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CHEMICAL ENGINEERING DIVISION 
SUMMARY REPORT 

July, Augusts Septemberj I960 

SUMMARY 

L Chemica l -Meta l lurg ica l P r o c e s s i n g (pages 22 to 89) 

A d i r ec t - cyc le fue l - r ep rocess ing plant using pyrometa l lurg ica l p r o ­
cedures is being designed and const ructed as par t of the Exper imenta l 
Breede r Reactor No. II ( E B R - I I ) project . A Labora tory and Sen^ice Bujldmg 
IS also included. Melt refiningj liquid meta l extractionj and p roces se s in­
volving fractional c rys ta l l iza t ion from liquid metal sys t ems a r e methods be ­
ing examined for the r ecovery and purification of EBR-II fuels. Based on 
these studies,, p roces s equipment is being designed and tes ted . 

The construct ion of the Labora to ry and Service Building was com­
pleted on August 3j i960, when the building was accepted by the U. S. Atomic 
Energy Commiss ion . Equipment is being instal led m the building. 

Construct ion of the Fue l Cycle Fac i l i ty Building is continuing. The 
s t ruc tu re , which was 20 per cent completed by June 6, was 40 per cent com­
pleted by September 6, th ree months l a t e r . 

The five-ton c ranes for the Fuel Cycle Faci l i ty have been shipped to 
the Idaho s i t e . The major i ty of the drawings for the eight operating manip­
u la tors have been approved^ Fabr ica t ion of the manipula tors has s t a r t ed . 

The prototype smal l a i r lock and component par t s were tes ted in the 
mockup a r e a . Operation with the manipulator was not completely sat isfac­
tory, and, therefore , revis ions a r e r equ i red . Work continues on other 
equipment i tems for the Fue l Cycle Fac i l i ty . 

As of September 15, I960, e ighty-seven per cent of the total o rde r 
of P r o c e s s Cell windows had been del ivered to the Idaho s i te . All the steel 
window l iners a r e now cas t in the concre te of the cell wal l s . 

I r radia t ion of mine ra l - in su la t ed (MI) cables sealed with Temporel l 
No. 741 is continuing. Mois ture p rob lems have caused insulation r e s i s ­
tances to drop; however, for nonpermanent instal lat ions using MI cables . 
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the Tempore l l would suffice as a sea lant . Tes ts of manipula tor power feed 
cable after i r r ad ia t ion have indicated that the expected life of the cable in 
the cel l might be six y e a r s . Bearing t e s t s in which i r r ad ia t ed g rea se was 
the lubr icant have been run for 300 hours without incident . 

Enr iched fuel ingot production was r e sumed and ingots 59 through 
80 were poured successful ly in mockup equipment. In addition, 14 ingots 
were poured from mel t s of pin s c r a p s . 

The molded F ibe r f r ax fume t r ap has been used successfully during 
u ran ium melt ing and pouring opera t ions . 

The f i r s t of a s e r i e s of demons t ra t ions at h igh-act ivi ty levels of the 
mel t - re f in ing p r o c e s s for EBR-II core fuel has been completed. Uran ium-
five weight per cent f i ss ium fuel pins, ten per cent enr iched in u ran ium-235 , 
were i r r ad ia t ed in CP-S to a total atom burnup of about 0.6 per cent and 
cooled approximate ly 30 days . A 4 0 0 - g r a m charge of the i r r ad i a t ed m a t e ­
r i a l was mel t refined for th ree hours at 1400 C. Although the re was no pin-
shel l format ion and the surface of the ingot had a clean meta l l i c appearance , 
ini t ial a t tempts to pour the molten meta l were unsuccessful. , After the un-
poured charge was permiitted to cool to room t e m p e r a t u r e , then remel ted , 
a successful pour was obtained. Analytical information on the f ission prod­
uct behavior i s not yet ava i lab le . 

An exper iment was a l so completed on the evolution of f ission product 
krypton and xenon from an i r r ad ia t ed fuel pin as it was heated to a t e m p e r a ­
tu r e above the mel t ing point„ The urardum~fiss ium pin had been cooled for 
49 days pr ior to the t ime of the exper iment . On heating at a r a t e of 5 C per 
minute , the d i ame te r of the pin i nc r ea sed about 40 per cent between t e m p e r ­
a tu r e s of 650 and 800 C. Rapid evolution of krypton-85 and xenon-133 also 
began during this per iod and ended when the pin had reached a tempera t i i re 
of about 1020 C. At this t e m p e r a t u r e the pin began to lose its cyl indrical 
shape, and at 1080 C mel t ing appeared to be comple te . 

In the p r o c e s s cell of the EBR~II Fuel Cycle Faci l i ty , the argon a t ­
m o s p h e r e may contain as much as five per cent n i t rogen . Since the declad 
sodium-coated fuel pins a r e expected to r each a t e m p e r a t u r e of roughly 
300 C during s torage as a r esu l t of f ission product decay heat, the probable 
extent of u ran ium ni t r ide formation under these conditions has been consid­
er edo Labora to ry exper iments with u ran ium and u r an ium- f i s s i um alloy 
pins show that the extent of n i t r ida t ion is significant under these conditions 
and that it is i nc reased by sodium coat ings . In two mel t - re f in ing runs on a 
two-k i logram sca le , p r io r s torage of the sodium-coated f iss ium alloy pins 
at 300 C in an argon a tmosphe re containing five per cent n i t rogen for 15 and 
66 hours , r e spec t ive ly , lowered the mel t - re f in ing yield to about 80 per cent . 
Runs with sodium-coated pins not exposed to the n i t rogen-conta in ing a t m o s ­
phere and mielt refined on a one- and two-k i logram sca le under conditions 



of min imum oxygen contamination produced yields of about 97 per cent. In 
these runs no r a r e ear ths were included. 

In t e s t s of a l t e rna te miaterials for use in a mel t - ref in ing furnace, a 
fibrous potass ium ti tanate grain r e t a ine r was found to be a very effective 
heat insulator , but to have l e s s s t rength than rigid F iber f rax r e t a i n e r s . 
Carbon wool was not as effective an insulating ma te r i a l as sil icon carbide, 
graphi te , or carbon black powders . 

The "skul l" remaining in the zi rconia crucible after a mel t - ref in ing 
operat ion mus t be p roces sed to recover , as par t ia l ly purified meta l , the 
fissionable m a t e r i a l for r e tu rn to the fuel cycle . Work was continued on the 
development of this p roces s , which is general ly called the "dragout" p r o c e s s . 

It is planned to effect removal of skull ma te r i a l by converting it to 
a free-flowing oxide powder by oxidation in a 20 per cent oxygen-argon a t ­
m o s p h e r e . Skulls from th ree p lan t - sca le runs were readily oxidized and 
the oxide products were easi ly poured out, with yields of about 99 per cent. 
As in previous runs , c e r i um was concentra ted in the fine par t i c les while 
ruthenium and molybdenum were concentrated in the coarse pa r t i c l e s . 

The possibi l i ty of volat i l izing cer ta in fission product oxides (those 
of ruthenium, molybdenum, technetium, and tel lurium) during 03^idation of 
skull m a t e r i a l was further studied. It has been found that the p resence of 
ce r ium in the skull d e c r e a s e s the volatiliza.tion of molybdenum, probably 
through a chemica l in teract ion of the two oxides. The volati l ization of ru the­
nium is difficult, r equ i r ing flowing oxygen and t e m p e r a t u r e s above 800 C. and 
is not affected by the p resence of c e r i u m . P r e l i m i n a r y resu l t s indicate that 
technet ium behaves much like ru thenium. No volati l ization of te l lur ium has 
occur red under p r o c e s s condit ions. 

Several essent ia l ly quantitative reductions of uranium dioxide and 
skull oxides have been achieved in t imes of l e s s than eight hours at 800 C 
in dilute naagneslum-zinc solutions and in magnes ium containing a small 
percentage (0.5 to 2) of sodium as a wetting agent. In one exper iment the 
p resence of a chloride flux inc reased the reduction r a t e . 

The low and e r r a t i c r e su l t s which were previously obtained in the 
reductions may be at t r ibuted, at leas t in par t , to the use of Vycor sampling 
tubes . The sampling tubes introduced impur i t ies which precipi ta ted u r a n i ­
um and led to low analyses for uraniuin . Tantalum sampling tubes a re cu r ­
rent ly being employed and a r e proving ve ry sa t i s fac tory . 

Several additional re tor t ing runs were performed in tantalum for 
r ecovery of u ran ium from zinc s y s t e m s . The uranium metal s inter cake 
was found to st ick to the tantalum crucible when the charge was p repa red 
d i rec t ly in the re to r t ing crucible , but not when the charge was p repa red in 



a separa te c ruc ib le and t r a n s f e r r e d as an ingot to the re to r t ing c ruc ib le . 
This is probably re la ted to a be t te r opportunity for wetting in the f i r s t 
c a s e . P roduc t r emova l has alnaost always been readi ly accompl ished when 
cera in ic or c e r a m i c - c o a t e d graphi te crucibles a r e einployed. 

Evaluation of m a t e r i a l s for pyrometa l lu rg ica l equipment is continu­
ing. The work includes: (l) development of co r ros ion information, (2) effect 
of var ious m a t e r i a l s on s tabi l i ty of liquid me ta l solut ions, and (3) accumu­
lation of extensive information on fabricat ion techniques for the m a t e r i a l s 
of i n t e r e s t . 

Among the bas ic phys icochemica l data being de termined in support 
of the p r o c e s s development ac t iv i t ies a r e the solubi l i t ies of var ious f iss i le , 
f ission product, and other e lements in liquid metals» The solubili ty of t i t a ­
nium in liquid cadmium over the t e m p e r a t u r e range 325 to 650 C may be 
r e p r e s e n t e d by the equation 

log (atom per cent t i tanium) = 3.237 - 5333 T ~ H 1.468 x 10^ T~^ 

The solubility of z i rcon ium in cadmium may be r e p r e s e n t e d by the equations 

(325 to 452 C) log (weight per cent zirconium) ^ 3.058 - 2750 T"^ 

and 

(452 to 575 C) log (weight per cent zirconium) = 1.079 - 1314 T°^ 

The solubili ty of s a m a r i u m in liquid cadmium may be r ep re sen t ed by 
two equat ions . F o r the compound SmCdu, in equi l ibr ium with the mel t b e ­
low 420.5 C, the solubili ty is given by 

(325 to 420 C) log (atom per cent s amar ium) = 7,0729 - 4878.2 T"^ . 

Above 420 C the solubili ty is given by 

(420 to 609 C) log (atom per cent samar ium) = 3.0911 - 2116.1 T"^ . 

The solubili ty of y t t r i u m in liquid cadmium may be r e p r e s e n t e d by 
the equation 

(325 to 600 C) log (weight per cent y t t r ium) = 4.8539 - 4687.5 T"^ 
+ 0 .7520xlO^T"^ 

The par t i t ion coefficients of a nunaber of r ep re sen t a t i ve f iss i le and 
f iss ion product e lements between the two immisc ib le liquidSj lead and zinc, 
a t about 735 C have been mieasured. Values of the coefficients (weight per 
cent in zinc phase /weight per cent in lead phase) were : u ran ium, 31.9; pa l ­
ladium, 150; ce r ium, 3.7 j and s t ront ium. 0 .14 . The coefficient for u ran ium 
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was found to va ry f rom 31.9 at 734 C to 270 at 647 C. 

The free energy of formation of the uran ium-tha l l ium in te rmeta l l i c 
compound UTI3 was m e a s u r e d using a galvanic cell naethod. Over the t e m ­
p e r a t u r e range f rom 370 to 670 C, the r e su l t s may be r ep resen ted by the 
equation 

A F J = -13,376 + 12.008 T 

Galvanic cell m e a s u r e m e n t s with the ce r ium-z inc sys tem over the 
t empe ra tu r e range from 443 to 742 C w e r e made. The free energy of for­
mation of CeZnji may be r ep re sen t ed by the equation 

AFf = -79,257 + 25.046 T + 0.01157 T^ ; 

the activi ty coefficient of c e r i u m in sa tu ra ted zinc solutions is given by the 
equation 

log 7 c e " -9442 T"^ - 0.8269 + 3.2095 x 10"^ T 

The study of the heat of formation of tungsten disulfide is being con­
tinued. Combustions of tungsten and sulfur in oxygen a r e being c a r r i e d out 
to obtain auxi l iary data to complement the data a l ready obtained for combus­
tions of tungsten disulfide in oxygen. 

T r i a l conabustions of two u ran ium ni t r ides and z i rconium dihydride 
have been c a r r i e d out p r e p a r a t o r y to c a lo r ime t r i c de terminat ions of the 
heats of formation of these conapounds. 

The deterra inat ion of the heat of formation of z i rconium tet raf luor ide 
by combustions of z i rconium in fluorine has been conapleted. The following 
values have been de te rmined for the reac t ion Zr(c) + 2F2(gas)-*» ZrF4(c,p) 
at 25 C: the energy change for reac t ion or the energy of formation, 
AEQ = AEf = -455.71 k c a l / m o l e ; the s tandard heat of formation, 
AHf = -456.29 kcal/saaole; and the s tandard free energy of formation, 
AFf = -432.63 k c a l / m o l e . 

The exper imenta l work on the de te rmina t ion of the heat of formation 
of molybdenum hexafluoride by combustion of molybdenum in fluorine has 
been comipleted. A p re l im ina ry value of -372.44 kca l /mo le for AHf(MoF6 gas) 
has been obtained. 

Ca lo r ime t r i c combust ions of boron in fluorine a r e being continued. 
Explora tory combust ions of magnes ium, aluminum, zinc, and cadmiuna a r e 
being c a r r i e d out. 



II. Fue l Cycle Application of Volatility and Fluidizat ion Techniques 
(pages 90 to 135) 

Severa l p r o c e s s e s , in which advantage is taken of the volat i l i t ies of 
uranium and plutoniuna hexafluoride and in which fluidization techniques a r e 
used, have been proposed for the recovery of uran ium and plutonium from 
i r r ad i a t ed r eac to r fuels . These include a Direct F luor ina t ion P r o c e s s and 
the Fused Fluor ide Volatili ty P r o c e s s . 

