnesium Distillation Unit with Sodium-Cooled Condenser (Schematic) 
h, \ 
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Fig. 15. Magnesium Distillation Unit with Sodium-Cooled Condenser 

system is 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. 

in each run. 
less, and the temperature of the condenser could be maintained a t  670 to 680" C 

About 2 kg of magnesium were distilled 
Temperatures along the condenser varied by only 10 degrees o r  

I 
I with no difficulty. 

One active run involving 1600 gm of magnesium and 3 gm of plutonium has 
1 

been made. 

since previous work showed them to be necessary to reduce plutonium entrainment 

to the order of 0.01 per cent. 

taken to prevent the still pot from running to dryness. 

the still-pot thermocouple well about 1/2 in. above the bottom of the crucible, so 
that the thermocouple temperature would rise when the liquid level dropped below 

the thermocouple tip. 

Baffles were used in the still pot to reduce plutonium entrainment 
I 

For  easy recovery of the plutonium, care was 

This was done by fixing 
? - 
t 
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A still-pot heel of 300 gm of magnesium resulted. 
clean in appearance and contained 0 . 5  gm of plutonium. 

3 tamination factor of 6 x 10 for the distilled magnesium. 

The distillate was very 
This results in a decon- 

II. FUEL-SLUG REFABRl CATION EQUIPMENT 

A brief description 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 a re  alternate approaches to making and finishing uranium slugs. 
The material presented 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. 

Q 

b 

W 

A. FUEL-CASTING EQUIPMENT 

Two, typical casting systems associated with static and centrifugal casting 
techniques a r e  discussed here, although there a re  other methods such as "iqjection" 
casting. 
cost industrial processes. 

Both static and centrifugal casting have considerable potential as low 

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 furnace enclosure by means of a diffusion 
pump backed up by a gas-ballast mechanical pump. The charging bucket and 
thermocouple locks are evacuated by an independent pump. An alphatron and a 
thermocouple gage a r e  used to measure the vacuum. 

- 

The furnace power and cooling water a r e  fed coaxially. 
furnace to be tilted for pouring by means of an external hand wheel. 
table also can be positioned by an external hand wheel. The sight ports allow 
visual observation of the melt and pour, permitting rapid optical pyrometer 

This allows the 
The mold 

temperature readings. 

A commercial MgO steel melting crucible, completeIy outgassed and 
sintered at 1600' C, serves as the container. 
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Fig.  16. 4200-Cycle Slug-Casting Furnace 



Figutes 17, 18, and 19 show the casting mold and a sample casting before 
and after the separation qi4ndividual slugs. The molds a re  made of graphite. 

2. Centrifugal-Casting Furnace 
lp, 

8 

6 

t 

U 

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. 
high. 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 hottom 
section about 3 f t  is the centrifugal-casting 5-hp direct-drive unit. 
section is fixed in place by means of stationary legs which a re  attached to the 

floor, 
about 1 f t  clearance from the bottom of the centrifugal drive unit to the floor. 
This clearance allows the bottom 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 a re  the crucible and the high- 

The center 

Overall height from floor to the top of the furnace is 8-  1 /2  ft, allowing 

frequency induction-coil assembly. 
by 12 in. high and is designed to hold 50 kg of uranium. 
feed8 the induction coil. 
hole in the bottom for bottom-pouring. 
stopper rod or with a fusible uranium plug. 
the pouring spout allows the fusible plug to be alternately cooled and then heated 
a t  the time of tapping. 

The crucible is roughly 6 in. in diameter 
A power source of 50 kw 

The crucible is of coated graphite and provided with a 
The hole can be plugged with either a 

The auxiliary induction coil about 

Attached to the top section a re  the crucible cover and the stopper rod holder 
mechanism. This mechanism is equipped to apply a positive pressure on the 
stopper rod during melting and then releasing i t  when the melt is ready to be 
tapped. 

Directly below the crucible is the centrifugal mold-cone distributor. This 
graphite distributor sits at the center of the mold insert housing. 
housing is constructed of aluminum alloy and contains 24 copper mold inserts, 

The mold 

insert is 3/4  in. diameter by 7 in. loGg and receives the molten 

t is discharged from the cone distributor. 

teiy 35' on the copper ins 

The entire mold assembly 
speeds of from 200 to 300 rpm during the casting. A radial log angle 

s is necessary to obtain dense castings 

with good surfaces. 
desirable to obtain optimum thermal conductivity during the chill casting. 

The combination of copper and aluminum in the mold is 



. -_1 ..- _ _  . 

Fig. 17. Graphite Molds 



Fig. 18. Sample 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 a r c  machining in that a high-frequency a r c  rather 

than a dc a r c  is developed during operations. Frequency of the a r c  may vary 

LJ 
3 

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 a r c  cause machining on all 
electrically conductive materials tested to date (including tungsten). The high- .( 

frequency power supply 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. 
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. 

machine will remove carbon and metal from the oil. 

The machine will be used as a straddle mill (Fig. 21). 

A circulating pump and filter located in the rear of the 

C. FUEL ELEMENT DIMENSION-CHECKING EQUIPMENT 

Figure 22 shows a dimensional slug-inspection device. Slug dimensions to be 

checked a re  the length 6.000 f 0.015 in. with readability plus or minus 0.002 in. , 
diameter 0.750 f 0.0125 in. with readability plus or minus 0.001 in. , out-of- 

roundness f 0.001 in. , and bow plus or minus 0.030 in. with readability plus or 
minus 0.001 in. 
feed of a bench lathe in which the slug is supported on 6 cam followers; 2 cam 
followers a re  spring-loaded to assure proper centering. 

as to rotate the slug. 

third indicator on the end of the slug. 

within 0.0001 in. 
periodically check the instrument's accuracy. 

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. 

dial indicators noted. 

and bow. 
readings noted around the diameter. 

The device consists of a special fixture mounted to the cross- 

One cam is driven so 

Two dial indicators a re  mounted on the lathe bed and a 
All critical dimensions will be held to 

A standard defect and precision rod will be provided to 
The procedure on each slug will 

The slug is moved horizontally and changes in the 

These readings will  note diameter, change in diameter. 

The cross-feed will be reversed, the slug rotated, and, as indicated, 
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Fi.g. 22. Slug Dimension-Checking Device 
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PYROMETALLURGICAL PROCESSING: 

ECONOMICS AND PROPOSED ENGINEERING APPLICATIONS 

J. €I. Schraidt, W. A. Rodger, M. Levenson, 8. Lawroski, 
D. C. Hampson, J. Graae, L. F. Coleman, L. Burris, Jr., 

G. J. Bernstein, and G. A. Bennett* 

May 1, 1957 

or are planned in the United States in which -1 procest~iing will be carried out 

by m o t e  pyroole~urglcal methods. 

preaent 88 a metal, either 88 a liquld metal or as solid fuel elements. 

of pyrometallurgical processing scheme for metal-fueled hactors is based on the 

belief that a pyrometallurgical process methods are Inherently suifed to end 

In these proposed reactors, the fuel l e  

lfre *=e 

w i l l  ultimately prove to be the most economlcsl method of' processing metal ibis. 

Thc reactor syhr118 ShOM on Table 1 are pilot reactors deemed t o  pmvide 

the tcchno;logy m d  operational experience for the const.mctloa of large-scale 

pover reactors. The pyrometall . icdl pmcessing facil it ies for these =actors 

are also pilot plant efforts aimed at ttro engineering development of the pym- 

processing mthobs and the xwmte refsibrfcation of fbel into n e w  -1 elements 

for recycle to the reactor. 

the demonetratian of a closed ruCl cycle. 

An inportan% objective of these reactor systems is 

l h i s  demonstration progrm should provide the info.mat,ion required to design 

'. Industrial plaats for reconstituthg reactor fuel asseniBlles imm izmdIat.cd or 

discharged tuel materiels by these nev pyroaaetallurglcd proceseing methods. Tbe 

*Chemical Engineering Division, Argonne National Laboratory, Lemont. Illinois. 
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ultimate purpose of these power reactor programs is to develop power reactors for 

central station power application which m e t  the requirements of both technical 

tLnd economlc ieasibility. By economic fca6ibillty is meant the production of W 
power a t  costs campetitive with that f r o m  conventional power producing methods. 

Table 1 

Reactor Syzjtems Bnploying Fy rometallurgical Rrel Processing Nethods 

Fuel Reactor 3!E - 
Reactor BO. 2 (EBR-11) sodium coated U m i u m  Alloys 
Experdmental Breeder Fast Breeder 0- Plutonium or Enriched 

Liquid Metal Fueled Thermal -- Dilute Solution 
Reactor (LMFR) Graphite hderated (800 ppm) of U-235 or 

Circulatiag Fuel 
-- Beat Removed in U-233 in Blennrth 

I. Ecoaormic Factors Supporting ~ometa l lu rg ica l  Processing! 

There as yet no experience whach shows the e c d c ~  of tht pyxwnetallurgics;l 

Such expcrlencea v l l l  firat be provided b$ the pilot plant proceesfng methods. 

operations described above. 

which lhdicate total  fuel processing and refabrication costs o f  near 2 mills/KwB 

of electrical output. 

8m WUgbt t o  be possible through 

However, cost etrtSmatcs have been aade (see Table 5 )  

Poteat id  slaviags in processing by pyrometellurgical metbods 

5 

1) Reduction or fie1 Inventory thxwu@ ability t o  process 

nhort-cooled ataterial. 

2 )  Elhatnation of chemical conver~ion~ i.e., direct process- 

ing of fuel as metel. 

3) Ability t o  utilite low but adepuatC f f ss ios  product 

becontaminatipn in caqjuaction vith remote fuel 

fabrication. 

Recovery of crpenslve alloying agents. I )  
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5 )  Direct pdttct lot l  of ~ X Y ,  co~~entr&tAld iiaslon product 

wastes. 

Avoidance of many expensive cr l t lcal  mass problems, 

Opemtian of a small  coxupact pmcesslmil; pTSnt at reartor 

S i b  to avoid ahlpplng costs. 

6) 

7) 

It might be well to point out that processhg costs a m  generally only a small 

ftaetiasl o? the total fuel cycle costs, and it is the total -1 cycle costs vhich 

are hportaat. 

reconstitution, end refabrictition of 

fuel aurin& resldence In the reactor. z)aus, the alternative of employing a Fuel 

which can be given a high percentage burnup, and Uhich would, therefore, =quire 

only occasional proceselng, even though this processlng were relatively expensive, 

night very v e l l  be superior to  frequent, inexpensive processlng of a Are1 capable 

of being irradiated to only a smRZl percentage bumup. PlC support for p p -  

metallurgical process development w l l l  be more clearly evident by the amgllfieation 

of tbe above tcOacmic faclxm5 which follows. 

Ihe total -1 cycle cost must lnclude chemical processing, 

fWl, aad the costs assignable to  the - 

A. Inventory 

Aging or  c m l h g  Of discharged r e a C t o F  fUd 1s P~seZltly mqUl.red before 

reprocessing to pewit gross reduction in rabioac+,ivlty and heat generation, and 

t o  peanit complete conversfoa of pruduct latermadlatee such as neptunium snd 

PrOtaCtiniUm. uhem rzigh &CatemCnatbn of 2he 16 h O r d e r  to 

permit mud mfebricaErn opera-, decay perioda or the order of 100 to 200 

days may be mqulred in order to allow dccay of highly active uranium or plutonium 

isotopes (such as uranium-237, which c8L3pot be zenoved by pmcessing). 

periods of UN to 200 aa;vS, inventory otnarges become e elgniiicant cost i t e m  In 

For wing 

the totel i\rcl cycle corsts. Such &cay periods w i l l  approxfmately double the 

necessary fuel f.mre;tory. 

c 
i 

'r 
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availt@le is in short supply. 

Froon the 8Wadpoint of the imrcetrtory probltm a l a e ,  serious efforts ere 

A Justified w the developxrvant of processes vhid, caa handle ehortmoled fuels. 

desirable charactoristic of the pyrometallurgical processing methods is their 

t 

I 

d 

suitfabllity for &e processhg of short-cmled fuels. '2he incentive of inventory 

Seducth thID@ fat c h e m i C a  PrOCeSS- 16 behirrd 8 COfieSpoQdiag Qpmach for 

aqueous homogeneow rerzctors. 

i s  c0ntlmall.y proceaseti to FemDre fission product poisoas and to keep .the l e n d  

of these 3.n the fue l  low enough that they do not  result in significant 

neutron losses, 

A anal1 bleedstream of thc reactor fuel content8 

B. ELiminntion of Gbemical Conversion - 
ChaQgeS f.Zl C h d C f d  S u e  during the f'U@l X'@p=Ce66- Cycle are eXpenSiVt 

and often lead to camplex reactor me1 cycles. !Be processing of metallic fuel 

elements by conventional aqueous proceases requires the dfssolution of the fuel 
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Fig. 1 - Solvent extraction fuel cycle for natural d u m  fuel. 
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Fig. 2 - Fuel cycle based on PgrOlmetallrcrglGal pmaesaing, 

762 



W 
d 

4 

F. 

t 

4 

J 

make room fo r  the addition of new fissionable material, else the volume of the 

fuel w i l l  increase: for purposes of repairing irradiation damage to the fuel 

element, the gaseous and non-Wtalllc f i s s i o n  products mat be rsmoved in order to 

preserve the metallurgical properties of the fuel W c h  are important in re- 

fabrication operationsj for  purposes of removing nuclear poisons, a significant 

percentage removal of some fission products is required, but  t h i s  need not exceed 

a factor of 10; and, as indicated previously, for direct refabrication operation8 

an exceedingly high decontaminatfon of the discharged fuel Is mequiredo 

ination raquiremnts m y  be seen t o  be verg modest if remote refabrication of the 

fuel element is poasibla, 

Decantan- 

Blo reactor coqplex Bas h e m  con~tmcted to date a& empby6 a closed 

f l  cycle. As report6d &y Axnold' roslttisugd fuel roeycle VU lead to the 

accumulation of C h i l e  or fertUc materSal daug!&te!r activities, so that even long 

cooling perinda w i l l .  not, either after or before decontsminatioa, it possible 

t o  product a product or 6ufficlentl.y lou actlvity tor haad refcibrlcatlon operaticnrs. 

For exanple, d u m - 2 3 7  1s produced in a irradiation of U-235 from t&? luter- . 
mediate U-236 by successive neutraPl captures. fh a fast power breeder reactor 

operating on d c h e d  ugnirrm w i t h  higa fuel cor26umptl.m per cycle (2 par cent of 

ths t o ta l  ataas), the -2 cool- time r a q d d  VOUI~~ be of the order o f  100 &aye. 

f i r  infinite fuel cycles, tho U-237 artlvlky w i l l  haw increased by & factor of 

10, req- (IIL additlooal 25 coolin&. In sdditiono rrigriiflctaut quantltles 

of &-237, Pu-238, PU-&o, m-241, 'pm-241 begin to ampear; 



nactioae imrolvQd, 

~ a % l c u l ~ l . y  bad eituatiosr: a short decgr period w i l l  lead to U-232 irr ths U-233 

pmiuct EUXI UOW &rovth or scum 1 b r i ~ ~ 1 - 2 2 8  into the fhorrurn. llbie p~~aenee  or 

u-232 ln the 0-233 pmduct rashes mnndntoyy remote gurification and rcrabricatian 

of the U-233. Undcr coaatlnued recycle, +he tborfm p r o d ~ e ~ ~ s v e n  under optimum 

candftlom of =acta- tlux irradiation level and decta;y Oh,bec*r~ce very mch more 

radioactive 'zhan the natural thorium. 

rsfebrication of the thorium pmducts be employed. 

those involv ing ttie use of light ishielding or distance such that a dose of 1500 

PLT per week to the hands ead 300 m r  pcr week to the body is allwed? L M t e d  

exposure of personnel to higher radlatlon lcvcls throughout the week may be 

sllawed. Vncbr tbis latter condition, other work must be found for personnel 

for the nmaialng period of time, work In which there is no chance of sddlticmal 

erpoRure to irradiation. 

presence of thela byproducts leads to a 

1% is  sometimes proposed that semi-remote 

&m.i-remote operations are 

mist- p1lX-m fabricat- f 6 A C n S t k S  K I T  6 a o - k  -0- t0 

a above &tinitton. ptspite the w e  of 1-t shielding (~ucite or @ass barriers), 

apecia l ieed fabrication and operation of equipment is enpensive, 

LJ 
t 

Wese exposure levels may be reduced since the preseit trend I s  t o  Lanr~r 
permissible levels of exposure. 

* 
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u-232 Produstion 

u-234 Produrtlal  - 

Iha decg I.lra(nn involved are: 

For U-234: 

5.76 )(ev a 

2.5 as lo5 

Mg, 2a - Side reactions for 

0.05 H ~ v  r 
) =-2P U-231, 

- thorium -10. 
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Itcbecantas clear tlrat under c o n d i t i o n s  of cantiwrod recycle of fuel, 

remote rerabricatioas of a e  iuel eluaant is llkely to k required in say event. 

Ihe need, thererore, for high dhcoartemiaatloa factom in fixel processing is 

& w t e d J  and processes vfrich provide waall but adequte fiesioa product &con- 

tamination, Buch aa the Pyrometallur~ical type of pcess, may be conaidered and 

nra;Y be W O W  dWw8oUe%3'. 

elemat8 are lost  In  the fuel reprocessiq procedure, their replacement in order 

to racoPstltute oav fuel elements I s  1 U d y  to be a very expansive consideration. 

'i!hia could easily lead to t h e  situation An vlrlch the value of the fuel alloyiug 

agent6 appmaches that of the flss1onabl.c material. An important consideration in 

presently conceived pyrametellurgZcal processes is that these elements are not 

removed. 

vessels. Bo solutlaa to the w a s t e  dieposal problem h8s been found other tban tbat 

of concentration and eosriyne2pient. Ancconolmic advaatage of the pyrcmetd..Lurglcal 

processes is that the wastes are concentr.ated and dry in a fom suitable for 

disposal or for utllization. In fact, they are so concentrated that probleme o f  

heat removal may requFre dilution for storage. 

problems of concentration which are l~ormslly encountered in vaete haadling. 

This vould eeem to be easier than 

F Criticality Problem8 

cp; 
t 

i 
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heavy, priwps o t  the or&sr of $15,OOO/caah. Heat transfer provisions muot bs 

provided to remuvu Sissioa product decay bat.  Criticality coasldsratlaas may 

Lspose severe lSmStatians on the smouat of furs1 carried Sa a container. Safety 

H. Cost Estimates for pyronteta l lur~ lca l  PmcessLng ermd Refabrication 

Conceptual aCSripls of W ~ t a l l u r g I O d l  pXWCe86 apd n ? f 4 b r i G a f l a S ,  plants 

were developed by V i t r o  corpora ti^^ and Atomic Power DeveLo3pnent Associatesr6 as 

a basis for estimating costs of these fadlitles.  

has been detailed by h o m e  for the experlmntal processing plant which w i l l  be 

Wt in cozu~etloa vith the EBR-If experimental reactor. Some of the importfiat 

Sinsllar prelAnd.nary information 
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desi= concepts for this plant w i l l  be described in the wXe section. 