The Direct Fluor inat ion Volatility P r o c e s s is being developed to r e ­
cover uran ium and plutonium from spent uranium oxide, Z i rca loy-c lad , 
fuel e l ements , A proposed p rocess ing p rocedure u t i l izes the react ion of 
zirconiuna with a mix tu re of hydrogen fluoride and hydrogen chloride for 
decladding, Plutonium and uranium hexafluorides , which resu l t from the 
react ion of the oxide fuel with f luorine, may be separa ted using a combina­
tion of the var iabi l i ty of the r a t e s of fluorination of the plutonium and u r a ­
nium compounds and chemica l reac t iv i t i es of the hexaf luor ides . Equipment 
has been cons t ruc ted and is in operat ion to study the p r o c e s s steps with 
mu l t i g r am amounts (10 to 100 g r ams ) of plutonium. 

An invest igat ion of the kinet ics and mechan i sm of the decomposit ion 
of plutonium hexafluoride vapor suggests that the reac t ion is heterogeneous 
at 161 C. 

Investigation of the s to ichiometry of the reac t ion of plutonium hexa­
fluoride with sulfur te t raf luor ide has been completed. The resu l tan t product 
a r e sulfur hexafluoride and plutonium te t ra f luor ide . The react ion of sulfur 
te t raf luor ide with plutonium dioxide at 600 C to produce plutonium t e t r a ­
fluoride was found to be slow. The investigation of the s to ichiometry of the 
reac t ions of sulfur te t raf luor ide with uran ium t r iox ide , u ran ium dioxide, 
uranyl f luoride, and U30g has been completed. Uranium hexafluoride is p r o ­
duced equivalent in amount to u ran ium in the plus six valence state in these 
compounds. 

Radiation decomposi t ion of plutonium hexafluoride in the p re sence 
of u ran ium hexafluoride, 2.6 p e r cent p e r day, was found to be very s imi l a r 
to the value obtained for plutonium hexafluoride alone. Uranium hexafluo­
ride decomposed to the extent of 0.3 pe r cent per day in the gas mix tu re . 

The solubility of hydrogen chlor ide in liquid hydrogen fluoride at 
condenser t e m p e r a t u r e s would be an impor tan t p r o c e s s var iab le in the de­
cladding step of the Direc t F luor ina t ion Volatility p r o c e s s . In t e r m s of 
weight per cent hydrogen ch lor ide , the solubility of hydrogen chloride in 
liquid hydrogen fluoride is 0,7 at -38 C and 2.4 at -78 C. 

An invest igat ion of the c o r r o s i v e effect of hydrogen f luor ide-
hydrogen chloride gas naixtures on A-nickel has been init iated. At 500 C,with 
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a 90 volume per cent hydrogen chloride miixture, after six days, i n t e rg ran -
u lar at tack of 0.4 to 1.0 mil was noted. Under these same conditions the 
penetra t ion ra t e was 0.023 mi l per day as calculated from the weight change 
of the t e s t coupons. Due to the shor t durat ions of these exper iments the 
values should be considered p re l imina ry in na tu re . 

Additional studies of meta l fluorinations have been concerned with 
the mechan i sms of the nickel-f luorine and nickel-oxygen reac t ions . The 
fluorine react ion appears to occur at the n icke l f luoride-nickel in ter face . 
In the nickel-oxygen react ion, nickel ions migra te through the nickel oxide 
and the react ion with oxygen occurs at the nickel oxide-nickel in ter face . 

Work has continued on engineer ing-sca le studies of the Direct 
F luor ina t ion P r o c e s s applied to dense u ran ium dioxide pellet fuel. Two de ­
cladding runs were made to invest igate the effect of close packing of fuel 
e lements on operat ion of the fluid-bed r e a c t o r . One-half- inch d iamete r 
Z i rca loy-2 tubing e lements containing u ran ium dioxide pellets were reac ted 
at 500 C with 10 mole per cent hydrogen chloride-90 naole per cent hydrogen 
fluoride gas . Four t een- inch lengths of these 30~mil wall tubing elements 
were submerged ver t ica l ly in a calc ium fluoride fluidized bed. Decladding 
was successful in both r u n s . Fo r a n e a r - m a x i m u m packing in which the 
c r o s s - s e c t i o n a l a r ea of the tubes was 55 per cent of the r eac to r a rea , for­
mat ion of a f i rm cake ra i sed the p r e s s u r e differential a c r o s s the bed and 
prevented free flowing of the bed at the end of the run. When the nunaber of 
tubes was reduced to half that used in the above run, essent ia l ly no caking 
or p r e s s u r e i nc rease was found, and the bed was free flowing. No signifi­
cant pellet degradat ion or fines production was observed in these r u n s . 

In a shakedown run in the new fo rced-a i r -coo led reac to r , pel lets 
were fluorinated at substant ial ly higher r a t e s than previously repor ted 
(ANL-6183, page 98). It was found that heat t ransfer was l imited by la rge 
t e m p e r a t u r e differentials from the wall to the bed ra ther than by the ex­
t e rna l heat t r ans fe r s u r f a c e s . Fluor inat ion studies a r e in p r o g r e s s . 

Mockup t e s t s of heat t r ans fe r from the surface of fixed packing sub-
merged in a fluid bed were made to de te rmine the effects of bed height and 
gas veloci ty. The bed of l / 4 - i n c h nickel bal ls and 140 to 200 mesh copper 
shot gave heat t r ans fe r coefficients in the range from 81 to 125 Btu/(hr) 
(sq ft)(F) for gas r a t e s sufficient to fluidize the finer m a t e r i a l . These heat 
t r ans fe r coefficients were five to eight t imes higher than with the non­
fluidized packing alone and 0^6 to Os-9 of those obtained for fluidized ma te r i a l 
without packing. 

Direc t Fluor inat ion P r o c e s s e s a r e a lso being studied as a means of 
recover ing uran ium from highly enr iched u ran ium-z i rcon ium alloy fuels. 
In generals the p r o c e s s e s involve convers ion of the element to fluoride sal ts 
by means of hydrogen chloride and hydrogen fluoride. In this step the e l e ­
ment s a r e submerged in a fluidized bed of iner t ma te r i a l which se rves as 



the heat t r ans fe r m.edium. The next s tep, fluorination with e lementa l fluo­
r ine , is expected to volat i l ize the u ran ium as the hexafluoride and pe rmi t 
separa t ion . Emphas i s during this qua r t e r was shifted frona reac t ions of the 
meta l l i c fuel with dilute m i x t u r e s of hydrogen chlor ide in hydrogen fluoride 
to separa te reac t ions with these gases in a two-zone, fluid-bed r e a c t o r . The 
init ial reac t ion is hydrochlorinat ion, forming the volati le z i rconium t e t r a ­
ch lor ide . The volat i le m a t e r i a l is converted to the solid te t raf luor ide by 
anhydrous hydrogen fluoride which is admit ted in the upper sect ion of the 
r e a c t o r . Baffling between the two reac t ion zones has been found to reduce 
gas back-mixing which resu l ted in gas mix tu r e s of low reac t iv i ty . Eighty-
five to 94 per cent of a mult ipla te a s sembly (1.5 weight per cent u r a n i u m -
zi rconium alloy) was converted to f luorides in about 12 hours by means of 
this p rocedure at a t e m p e r a t u r e of 400 C, 

Initial f luorination studies on these reac t ion products achieved about 
85 to 90 per cent r emova l in two hours at 600 C, in four hours at 550 C, 
and in eight hours at 500 C, Additional exposure of the fluorinated r e s idues 
to fluorine at 500 C resu l ted in inc reased renaoval to 96 per cent . 

In the Fused Salt Volati l i ty P r o c e s s for r ecove ry of u ran ium from 
z i rconium m a t r i x fuels, the alloy fuel e lements a r e dissolved in a molten 
sodiuna f luor ide-z i rcon ium fluoride mix tu re at 600 to 700 C with a hydrogen 
fluoride s p a r g e . A final dissolut ion was per formed in a s e r i e s of d i s so lu ­
tions of synthet ic fuel a s semb l i e s to demons t r a t e operat ion of the graphi te 
pi lot-plant d i s so lve r , A 10-plate Z i rca loy-2 fuel e lement was 90 per cent 
dissolved in 10.7 hours and 99 per cent dissolved in 13.4 h o u r s . This d i s ­
solution r a t e was s lower than previous ly obtained for pure z i rconium and sa l t 
without alloy cons t i tuen ts . Nickel f luoride, which had been added to the 
mol ten sal t , was substant ia l ly removed from the salt , probably by reduct ion 
on the Z i rca loy . 

Examinat ion of the walls of the graphi te d isso lver showed the ex­
pected p r e s e n c e of fused sal t in the middle of the lampblack insulat ing zone. 
No sal t had contacted the outer meta l she l l . About 30 lb of salt were so d e ­
posi ted in the wa l l s . 

A fused sal t charge was allowed to f reeze in the d i sso lver to d e t e r ­
mine the effect that this would have on d i s so lve r components . This charge 
was then r e m e l t e d in the d i s so lve r . Extensive damage to in terna l graphi te 
downlines and h e a t e r s was found. The fuel e lement support plate (graphite) 
was e roded . There was no evidence of mechan ica l damage to the graphi te 
crucible or chemical at tack of any graphi te components . 

In a l l of the d i s so lver runs , en t ra ined solids were removed frona the 
d i s so lve r off-gas by a bed packed with ^ - i n c h sodium fluoride pel le ts followe 
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by grade 60 porous carbon f i l t e r s . The carbon f i l ters were successful in 
removing all fines that passed the absorbe r bad. 

The reac t ion of s ta in less s t s e l with var ious gases is bsing inves t i ­
gated as an init ial step in the procass ing of s ta inless s tee l -c lad or m a t r i x 
fuels . Studies c a r r i e d out in a one- inch horizontal tube furnace showed the 
init ial reac t ion r a t e s of chlorine and s ta in less s teel , de termined by weight 
loss of the t e s t specimen, were 5.0 m i l s / h r at 570 C and 9.7 m i l s / h r at 
oOO C. The effect of ni t rogen dilution was found to be negligible at chlorine 
concentra t ions above 50 per cent . A mix ture of chlorine and hydrogen 
fluoride showed a much lower penet ra t ion ra te than did the chlorine alone. 
Monel equipment was found to be seve re ly corroded by chlor ine . This was 
caused by leaching of the copper component as cuprous chlor ide . A single 
exper iment on the react ion of fluorine gac with a 304 s ta in less s teel spec i ­
men at 550 C in a fluid-bed r e a c t o r gave a low penetrat ion ra te , 0 . 7 m i l / h r . 

The convers ion of uraniuna hexafluoride to u ran ium dioxide by r e ­
action with s team and hydrogen in a fluid bed is being studied. A shor t run 
c,t a high t e m p e r a t u r e (650 C) and high hexafluoride ra te , 217 lb / (hr ) ( sq ft 
r eac to r c r o s s sect ion), confirmed that essent ia l ly complete convers ion 
(99.99 per cent) to solids is readi ly achieved, but a second s tep is r equ i red 
to produce speci f ica t ion-grade (low fluoride) powder by further react ion of 
the solid with s t eam and hydrogen. Instal lat ion of a th ree - inch d iamete r 
colunan which will be used for additional studies of the secoiid step is a lmost 
comple te . Pe l le t fabricat ion t e s t s per formed by the ANL Ceranaics Group 
achieved about 94,5 to 97 per cent theore t ica l density for dioxide p repa red 
by this p r o c e s s . One-k i logram samples of dioxide powder p repa red from 
uran ium hexafluoride by the d i rec t convers ion p rocess have been furnished 
to seven indus t r ia l concerns that wish to evaluate the m a t e r i a l , 

A m a s s t r ans fe r study of the adsorpt ion of water vapor by s i l ica gel 
is being made to evaluate the c h a r a c t e r i s t i c s of the new mult is tage fluidized-
bed r eac to r , as the second phase of a doctoral thes is r e s e a r c h problem. 

III. Reac to r Safety (pages 136 to 165) 

The oxidation, ignition, and combustion p roces se s of uranium, z i r ­
conium, plutonium^, and thor ium a r e being studied to provide information to 
aid in minimizing the haza rds assoc ia ted with handling these m e t a l s . 

In the continued study of the ignition of uranium it has been confirmed 
that an aggregate or a r r a y of pieces ignites at a considerably lower t e m p e r a ­
tu re than an individual piece of the sam.e specific a r e a . The condition of de ­
c r e a s e d heat loss from an in te r io r piece surrounded by other pieces which 
a r e a lso generat ing heat by reac t ion may be the explanation of sonae of the 
u ran ium f i res which have o c c u r r e d . 



The r e su l t s of sample geomet ry studies on the ignition behavior of 
u ran ium powder show that constant ignition t e m p e r a t u r e values a r e obtained 
for a given par t ic le size powder when the powder exceeds a c r i t i ca l height, 
independent of the container d i a m e t e r . With fine spher ica l u ran ium powder 
(-200 + 230 mesh) , the c r i t i ca l height was es t imated to be approximately 1 
to 2 m i l l i m e t e r s based on geometry studiesj in te rmedia te powder (-80 + 100 
mesh) , approximately 3 nai l l imeters i and c o a r s e powder (-18 + 20 mesh) , 
approximate ly 7 m i l l i m e t e r s . Using exper imenta l ignition t e m p e r a t u r e s 
and corresponding c r i t i ca l -he igh t va lues , one can es t imate the effective 
t h e r m a l conductivit ies of u ran ium powder beds based on the F rank-Kamene t -
skii theory of t he rma l explos ions . The calculated effective t h e r m a l conduc­
t ivi t ies were found to be in ag reemen t with values expected for powders . 
Ext rapola ted c r i t i ca l height and effective t h e r m a l conductivity values can be 
used to estinaate ignition t e m p e r a t u r e s over a wide range of specific a r e a 
powders on the bas i s of F r ank -Kamene t sk i i theory . 

The use of nickel sulfate or zinc chloride solutions to d e c r e a s e the 
pyrophoric i ty of uraniuna powder has been a t tempted . No evidence of in­
c reas ing the ignition t e m p e r a t u r e of spher ica l or i r r e g u l a r 200 mesh powder 
or 0 .13-mm (5-mil) foil was observed from burn ing-curve exper iments 
after t r e a tmen t with ei ther solution. 

Continued studies of the effects of halogenated hydrocarbons on the 
burning propagation of u ran ium and z i rconium foils indicate the possibi l i ty 
of prevent ing continued combustion of individual z i rconium foils or turnings 
th icker than 0.05 m m (2 m i l s ) . This may include the en t i re p rac t i ca l range 
of th icknesses of tu rn ings . P r e l i m i n a r y studies of the effects of var ious 
gas contaminants on the burning propagation r a t e s of a plutonium alloy in­
dicate that d ibromomethane (CH2Br2) and bronaochloroaaaethane (CHzBrCl) 
a r e marked ly effective in dec reas ing the burning r a t e . 