Cost Estimat;es for EBR-II Eqsrlhmental ProcrjssAng FacUity 

The contractors for the EBR-I1 experimcxltal facility have made estimates 

1. -- 
,." 

LJ 
* * of the con8tnrctfan costs based on preli1!~3~~rary designs. These estimates are for 

a processing plant which includes pmcesslCsag, refabrication, and fuel re-assembly 

f a c l l i t i o o ,  snd for 8 separate laboratory and service b u i l d h g .  

bulldlng houses the general sdninistrative offices for the reactor pbnt ID 

addition to the leboratory facfiities. A b u t ,  70 per cent of tke construction 

costs for tb ia  buUdS.ng are chargeable to processing. 

This latter 
0 

The e6timsted total cost tor the proceseing plmt and 1WPatozy bul.ld.5J~ 

(Feb., I-957) is $6,920,000. O f  this, $3,515,000 ere constmetion GOI3ts; $3,405,QW 

m installed equlpnent costs. 4 bseabdmm o f  th%se construction Bpd equip-& 

costs is given in Table 3. 

Unit operating coats given in Table 4 are oPlitt le  signlficancs for the  

required experimental processhg rate of 10 kg/dEly of enriched uranium. Therefore, 

unit costs are also given in Table 4 for a througiput rate, of 50 kg/day, which 

processing ra te  could be achieved in the experimental p h t .  This processing 

pate is ample for a 200 MW (eloctrical) reactor operating with a fuel burn- 

of 2 per cent of the total atoms. On this baais, unit reprocessing costs are 

about 1,8 mill&", 

Cost Studies by the V i t r o  Corporation and Atoppic Mer Developaent 
Associates 

Construction rrnd osratlng cost studies vem made by the V i t r o  Cow. 

2. 

8nd Atomic Pcwr Developent Aeeociates 09 the basis of caaceptual Wr#netallurgical 

pmcessing plant clesigos. These desigps am based on the oxldatlve droeslng 

process imrestigated at Argonre Notional Laboratory and a processing rate of 

le,OoO &/year, or en- capacity to 6 e m  a 16r7 MW reactor at I per cent burn-up. 

!the cost estimates vere based on proeesaing avrd refabrlcatiag a complicated ruel 

element. Elghteen iuel element plates, each 30.5 inches loag, 2.48 m e a  wlde, 

0.04 inches thick, welgthg about 2 pounds, were to be fabricated aad assembled 

into a radiator structure or subaesembly, w i t h  sodium present in each radiator 
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r Es%2 
Estimated Comtructlon Costs 

For EBR-SI Ehperlmntel Proceselng anb Laboratory Fscl l l t les  

constructiozi costs* 

Building C o n s r t n l c t i o s l  

PLUnibing, H e a t i n g ,  Vent., Llghtlng, F ire  

Process Cell Canstructim 

Equipment (Rcluslve of Process EquApMmt) 

Yard, Utilities and Services 

General Site Develo-t 

 ab. 

8uppluanntal Pay 

emice ~ldg. @ 709b o f  %tal ndg. C o s t  

mtal 

Fixed chsrgss at hO$ of Total Construction Costs 

%tal 

* By H. K Fergu6on C o . ,  Archttect-Engineer 
By Argonne l p a t l d  Luboratory ++ 
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JZ6tstimated h u a L  Costs for an EBR-XX-Type Proceseing Facility - -.- 

Indirect Coets (k5$ of D i r e c t  
costs without c%edca\s) 

Fixed Chargee at 25% of $6,920,000 

Total 

Unit Processia& Costs 

20,OOO 200,000 

section to provide a thermal bond. 

operations are required thaa for refabricatiaa of the pia-type -1 elements by 

precieion InJection cast- a8 pwvlaualy descr2bd by Dr. L g a ~ o s k i . ~  lIhe 

refabricatIan operatiom for the above studies include: ingot  pzwparatlon, hot 

rolling, cold rolling, solid state heat treatment, slitting, straighkning, 

shearirrg, inspection, assmhly, sodim f'llling, welding, grhdlng, le& testing, 

aad heat tmatment of the complete subassenibly. 

refebrlcatian operatkms than are ultlmately believed necx?esary. 

Maoy PIUch m* difficult remote reiabr&catioll 

lhese w much more difficult 

me cost e s t h t e s ,  prepared in Jtuuary 1956 and shown in  Table 5:  

result in a tOte3. constmction cost for the reprocessing aad refabrication 

facil it ies of 85,425,600, of vhich $3,717,000 is for the processing facil it ies 
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Table 5 

Site  Preperatlon 
StNCturt?S 
T m e l  
Equipment 
Services 
Xns tnmcnta t l o n  
Stack 
1nJ.tia.l. Cel l  Atmosphere Purge (Argon) 

Subtotal 

Zndlrect Construction Costs 

Subtotal 

UnJnstalled Sparse 

subtotal 

and $1,708,600 is for the refabrication facilities. lkese estimates were 

prepared from vendors' quotes on standard equipment, and cost &stirnates of pon- 

starrdasd equ3-t such es the decannlxq machine, transfer eqagmnt, and 

induction Avaaces. It may be noted that the kihnel, through a c h  Are1 elements 
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are transported irwn the reactor, costs $648,000. 

cell Waceat to the reactor vould elhainate much of this cost. 

star t -up  operatiom w a 8  estimated to be $590,000 vlrich ipdludes the costs for a 

Location of tibe pto~es~inC 

The cost of 

6-mmth operator traiaing period and a 6-month start-up period. Appslorlmately 9 

$1,150,000 of the total construction costs i s  for facilit%cs used Jointly by the 

refabrication aad processing facilities. 
0 

Estimates of the 8nnual operating costs for both processirxg aud 

refabrlcatlon are shown in  Tahle 6 .  

which $1,536,000 IS attributaue to processing, $1,247,900 to refcrbrication. 

These eSthAtE6 result in B untt cost of $l%/kg of emrich& ~mnim prOceSSed, 

basis of 500 &lW heat output and heat-to-electricity cowen;ion ef'flclcney of 33 

per cent, the tiof&, processing and refabrication cost 113 1.90 mills/KwB. 

%Is mounts to a total of $2,883,900 of 

on the 

3. Cost Estimates by AtoncLcs fnternational 

Coat estimates vere aLso prepared in January, 1956 by Mattern= of 

A t a m l c s  Iaternatimal for the replote processing and refabrication of a 75 MW 

electrlcal sodi\rm-graphite reactor. 

to be lrradlsted to 3000 MWD/T. 

kll.-.grturIE/day. 

were calculated to be 1.93 miUs/KwB[. 

c sts uas given. 

& t h i s  thermal reactor, the f U e l  WBB assumed 

!Ibe rate of fuel diecharge iram the reactor 16 60 

A t  this proceasing rate, the unit proceesing and fabrication cost6 

NO breabdoM to construction cznb operatine; 

A conrparlson by Mattem of aqueous processing an4 alrect fabrication 

aad remote pymprocessing aad refabrication showed a arrvlngs of 0.4 mLus/KwB by 

the pyroprocessinq, route. 

necessary lpgardless o f  the fiseion product decontamievtiaa effect&d, this 

difference would probably increase. 

them more awnable t o  remote fabrication technlques nury also be expected, vlth a 

Corlscqucnt reduction j.n fabrication costs. 

Fgr recycled ifre1 for which remote fabrication becomes 

Developments In he1 elemeat &al&aa to make 

'L 
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Table 6 

Estimated Annual Coate for Pymm tallurglcal Facilitiee 
( B y  V i t r o  Corp. aud Atomic Power Development Associataa) 
-- 

Total D i r e c t  Coet 

Indirect Coats : - 

Total operation an4 KaInteMnee cost 

F-II charges a t  25’$ OS total 
construction c3sts (see ~abls 5) 

Subasse~nbly radiator rtntcturer 

T o t a l 6  

Total A n n u a l  Cod 

mdit cost 

n. Proposed EfrgineerLng Applications of Pyrometallur~ical Proces8ing 
Procedureti 

A o  Fsrpe rimental Fast Breeder Reactor No. 2 (EBR-TI), 

Probably the earliest operation of 8 pyranetallurgicrrl proms8 

facility will be that now being deeigned f o r  the EBR-TI fast breeder reactor. 

The major objective of the processing unit is to e8tablish the techni-1, 

eneineerinfi, and economic feasibility of pyramstallur~epl proc6ssing and 

remote fuel refabrication. 

The technical feasibility will be based an processing and 

refabricating all of the core material f o r  marry reactor fuel OJrCles and the 
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processing of ruf f ic ien t  blanket material for adequate demonstration of the 

blanket process. 

Technical feaaibility must includet 

1) Performance, equipment and process-tdse, of the pyro- 

metellurgical process and refabrication operations, and auxiliary 

opewtions such as waste disposal, s l ag  recovery, and i n e r t  gas 

puyification. 

2) The effects of recycled fuel on process performance and 

reactor operation. 

during fue l  recycle will  be ascertained. 

3) 

The build-up and effect of transuranic elenents 

The reliability, dependability, and useful l i P e  of 

equipnent and equipment components. 

b )  The operational requirements with regard to caliber and 

number of peraonnel requiwd and other factors such as discharge 

of radi.aactivity which might affect the locations of these plants,  

Economic f e a s i b i l i t y  includes: 

1) Capital investment. 

2) Operating costs  of f u e l  and blanket process. 

1. Corn and Blrvlket Compositions 

It is planned to check the performance of the ERR-I1 reactor 

with both enriched uranium and plutonium fuel loadings. 

loadine w i l l  be a 60 per  cent enriched uranium fuel. 

a plutonim fuel,  approldmately 20 wt per cent  in plutonium. The noble f iss ion 

product elements are not =moved by the pyrometallurgicil processing 

procedure employed, and wi l l  build up on continued f u e l  recycle, eventually 

reachin& equilibrium concentrations which are dependent on the per cent  of 

new fuel material added per cycle. To avoid dealing wi th  f u e l  of changing 

composition, the  equilibrium concentrations indicated i n  the following 

table, excepting that of technetium, w i l l  be used a t  the start. 

The first core 

The second v i l l  be 

t 

bi 
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Table 7 

Calculased Equilibrium Fiuvion Product Concentrationo 

( 5  w/o New ~ e - 1  per Cycle) 

Element 

wrcanim 

Niobium 

Molybdenum 

Technetium 

Ruthenium 

Rhodium 

Palladium 

H t  Per Cent 

0.10 

0.01 

3.12 

0.99 

2.63 

OoL7 

0.30 

These eletlhents have been found to  be beneficlal, increasing markedly the 

irradiation s t a b i l i t y  of the fuel elements. Their presence has Increased 

the achievable burn-up so that 2 p r  cent bun-up of the total atoms I s  a 

realistic goal. 

The uranium or plutonium fuel  enployed in the reactor is in 

the form of am11 pins, O.l& inches In  diameter by u.22 inches long. 

These pins are indlviduplly canned in s ta in less  

0.90b inches 5s provided between the pin and the can wall and is f i l l e d  

with sodium which acts as a liquid thermal bond for  heat transfer purpo8ea. 

Ninety-one of these pins are present in f w l s ~ b - a s s e m b ~ ~  

cans. An 8nnulus of 

The blanket or fertile material will be depleted uranium. 

For a large scale power reactor, processing of the blanket Sle1~0ntS would 

be carried out when the plutonium concentrotion reached 1 per cent, For 

the E3R-IT p i l o t  reactor, only a feu o f  the 5nner blanket ~1emontS Vill bs 

processed in order t o  demonstrate blanket procesnlng. 

2, General Process Des 

The Corn pmCe88ing mthod tdll be O d d b  dros’shg, O r  

perhaps a more descriptive term is m e l t  refining, 1 3 A f i  It involver 
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melting the fuel in an oxide crucible, either sirconia or magneala, and 

holding it molten at  a suitable temperature (1200-1300 C) for 2 t o  3 hours. 

During t h i s  period, vo la t i l e  fission products are vaporized f r o m  the melt, 

and fission products more reactive than uranium react w i t h  the  crucible and 

are removed I n  a reacsion layer which forme along the crucible walls. Tha 

noble f i ss ion  products am not removed. 

The core processing flowsheet is shown in Figure 3c Hador 

rteps in this flowshset are purification, fabricatian,  and re-assembly of fuel. 

A u x i l i a r y  operations are sampling, wasta handling, dross ( s lag)  recovery, and 

Inert gaa purification. 

After a 2 per cent burn-up and cooling f o r  1s days, the 

radiation in tens i ty  one meter from a 10 kilogram batch w i l l  be appmxlmateb 

lo6, 10' H. 

I 
i 

This in tens i ty  will be reduced only by a small factor ,  3 to 

&, by processing. Radiation in tens i t ies  throughout the processing area W i l l  

be of the order, 10 5 t o  l& R/hour, w i th  loca l  areas of more intense 

radiation 

The maximum fission product heslt.ge?eration (beta and gamna) 

has been calculated to be 0.2 uatt/gram. 

will increase with mss. 

quantit$es or f o r  close packed assemblies of f u e l  elementa, which have 

poor heat t ransfer  characteristics 

Self-absorption of gamna rays 

Forced cooling may be necessary for massive 

3 "  Preparation of Discharged - Fuel Elemnts for - Processing 

On removal from the reactor, the sub-assemblies are held in  

the sodium bath In which the reactor is Immersed until. heating by fission 

product decay has subsided to the point where gas cooling w i l l  prevent 

melting, 

the reactor building, 

The subassembly will be disassembled in the  disassembly call  of 

Individual canned pins are transferred t o  the 

process in g buil di n go 

The stainless steel can is removed by forciqg the pin element 

through three fixed knives located rad ia l ly  120" apart *ich slit the can 

a 

3 
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V 

PURIFICATION 

rue1 lkoa 
D i r a r s e m ~  Cell 

c 

Ingot lLolp 
Procarring 

J 

FUEL PIN 195EHBLT 

w e  peeled amy from the fuel element much a s  a banana 

remains with the fuel 

Din D 

The pins are then shea o sa l1  pieces for ease of 

handling 

crucible, the pins . If pi led together or 

stored compactly 1 

arrangement of pins is so poor that the mass will heat t o  a temperature 

near the melting point. A t  these temperatures oxidation or nitridation 

charging. Until  they are t o  be charged into the meltlng 

t removal from the close packed 
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impurities within the cell gas would be excessive, so a very low oxygen 

impurity l eve l  m u s t  be maintained i n  the i n e r t  blanket, 

4. Fuel Purification 

Melt refining w i l l  be car r ied  out withinla  closed furnace 

under Q VerY Pur0 inert  atmowhere (see mock-up in Figures 4, 5, and 6) .  The 

P ~ O C ~  g l a ~ l a ~ e d  t o  affect purification and metal recowry vi11 be as fonouer 

1) Approximately 10 kg of fue l  element pieces will be 

charged to a pressed t i rconis  or pressed magnesia crucible, 

2) The charge w i l l  be heated to  a temperature of 

1200-1100 C and l iquated for a period of about 3 hours t o  effect 

purification, 

3) The molten nleta l  u i l l  be top-poured in to  a heavy 

copper mold and c h i l p c a s  t . 
L) After the furnace 58 the *a be -ea 

from the mold using a device such as that shown in Figure 

Top pouring MI selected as the most re l iab le  pouring 

procedure. 

propitious because of the d i f f i cu l ty  of seat ing stopper rod8 remotely. 

use of a fusible s e a l  in a pouring leg could probubly be made t o  work, 

but development problems ap-d forplidrblo. 

Bottom pouring through swppered taps was considered less 

The 

a, peacri.p tlm of Ho&-uo 

The furnace chamber consists of a metal bell uhich is 

sealed to  the base pla te  by means of a fusible metal seal, such as solder, 

A l l  of the equipiant (Le., c f i c ib l e  and supports, mold, t i l t i n g  mchanism) 

w i l l  be mounted on the base plate. Services w i l l  be brought through the 

base pla te  from a serwice s t r i p  attached to the furnace bnse. Services may 

be reaotely connected or disconnected a t  the service s t r i p  @ mans of a 

fusible metal seal (108 Figure 8). 

Y 

P 

T 
a 
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Fig. 4 - uranimn melting frtrnace - Bell j a r  parfially removed. 

Heating is accomplished inductively using uncooled 

induction co i l s .  For this application, the use of conventional, water-cooled 

induction c o i l s  3,s conaidered haeardous. 

reducing the quantity of material which could be processed per batch. Huch 

The watgr provides lome moderation 
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more important, however, o w  the severe consequences of a leak. 

furnace f i l l e d  with water, a critical mass might be produced, 

of molten uranium with water or watsr vapor would also have unpleasant 

consequences, 

If the 

The reaction 

Flexible leads are employed in order t o  accommodate 

tilt pouring under powero 

bank through the  shielding t o  the furnace, a distance of about 10 feet, 

Tests have indicated l i t t l e  power l o s s  and consequently little temperature 

Induction bus bars are brought from the condenser 

rise in mcooled bus bar leads of masonable aice (1/2 x 2 inches) if the ti 

flat surfaces ore i n  close proximity. 
L 
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1 4  

Fig, 6 - Crucdble assembly in pert- f f l fad podtion, 

The crucible, ausceptor, an insulating refractoq sleeve 

of sirconla, and the induction co i l  ( i n  the order given from inside to 

outside) are positioned in a metal frameuork which Is supported on two 

trunnions. The ti lt ing mechaniam consists of a pinion p a p  Integral w i t h  the 

framework and driven by a rack wlllch extends through the base for operation. 

A solid adsorbent i s  In the basket which ia mounted directly over the 

crucible for trapping volat i l iced  elementss By a suitable linkage 

u,echa6Ism, the basket is  rotated from the crucible during pouring to 

provide an opening through which the metal can pour. 