A se l f -cons is tent mechanis in for the i so the rma l oxidation of u ran ium 
has been devised; this explains mos t of the observa t ions , such as l inear 
r a t e , p r e s s u r e dependence, and absence of higher 03ddes. The ra te -con t ro l l ing 
s tep in the oxidation occurs on the ex te r io r surface of the oxide and may be 
ionization, dissociat ion, or surface diffusion. The inc reased r a t e of the s e c ­
ond stage is a t t r ibuted to the i nc reased ex te r io r surface a r e a due to nodule 
growth, and development . 

The exper imenta l p r o g r a m to de te rmine r a t e s of reac t ion of molten 
r e a c t o r fuel and cladding me ta l s with water is continuing. The pr incipal 
l a b o r a t o r y - s c a l e method involves the rapid mel t ing and d i spe r s ion of meta l 
w i r e s in a water or s team environment by a surge cu r ren t from a bank of 
c o n d e n s e r s . Construct ion of a h i g h - p r e s s u r e reac t ion cell has been com­
pleted. A s e r i e s of runs with 60-mi l z i rconium wires was c a r r i e d out in the 
new appa ra tu s . The runs were made at initial meta l t e m p e r a t u r e s in the 
region of the mel t ing point. Solid z i rconium at t e m p e r a t u r e s nea r the 
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melting point reac ted to the extent of four to five per ce"*' with room tern-= 
pe ra tu r e wa+er (vapor p r e s s u r e cj, 0.5 ps ia ) . At sa tura ted i-apor p r e s s u r e s 
of from fi^-e to 230 psia, eight to nine per cen*" react ion occur red . Liquid 
meta l at the mel t ing point gave about eigh*- per cent r e i c t i on with room 
t empe ra tu r e wa<-er, whereas 30 per cei-'t react ion was obser^-ed at p r e s s u r e s 
from 16 to ^40 ps ia . 

The re su l t s Jidica^'e that the c ' e r a U react ion depends strorglt/ on 
the p r e s s u r e of water vapor up to sc-nae poiP+ >«e^weer 0.5 and 5 psia . A 
further i r c r e a s e ir p r e s s u r e causes no additional reac+3cr„ Th'-s l imit sug 
gests that the re^tct^on becomes control led h\ *he t r anspor t of water ^ apor 
through a film of hydrogen genera ted b% react ion. This la t ter p rocess would 
be expected to be relat-vely mdepender t of p r e s s u r e 

A s e r i e s of -n=pile exper iments was conduc^'ed :n TREAT with 
oxide-core pins, c e r m e t core pms and uran ium w i r e s . Each t rans ient 
with the oxide -core p i r s resu l ted :m ruptun-ng and mel tmg of the Z i rca lo \ 2 
jacket . The exter-f of naetal water react ion increased from 4.1 tc 14.0 
per cent aS the reac + or b j x s t s ''-ecs, lae m o r e energe t ic . It was f o-^ t rled 
tentatn^eli/ f rom the r e su l t s of r u i s with the oxide core metc l -c lad pms 
that the Zircdlov 2 jacket was ^nore r ead ' ly ruptured and melted than the 
s ta in less steel iacket» 1* was also noted b\ comparing runs with clad and 
unclad c e r m e t core pmSj that d ispers-on of the fuel i>''to par t ic les is fa^ ored 
by the use of a jacket . An exper iment wjth a fully enr iched uran ium wircj 
34 mi l s m d iameter gave 28.3 per cent reaction with complete con^ e r s ion 
of the meta l into p a r t i c l e s . Tes ts o i a "radiation resjs tar ' t uabotded s t ra in 
gage p r e s s u r e t r ansduce r showed that the pickup did respond to the t rans ient 
radiat ion and that the radiation signal was decreased by US^T^ an AC ca r r "e r 
s^'stem ra ther than DC . 

IV. Reactor Chemistr^?- 'pages 166 to 181) 

Data a r e being obtained on the neutrom capture c ross sec t i c r s of 
uranium=236 as a furction of neutron energ>. Cross sections ha^ e been ob 
tamed for neutron energ ies ranging fro/n 0>.475 to 1 .74 Me^ < 

The S lur rex Reactor chena^cal supporting prograna has been t e rm; 
nated and a final r epor t is ben,g wr i t ten . 

The Reactor Decontammat-on P r o g r a m has two m a m objectives 
(1) to de te rmine the se r iousness of fuel r ap tu res in boiling water r e a c t o r s 
as m e a s u r e d by *he quantit ies of radioact ive m a t e r i a l s which deposit m the 
s team systein, and (2) to de te rmine what methods of decorta'»Tiinatio'• Ccin be 
used to remo^-e these deposited acti-^ities. The f i rs t sMdy is being made 
with a s ta in less steel loop that simulate« the action of a boiling water reac tor 
into which mixed fission products Ca,n be introduced. Quantities arid t, 'pes of 
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fission products deposited a r e moni tored by seve ra l me thods . A second 
study is being made in the l abora to ry to find suitable means of removing 
deposi ted activities» 

In the laboratoryj it was found that the p resence of oxygen during 
the contaminat ion port ion of an exper iment reduced the effectiveness of 
decontaminat ion by the alkaline pe rmangana t e - c i t r a t e p r o c e d u r e . This 
effect was g r e a t e r when 30-day-cooled u ran ium was used for the expe r i ­
ment than it was with 60-day-cooled u ran ium. 

Cor ros ion s tudies of var ious turbine m a t e r i a l s in typical decon­
taminat ion reagen t s were continued. Pit t ing of ch romium- molybdenum 
s tee l s in c i t r a te solutions adjusted to pH 10 was found to be appreciably 
reduced when hexamethylene te t ramine was added as an inhibi tor . 

In addit ional l abora to ry runs , ana lyses of superna tan t and uran ium 
dioxide par t icu la te produced by reac t ion of i r r ad i a t ed u ran ium with water 
at high t e m p e r a t u r e indicated that two per cent of the total gamma activity 
was ex t rac ted into the w a t e r . The la t t e r contained 52 per cent of the iodinej 
0.9 per cent of the ce r ium, and 0.0 5 per cent of the ru thenium. 

In the loop runs^ radioact iv i ty was introduced in the form of i rra .-
diated u ran ium which r eac t ed with the hot water to s imula te a fuel r u p t u r e . 
Analysis of loop liquid over a 12-day period indicated that the concent ra ­
t ions of u ran ium and fission products did not r e m a i n constant but exhibited 
va r ia t ions both upward and downward. 

Total gamma act ivi ty in s t eam samples was low and difficult to 
m e a s u r e accu ra t e ly . Calculated disengaging f ac to r s* were 2 x 10 for 
total gammia counts to 9 x 10* for z i r c o n i u m - 9 5 . Disengaging factors 
for o ther f iss ion products fell in between these two v a l u e s . 

The f ission products z;irconium-95, ru then ium-103 , and bar iu in-
140-lanthanum-140 were deposited on the me ta l saraple s t r i p in the d isen­
gaging sect ion in the same re la t ive propor t ions as they were p resen t in 
the c i rcu la t ing l iquid. Ce r ium-141 deposi t ion in the liquid phase was 
lower than that sugges ted by its re la t ive content in the c i rcula t ing liquid. 

* "Disengaging fac tor" is defined as the ra t io of act ivi ty in the liquid 
phase to that in the s t eam phase . This factor is often called a 
"decontannination factor" in the l i t e r a tu r e but is not so called h e r e ­
in to avoid confusion with the "decontainination f ac to r s " r epor t ed 
which a r e the r a t i o s of ac t iv i t ies on solid sur faces before and 
after var ious chemica l t r e a t m e n t s . 
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Gamma spec t ra of loop water and res idual undissolved uranium oxide 
indicated that iodine-131 was preferent ia l ly leached into the water . 

The p r o g r a m for studying the effects of s team on s t ruc tura l m a t e r i a l s 
for nuclear supe rhea t e r s has been te rmina ted and a final r epor t is being 
wri t ten . 

V. Routine Operat ions (page 182) 

The operat ion of the radioact ive was t e -p roces s ing facility and the 
g a m m a - i r r a d i a t i o n facility continued without incident. 



22 

I. CHEMICAL-METALLURGICAL PROCESSING 

A d i r ec t - cyc le fue l - reprocess ing plant using pyrometa l lu rg ica l 
p rocedures is being designed and const ructed a s pa r t of the Exper imenta l 
Breeder Reactor No. II ( E B R - I I ) project . A Labora tory and Service Build­
ing is a lso included. Melt refining, liquid me ta l extract ion, and p r o c e s s e s 
involving fract ional c rys ta l l iza t ion from liquid me ta l sys t ems a r e methods 
being examined for the r e c o v e r y and purification of EBR-II fuels. Based 
on these s tudies , p roces s equipment is being designed and tested. 

The construct ion of the Labora to ry and Service Building was com­
pleted on August 3, I960, when the building was accepted by the U.S. Atomic 
Energy Commiss ion. Equipment is being insta l led in the building. 

Construction of the Fuel Cycle Faci l i ty Building is continuing. The 
s t ruc tu re , which was 20 per cent completed by June 6, was 40 per cent 
completed by September 6, t h r ee months la te r . 

The five-ton c ranes for the Fuel Cycle Faci l i ty have been shipped to 
the Idaho s i te . The major i ty of the drawings for the eight operating manip­
ula tors have been approved. Fabr ica t ion of the manipu la tors has s ta r ted . 

The prototype smal l a i r lock and component pa r t s were tes ted in 
the mockup a r ea . Operation with the manipulator was not completely s a t i s ­
factory, and, there fore , rev is ions a r e requi red . Work continues on other 
equipment i t ems for the Fue l Cycle Faci l i ty . 

As of September 15, I960, e ighty-seven per cent of the total order of 
P r o c e s s Cell windows had been de l ivered to the Idaho s i te . All the s tee l 
window l ine r s a r e now cas t in the concre te of the cel l wal ls . 

I r rad ia t ion of m ine ra l - i n su l a t ed (Ml) cables sealed with Tempore l l 
No. 741 is continuing. Mois ture p rob lems have caused insulation r e s i s t ­
ances to drop; however, for nonpermanent instal la t ions using MI cables , the 
Tempore l l would suffice as a sealant . Tes ts of manipulator power feed cable 
after i r rad ia t ion have indicated that the expected life of the cable in the cell 
might be six y e a r s . Bearing t e s t s in which i r r ad ia t ed g r e a s e was the lubr i ­
cant have been run for 300 hours without incident. 

Enr iched fuel ingot production was r e sumed and ingots 59 through 
80 were poured successful ly in mockup equipment. In addition, 14 ingots 
were poured from me l t s of pin s c r a p s . 

The molded F ibe r f rax fume t r a p has been used successful ly during 
uran ium melt ing and pouring opera t ions . 
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The f i rs t of a s e r i e s of demonst ra t ions at high-act ivi ty levels of the 
mel t - ref in ing p roces s for EBR-II core fuel has been completed. Uranium-
five weight per cent f iss ium fuel pins, ten per cent enriched in uranium-235. 
were i r r ad i a t ed in CP-5 to a total atom burnup of about 0.6 per cent and 
cooled approximate ly 30 days. A 400-gram charge of the i r r ad ia ted m a t e r i a l 
was mel t refined for th ree hours at 1400 C. Although there was no pinshell 
formation and the surface of the ingot had a clean meta l l ic appearance , ini t ial 
a t tempts to pour the molten me ta l were unsuccessful . After the unpoured 
charge was per ini t ted to cool to room t e m p e r a t u r e , then remel ted , a s u c c e s s ­
ful pour was obtained. Analyt ical information on the fission product behavior 
is not yet avai lable . 

An exper iment was also completed on the evolution of fission product 
krypton and xenon from an i r r ad i a t ed fuel pin as it was heated to a t e m p e r a ­
tu re above the melt ing point. The u ran ium-f i s s ium pin had been cooled for 
49 days p r io r to the t ime of the exper iment . On heating at a r a t e of 5 C per 
minute , the d iamete r of the pin i nc reased about 40 per cent between t e m p e r a ­
t u r e s of 650 and 800 C. Rapid evolution of krypton-85 and xenon-133 a l so 
began during this period and ended when the pm had reached a t empera tu re 
of about 1020 G At this t e m p e r a t u r e the pin began to lose its cyl indr ical 
shape, and at 1080 C melt ing appeared to be complete. 

In the p r o c e s s cel l of the EBR-II Fuel Cycle Facil i ty, the argon 
a tmosphere may contain as nauch as five per cent nitrogen. Since the declad 
sodium-coated fuel pins a r e expected to r each a t empera tu re of roughly 
300 C during s torage as a r e su l t of fission product decay heat, the probable 
extent of uranium n i t r ide formation under these conditions has been con­
s idered. Labora tory exper iments with uranium and uran ium-f i ss ium alloy 
pins show that the extent of ni t r idat ion is significant under these conditions 
and that it is i nc reased by sodium coat ings. In two mel t - ref in ing runs on a 
two-ki logram sca le , p r io r s torage of the sodium-coated f iss ium alloy pins 
at 300 C in an argon a tmosphere containing five per cent ni t rogen for 15 and 
66 hours , respec t ive ly , lowered the mel t - ref in ing yield to about 80 per cent. 
Runs with sodium-coated pins not exposed to the ni trogen-containing a t m o s ­
phere and mel t refined on a one- and two-ki logram scale under conditions of 
min imum oxygen contamination produced yields of about 97 per cent. In 
these runs no r a r e ea r ths were included. 

In t e s t s of a l t e rna te m a t e r i a l s for use in a mel t - ref in ing furnace, a 
fibrous po tass ium t i tanate gra in r e t a ine r was found to be a ve ry effective 
heat insula tor , but to have less s t rength than r igid F iber f rax r e t a i n e r s . Car ­
bon wool was not as effective an insulating m a t e r i a l as silicon carbide, 
graphi te , or carbon black powders . 

The "skull" remaining in the z i rconia crucible after a mel t - ref in ing 
operat ion mus t be p roces sed to r ecove r , as par t ia l ly purified meta l , the 
f issionable m a t e r i a l for r e tu rn to the fuel cycle. Work was continued on the 
development of this p roces s , which is genera l ly called the "dragout" p roces s . 
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It is planned to effect r emova l of skull m a t e r i a l by converting it to 
a free-flowing oxide powder by oxidation in a 20 per cent oxygen-argon 
a tmosphe re . Skulls from th ree p lan t - sca le runs were readi ly oxidized and 
the oxide products were eas i ly poured out, with yields of about 99 per cent. 
As in previous runs , c e r i um was concent ra ted in the fine pa r t i c l e s while 
ruthenium and molybdenum were concent ra ted in the coa r se pa r t i c l e s . 