A componentieed assembly I s  employed s o  that hndivldual 



Fig. 7 - Ingot remover aad sampler. 

components may be replaced, me crucibles, susceptor, supporting framework, 

and basket of adsorbent, may De individually replaced, as can tM ent i re  bass 

plate after rerarrlnl of the service Jumpers. 

b e  SalUpling 

Two mall protrusions, about l/& inch long x 1/6 inch 

in dialaeter, u i l l b e  cast on the base of the ingot, These protrusions 
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will be shearfjd off (see Figure 7) and submitted f o r  analyses,* 

of new fiasionable material may be made e i t h e r  I n  the purification furnace 

on the basis of reactor  burn-up data or samples of the or ig ina l  fuel, or 

Addition 

may be car r ied  out in the remelt furnace for casting new fue l  elements, 

C. Trapping of Volatilieed Haterials -- _.----- 

The sodium, which accompanies the fue l  pins, magnestum 

from crucible ( M g O )  reaction, and several  f i s s ion  elements volatilize, The 

noble f i ss ion  gases, xenon and krypton are retained i n  the furnace and are 

later pumped t o  storage and subsequently bled to  the atmosphere. Other 

fission products &lch are oaporicsd are cesium, small quant i t ies  of 

strontium and barium, and fiasion products, probably cadmium and antimony., 

The indiscriminate deposition of these f i ss ion  products along with 

rolat ively considerably omaunts of magnesium (-so g/lO kg charged) and 

sodium (-30 c/lO kg charged) is undesirable. 

I'm surface-active materials, activated charcoal, and 
* 

a material ca l led  Wolecular sieva!," c q o a e d  midy of caacium al\nnimno 

silicates and generally used as a &zing agent, have been found t o  be 

eLfect€ve sorbents a t  elevated tenperatvres for sodium. 

gas flow rate of 15 ml/(min)(sq cm), these have exhibited remarkably good 

ef f ic ienc ies  up to loadlngs of 20 per cent/unit weight for Molecular Sieves 

and activated alumina and &I per cent/unit might f o r  activated charcoal. 

These loadlnga before breakthrough are appamntly a function of f l o w  rate, 

and decraaae with lnrrsaslng flow rate. Tests atre continuing to determine 

mow fully the chamckFietLca of theae sorbents. On8 of these motedale 

vill, hawever, eventually be selected and vill be contakred wlth3.n the bed 

located just above the crucible. 

A t  800 C, and a 

5. Refabrication of fie1 Eleigentg6 

Precision cast ing of the f u e l  pins has been aelected as the 

* Product of Linde A i r  Products Co. 
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method having greatest promise and adaptabi l i ty  to  remote operation. 

inject ion casting process is employed in which the pressure of an inert 

gas (helium or argon) plus the iner t ia  e f f ec t  of t he  moving metal serves 

t o  f i l l  inverted evacuated molds. 

8 teps : 

An 

The method consists of the following 

1) A shallow crucible of m e t a l  is melted under vacuum in 

a vacuum-pressure furnace. A c lus te r  of tubular molds with the top ends 

closed is suapended above t h e  crucible in such P manner t h a t  the sprue 

or gate ends are pointed down toward the metal bath. 

2) Tho crucible is raised, irmsrsine the lower ends of 

the tubes  in  the l iqu id  metal bath, and the furnace is simultaneously 

pressarized with i n e r t  gas t o  several  atmospheres. 

3 )  The eas pressure forces the molten metal in to  the mold 

cavi t ies ,  

h )  The f i l l i n g  of the cavi t ies  is fur ther  implemented trJr 
the ram i ne r t i a  e f f e c t  of the molten mtal a8 #e mold is fi l led,  

A schematic drawing of the equipment designed f o r  t h i s  

operation is shown i n  Figure 9e The furnace chamber consista of the metal 

bell which is sealed to the  furnace bottom by means of a solder-freeee 

seal. 

lower position,centers the crucible in a so l id  conductor induction coi l ,  

The crucible is mounted m a ver t i ca l ly  act ing ram, which,in its 

and which may be raised t o  immerse the t i p s  of the molds. 

The molds consis t  of precision bore ( f 3 . 0 ~ 5  in. diameter 

tolerance), high sliliCa glass  (Vycor) tubes coated on the inside with a 

collo.ida1 Eraphib  =ah. The Vycor tubing has a disadvantage of low 

resistance t o  mechankal shock and the pressure and temperature cf the 

metal m u s t  be very closely controlled t o  prevent the  rupturing of t'ne tube8 

as the metal is rammed i n to  t h e m  i n  the casting operation. The colloiQ1 

graphite wash ~ervos t o  separate the metal from the eilica. Where the 

wash coating is imperfect, a rea'ction layer forms between the silica and 

776 



INSIDE WALL i 
i 

2-dDlh - P L' 
i 

i 

. 

776 



the metal which causes a Blight roughening of the surface of the casting, 

Where the coating has been applied uniformly, the cas t  surface is extremely 

smooth and glasslike. Tolerances 04 f0,001 in. diameter are produced in 

approximately 96 per cent of the  castings.  Figure 10 shows castings which 

have been produced by the inject ion cast ing technique, 

The molds are shielded from d i r e c t  heat radiation from the 

crucible by a tantalum sh ie ld  which automatically swing8 out of the bay 

as the crucibles riSe, Power for melt€ng is supplied by a conventional 

high-frequency generator outside the shielded area through the induction 

c o i l  around the crucible osssmbly, As in the melt r e f b i n f :  furnace, the 

Induction c o i l  i s  uncooled, The charge 2s melted under high vacuum and 

since the molds are within the vacuum chamber, they ace a leo  evacuated, 

After immersing tho molds, pressure is supolied from a 

preSsure tank t o  a pressure of 1 t o  2 atmospheres, 

su f f i c i en t  heat removal t o  cause the metal t o  solidify i n  the  cent ra l  

In order t o  pmvide 

tubes, forced cooling nray be supplied by circulat ing the pressurized 

furnace atmosphere down across the tubes md up over the furnace shell. 

After aooling, the castings are removed and fed between two 

concave roughened mills which causes the glass t o  txreak avay h the aaatinge; 

ln  eman fragmente. The c a s t h g a  Will then be inserted i n t o  the spindle d 

a double-collet l a the  where they will be notched exactly lb.22 inches apart 

and the en& broken away by pressure r o l l s ,  It i s  believed that the rods 

can be f ractured with sufEicient accuracy so that it w i l l  unnecessary t o  

face the ends. 

The fuel element cast ings w i l l  then be loaded into 

prefabricated stainless steel tubes with Q 0,008 inch will  and 0.008 inch 

la rger  in bore diameter than the  fue l  elements i n t o  which Q measured 

volume of sodium metal (Ca .  1 mlt has been previously extruded under an inert 

atmosphere. The sodium f a  subsequently melted allowing the uranium t o  

move dom i n t o  the tube and the  l eve l  of the molted sodium t o  rise above 
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Fig. 10 - Phutograph of inJection-cast fuel pins showing smooth 
surface conditions (3 X actual size), 
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the fuel pin. The end cap is welded on by an arc welding process. The 

J 

c 

tubes  are then centrifuged to eliminate bond separations and are passed 

through an inductive current scanning device wltich indicates voids in the 

sodium bond. 

A l l  other part6 of the fuel  elemelit subassenblies except 

t h e a c t i v e  fue l  elements are assembled outsids of the cell so that only  

incorporation of the active fue l  elements in the subassembly is required 

within the cello Each subassembly is leak-detected by the mas8 

spectrometer leak-detection method. Ninety-one of the fuel  subassemblies 

am assembled into the hexagon-shaped major assemblies which are the f u e l  

elements for the reactor. 

6. Auxiliary Process Operatios5 

8. Dross (Slag) Recovery and "Ihgoutn Proeessin~ 

In order t o  prevent buildup in the concentration of 

the noble f iss ion products uhich are not removed in the m e l t  refining 

process, some provision m u s t  be made for their remOvalo Physical removal 

of a portion of the fue l  material ("dragout") and replacement with fresh 

fissionable materialuhich does not contain the noble fission elements 

w i l l  serve t o  lindt tho buildup of the  noble fission products. After 

many cycles of fue l  through the reactor they wLl1 reach an equilibrium 

concentration which is dependent upon the fraction of material removed 

and on the percentage burnup of fue l  i n  the reactoro These equilibrium 

concentrations are given in Table 7 f o r  the 5 per cent metal mnovol 

which has been selected. 

Some fuel  is -moved as &WE and i f  th i s  r s m d  

amounta t o  around 5 per cent of the t o t a l  fue l  material, there iS then no 

necessity of M o r  removing more material from the f u e l  recycle 8treilllle 

If, however, the dross consti tutes o n 4  1 or 2 per cent of the charged 

fue l  material, it will be necessary t o  remove additional mptel?iPl  from the 

fuel recycle stream. This dragout materLsl and the slag remaining after 
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the melt refining process m u s t  be processed t o  remove the noble fission 

product contaminants i n  order t o  return the contained fissionable material 

t o  the -actor fuel cycle. 

As presently conceived, equipment w i l l  be inatalled 

for demonstrating slag or dragout metal recovery and noble fission product 

separation. Investigation of processes for t h i s  purpose are now underuay. 

The m o s t  promising process involves the use of tPnc as a solvent for the 

uranium metal from which a uranium-zinc intermetallic can be precipitated 

by cooling (see paper by 11. 3. Fede&). Separation of t h s  uranium-tinc 

intermetallic from the cinc solution which contains, by afpropriata 

selection of conditions, the bulk of the fission products my be 

sccanplirhed by f i l t ra t ion  through a porous graphite f l l t e r .  Subsequently, 

the 'Jag may be decomposed, the clnc vaporited, and the re:iidual uranium 

coalesced into a metallic button for return t o  the process, 

b. Blanket Processing 

Blanket processing in the EBR-I1 faci l i ty  will also be 

carried out an the demonsttation basis, Sufficient blankel. material will 

be processed to  demonstrate the technical feasibil i ty of t h i s  operation 

and to provide for estimates of the cost of blanket procssartng. The 

process w i l l  probbly consist of extracting the plutonium i'rom a molten uranium 

5 w/o chromium alloy with molten magnesium and subssquently d i s tu l lng  

the magnesium away from the p l u t o n i u ~ n ~ ~ ~  The magnesium w i l l  then be 

avauable for recycle. Considerable laboratory and semi-uorks experience 

haa been accumulated 031 this process and has h e n  reported in the paperrr 

& A. M. 

carried out. 

and E. 6. Hothnr8 Adaptation t o  plant scale has not beon 

C. Inert Cks Purification 

The fuel material, which will  be a t  a relatively high 

temperature aa a result of fission product ba the ,  iS exposed to the cell 

atwsphers in n;rmbroua operations, such as the decanning, etorage, and 
\ 
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transfer operations, Ucder tho conditions of high bum-up and short  

cooling, it 18 expected that the tomperature of t h i s  nnterlal may be kept 

down t o  603 C 

uranium Vi11 effect ively got ter  the atmosphere of owgen, The reaction 

rate with nitrogen a t  t h i s  temperature is negligible in comparison. In 

order t o  prevent B e v e r e  oxidation of the uranium, it is necessary t o  m i n t a h  

a low-olgrgan atmosphere within the ce l l ,  Argon has boen selectod as the 

inert b l anks tbe  gaa, 

the fact that the movement of re la t ive ly  largo quant i t ies  of gas through 

purif icat ion equipment and the containment of gas are much more easily 

effected with argon than u i t h  helium, In order to prevent sevem oxidation 

of the uranium In the cell atmosphere, the maxirm tolerable  oxygen 

su i tab le  storage procedures. A t  th ia  high temperature, 

The choice of argon rather then helium was based an 

concentration in the blankefing gas has been set  a t  190 part8 per million. 

Since n i t r ida t ion  of uranium a t  600 C occur8 very slowly, the nitrogen 

specification has been arbitrarily established a t  the re la t ive ly  high 

value of  5 volume per cent, 

The Call gas m u s t  be continuously purif ied in order to 

maintafn the l ou  oxygen concentration level.  while chen:ical procedures may 

be emplayed to control  the nitrogen concentration, t he  l e a s t  expensive 

and most convenient method involves simply purging occasionally and 

replacing with fresh argon. The reprocessing rate f o r  remval  of olcpgen 

Vi11 be dependent on the leakage rate of air i n t o  the cell. 

d i f f i c u l t  t o  estimate this leakage rate, but  on the basis that Ugh standard8 

of fabrication and construction u i l l  be met and that carefu l  operating 

It l a  

procedures W i l l  be followed, an in-leakage rat& o f  0-01 cf'm has been 

asaumed f o r  the s iz ing  of purif icat ion equipment, This leakage rate 

requires a processing rate of only obaut 20 cfn t o  maintain the oxygen 

Impurity concentration below 100 parts per million, and an argon purge 

rate averaging O , l 6  cfm t o  maInta& the nitrogen concentration a t  5 volume 

per cent, 
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The oxygen purif icat ion procedure selected involves 

the catalytic conversion of the  oxygen t o  water over a palladium ca ta lys t  

and removal of the uater from the gas stream using a drying agent, A 

material cal led "Molecular Sieves,"*wfiich l a  a dehydsated Eeolite, has been 

selected as the drying agent, 

20 per cent by weight water and its efficiency is such that fo r  a linear 

flow of 2 ft/sec and a bed length of 3 it the concentration of the eff luent  

This material is capable of adsorbing up t o  

gaa is loss than 1 ppm in water. 

A flowsheet for the  inert gas purification operation 

is shown in  Figure 11. 

palladim-on-olumina cat@lyst, It has the  very &sirable characteristic 

that it can function a0 an e f f i c i en t  hydrogen adsorbor up to a hydrogen 

loading of OM ral/ml of, mi6 hydrogen is a la0  available for 

reaction with oqrgen in the gas strwam to  form water, 

can function as a hydrogen resemoir as well. as a hydrogen a d s o r b r ,  

a l lova some flexibil i ty In  the oparation i n  that if the hydrogen loading 

on the catalyst is  maintained a t  & fraction of saturation, amall deviations 

from stoichrometry caused by rate f luctuat ions or changes i n  the oxygen 

content will be neutralized by the catalyst. 

constantly monitored for nitrogen and oxygen. 

The palladium catalyst is 0,s weight per cent 

The ca ta lys t  then 

This 

The ef f luent  stream w i l l  be 

The major equipment I tems of the i n e r t  gas purlfLcation 

un i t  consis t  of a compressor having a capacity of 100 cPm against  a head 

of 5 psi,  a palladium ca ta lys t  chanber, and P single  drying uni t  containing 

100 lbs of 94olecular Sievesddxying agent. For an in-lcakage of 0.01 cfm, 

regeneration of the "Molecular Sieveddryindryine uni t  u i l l  be required once 

evexy three months and w i l l  be accomplinhed by heating them to 3% C and 

s t r ipping the water off  w i t h  air, After regeneration the a i r  is evacuated 

from the dryer0 

* Product of Llnde A i r  Products Co, 
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The gas purification uni t  w i l l  be located i n  a l i gh t ly  

shieldod enclosure outaide the cell where L t  may be operated and maintained 

semi-remotely, Delivery of purified gas within the cell vi11 be t o  

apecial locations where high purity gas will be especia.1l.q beneficial, 

such as storage of &canned pins or processed metals, 

d. Waste HandllnQ; 

The mJor high ac t iv i ty  wastes produced i n  pyro- 

lnetallurgical processing are the gaseous wastes liberated during tho melting, 

and the  aol id  wastes comprised of slags, crucibles, and used equipment 

items. Liquid wastes are expected t o  be of low level  and result from 

analytical  and decontamination operationa . 
(evaporation and storags of concentrate) will be employed for disposal 

of l iqu id  uastes. 

followst 

Conventional procedures 

The gaseous and so l id  wastes w i l l  be handled a8 

Oaaeous Hastes. Xenon and krypton are liberated 

during the melt refining operation ( Table !3 ) I n t o  the Iner t  atmosphere 

blanketing gaa within the funace.  

refhlng fbmacs and stored for a time suf f ic ien t  t o  a l loy dewy of the  

sO’J-&y xenon ac t iv i ty  to a l eve l  safe for  disposal, Storage for a time 

of approximately 3 weeks i a  required, Two storago methods are presently 

being considered. One involves the simple detention of the gas Within a 

large rrtorage tank from which it may be removed in controlled amounts for 

dilution and disposal up a atack to the atmosphere. 

involves retention on activated charcoal a t  room temperature, 

method looks a t t rac t ive  I n  t h a t  a re lat ively Large volume of the  mnon 

and krypton gases may be re tahed by a amall volume of adsorbant. Initial 

batches of matorla1 deposited on the  adsorbent ore displaced @ the 

succeeding h t c h  and eventually would be eluted t o  the atmosphere, 

proper s iz ing of the adsorbent tower and control of the total volumetric 

They are pumped out of the melt 

The second method 

This latter 
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Table 8 \ 

X E V W  AND KRYPTSJ PI DISCHARGED EBR-I1 FEZ -- 
~ m u p :  

Cooling: 15 day8 

2 per cent of total atoms i n  175 &YS 

Total Volume at Curies per 
Element STP/lO kg of Fuel (cu f t )  13 kg of Fuel 

/ 

Xenon 

O,@Q 97 

flow of gas through the tmr ,  it ia possible t o  retain the xenon and 

krypton on the bed suf f ic ien t ly  long t o  allow decay of the xenon act ivi ty .  

Sol id  kastes. Solid wastes are expected t o  consis t  

mainly of used crucibles, slags, s t a in l e s s  a t e e l  cans, the broken vycor 

molds from the pin cast ing operation, and equipment items which are being 

replaced, 

activity and heat 

for u t i l l sa t ion ,  methods are being sought for inmobilitation of tb 

-_I_ 

The slags w i l l  const i tute  an intense source of both radio- 

Although concentrated in a form convenient 

ac t iv i ty ,  One possible method consis ts  of Immersion i n  E ~ C .  Central 

mtal temperatures have been calculated to be of the order of 350 C which 

is below the  melting point of zinc. 

70 Processing C e l l  Description 

The processing cell will  be cyl indrical  in shape having an 

internal diameter of approximately 62 f e e t  and an internal  height of 

16 It (see Figures 12 and 13). 

cell,, 5-foot wall thickness of heavy aggregate coneretie (density: 

200 lbs/cu f t )  must be employed to  reduce radiation al-ong the outsids 

For the a c t i v i t y  leve ls  within the 
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wall t o  1 m/houp, giving an outer diameter of 72 feet. 

( 5  foot  thick walls) for  general supervision and operation is located 

centrally within the cell  and extends up into tha cell a distance of 

IO feet ,  leaving a f ree  height of 6 fee t  above it which consti tutes a 

r e l a t i ro ly  1013 ac t iv i ty  area into which cranes and manipulators m y  be 

moved h e n  not in w e o  

radial Uidth, Floor level8 OP the in te r ior  observation area and the 

external operation areas are 3 foot lower than that of t he  hot cell, 

which places the c e l l  f loor  flush with the lowar edge of observation 

A shielded room 

The operating annulus remaining is 16 foeb in 
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windows and brings most equipment operation to  about eye level. 

Several uell  configurations =re studied before a cylindrical 

cell was chosen. I t a  major advantages are the excellent visibility of a l l  

operations afforded by the interior supervisory area, and the considerable 

reduction in  height over rectangular configurations made possible by a more 

compact vertical  array of cranes and manipulators. The one obvious 

disadvantage is that its size cannot be increased. Consequently, adequate 

provision for expansion must be provided ini t ia l ly .  