The poss ib i l i ty of volati l izing cer ta in fission product oxides (those 
of ruthenium, molybdenum, technet ium, and te l lur ium) during oxidation of 
skull m a t e r i a l was further studied. It has been found that the p re sence of 
ce r ium in the skull d e c r e a s e s the volat i l izat ion of molybdenum, probably 
through a chemica l in terac t ion of the two oxides. The volat i l izat ion of 
ruthenium is difficult, r equ i r ing flowing oxygen and t e m p e r a t u r e s above 
800 C, and is not affected by the p r e sence of ce r ium. P r e l i m i n a r y r e s u l t s 
indicate that technet ium behaves much like ruthenium. No volat i l izat ion 
of t e l lu r ium has o c c u r r e d under p r o c e s s condit ions. 

Severa l e ssen t ia l ly quanti tat ive reduct ions of uran ium dioxide and 
skull oxides have been achieved in t imes of l e s s than eight hours at 800 C 
in dilute m a g n e s i u m - z i n c solutions and in magnes ium containing a sma l l 
percentage (0.5 to 2) of sodium as a wetting agent. In one exper iment the 
p resence of a chlor ide flux i n c r e a s e d the reduct ion r a t e . 

The low and e r r a t i c r e s u l t s which w e r e previous ly obtained in the 
reduct ions m a y be a t t r ibuted , at l eas t in par t , to the use of Vycor sampling 
tubes . The sampling tubes in t roduced impur i t i e s which prec ip i ta ted u r a ­
nium and led to low ana lyses for u ran ium. Tantalum sampling tubes a r e 
cu r ren t ly being employed and a r e proving v e r y sa t i s fac tory . 

Severa l addi t ional re to r t ing runs were per formed in tanta lum for 
r e c o v e r y of u ran ium from zinc s y s t e m s . The u ran ium m e t a l s inter cake 
was found to s t ick to the tanta lum cruc ib le when the charge was p r e p a r e d 
d i rec t ly in the re to r t ing c ruc ib le , but not when the charge was p r e p a r e d 
in a s epa ra t e crucible and t r a n s f e r r e d as an ingot to the re tor t ing c ruc ib le . 
This is probably r e l a t ed to a be t ter opportunity for wetting in the f i r s t ca se . 
Produc t r e m o v a l has a lmos t always been read i ly accompl ished when c e ­
r a m i c or c e r a m i c - c o a t e d graphi te c ruc ib les a r e employed. 

Evaluat ion of m a t e r i a l s for py rometa l lu rg ica l equipment is continu­
ing. The work includes: ( l ) development of co r ro s ion information, (2) effect 
of va r ious m a t e r i a l s on s tabi l i ty of liquid m e t a l solutions, and (3) accumula ­
tion of extensive information on fabr icat ion techniques for the m a t e r i a l s of 
i n t e re s t . 

Among the bas ic phys icochemica l data being de te rmined in support 
of the p r o c e s s development ac t iv i t ies a r e the solubil i t ies of var ious f iss i le , 
f ission product , and other e lements in liquid m e t a l s . The solubil i ty of t i t a ­
nium in liquid cadmium over the t e m p e r a t u r e range 325 to 650 C m a y be 
r e p r e s e n t e d by the equation 
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log (atom per cent t i tanium) = 3.237 - 5333 T"^ + 1.468 x 10^ T"^ . 

The solubility of z i rconium in cadmium may be r ep resen ted by the equations 

(325 to 452 C) log (weight per cent z i rconium) = 3.058 - 2750 T"^ 

and 

(452 to 575 C) log (weight per cent z i rconium) = 1.079 - 1314 T"^ . 

The solubil i ty of s a m a r i u m in liquid cadmium may be r ep re sen t ed 
by two equat ions. For the compound SmCdji, in equil ibrium with the mel t 
below 420.5 C, the solubility is given by 

(325 to 420 C) log (atom per cent samar ium) ^ 7.0729 - 4878.2 T"^ . 

Above 420 C the solubility is given by 

(420 to 609 C) log (atom per cent samar ium) = 3.0911 - 2116.1 T"^ . 

The solubil i ty of y t t r ium in liquid cadmium may be r e p r e s e n t e d by 
the equation 

(325 to 600 C) log (weight per cent yt t r ium) = 4.8539 - 4687.5 T"^ 

+ 0.7520 X 10^ T"2 

The par t i t ion coefficients of a number of r ep resen ta t ive f issi le and 
fission product e lements betAveen the two i inmiscible liquids, lead and zinc, 
at about 735 C have been m e a s u r e d . Values of the coefficients (weight 
per cent in zinc phase /weight per cent in lead phase) were : uranium, 31.9; 
palladium, 150; ce r ium, 3.7; and s t ront ium, 0.14. The coefficient for u r a ­
nium was found to v a r y from 31.9 at 734 C to 270 at 647 C. 

The free energy of formation of the uran ium-tha l l ium in te rmeta l l i c 
compound UTI3 was m e a s u r e d using a galvanic cel l method. Over the t e m ­
pe ra tu r e range from 370 to 670 C, the r e s u l t s may be r ep re sen t ed by the 
equation 

AF° = -13,376 + 12.008 T 

Galvanic cel l m e a s u r e m e n t s on the ce r ium-z inc sys tem over the 
t empe ra tu r e range from 443 to 742 C were made . The free energy of 
formation of CeZnu m a y be r e p r e s e n t e d by the equation 

^F° = -79,257 + 25.046 T + 0.01157 T^ ; 

the act ivi ty coefficient of c e r i um in sa tu ra t ed zinc solutions is given by 
the equation 
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log 7 c g = -9442 T"i - 0.8269 + 3.2095 x 10"^ T 

The study of the heat of formation of tungsten disulfide is being 
continued. Combustions of tungsten and sulfur in oxygen a r e being c a r r i e d 
out to obtain auxi l ia ry data to complement the data a l r eady obtained for 
combustions of tungsten disulfide in oxygen. 

T r i a l combustions of two uranium n i t r ides and z i rconium dihydride 
have been c a r r i e d out p r e p a r a t o r y to ca lo r ime t r i c de terminat ions of the 
heats of formation of these compounds. 

The determinat ion of the heat of formation of z i rconium tet raf luor ide 
by ^ombastions of z i rconium in fluorine has been completed. The following 
values have been de te rmined for the reac t ion Zr(c) + 2F2(gas)——-*• ZrF4(c,,"^) 
at 25 C: the energy change for reac t ion or the energy of formation, 
dEe = AE£ = -455.71 kca l /mo le ; the s tandard heat of formation, AHf = 
-456,29 kca l /mo le ; and the s tandard free energy of formation, AF£ = 
-432.63 kca l /mo le . 

The exper imenta l work on the determinat ion of the heat of formation 
of mol-ybdenum hexafluoride by combustion of molybdenum in fluorine has 
been completed, A p r e l i m i n a r y value of -372.44 kca l /mo le for AHf 
(MoFg gas) has been obtained. 

Ca lo r ime t r i c combust ions of boron in fluorine a r e being continued. 
Explora tory combustions of magnes ium, aluminum, zinc, and cadmium a r e 
being c a r r i e d out. 

A, Fue l P roces s ing Fac i l i t i es for EBR-II 
( j . H. Schraidt , M. Levenson) 

1. Design, Development, and Construction of Buildings and 
Equipment 

The Fuel Cycle Fac i l i ty and the Labora to ry and Service Build­
ing a r e desc r ibed in previous q u a r t e r l y r e p o r t s (ANL-5789 and ANL-5820). 
The former building will be used for the process ing of EBR-I I fuel, and the 
la t te r will provide r ad iochemica l analyt ica l and r e l a t ed facil i t ies for the 
en t i re Idaho Division of Argonne National Labora tory . 

a. Status of Labora to ry and Service Building Construction and 
Equipment 
( G . J . Berns te in , A. A. Chilenskas, E. J . Petkus , 
H. L. S te thers) 

The Labora to ry and Service Building was accepted by the 
U.S, Atomic Energy Coinmission on August 3, I960. This completed the 



27 

Package 1A cont rac t with the J a m e s K, Stewart Company, The J, F . P r i t cha rd 
Company is now install ing equipment under the direct ion of Argonne 
personneL 

Installat ion of equipment, wiring, and piping for the Solidi­
fication Cell has been completed. The Solidification Cell, which is located 
in the basement of the Labora tory and Service Building, is to be used to 
solidify for safer disposal ; the h igh- level ra,dioactive analyt ical wastes 
which a r e genera ted in the Junior Cave, These wastes a r e collected via a 
hot d r a m sys tem beginning inside the caves and terminat ing in hot drain 
tanks located m the Solidification Cell, The collected wastes a r e sampled 
by means of a shielded sampling sys tem. After analysis a measu red amount 
(about five gallons) is t r a n s f e r r e d from the tanks to a meter ing tank from 
which d ischarge occurs through a spout into a 30-gallon or 55-gallon 
polvethylene-' imed s tee l d rum containing sufficient vermicul i te to absorb the 
liquid. The d rum is sealed r emote ly with a gasketed cap. During these 
operat ions and the t rans fe r of the drum to the National Reactor Testing 
Station bur ia l ground; the d rum is held within a five-ton t ransfer shield. 
The t ransfe r shield provides four inches of lead shielding for the 30-gallon 
drii.m or two inches of lead shielding for the 55-gallon drum. Operating 
p rocedures for the cel l have been p r epa red and sent to the operating group 
m Idaho.. 

A waste evaporator is located in the basement of the Labo­
ra to ry and Service Building and provides a means of disposal for liquid 
wasteS; which a r e col lected in the suspec t -was te tankS; and which a r e too 
acti-ve for d isposal d i rec t ly to the leaching pit located on the site grounds. 
The evaporator is designed to p roces s 1500 gallons of waste per eight-hour 
shift and to yield a decontamination factor (cpm per m l of feed/cpm per m l 
of dis t i l la te) of at l eas t 10" with a feed having a total solids concentration 
of .2.2 per cent. The evaporator opera tes with a constant level of waste in 
the evapora tor . The concentra ted wastC; approximately 30 gallons in vol-
ume and containing 40 to 50 per cent sol ids, is d ischarged to a shielded 
.30 gallon or 55~galion d rum where it is expected to solidify upon cooling. 
If necessary. , ve rmicu l i t e can be added to the drum to take up any liquid 
remaining after cooling. The d rum of solidified waste contained m the five-
ron t ransfe r shield is t r a n s f e r r e d to the bur ia l grounds where the drum is 
remote ly removed from the shield and buried. 

The waste evaporator has been tes ted and has been accepted 
by ANL, The decontamination efficiency of the evaporator was determined 
with an inactive solution of sodium sulfate. The t e s t s showed that for a bot­
tom composit ion of 8.87 x 10* ppm of sodium (35,5 per cent solids) the over­
head effluent contained l e s s than 0. 1 ppm sodium. The decontamination 
factor of 8,87 x 10" mee t s specification. 



The Model 8 manipula tors and the acid-fuming scrubber 
have been insta l led in the Junior Cave. 

b. Status of Fue l Cycle Faci l i ty Building Design and 
Construct ion 
( E . J . Pe tkus , H, L. Stethers) 

The Fuel Cycle Faci l i ty was m o r e than 40 per cent com­
pleted as of September 6, I960, as compared to 20 per cent on June 6, I960. 
During this qua r t e r the f i r s t floor concre te s lab was completed and exten­
sive work has been done on the Argon and Air Cells . In addition, mos t of 
the s t r u c t u r a l s tee l for the outer walls of the Faci l i ty has been erec ted . 

The floor and mos t of the outer wall of the Argon Cell 
l iner have been instal led. Vacuum-box test ing of the l iner welds has been 
completed for the floor and is continuing for the wal ls , (Vacuum-box t e s t ­
ing cons is t s of placing a vacuum box over a weld which has been covered 
with soap solution and evacuating to 2.5 psia. The weld a r e a is then ob­
se rved for bubbles.) Concrete has been placed around the outside of the 
l iner to a height of 11 ft 4 in. above the operating floor. The concre te for 
the walls of the Air Cell has been poured. 

c. Cranes and Manipulators 
( j . Graae) 

The five-ton c ranes for the Air Cell and Argon Cell have 
been shipped to the si te at Idaho. 

Lifting tools for c rane and manipulator bridge dr ives have 
been built. 

A s tandard Genera l Mills Model 300 manipulator a r m 
(ar t icula ted a r m only, exclusive of c a r r i a g e , br idge, and controls) for t e s t ­
ing \jvith. the prototype operating manipulator in the mockup has been rece ive 
Some of the n e c e s s a r y addit ional controls and adapter for automatic plug-in 
on the prototype manipula tor have been received. 

Most of the drawings for the eight operating manipula tors 
have been approved. P r o c u r e m e n t and fabrication has s tar ted . 