Operatiom map be vbuod through windona located in both tha 

external and internal walls of the cell. General viewing of all operations 

is convenient from ths interior area. Nowever, individual equipment i t e ~  

may be located along either the inner 01 outer interior walls of the 

annulus, and the speclalised operations for individual equipment pieces 

will be made from the most convenient lbcation. 

windows are equally spaced in the inner shielding 

wall; 13 in the outer. The windm uill consist of th ick  (b to  u) Inches) 

plate glass laminations. The glass w i l l  be csrium-atabilieed to resist 

darkening under radiation. The Windows w i l l  be ateppsd to increase ths 

viewable area, to eliminate straight-through radlation beams, t o  

pruvida inner shielded gasketing curfaces, and to reduce cost= 

SerPices w i l l  be brought into service strips located both 

around the exterior and interior cell ualls. Services w i l l  be juqered 

from these strips t o  mrvice strips on the particular equipngnt items. 

Two cranes and six manipulators wlll be employed. The 

manipulators will operate an t w o  sets d tracks ( b e l o w  those f o r  the crams) 

The problem of power supply t o  the mnipulators I s  considerably simplified 

over that for a long rectangular cell. Power rrlll be distributed from an 

axial post. Two alternative aaethoda are being considered: (1) the use of 

slip rings and (2) the we of fixed connections through cables which are 

ellomd to urap themselves around the central post uu to a maximum radlal 

G 
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motion of 273 degrees (see Figure lb). 

heavy equipment and ere i n  a position to replace the manipulatora. hro types 

of manipulators vi11 be' employed, One type provides articulated motions 

(eltmu, vrist, and gripping); the other provides only rec t i l inear  and 

The cranes Vi11 be wed t o  move 

gripping motions for various routine l i f t i n g  and t ransfer  operations. Xn 

addition to tha manipulators and cranes, special purpose equipment vi11 be 

used i n  many materials handling operations. 

Intmduction of equipment and materials w i l l  be tkough inert 0 

gas locks, the  covers f o r  uhlch a re  laade~ leak-tight by solder freeee seals. 

Several s i t e s  of lock8 will be provided. Attached t o  the processing csl.1 

w i l l  be 8 heavily-8hieldeq cen thFough vMch all mnterfal transfers 

and in which are performed those operatiow not requiring an inert 

atmosphereo 

ceJl (see. discussion of Iner t  gas system in We, 64 

air in-leakage t o  t h i s  proces8 cell, which Vi11 be sli&'htly'rwgative with 

respect to the operating area6, a ateel meabrane uiLl l i n e  the inner cell 

walls. High integrity o f  th i s  membrane is required. 

design requirements for  sealing aruund windows and aervice inlets. The 

membrane will be cooled i n  cer ta in  area8 for heat removal from the cell. 

ma& 

A high-purity argon blanketing gas u i l l  be used in the circular  

In order t o  prevent 

This leads to spedal 

A basement area beneath the process cell provides access to 

the central  operating roaa. Auxiliary processes and equipment A t e m s  am i 

ala0 located in  ths baaement. These Include an i n e r t  gaa purification 

s y s t e m 3  heating, ventilating, air f i l t r a t i o n  and rf~frigerafiim units; 

induction heating equipment; cooling system; e&, 

Oeneral Considerations. In a remotely operatad cell, both 

the processes and equipment m u s t  be greatly simplified. 

equipment m u s t  be scrutinised to determine its sUitObility for mmt@ 

Each detail of 

operation. The highly radioactive environment must be considered irr 

design of process equipment. 

Organic laaterials sucb as rubber, neoprene, polyethylene 
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Fig, U-Schematic Layout of Central P m r  D i s t r l b u t h  Sy&em to 
Cranes and Manipulators. 

o i l s  and greases are damaged at f’rom lo7 t o  10 8 roentgens and in our 

procsss cell, via 10 6 r/bw background, will h a t  only a few hours, 

Plaatic seals on vacuum equipment, bearings, gwketing for pipes and 

vessels must, therefore, ba avoided or provision nust be =de t o  replace 

t h e m  at  intervals not exceeding that for minimum dampgo. 

f 
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Even the bas t  non-browning optical glass w i l l  lose transparency 

s 

c 

c 

r- 

id 

i n  short periods of time. Optical aystems exposed t o  the fuel, for  example, 

inspectton periacopos and microscopes, should be mirror optics, It may be 

necessary to equip Vindowa with 8hleld shutters t o  prolong the useful. life 

or t o  make the front layers of windom replaceable. Conventional 

electrical hsulatiun vi11 be damaged in a feu hours i n  the high radiation 

environmsnt. KlnenZ insulated conductors and cables of the type using a 

compacted magnesia insulation in a swaged copper or s tee l  Jacket are 

satisfactorg, provlded a way may be found to seal the ends without the w e  

of organic mater~ls. Conventional electrical  motors ore not satisfactory 

1111108s they can be shielded. 

Design and c o n a t ~ c t i o n  of thia cell i s  scheduled to be 

completed in 1958; hot operatIan8 should commence late in 19SP0 

B. plpr oprocessing Refabrication Experiment (€YE) 

The pyroprocessing-re fabrica tion e x p  rimer; t is an engineering 

development program based on the remote pyroprocessing and refabrication 

of Irradiated uranium metal fuel discharged from the S U  reactor. SRE are 

the code letters for SodLum Haactor Experiment which ia a reactor of the 

thermal Qp3, graDhite-modsrated and sodium-cooled. 

refabrication experiment Is a part of the research affor t  supported 

US. Atomic Energy Commission for the development of new fuel processing 

system such 88 the pyromtallurgical processes which offer promise of 

reduced f u e l  cycle costa. The proposed program involves the inft iation of 

The pyroproeessing 

the 

a series of mock-up engineering expariments on cold or unirradiated 

uranium, the construction of a shielded PRE fac i l i ty  and the carrying out 

of a group of processing and refabrication experiments using highly 

radioactive metallic uranium fuel which has been irradiated In  the SRE 

reactor . 
Since a very detailed description of ais experiment has been 

written as a document which vi11 become part of the Belgiran Conference 
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lit€?= t u n ,  l9 only a brief description of this experiment W i l l  be given 

hare. 

similar to the program for the EBR-11 reactor. 

-mer, in +.he PRE facility. It is neaesswy only to 

process and refabricate fuel elements on an experimental basis. A closed 

fuel cycle uill be carried out with the refabricated fuel elements, It 

l a  the goal of this demonstration progran t o  provicb information required 

for the design of large scale plants using the pyrometallurgical process 

approach . 

In some reapecta the pyroprocessing refabrication experiment is 

ThQ basic process for S W  urcani.um fuels as conceived a t  t h i s  time 

COllSfSt5 O f  th13 fOllOWbg 5bpS: 

A, Disassembly of SRE fuel clu~ters and decnnnbg of the 

irradiated uranium f u e l  slugs in the SNE fuel rods. 

E, Molting, oxide shgging or drossing, and re-enrichnent 

of the uranium. 

C, 

Do Inspec the  the slugs, 

E. 

Casting the uranium back in to  slug form, 

Canning good quality olugs into SRE rods and assembling 

these rods in to  SRE fuel clustsrs. 

In-cell cold procesa operations are scheduled to begin in 19600 

fiat process operations w i l l  be undertaken about one year later. 

The basic PRE flowsheet is  ehoun i n  F i g m  15 The fuel irP 

sl ightly enriched uranium, It is expected that a burn-up of approldmatS3.y 

0-3 per cent of the totel fuel items will be achieved. Because of the 

high thermal cross-sections of some of the f i s s i o n  products, notably the 

rare earths and xetnon, it is important that them elements be rather well 

removed f r o m  the S,!’ discharged fuel. 

from 903 per cent burn-up, a shielding wall thickness of 1 1/2 f ee t  of 

heavy aggregate concrete is required to reduce the radiation lave1 of the 

operating face of the cell t o  about 1 mr per hour. 

For the ac t iv i ty  lmel resulting 
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1, Fuel Processing and bfabricatian 

As i n  the EBR-I1 facility, purification of the irradiated 

fuel mnterial w i l l  be effected by a melt refinbg operation i n  which the 

fission gases are liberated t o  the f m c s  atmosphere and the active 

elements such as the rare earths are removed in 8 reaction layer along the 

walls of the crucible, Two types of furnaces w i l l  be tested: a tilGpouF 

furnace (Figure 16), in uhich the melt is poured into the mold, and a bottom- 

tap furnace (Figure 17), using either a stopper-rod plug or a froten metal 

seal. The f u e l  sluga will be cast directly In to  6 - b h  lowtar 0.75-hh 

diameter slugs rPom the melt redining fvrrms. 

Considerable equipment development and testing I s  required 

for materials handling within the cell, ~uaterials transfer into and aut of 

the cell, and slug inspection. These Include cranes, manipulators, 

special mbchanical devices necessary to  remove th6 fuel can, transfer 

mechanimns, vacuum locks, shielded caskets for transfer of material Into 

and out of the cell, visual equipment including windows and periscopes 

and closed circuit TV spstarms, inspection devices, and decontamination 

equipment, 

As In the EBR-TI facil i ty,  f t  uill be nesessary to  maintain 

an inner atmosphere in the f b l  processing and refabrication cell- 

and krypton fission product gases evolved in  the melt wf'ining operation 

are allewed to escape and mix with the iner t  cell gas. These fission 

product gases will be subsequently trapped i n  a charcoal adborbent a t  

liquid nitrogen temperatures uhich is part of the iner t  gtw puriflcatlon 

mtem. A f t e r  the xenon has decayed t o  Q safe act ivi ty  level, the 

fission product gases w i l l  be vented t o  the atmosphero. 