Control cabinets and switchboard for manipula tors , c r a n e s , 
and b l i s te r have been completed, except for ins ta l la t ion of switchboard 
cables . Checkout equipment is being built. 

file:///jvith
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d, P r o c a s s C e l l Windows 
(T W. E c k e l s ) 

A l l of the window i m e r s a n d m o s t of the g l a s s - c o n t a m m g 
c o m p c n e n t s of the p r o c e s s c e i l w indows (87 p e r cen t of the t o t a l o r d e r ) had 
been d e l i v e r e d to Idaijo a s ol S e p t e m b e r 15 A l l the s t e e l window l i n e r s a r e 
new "-ast m tti^ c o n c r e t e w a l l s of the c e l l s In the f ield, w e M m g r e p a i r s to 
s e v e r a . of the A r g o n Ce i l i m e r s -^vere n e c e s s a r y p r i o r to the pou r ing of 
c o n c r e t e The g l a s s con t a in ing c o m p o n e n t s w i l l be s t o r e d a t the s i t e for a 
p e r i o d cf n-iip oioptJas t c p o s s i b l y a y e a r P i t t s b u r g h P l a t e G l a s s Co. w i s h e d 
<-o m e m c i '•ht- e f f e c t i v e n e s s of a p r o t e c t i v e f i lm c o v e r i n g g l a s s s u r f a c e s of 
the conaponents wrf-f out d<s turb ing the c r a t e d c o m p o n e n t s They now h a v e 
r e a d v for s " i p m e n t to "daJio a s e t cf p o l i s h e d and a c i d - l e a c h e d t e s t p l a t e s , 
e a c h 6 X 6 X l / ? inch , of t h s i r 4966 g l a s s a s u s e d m Slab B T h e s e p l a t e s 
a r e c o a t e d wi th Tygon f i lm s u c h a s h a s b e e n a p p l i e d to a l l g l a s s s u r f a c e s of 
the window c o m p c n e n t s e x p o s e d to the a i r T h e s e p l a t e s wi l l be kep t a t the 
s i te unde r '̂ hfe sai-ns s t o r a g e c o n d i t i o n s a s the window c o m p o n e n t s . Af te r 
t a c l i fwc m o n t h p e n o d one p l a t e w i l i be s h i p p e d b a c k to P i t t s b u r g h for 
eva i^ation ot <-ht i n t e g r i t y a n d p r o t e c t i v e q u a l i t i e s of the f i lm Th i s p r e -
-aut ion IS n e : e s s a r y m v iew of the e x t e n d e d s t o r a g e p e r i o d T h e r e h a s been 
nc p re - s ' ous expt-riei«'" e m s t o r i n g s h i e l d i n g window c o m p o n e n t s for l o n g e r 
than siK-'y days u n d e r t»^cSi= r o n d i t i o n s 

M i s c e l l a n e o u s F u e l Cyc le F a c i l i t y E q u i p m e n t 
( G '* B e r n s t e i n R H. J a h n k e M A. S lawecki ) 

A p r o t o t y p e of t i e s m a L a i r l o c k s which w^ll connec t the 
A r g o n dnd A i r C c i s bci& been bui ' ' t and o p e r a t i o n a l l y t e s t e d wi th the m a n i p u -
i a t o r Tt e m a n i p , a t o r -̂ -̂as a b l e to c l o s e and i o ' k the a i r - l o c k door q u i t e 
e a s i . y but c o n s i d t r a b i e diff icul ty w a s e n c o u n t e r e d m on lockmg the d o o r . 
l\4;oreo^ t r , tl^e o p e r a t i n g cvclir w a s mucJi l o n g e r than a n t i c i p a t e d . F u r t h e r 
d e s i g n s t u d i e s r e s u > t e d in a r e v i s i o n of t h e m e t h o d of o p e r a t i o n , chang ing 
I r o i n c p e r a f i o n by t^e Tnanipuia tor to a m o t o r d r i v e The r e m o t e l y r e p l a c e -
a b i e Cxectr ic dr iv t , , c o m p i s t e wit-h s h . e l d m g , w i i i be the s a m e a s the one u s e d 
on t^e s h i e l d i n g window s h u t t e r s 

D e s i g n d r a w i n g s for the d e g a s s i n g f u r n a c e have b e e n c o m -
p e t e d T t i s f u r n a c e wiLl be u s e d to r e m o v e a d s o r b e d w a t e r and oxygen f r o m 
such i t e m s a s c r u c i b l e s , m o l d s fume t r a p s , and i n s u l a t i o n b e f o r e t hey a r e 
t r a n s f e r r e d in to the A r g o n Cel l . 

B e c a u s e of the r e s u l t s of r e c e n t t e s t s , 1 0 0 0 - M C M * M I * * 
cab le w_ii be u s e d i n s t e a d of -|-x 4 - i n . c o p p e r bus b a r for p o w e r l e a d s f r o m 

*MCM Oof» tboiisiiid ci-cnla- rnil", 

**T^pe MI ca*le One oi Tioie electrical copductors mstilated 'nth a l̂ igWy compressed refractor/ mirer 1 
n alatioi aid eiiclDsed m ? liiuid-aghi and gas-tight tubs slleat̂ mg„ Siieatli and conductors sue of 
clecti-jlytic copje and Tii oral insulatioii is magiesiJii oxide for t^c cable meiitioned. 
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the work station to the se rv ice s leeves . The 1000-MCM MI cable is com­
posed of a 1-in, OD solid copper conductor sur rounded by a layer of swaged 
magnes ium oxide insulation about 0.176 in. thick. The insulation is in turn 
enclosed by a s eamle s s copper tube of about 1,5-in. OD and about 0.084 in. 
thick. Resul t s of invest igat ions showed that the impedance of the MI cable 
IS lower than that of the bus b a r s with 0.5-in. spacing between b a r s ; this 
is the smal l e s t spacing prac t ica l , consis tent with the rating of the g e n e r a ­
tor and the insulation between the b a r s . The lower impedance of the cable 
makes the sys tem capable of delivering m o r e power to the furnace for the 
same length of t r a n s m i s s i o n line. Moreover , the cable is ea s i e r to ins ta l l 
than the bus bar sys tem. 

f. Mate r ia l s Test ing* 
(G J . Berns te in , A, A. Chilenskas, M, A. Slawecki) 

Since the use of conventional rubber booting with Model 8 
manipula tors becomes imprac t i ca l because of radia t ion damage after a 
dose of 1 x 10 rad, four re inforced plas t ic sheet samples were evaluated 
for possible use as disposable manipulator booting. Each m a t e r i a l was 
gamma i r r ad ia t ed and examined after doses of 1.9 x 10 rad, 3 x 10 rad, 
and 4 x 10*̂  r a d The sample designated as S-10 (-|--mil Mylar , Dacron 
Scrim**) exhibited the l eas t damage. Its use would be sat isfactory up to 
3 X 10^ rad . At 4 x 10* r ad it was judged too br i t t l e for sa t is factory se rv ice 
Sample S-15 (Dacron Scr im between - j -mi l and~—mil Mylar) was sa t i s fac ­
tory at 2 x 10* rad, but not at 3 x 10® rad, Scotchpac appeared to have 
marg ina l util i ty at 2 x 10® rad, while S-31 (-y-tnil Mylar , 1.85-oz Nylon 
Scrim) did not mee t r equ i r emen t s at this level . A manipulator boot made 
of m a t e r i a l that is sa t i s fac tory for a dose of up to 3 x 10® rad would r equ i re 
rep lacement eve ry two months in the Air Cell, 

I r radia t ion of the MI cable samples sealed with Tempore l l 
No. 741 potting compound is continuing. After receivng an accumulated 
dose of 4,4 x 10^ rad, the samples showed li t t le v isual change since s ta r tup . 
Insulation r e s i s t ance of the samples , however, dec reased to between 10 and 
20 megohms from an ini t ial r e s i s t ance of g r e a t e r than 200 megohms. When 
the samples were baked at 100 C for about six hours , the insulation r e s i s t ­
ance i nc r ea sed to g r e a t e r than 200 megohms. The d e c r e a s e in r e s i s t ance 
was a t t r ibuted to absorbed m o i s t u r e . The samples were sealed with an 
overcoat of Sterling Varn ish P-74 over the Tempore l l , but mo i s tu re s t i l l 

*The m a t e r i a l s t es ted were subjected to t e s t conditions for which they 
were not specifically designed, and the r e su l t s of the t e s t s do not 
consti tute an endorsement or a c r i t i c i sm of any product tes ted. 

**A woven re inforcement . 
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found i ts way into the cables . To date the Tempore l l appears to be the mos t 
promising sealant for MI cables used in semipermanent instal lat ions (i .e. , in­
stal lat ions that could be changed or r ev i sed if need be) in the Argon or Air 
Cells , even though some m o i s t u r e pickup occur s . 

The a s b e s t o s - c o v e r e d alloy wire has been i r r ad ia ted to 
1.3 X 10 rad . The insulat ion showed lit t le visual change. The insulation 
r e s i s t ance of the cables dec rea sed to between 2 and 5 megohms from an 
init ial r e s i s t a n c e of m o r e than 200 megohms . However, after slight heating 
the insulation r e s i s t ance of each samiple was r e s t o r e d to g rea t e r than 
200 megohms . 

Wire samples with types AI, AIA, and AA insulation* have 
been i r r ad ia ted . I r radia t ion of types AI and AIA wires was discontinued 
after 3.3 x lO' rad. The insulation of these samples became ve ry stiff and 
br i t t le , and their insulation r e s i s t a n c e dec reased to below 0.1 megohm from 
a r e s i s t ance g r e a t e r than 200 megohms . The type AA samples have been 
i r r ad i a t ed to 4. 5 x 10 rad . Their insulation r e s i s t ance dec reased to between 
5 and 15 megohms (initial r e s i s t a n c e g r e a t e r than 200 megohms) , even though 
the insulation appeared sa t i s fac tory . However, after slight heating of the s a m ­
ples , their insulation r e s i s t a n c e was r e s t o r e d to g rea te r than 200 megohms. 

I r radia t ion of samples of a luminum paint is continuing. The 
paints being i r r ad i a t ed at the p re sen t t ime a r e a l l products of the Tropica l 
Paint Co, "Elast ikote Heat Res is t ing In ter ior" aluminum paint has been 
i r r ad ia t ed to 1.28 x 10 rad. The paint has become discolored but otherwise 
has held up quite well. "Elast ikote Heat Resis t ing Ex te r io r , " "Tropel i te , " 
and "The rma l i t e " have been i r r a d i a t e d to 5.6 x 10^ r a d with only slight d i s ­
colorat ion and b l i s te r ing . "Dr i -Spray Aluminum" samples have been 
i r r ad ia t ed to 9-9 x 10^ rad . Again, only slight discolorat ion has taken place. 

The ^ - -hp Howard m o t o r s (Model SPN 74435) have been 
tes ted to de te rmine b rush life in d ry h igh-pur i ty argon. These moto r s will 
be insta l led in the a r t i cu la ted a r m a t tachment for use with the operating 
manipula tor . The b rushes in these mo to r s were recent ly redes igned by the 
manufac ture r . P rev ious t e s t s on the e a r l i e r design (Model SPW 73660) 
showed that a b rush life of 250 operating hours could be anticipated. The 
la tes t test , of 10-hour durat ion, suggests t henewdes ign will have an expected 
life of about 500 operating hour s . The expected life is de termined by dividing the 
usable length of anew brush by the r a t e of wear de termined in the tes t period, 

*Types AI, AIA, and AA insulated wi res : Type AI insulation is a felted 
asbes tos insulation sa tu ra ted with f lame- , heat - , and m o i s t u r e -
r e s i s t an t compounds. Type AIA is identical to type AI with the addition 
of a sa tura ted a sbes tos b ra id outer covering. Type AA is identical to 
type AIA except for the absence of m o i s t u r e - r e s i s t a n t compounds. 
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In the Argon Cell the six manipula tors revolve about a 
cen t ra l pivot and rece ive their power through flexible cables suspended 
from the top of and pass ing through a Pivot Tower. These cables a r e 
about 15 feet long, of which approximate ly 10 feet a r e shielded by the Pivot 
Tower and 5 feet a r e exposed. The manipu la tors a r e designed to ro ta te 
270 degrees in e i ther d i rect ion from a neu t ra l position. 

It is e s t ima ted that the section of cable shielded by the 
Pivot Tower will be subjected to a radia t ion level of 5 x 10 r a d / h r and the 
exposed sect ion to 5 x 10^ r a d / h r . 

A spec ia l 54-conductor cable has been procured in which 
the conductor insulat ion and jacket contain a m a t e r i a l (Antiox 4010) which 
r e t a r d s radia t ion hardening. E l e c t r i c a l t e s t s on cable samples have shown 
that insulation r e s i s t a n c e r ema ined above 200 megohms after i r rad ia t ion to 
2.3 x 10^ rad . 

Engineer ing s tudies have shown that r emote changing of 
manipulator cables within the sea led Argon Cell will be ex t remely difficult. 
Accordingly, t e s t s were conducted to indicate the usable life of these 
cables as l imi ted by radia t ion hardening. It was a s s u m e d that the cables 
would function sa t i s fac tor i ly as long as the exposed section was sufficiently 
strong to t r a n s m i t the n e c e s s a r y force r equ i r ed to twist the shielded section 
of cable through 270 deg ree s . 

Bending and twisting t e s t s were conducted on th ree cable 
s amples i r r a d i a t e d to 5 x 10®, 9 x 1 0 ® and 2.3 x lO' rad . With one end of 
the cable c lamped in a v i se , a load was applied to the free end of each of 
the tes t cables at a dis tance of 10 inches from the fixed end. The cables 
broke under loads of 84, 179, and 104 pounds, respec t ive ly . The cables 
were bent 1, 2.5, and 1 inch, respec t ive ly , at t ime of breakage. 

To de te rmine the torque r e q u i r e d to twist a cable, the 
unbroken length of the cable i r r ad i a t ed to 9 x 10* r ad was clainped in a 
v ise and force was applied on a lO-inch moment a r m 6 inches from the 
clamp. With a 30-pound force applied to the moment a r m , the cable twisted 
19 degrees in 6 inches . This is equivalent to 380 degrees in a 10-foot 
length. 

Under ant icipated radia t ion levels in the Argon Cell, an 
exposed cable would r e a c h a total dose of 2,3 x lO' r ad in about a s ix -year 
period. The shielded section of cable would rece ive a dose of about 
2.3 X 10* r a d in the same period. The above t e s t s show that under these 
c i r cums tances the exposed section could t r a n s m i t the r equ i red torque to 
twist the shielded section. 
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Design studies a r e continuing toward development of a 
r emote cable-changing device to be used if rep lacement of the cable is r e ­
quired for r easons other than hardening. Such devices will r equ i re a degree 
of flexibility in the cable much higher than shown by the sample i r r ad ia ted 
to 2.3 X 10 rad . Remote cable r ep lacement would have to be made before 
the cables had been exposed for two or th ree yea r s . 

2. EBR-II Fuel P roces s ing Mockup 

a. Manipulator and Manipulator Removal Blister 
( D . C , Hampson, J. Graae) 

A new, noncoated, Timken tapered ro l le r bearing (No. 432 c u p -
No. 438 cone)lubricated with f resh radiat ion r e s i s t an t g rease NRRG 235, a 
product of Standard Oil of California,* ran for 306 hours at 40 r p m and 
800 pounds axial load without heating or other incidents. It is es t imated that 
the 306 hours co r responds to roughly four ye a r s of expected Fuel Cycle 
Faci l i ty operat ion. The bear ing, r a t ed at 2500 pounds, was open (without 
dust or g r e a s e shields) and was opera ted with the axis of rotation ver t i ca l . 
After the run was t e rmina ted the bear ing was inspected. Bearing surfaces 
were shiny, and f luorescence indicated that they were covered by ve ry thin 
l aye r s of g r e a s e . 

Another g r e a s e , NRRG-159, a product of Standard Oil of 
California, has been 7 - i r r a d i a t e d to an accumulated dose of 3 x 10^ rad. 
A fresh, noncoated, Timken ro l l e r bear ing, s imi la r to the one used p r e ­
viously, was lubr icated with the i r r ad i a t ed g r e a s e , and a test run, using 
the same conditions as in the f i rs t tes t , was s tar ted . This bearing has 
been running for m o r e than 300 hours without incident or heating. 

It is recognized that these te.sts do not ent i re ly duplicate 
the operating conditions which will p reva i l in the EBR-II Fuel Cycle 
Faci l i ty . The Air Cell conditions will involve working of the g rea se in the 
bear ings while it is s imultaneously exposed to a i r and •> radiation. Under 
these c i r cums tances it has been shown^ that g r e a s e will de te r io ra te at a 
m o r e rapid r a t e . In the Argon Cell the oxygen concentration will be kept 
below 100 ppm. Dynamic t e s t s ^ of lubr icants under an iner t a tmosphere 
indicate an i nc r ea se in se rv ice life over that found by static t e s t s . Working 
of the lubricant may in itself be beneficial, but oxygen has a de t r imenta l 
effect on the lubricant , which is i nc reased by working. 

•Developed by California R e s e a r c h Corporat ion and identified thus in 
ANL-6183, 

Burkhard, E, L , Combined Envi ronmenta l Effects, Nucleonics, 
_18_(No, 9), 86 (September I960), 

Car ro l l , J . G. and Bolt, R, O,, Radiation Effects on Organic Mate r ia l s , 
Nucleonics, 18 (No, 9) 79 (September 1960jr~" ~ ~ 



b. Melt-refining F u r n a c e s 

(D. C. Hampson, W. E. Mil ler , L, F . Coleman) 

( l) Equipment Pe r fo rmance 

(a) Crucibles 
Crucible test ing has been completed. In addition 

to the work r epo r t ed las t qua r t e r (ANL-6183), twelve m o r e crucib les were 
tes ted. Exper ience indicates that the manufacturing h i s to ry of a crucible 
may be the mos t important var iab le in determining whether or not a c r u ­
cible will fail. 

Six c ruc ib les of a new batch rece ived from Norton 
(made from Norton Z-300 mix, s tabi l ized zirconia) have been heated empty, 
with uranium, and with u r a n i u m - c e r i u m alloy. In no case has any signifi­
cant c rack been noted, even with the top r i m of the crucible uninsulated 
(under these conditions, a l l c ruc ib les previously rece ived from Norton 
c racked at the top r im) . Evidently, Norton is now supplying a crucible which 
is super io r to any previously supplied by them. 

Three cruc ib les produced by another manufacturer 
(from a mix s imi la r to Norton Z-300, s tabi l ized zirconia) failed by cracking 
when heated empty (to 1400 C) in the same manner as in the previously r e ­
ported Norton crucible t e s t s (ANL-6183, page 30). 

Three Norton thin-wall c ruc ib les (-^--inch thick 
wall, as compared to s tandard •^-inch thick wall) were tes ted. One was 
heated empty, one was heated with a uran ium charge , and one was heated 
with a u r a n i u m - c e r i u m charge . All were heated to 1400 C and held at this 
t e m p e r a t u r e for two to four hours . The crucible containing the u ran ium-
ce r ium mel t was the only one that c racked. These r e su l t s a r e s imi la r to 
those previous ly obtained with th in-wal l c rucib les manufactured by the Labo­
r a t o r y Equipment Company. 

(b) Sodium Vapor Fame Trap 

Molded F ibe r f rax fume t r a p s , which have proved 
sa t i s fac tory in sorbing sodium vapors in trapping t e s t s , have been applied 
to uran ium melt ing and pouring opera t ions . Initial exper ience was not good 
because heavy slags formed on the m e l t s . These s lags prevented pouring or 
caused delayed pouring and m e t a l sp i l l s . However, when the t r aps were 
thoroughly degassed pr ior to their use in uranium-pour ing operat ions , no 
pouring difficulties were encountered. 

The t r aps were degassed in a furnace built for 
this purpose . The F ibe r f rax wall t e m p e r a t u r e during the degassing step was 



1000 C. Six successful uranium-pour ing tes ts were made, using a new de­
gassed t r ap as a furnace top cover in each case . The t raps a r e now being 
used as a furnace top cover in the EBR-II fuel alloy prepara t ion runs . 

(c) Power Feed through Mockup 

Service plugs instal led in service sleeves will be 
employed in the Argon Cell to t r ansmi t high-frequency power through the 
concrete cell floor to induction furnaces located within the cell . Heat gen­
erat ion within the se rv ice plug will cause a r i s e in te inpera ture , as well 
as t he rma l s t r e s s e s between the se rv ice plug and the power conductor and 
between the plug and the sleeve. T ime- t empera tu re data were collected on 
a prototype serv ice plug in a i r and a r e presented below. The resu l t s a r e 
being extrapolated to plugs instal led in concrete . 

The prototype assembly consis ts of (l) a stepped 
outer shell made from 6-inch and Sy- inch tubing, flanged at both ends and 
5 ft long between the flange faces; (2) a removable plug made from 5—-inch 
and 4-T--inch tubing, with a flange welded to the top end and a removable 
and adjustable flange at the bottom end to facilitate sealing in the outer 
shell . A 1000-MCM coaxial MI cable runs down the center of the removable 
plug. The MI cable is brazed to the flange on the top end and is secured at 
the bottom, end with an "O" ring seal . The annulus between the MI cable and 
the plug wall was filled with 160 pounds of copper shot. Figure 1 is a sketch 
of the plug, showing locations of the thermocouples from which tenaperature 
data were obtained. 

FIGURE I 

THERMOCOUPLE LOCATIONS ON PROTOTYPE SERVICE PLUG AND SLEEVE 

DEEP WELL THERMOCOUPLES-
No 7 

SURFACE THERMOCOUPLE 

I \ 
2 f t 6in — 

•ANNULUS FILLED WITH Cu SHOT 

SECTION A - A DETAIL OF SPRING LOADING 



Figures 2 and 3 a r e typical of the t e m p e r a t u r e -
t ime data collected. Run No. 7 was made with a steady cur ren t of 441 a m ­
p e r e s . This is the value of the peak cu r ren t requi red in the prototype 
mel t - ref ining furnace. Run No. 8 was made with a cu r ren t of 844 a m p e r e s . 

FIGURE 2 
HEATING CURVES FOR PROTOTYPE 
SERVICE PLUG FOR ARGON CELL 

Run No, 7 

s 
H 20 

-

^ 

— 

PLUS CURRENT; 441 AMPS 
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THERMOCOUPLE NO. 9 

THERMOCOUPLE NO. 7 
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Thermocouple No. 9 was attached to the sheath of the MI cable at a spot 
where the sum of the radia l the rmal r e s i s t ances was a maximum. The 
geometry of the service sleeve and plug was such that this spot was mid­
way between the ends of the service s leeve. Therefore , the t empera tu re 
m e a s u r e d by Thermocouple No. 9 was the maximum sheath t empera tu re . 
Thermocouple No. 7 was located in the same rad ia l plane as The rmo­
couple No. 9. 

FIGURE 3 
HEATING CURVES FOR PROTOTYPE 

SERVICE PLUG FOR ARGON CELL 
Run No. 8 

THERMOCOUPLE NO, 

PLUG CURRENT: 844 AMPS 

3 4 5 
TIME, hours 

The t empera tu re of the MI cable near the "O" 
ring sea l at the bottom, end was a maximum of 52 C when the cur ren t was 
441 a m p e r e s and 227 C when the cu r ren t was 844 a m p e r e s . 
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The difference in expansion of the se rv ice sleeve 
and the MI cable re la t ive to the se rv ice plug was m e a s u r e d as the t e m p e r a ­
tu re s increased . The max imum difference in expansion between the sleeve 
and the plug was <0.001 inch when the cu r r en t was 441 a m p e r e s and 
-0.005 inch when the cu r r en t was 844 a m p e r e s . The maximum difference 
in expansion between the MI cable and the plug was +0.014 inch when the cu r ­
ren t was 441 a m p e r e s and +0.040 inch when the cu r ren t was 844 a m p e r e s . 

The data from these exper iments a r e sufficient for 
the design of a se rv ice plug with a power feedthrough adequate for 844 a m ­
pe res from a 10-kc power supply. While operation in concrete will cause 
changes in component t e m p e r a t u r e s from those m e a s u r e d in these exper i ­
men t s , the differences in t e m p e r a t u r e s and hence the re la t ive expansions 
will r emain essen t ia l ly the s ame . The elevated t empera tu re at the "O" ring 
sea l at the bottom is too high for sa t i s fac tory operation with most e las to ­
m e r s . This sea l will be accompl ished with a bellows, sized to pe rmi t a 
0.040-inch movement . The t e m p e r a t u r e of the MI cable sheath is too high 
to pe rmi t operat ion in a i r . Therefore , the plug will be filled with an iner t 
gas p r io r to sealing. The annulus between the se rv ice plug and sea l will 
be p r e s s u r i z e d with argon after an ini t ial argon purge. The effect of dif­
ferent ia l expansion between the plug and sleeve upon gasket compress ion 
will be overcome by the use of Belleville spring as sembl ie s (dish spr ings) , 
s ized to pe rmi t a 0.005-inch deflection while maintaining a proper gasket 
compress ive s t r e s s . F ina l drawings of this se rv ice plug a r e being prepared . 

(2) EBR-II Fuel Alloy Production 

Since, the crucible cracking problem was solved, 
the production of enr iched ingots for EBR-II fuel manufacture was resumed . 
Ingots 59 through 80 were produced. Analyses of additional ingots have been 
completed. The ave rage amounts of var ious f issium elements in ingots 49 
through 80 were found to be as follows: 

Element 

Molybdenum 
Ruthenium 
Rhodium 
Pal ladium 
Zirconium 

Nomina 
(wt 

1 Composition 
pe rcen t ) 

2.46 
1.96 
0.28 
0.19 
0.10 

Ingot Analyses 
( wt p e r c e n t ) 

2.16 ± 0.20^ 
1.97 ± 0.15 
0.23 ± 0.02 
0.16 ± 0.02 
0,11 ± 0.02 

_yz(x-x)^ 
n - 1 

Isotopic ana lyses for uranium-235 content have been 
rece ived for the same batch of ingots. The average uranium-235 content 
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w a s 48.1 p e r cen t . The h i g h e s t va lue w a s 48 .3 p e r c e n t and the l o w e s t 
w a s 47.9 p e r cen t . E a c h a n a l y s i s w a s a c c u r a t e to ± 0 . 5 p e r cen t . The 
n o m i n a l c o m p o s i t i o n w a s 48 .13 p e r cen t u r a n i u m - 2 3 5 . 

The a v e r a g e p o u r i n g y i e l d for i ngo t s 49 t h r o u g h 80 w a s 
97.2 p e r cen t . The h i g h e s t y i e l d w a s 98,0 p e r cen t and the l o w e s t y i e ld 
w a s 96.0 p e r cen t . The h igh y i e l d s t ha t w e r e o b t a i n e d a r e a t t r i b u t e d to the 
a b s e n c e of c e r i u m in the m e l t 

In a d d i t i o n to b lend ing the i n g r e d i e n t s and p r o d u c i n g 
the o r i g i n a l fuel a l loy , p in s c r a p i s now be ing r e c e i v e d f r o m M e t a l l u r g y 
and i s be ing m e l t e d down in to i n g o t s . F o u r t e e n t e n - k i l o g r a m ingo ts have 
been m a d e f r o m t h i s s c r a p . The a v e r a g e p o u r i n g y i e l d for t h e s e ingo t s w a s 
92 .4 p e r cen t . The h i g h e s t y i e l d w a s 94.0 p e r cen t a n d the l o w e s t w a s 
91.0 p e r cen t . 

B. P y r o m e t a l l u r g i c a l D e v e l o p m e n t 

1. M e l t Ref in ing 
( R . K . S t e u n e n b e r g , L. B u r r i s , J r . ) 

The m e l t - r e f i n i n g p r o c e s s wi l l be u s e d to r e c o v e r the 50 p e r 
cen t e n r i c h e d u r a n i u m fuel a l l o y in the f i r s t c o r e load ing of E B R - I I . In 
t h i s p r o c e s s , the fuel p i n s a r e d e j a c k e t e d , s h e a r e d in to s h o r t l e n g t h s , 
m e l t e d in a z i r c o n i a c r u c i b l e , a n d h e l d a t a t e m p e r a t u r e of a b o u t 1400 C 
for a p e r i o d of t h r e e to four h o u r s . A p p r o x i m a t e l y t w o - t h i r d s of the f i s s i o n 
p r o d u c t s a r e r e m o v e d by t h i s t r e a t m e n t t h r o u g h the m e c h a n i s m s of v o l a t i l i ­
z a t i o n a n d s e l e c t i v e ox ida t ion by the c r u c i b l e . The m o l t e n m e t a l is s e p a ­
r a t e d by t o p - p o u r i n g in to a g r a p h i t e - c o a t e d m o l d . The r e s u l t i n g ingot of 
p u r i f i e d m e t a l i s u s e d for the r e f a b r i c a t i o n of n e w fuel e l e m e n t s . A s e p a r a t e 
p r o c e s s i s r e q u i r e d to r e c o v e r the u n p o u r e d m e t a l and oxide r e m a i n i n g in 
t h e c r u c i b l e . D e v e l o p m e n t w o r k h a s b e e n c o n t i n u e d on the fol lowing a s p e c t s 
of the m e l t - r e f i n i n g p r o c e s s ; ( l ) a m e l t - r e f i n i n g d e m o n s t r a t i o n r u n u t i l i z ing 
a 4 0 0 - g r a m c h a r g e of h igh ly i r r a d i a t e d u r a n i u m - f i s s i u m a l loy , (2) an e x p e r i ­
m e n t on t h e e v o l u t i o n of t h e n o b l e g a s f i s s i o n p r o d u c t s , k r y p t o n and xenon , 
d u r i n g the h e a t i n g and m e l t i n g of a h igh ly i r r a d i a t e d fuel pin, (3) s t u d i e s of 
the n i t r i d a t i o n of s o d i u m - c o a t e d p ins in a n i t r o g e n - a r g o n a t m o s p h e r e , 
(4) m e l t - r e f i n i n g r u n s w i th u n i r r a d i a t e d s o d i u m - c o a t e d p i n s , and (5) a n i n ­
v e s t i g a t i o n of a l t e r n a t i v e m a t e r i a l s and d e s i g n s for m e l t - r e f i n i n g f u r n a c e s . 

a. H i g h - a c t i v i t y L e v e l M e l t - r e f i n i n g E x p e r i m e n t s 
"(V G, T r i c e , W. H. S p i c e r ) ^ ^ ~ ^ ~~ 

In p r e v i o u s d e v e l o p m e n t w o r k on t h e m e l t - r e f i n i n g p r o c e s s , 
e x p e r i m e n t s w e r e p e r f o r m e d wi th i n a c t i v e a l l o y s , a l l o y s wi th t r a c e r a c t i v i t y , 
l i g h t l y i r r a d i a t e d u r a n i u m , a n d u r a n i u m i r r a d i a t e d to 0.4 t o t a l a t o m p e r cen t 
b u r n u p a n d c o o l e d for 318 d a y s . A s the f ina l s t a g e in the l a b o r a t o r y - s c a l e 
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development of the p r o c e s s , a s e r i e s of exper iments have been s t a r t ed 
utilizing 400-g ram charges of uranium-five weight per cent f issium alloy 
i r r ad i a t ed to between one and two total a tom per cent burnup and cooled 
about 30 days. It is expected that these exper iments will confirm the 
chemica l and physical behavior of fission product e lements observed in the 
e a r l i e r s tudies . In addition they will provide the f i rs t opportunity to evalu­
ate any in terac t ions between the var ious fission products in fully i r r ad ia ted 
m a t e r i a l and will afford observat ions of the physical behavior of highly 
i r r ad i a t ed u ran ium-f i s s ium fuel al loy during charge preparat ion, m e l t -
refining, and product-handling opera t ions . 