Xenon 

l o  Hot Waste Disposal 

The solid radioactive waste (crucible linew, ddl8, and 

L' 

f 
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mall p5eces of contaminated equipment which axe no longer useful) vlll 

be ram packed in steel cans and sealed fo r  cooling cand/or storage. 

H i g h l y  radioactive waste m y  require temporary cooled storage in a 

water resmolr before permanent land burial is possible. 

C, Processin6 of rJwnium Bismuth Reactor Fuals by Fused Salt 
Fktrac tion 

The l iquld metal fuel reactor (LXFR) undar development a t  the 

Brookhaven Wational Laboratory me8 a fue l  which is a solution of U2”, 

magnesium, and t€rconium in l iquid bismuth. 

a l so  functions aa the coolant and I s  continually pumped through the 

reactor and through b a t  exchangers for  the removal of heat. 

The bismuth fuel  solution 

The LHFR 

I 8  a them1 breeder reactor in which the breeding Is carried out  i n  a 

blanket, the most promising blanket material being a thorim-biamuthi& 

s lur ry  in bismuth. 

since the neutrons-percfissian value for u‘’~ a t  them1 

energies in only 2.31, it l a  neceebrg t o  maintain very low concentrations 

of f i ss ion  product poisons in the fue l  in order t o  breed u l th  a breeding 

ratio significantly greater than a. For the low f iss ion product 

concentrations desirsd in the LMFR, the rate of fuel procesiring is 

necessarily high in term of the pounds of fue l  which must be handled 

pepday. However, under conditions of continuow operation, the blesd 

stream which must be removed continuougly for f iss ion product removal 

amounts t o  less than one gallon per ndnute f o r  reactors having heat 

generation aa Ugh as loOOO nregavatts. 

The process development work has been thoroughly documented in 

the open l i t e r n t ~ r e * ~ ~ ~ ,  and consequently +l be dislcussed o n l ~  briefly. 

As in the melt refining operations, the f iss ion products can be 

divided arbitrarily i n t o  three groupat 

a) Those elements or compounds formed from f iss ion product 

elements which are apprecbbly vola t i le  a t  operating tempemtuFes. 
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b) Wan-volatile elements which form chlorides more stable 

t h e r m o ~ m i c a l l y  than uranium chloride and elements which a1 aniOn8 

form salts, 
c) Non-vglatile elements which form chlorides less stable 

than 'JCl,, 

Tn the first two groups are the elements which const i tute  by far the worst 

reactor  poisons. 

v e r t  high thermal cross sect ionso The noble f i ss ion  elements, owing t o  

These are xenon and the  rare earth eSenont8, with t he i r  

t h e i r  low poisonin& effect, can be allovwed t o  build up t o  considerably 

higher concentrations i n  the fue l  with less frequsnt processing of the fue l  

being required for their removalo Z t  %s proposed t o  remove t he  vola t i le  

f isaion products by a vola t i l i za t ion  process consisting e i the r  of gas 

sparging or a simple desorption, the  latter carr ied out under low pressure 

conditions i f  necessaryu 

earth poisons can be continuously removed from the fuel by s a l t  extraction 

with a l k a l i  and alkaline earth fusod salt mixeuroa, 

The stable f i so ion  products comprising the  rare 

Two approaches habe been proposed for the sa l t  extraction process. 

The first, ca l led  the stoichiometric method, involves the use of a 

re la t ive ly  strong oxidant i n  the salt mixture such 88 UCl, or EiCl, i n  

concentrations j u s t  suff ic ient  t o  remove the greater portion of the  

f i ss ion  products from the  fuel stream without oxidieing M appreciable 

amount of the uranium. A proposed carrier salt for the  chloride oxidant 

is KCl-NaCl-NgClZ i n  the respective proportions of 18-24-58 weight per 

cent. 

products are removed, uranSum is simultaneously added to  the fuel.  

second proposed system is the  buffer system i n  which the salt is again a 

mixture of KC1-NaCl-MgC12. 

by t h e  rare ea r th  f i ss ion  products, 

of a magnesium salt i n  conjunctim with magnesium m e t a l  in the fuel alloy., 

Tho magnesium in  the metal phase serves to buffer the  uranium and prevent 

The use of U C l , 9 8  thtl oxidant has tho advaritage that a8 the f i sa ion  

Ths 

I n  t h i s  case, the magnesiurrt chloride salt is reduced 

The buffering a f f ec t  r e su l t s  from the us01 

L 

i 

b 
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its baing oxidieed. Although magnesium is introducod'into - - ._ the mt4l phase bY 
reduction of :magnesium cfiloride, the soxidat<on-reduction potential of t h i s  

type of eyatem l a  not affected 

the magnesium chloride in the salt or the magnesium in the mtal and 

rrmall chnngbs in the concentration of 

__ 
tb refore  can be easily controlled. HoyBver, the magnesium concentration 

in the metal should be held t o  around 160 parts per millim, 

A t  Brookhaven National Lpbomtory, both tho aust ini t ic  Type 'Jb? 
and the ferritic to0 series stainless s teels  have been used with good 

~UCCQSS,  as long as the systems are oxygen-free,, Zirconium and raagnesim 

in concentratima of about 100 parts per million a m  added as corrosion 

inhibitma. It  3.6 believed that  the eirconim functions as a corrosion 

Inhibitor by forming a protective layer on the etainless steal eurfaceo 

Hagnesium serves as an oxygen ptter ,  Its principal function, there- 

fire. is t o  prevent the oxidation of uranhn, and the subsequent loss 

of uranbm from the solution by deposition on the surfaces of piping and 

equipment. Pretreatment and conditionbg of equipment before use includes 

such operations as electropolishing, degassing undar high vacuum a t  

temperatures in the neighborhood of 800 Q and contacting with magnesium= 

b i m t h  solution. 

The corrosion aspects and s y s t e m  s tab i l i t i es  have been investigated 

in out-of-pile and Sn-pile test loops. An in-plle loop was operated in 

conjunction with external process equipment (Figure 18 

k,?W hours uithout incident - .. _. unt i l  leakage __ developed of 

electromagnetfc pumps. I n  th i s  time the concentration of-uranlulp 

.remained a t  800 p p  i 7 per cent, The salt m i x t u r e  employed _ _  uaa 

the #gCl2-!?aC1-KC1 buffered eyatem containing 259 parts gar d l l l o n  

tirconium and about 20 parts per milfbn magnesium, By the use o f  

magnesium and tirconium inhibitors, corrosion has been reduced to small 

values, as indicated by constant concentrattone of magnesiuro', chromium 

and iron, 17 ppm, 33 ppm, and 75 ppm respectively. Rowever, the nickel 

conceritration i n  the bismuth rose slowly (& ppm/dav for a weight of l l0 kg 

for awroximately - 
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of bismuth). The use of iron-chromium-molybdenum alloys is now being 

tested. A l l  of the necessary components of i% system were present in the 

in-pile loop, and various engineering operations have been carried out, 

These include sampling, salt-metal contacting, pumping, vacuum degassing, 

etc, 

The failure of the electronugnetic pump cel ls  indicates the need 

of a change in cell  or  mounting design t o  improve their  wliability snd 

to  Blake the cella readily accessible for replacement. 

A proposal fo r  blanket processing conaiets of partial dia8olUtlOn 

of the thorium-bismuth intermetallic by pulsed mating. This liberates 

bred U-233, ond the undissolved fntennetallic compolards are the seed 

crystals for growth of desirable equi-ared crystals formed on Coolingo 

Thoriwbimuthide platelets crystalllee from an unseeded solution, giving 

Q non-Yevtonian suspension *ich is diff icul t  to handle. 

D. S m p Y  

Development of pyrometallurgical processes for fuol processing 

and rrrfabrication was a thula tad  by the need for reducing fuel cycle costa 

for competitive nuclear pover production, Although these are low de- 

contaminatton processes, low decontamination is sufficient for  reactor 

pu~posea, and is of minor consequence under continiial fue l  re'cycle 

conditions where the inbreeding of Isotopes of the fissionable and fertile 

elements &ea remote processing necessary even when fission product 

decontamination is high. Savings are expected bymduction of fuel 

inventory through rapid processing, use of simple, compact processes 

requiring no chemical conversion, recovery of expensive alloyin$ agents, 

and si.n~plificat~on of waste di8pOSal and cr i t i ca l i ty  problems, Preliminarg 

ecanomic evaluations indicata fuel processing and refabrication costs of 

around 2 dl l s /e lec t r ica l  R", 
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To provide the necessary / experience f o r  large scale plants, 

three pyrometallurgical f a c i l i t i e s  ore presently planned for Integral  

operation with a reactoro 

Sodium Reactor Emeriment, for  which the recovery process will be oxide 

drossing, and the Liquid Metal Fueled Reactor employing a dilute  solution 

of uranium i n  bismuth to be purrfied by sal t  contacting. The engineering 

and economic feas ib i l i ty  of the remote pyrometallurgical fuel  processing 

method, lrsmote fuel fabrication and d i rec t  fue l  recycle wi l l  be determined 

with these f a c i l i t i e s  e 

These are the EBR-I1 fast breeder and the 
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