The equipment for these exper iments has been instal led in 
a 10,000-curie cave located in the Chemical Engineering Building. The 
pr incipal i tem is a furnace covered by a me ta l bell ja r and provided with an 
exhaust line to a vacuum pump, an inlet gas -supply line, high-frequency 
cu r ren t for induction heating, 60-cycle cu r r en t for r e s i s t ance heating, and 
six thermocouple leads . The auxi l iary equipment includes a tors ion balance, 
a jar mi l l , a grinding and blending machine , and numerous tools adapted for 
use with the Model 3 e lec t ronic manipula tors which serve the cave. 

The fuel for these exper iments is i r r ad ia ted in the CP-5 
and MTR r e a c t o r s . Each i r rad ia t ion capsule contains about 200 or 400 g r a m s 
of 95 per cent u ran ium-5 per cent f iss ium alloy enriched to 10,73 per cent in 
uran ium-235. The fuel, in the form of 0,144-inch d iameter rods , is loaded 
bare into a sodium- or NaK-filled capsule and i r r ad ia ted to between one and 
two total a tom per cent burnup. The i r r ad ia t ed fuel is removed from the 
s ta in less s tee l capsules in a shielded facility by cutting off the top with a 
pipe cutter and melt ing out the sodium in a heated paraffin bath or pouring 
out the NaK in an iner t a tmosphe re . The fuel pins a r e cleaned by washing 
with ke rosene , butyl alcohol, and acetone, followed by buffing with alumina 
abras ive in the ja r mi l l . 

The cleaned pins a r e then mel t refined in a zirconia crucible 
(Norton Mix RZ 5601) for th ree hours at 1400 C. The purified meta l is sepa­
ra ted by top pouring into a g raph i te -coa ted copper mold. The skull (a mix ­
ture of oxides and unpoured me ta l remaining in the crucible) is powdered by 
air oxidation at about 600 C in the r e s i s t ance furnace and poured from the 
crucible . To provide m a t e r i a l for ana lys i s that is amenable to aqueous 
dissolution, the skull oxide is reduced by hydrogen at 700 C. The reduced 
skull oxide is then ground and blended in an e lec t r i c m o r t a r to provide a 
homogeneous powder from which r ep resen ta t ive analyt ical samples can be 
obtained. 

Observat ions on the F i r s t High-activi ty Level Melt-refining 
Exper iments 

One high-act ivi ty level mel t - ref in ing exper iment has been 
completed. Discuss ion of this exper iment is l imited to the physical aspec t s , 
since complete analyt ical data a r e not yet available. The 387 6 g r a m s of 



fuel alloy used in the exper iment were i r r ad ia t ed to about 0.6 total atom 
per cent burnup in a sodium-fi l led s ta in less s tee l capsule . The combined 
effects of t h e r m a l cycling and i r rad ia t ion damage produced considerable 
dis tor t ion of the un res t r a ined uranium-f ive per cent f iss ium fuel.* Meas ­
ured d isp lacements over pins th ree inches in length were as g rea t as 

-g-inch; the d i a m e t e r s of the pins, however, remained uniform at 0,143 inch, 
Embr i t t l emen t of the alloy was apparent from the ease with which the pins 
could be f rac tured. The i r r ad i a t ed pins were buffed in a ja r mi l l for two 
hours with 60 -mesh alumina ab ras ive to remove any surface coating which 
might produce pin shel ls on mel t refining. The buffed pins were free of a l l 
t r a c e s of black oxide and had a meta l l i c du l l -g ray appearance . It is planned 
to evaluate the p in-she l l p roblem in other exper iments . 

The fuel was me l t refined for th ree hours at 1400 C under 
an argon a tmosphe re . The yield of purified naetal in the cas t ingot was 
72.4 per cent. Although this yield is cons iderably lower than the 85 to 
90 per cent obtained previously with un i r rad ia ted fuel, it is cons idered a d e ­
quate for the f i r s t act ive run of the s e r i e s and for the s m a l l s ize of the mel t . 
A yield of 86.7 per cent was obtained in a "dummy" run which preceded the 
act ive run and which employed the same operating p rocedure and equipment 
as the act ive run, with the exception of the crucible and thermocouples . 

During the act ive mel t - re f in ing exper iment , a continuous 
c r u s t developed on the mel t , with sufficient s t rength to prevent pouring on 
the f i rs t a t tempt . The mel t was pe rmi t t ed to cool and solidify in the c ru ­
cible Visual examination revea led complete consolidation of the fuel with 
no evidence of p in -she l l formation. The surface of the ingot had a smooth 
meta l l i c appearance . Since the cruc ib le appeared free from damage, it was 
r e tu rned to the furnace with the solidified mel t undisturbed and heated to 
1400 C under one a tmosphe re of argon p r e s s u r e . On ra is ing the crucible 
to the pouring position and applying vacuum to the sys tem, a pour was ob­
tained, apparent ly through ha i r - l i ne rup tu res in the surface c rus t . After 
these operat ions the crucible was examined and found to be free from 
vis ible c r a c k s . With the completion of additional mel t - ref in ing exper iments 
in this s e r i e s , it will be es tabl i shed whether or not the development of a 
surface c r u s t is a typical phenomenon cha rac t e r i s t i c of high-burnup fuel. 

Observat ions on Air Oxidation and Hydrogen Reduction of 
a High-burnup Melt--refining Skull 

The skull produced in the high-act ivi ty level mel t - ref in ing 
exper iment was powdered by a i r oxidation to facil i tate r emova l from the 
crucible It was then t r ea t ed with hydrogen, p r i m a r i l y to reduce ruthenium 

*Fuel composit ion before i r rad ia t ion in weight per cent: U, 94,73; 
Mo, 2.59; Ru, 2.11; Rh, 0.26; Pd, 0.19: Zr , 0.12; and Nb, 0,01. 



dioxide to the meta l , which can then be dissolved m aqueous solutions. The 
oxidat ion-reduct ion was per formed in a smal l r e s i s t ance -hea ted furnace 
which, for purposes of a tmosphere control , was instal led in the bell jar of 
the mel t - re f in ing equipment. 

The behavior of the highly i r r ad ia t ed skull during oxidation-
reduct ion was marked ly different from that observed in previous work with 
un i r rad ia ted alloy. In the case of un i r rad ia ted alloy, s ix to eight hours of 
a i r oxidation at 700 C were r equ i r ed to powder a 50-gram skull. In the run 
with highly i r r ad i a t ed alloy, the 107-gram skull was completely powdered 
in 2~» hours Hydrogen reduct ion of the un i r rad ia ted skull oxide at 700 m m 
of hydrogen p r e s s u r e and 700 C proceeded smoothly without rapid evolution 
of heat. In the case of the i r r ad i a t ed skull oxide, however, the introduction 
of 100 m m of hydrogen p r e s s u r e at 700 C produced a t empera tu re excurs ion 
of 150 C. 

Fuel I r rad ia t ions 

Two capsules , containing about 400 g r a m s of fuel each, 
were i r r a d i a t e d in C P - 5 . One capsule , which had been in the r eac to r since 
September 10, 1959, developed a smal l leak on June 14, I960 and was r e ­
moved from the r eac to r . No apprec iab le quantity of fission products was 
r e l e a s e d to the r eac to r The capsules were cyl indr ical s ta in less s tee l cans, 
lA inches in d iameter and 21 inches long. The top of the capsule was welded 
on after the fuel pins and sodium were loaded. The i r rad ia t ions were con­
ducted in sealed, h e l i u m - p r e s s u r i z e d water thimbles in the core of the r e a c ­
tor with ins t rumenta t ion consist ing of a h e l i u m - p r e s s u r e monitor and th ree 
thermocouples in the capsu les . It is bel ieved that during i r rad ia t ion the fuel 
pins reached a t e m p e r a t u r e in the neighborhood of 350 C, 

The capsule rup ture was detected by the t h i m b l e - p r e s s u r e 
moni tor . On r emova l of the capsule , it was found that the leak had occur red 
in the weld joining the top to the body of the capsule . It is believed that with 
each power cycle of the r e a c t o r a sma l l amount of water en te red the capsule, 
r eac ted with the contents and r e l e a s e d hydrogen, thereby increas ing the 
p r e s s u r e in the thimble. In th ree r e a c t o r power cycles the thimble p r e s s u r e 
i n c r e a s e d from 200 psi to 350 psi The p r e s s u r e buildup was t e rmina ted in 
the th i rd cycle by shutdown of the r e a c t o r . On examination of the rup tured 
capsule, the fuel was indeed found to be des t royed by extensive reac t ions . 

The fuel used in the f i r s t high-act ivi ty level mel t - ref in ing 
exper iment was obtained from the second capsule, which was removed from 
the r e a c t o r on June 29, I960 No evidence of co r ros ion of the capsule was 
detected. 



42 

b. F i ss ion G a s - r e l e a s e Studies 
(N. R. Chellew, C. C. Honesty, G. W. Smith, * D. W. Mongan*) 

The f i r s t of a s e r i e s of exper iments on the r e l e a s e of krypton 
and xenon during the heating and melt ing of highly i r r ad i a t ed u ran ium-f i s s ium 
pins has been completed. The objectives of the ini t ial exper iment w e r e two­
fold: ( l) to follow the evolution of the fission product gases as the alloy 
is heated until fully molten, and (2) to observe physical changes in the me ta l 
during heating. The value of this information to the mel t - re f in ing p r o c e s s 
has been d i scussed previous ly (ANL-6145, page 35). 

Calculat ions show that the u ran ium-f i s s ium fuel al loy to be 
used in the f i r s t EBR-II core loading will contain about 2800 ppm of xenon 
plus krypton at two t o t a l a t o m p e r cent burnup. The volume of gas , if r e l e a s e d 
quanti tat ively at 1000 C during m e l t refining, would amount to approximate ly 
40 cc per cc of molten alloy. A previous ly r epor t ed exper iment (ANL-5896, 
page 124), utilizing i r r a d i a t e d u ran ium containing 140 ppm of xenon plus 
krypton, showed that the evolution of krypton is essent ia l ly complete shor t ly 
after mel t ing. The avai labi l i ty of highly i r r a d i a t e d uranium-f ive per cent 
f iss ium alloy has pe rmi t t ed a s imi l a r invest igat ion with m a t e r i a l which 
s imula tes much m o r e c losely the fuel that will be d i scharged from EBR-II . 

The furnace and auxi l ia ry gas-handl ing t r a in used in the 
exper iment a r e i l lus t ra ted in F igu re s 4 and 5. The components containing 
highly rad ioac t ive m a t e r i a l we re mounted on a s teel table and ins ta l led in 
Cell A of the Senior Cave Fac i l i ty in Building 205. Nonbrowning optical 
flats at each end of the r e s i s t a n c e - h e a t e d furnace tube se rved as sight 
po r t s . Dimensional changes and the appearance of the fuel pin during the 
exper iment were observed and photographed by means of a Kollmorgen 
cave-wal l pe r i scope equipped with a filar eyepiece. A previous cal ibrat ion 
of the viewing equipment, using inactive m a t e r i a l (unwarped pins), indicated 
that the e r r o r in ineasur ing the d i ame te r of an active pin should be within 
±0.004 inch. The t e m p e r a t u r e of the fuel pin was m e a s u r e d with a platinum.-
plat inum 10 per cent rhodium thermocouple located in the heated zone near 
the pin. P rov i s ions were made for c i rcula t ing the furnace a tmosphe re at a 
m e a s u r e d r a t e through a 7-cc Pyrex-bulb located in a gas counting assembly . 
G a m m a - r a y spec t r a of the ac t iv i t ies p r e s e n t in the bulb were de te rmined 
with a 256-channel g a m m a - r a y spectromieter equipped with a 2 x 2-inch 
sodium iodide c rys t a l . The sys t em was a r r a n g e d to pe rmi t counting of the 
gas under conditions of constant volume. 

The m a t e r i a l used in the p r e l i m i n a r y fission gas r e l e a s e 
exper iment was p r e p a r e d by i r r ad ia t ing uranium-f ive per cent f i ss ium alloy 
in CP-5 to a tota l a tom burnup of approximate ly 0.6 per cent. The composi ­
tion of the al loy p r io r to i r r ad ia t ion was as follows, in weight per cent: 

•Analyt ical Group 
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uranium-238, 84j uranium-235, 10.73; molybdenum, 2.59; ruthenium, 2.11; 
rhodium, 0.26; palladium,'*-'0.19; z i rcon ium,~0 .12 ; and n iob ium,~0 .01 . The 
i r r ad ia t ed fuel pin was 1.5 inches long, 0.143 inch in d iameter , and weighed 
7.17 g r a m s . The cooling t ime pr io r to the exper iment was 49 days, and the 
total content of krypton and xenon was calculated to be~800 ppm. 

EXPERIMENTAL 
O VACUUM VALVE 
® NEEDLE VALVE 
1. ARGON FEED TANK 
2. PRESSURE GAGE 
3. THERMOCOUPLE GAGE 
4. MANOMETER 
5. GAS SAMPLE BULBS 
6. GLASS-WOOL FILTER 
7. IRRADIATED CHARGE 
8. QUARTZ FURNACE TUBE 
9. VACUUM PUMP 

10. GAS-CIRCULATING PUMP 
11. SAS-OOUNTING ASSEMBLY 
IE, FLOWMETER 

FIGURE 
FURNACE AUXILIARY SYSTEM 

The exper imenta l procedure was as follows. The pin was 
located on a tantalum support in an alumina boat which had been degassed 
previously at 1200 C. This assembly , shown in Figure 4, when inser ted 
into the tube furnace, permi t ted viewing of the unres t ra ined pin during 
heating. Before a known volume of argon was added to the closed system, 
the ma te r i a l s in the furnace tube were degassed for 85 minutes at 100 C 
and a p r e s s u r e of 40 mic rons . In the course of the experiment , the p r e s ­
sure of the sys tem var ied from 685 to 790 m m Hg as a resu l t of t empera ­
ture variat ion. Since the gas was at constant volume, counting-rate 
cor rec t ions due to t empera tu re changes were unnecessary . It was necessa ry , 
however, to apply cor rec t ions for the t ime lag in t ranspor t ing the activity 
from the furnace tube to the counting assembly . These correc t ions were 
applied when counting r a t e s were used to obtain the cumulative totals of 
act ivi t ies evolved as a function of t empera tu re and t ime of heating. This 
t ime lag amounted to four minutes for the gas circulat ion ra te of 120 cc 
per minute used in the experiment . 

The conditions employed and the resu l t s of the experiment 
a r e repor ted in Figure 6. Although both xenon-133 and krypton-85 were 
identified in the gas s t r e a m when the fuel pin was heated between 400 and 
650 C, their concentrat ions were l e s s than 0.1 per cent of the final values 
shown in Figure 6. The per iod of rapid evolution of both isotopes began 
and ended at s imi la r t empe ra tu r e s , start ing at about 700 C and ending in 
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the vicinity of 1000 C. During this period, the pin dianaeter increased 
about 40 per cent. The pin appeared to re ta in its cylindrical shape until it 
had reached a t empera tu re of about 1020 C, at which there was evidence 
of sagging. When the t e m p e r a t u r e exceeded 1080 C, the alloy began to 
flow, wetting the tantalum support . No further r e l ease of gas was found 
when heating was continued at a t empera tu re higher than 1050 C for 
90 minutes , or when the pin was cooled rapidly from 1150 to 800 C. In 
F igure 6 the sca t ter in the act ivi ty data at the beginning of the plateau in 
the curve may have resu l t ed from incomplete mixing of the fission gases 
with the circulat ing argon in the sys tem. Separate tes t s a r e being made 
to determine the ra te of mixing. 
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A photographic r e c o r d of the i r rad ia ted pin at various 
t empera tu re s is shown in Figure 7. During the experiment, the horizon­
tally supported pin gradual ly crept toward the front of the tantalum bracket 
and assumed a ti l ted position. This is a t t r ibuted to vibration of the furnace 
tube by the gas circulat ing pump. Photographs B and C show the pin pr ior 
to and during the period of rapid gas evolution, respect ively. When photo­
graph D was taken, the evolution of gases had subsided and the metal had 
softened. P r io r to reaching this tenaperature the pin, although deformed 
by swelling, had re ta ined i ts cyl indrical shape. In photograph E the bulk of 
the meta l had flowed frora the tantalum support to the alumina boat. 

Some additional observat ions which may be of process 
in te res t a r e as follows: 

(l) There was no indication of spattering of molten me ta l 
as a resu l t of gas evolution during the heating period. This resu l t was 
confirmed by inspection of the alumina boat at the end of the experiment. 
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(2) Relat ively l i t t le act ivi ty was deposited on the view 
port which was located 20 inches from the fuel pin and was maintained at a 
t e m p e r a t u r e below 100 C during the exper iment . A smear taken from this 
component showed 25 mi l l i roentgens per hour of hard and soft act ivi ty at a 
dis tance of two inches. 

(3) During the exper iment , act ivi t ies present in the in-l ine 
counting chamber other than xenon-133 and krypton-85 were negligible. 
Cesium and iodine act ivi t ies were absent . With in termit tent flushing and 
evacuation of the sys tem after the fuel pin had cooled at the end of the ex­
per iment , the only act ivi ty t r anspor t ed to this zone was iodine-131. 

(4) The ra t e of noble gas evolution pr ior to melt ing was 
significantly slower than that observed in an ea r l i e r study conducted with 
i r r ad i a t ed uranium containing 140 ppm of xenon and krypton (ANL-5896, 
page 124). In the previous exper iment , however, the r a t e of heating during 
this per iod was 20 C per minute , or roughly four t imes the ra te in the 
p resen t exper iment . An additional study is planned to obtain information 
on the effect of heating r a t e on the evolution of krypton-85 from highly i r r a ­
diated uranium-f ive per cent f iss ium alloy. 

(5) It is of i n t e r e s t to note that the rapid evolution of f is­
sion gases and the expansion of the i r r a d i a t e d uranium-five weight per cent 
f iss ium pin occu r r ed nea r a t e m p e r a t u r e of 725 C, where s imi la r u n i r r a ­
diated alloy is r epor t ed to undergo a phase t ransformat ion; above this t e m ­
pe ra tu re s ingle-phase gamma is stable.- ' 

c. Nitr ide Format ion on Sodium-coated Fuel Pins 
(J. P. LaPlante) 

The design specif icat ions for the p rocess cell of the EBR-II 
Fuel Cycle Faci l i ty l imit the ni t rogen content of the purified argon a t m o s ­
phere to five volume per cent. During the fuel decladding and other opera ­
tions preceding the mel t - re f in ing step, it has been es t imated that the fuel 
pins will r e ach a t e m p e r a t u r e of 300 C as a resu l t of fission product decay 

4 heat. While the ni t rogen content of the cel l a tmosphere may, in fact, be 
much l e s s than five per cent., an invest igat ion of the tendency of fuel pins to 
form uranium ni t r ide coatings at the five per cent concentration level is 
appropr ia te . The formation of n i t r ide shel ls on the fuel pins could cause 
ser ious difficulties in achieving coa lescence of the me ta l in the mel t - ref in ing 
operat ion. Data a r e avai lable on the ni t r idat ion ra t e of uranium, but l i t t le is 
known about the influence of f i ss ium const i tuents , sodium coatings, and 
i r r ad ia t ion on the r a t e . 

^Nevi t t , M. V. and Zegler , S. T., Jou rna l of Nuclear Materials ,_L 6 (1959). 
4 Chi lenskas , A. A., pr iva te communicat ion. 
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Exper iments were per formed on the ni t r idat ion of sodium-
coated uran ium and uranium-f ive per cent f iss ium pins at 308 C in an argon 
a tmosphere containing 5.39 per cent n i t rogen. The oxide coatings on the 
sur faces of the pins were removed by a polishing wheel until a smooth br ight 
meta l l i c finish was obtained. The sodium coatings were p repa red by subl im­
ing sodium onto the clean pins until a uniform surface was evident. The pins 
were a t tached to a movable rod so that they could be r a i s e d from the lower 
par t of the furnace tube to the center , where they were heated in the ni trogen-
argon a tmosphe re . 

The ni t r ida t ion r e s u l t s a r e s u m m a r i z e d in Table 1̂  in which 
the re la t ive amounts of ni t rogen consumed a r e compared for coated and un-
coated uran ium and u ran ium-f i s s ium pins. The absolute ra te of ni t r idat ion 
of uncoated uran ium pins, based on an es t imated a rea , a g r e e s with r a t e s r e ­
por ted in the l i t e r a t u r e ^ and in ANL-5974, page 187. Both the uran ium and 
u ran ium-f i s s ium pins were n i t r ided at a significant r a t e at 308 C, and the 
r a t e was i nc r ea sed by the sodium coatings in both c a s e s . 

Table 1 

NITRIDATION OF URANIUM AND URANIUM-FISSIUM PINS 

Tempera tu r e : 308 C 
Time: 17.5 hr 

•,,r • •, ^ Quantity of Nitrogen ._.^ 
Weight , , , ,,4\ Nitrogen 

, ^. (moles X 10*) ^ f . 
of Pins _______________________ Reacted 

Type of P ins (g) Initial F ina l (per cent) 

Uranium 95.4 5.80 4.40 24.0 
Uranium^ 102.3 5.89 2.36 60.0 
U r a n i u m - F i s s i u m 82.3 5.89 4.47 25.0 
U r a n i u m - F i s s i u m ^ 90,4 5.94 3.21 46.0 

Sodium coated. 

A dull black film was evident on the n i t r ided pins which 
were not coated with sodium. The coated pins had an uneven film with black 
and meta l l i c a r e a s when the sodium was removed. X- r ay diffraction r e s u l t s 
showed the coating in both a r e a s to be p r i m a r i l y u ran ium dini tr ide. An 
at teinpt was made to r emove the n i t r ide film from the uranium pins by buff­
ing them for two hours in a j a r mi l l , using a 60 m e s h alundum ab ras ive . The 
buffing was ineffective in removing the film, suggesting that the n i t r ides a r e 
somewhat h a r d e r than oxide f i lms, which a r e r emoved by this t r ea tmen t . 

5 
Adda, Y., Investigation of the Kinetics of the Reactions of Oxidation, 
Nitr idat ion and Hydridation of Uranium, Gauthier -Vi l la rs , Edi teur , 
Impr iment L i b r a i r e , P a r i s (l958). 
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These r e su l t s indicate that exposure of the fuel pins to the 
cell a tmosphe re during s torage m a y have to be l imited in order to avoid 
the formation of uraniumi n i t r ide pinshel ls during inelt refining, 

d. Melt Refining of Sodium-coated Pins 
(G. A. Bennett, W. A. Pehl) 

In EBR-II , sodium is used to effect a t he rma l bond between 
the fuel pin and the s ta in less s tee l container . The question of whether the p r e s ­
ence of this sodium will have a m a t e r i a l effect on the mel t - ref in ing p rocess 
has been r a i s ed . 

Melt Refining under Conditions of Low Oxygen Contamination 

P r e l i m i n a r y r e su l t s were p resen ted previously (ANL-61455 
page 36) on the effect of oxygen contamination on the pouring yield of sodium-
coated pins during me l t refining. These r e s u l t s showed that when oxygen 
contamination o c c u r r e d during the me l t refining of sodium-coated pins, a 
yield d e c r e a s e of about 10 per cent, accompanied by pinshell formation, could 
be expected; if oxygen contamination was reduced considerably, however, no 
such yield d e c r e a s e was observed. 

These r e s u l t s , p rev ious ly r epor t ed on an 800-gram bas i s , 
have now been confirmed on a scale of two k i lograms . In this la t te r run, in 
which sodium-coa ted f iss ium pins were me l t refined for one hour at 1400 C, 
the ingot yield was 97.4 per cent. This yield is the same as that obtained 
when s tar t ing with m a s s i v e uraniuin or u ran ium-f i s s ium alloys alone 
(Table 2). No pinshel ls were formed in this run. In the above runs , no c e r i ­
um was p re sen t as a s tand- in for a l l r a r e e a r t h s . The presence of ce r ium 
would have d e c r e a s e d the yield slightly (by about two per cent). 

The p rocedure used was that desc r ibed in ANL-6145, page 36, 
except that the sodium was removed at a p r e s s u r e of about two to five inches 
of water above a tmospher i c . In addition, precaut ions were taken to el iminate 
not only ex te rna l sources of oxygen, ni t rogen, and water vapor from the 
charge as prev ious ly descr ibed , but a lso a l l possible sources of contamina­
tion from within the furnace. The only disquieting note is that the tantalum 
susceptor d i s in tegra ted at some t ime during the run, probably due to at tack 
by sodium. This effect had been observed previously. 
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Table 2 

E F F E C T OF SODIUM ON INGOT YIELD 

Conditions: Liquation Tempera tu re : 1400 C 
Liquation Time: 1 hr 
Crucible: D r y - p r e s s e d z i rconia (degassed) 
Atmosphere : High-puri ty argon 

Charge 

Mate r i a l 

Uran ium-5% 
F i s s i u m ^ 

Uranium Biscuit 

Uran ium-5% 
F i s s i u m pins ^'^ 

Weight 
(g) 

~1000 

2013 

1993 

Sodium 

None 

None 

P r e s e n t ^ 

Ingot Yield 
(%) 

97.3b 

96.3 

97.4 

^ Added e lements as follows (nominal weight per cent): 
Mo, 2.46; Ru, 1.96; Rh, 0.28; Pd, 0.19; Zr, 0.10; Nb, 0.01. 

Average yield obtained in al loy p repara t ion runs pe r fo rmed 
by the EBR-II Fue l P r o c e s s i n g Mock-up Group. 

c 
In ject ion-cas t by Meta l lu rg ica l Division. 

Conta ined '^ lO ppm oxygen. 

e. Study of Al te rna te Mate r i a l s and Designs for EBR-II 
Melt-ref ining Furnace 
(J. Wolkoff, R. Nowak) 

(1) Tes t s of IQOO-MCM (lO^ Ci rcu la r Mil) Type MI Power 
T r a n s m i s s i o n Cable 

In the EBR-I I p rocess ing plant at Idaho, high-frequency 
(10,000 cycle per sec) power m u s t be t r ansmi t t ed nea r ly 30 feet from outside 
the p rocess ing cel l to the induction coil surrounding the mel t - re f in ing c r u ­
cible. A 28-ft length of the proposed MI cable (minera l - insu la ted coaxial 
cable - 10^ c i r cu l a r mi l s ) has been t e s t ed as the p o w e r - t r a n s m i s s i o n l ine. 
The effect of ground location in the inductor coil on furnace per formance was 
a l so noted. 

The effect of the cable on power consumption compared 
with the s tandard shor t - length power leads was smal l . An i n c r e a s e in power 
of from 4.0 kw to 4.5 kw was r e q u i r e d to produce an in te rna l crucible t e m ­
p e r a t u r e of 1400 C. The voltage drop a c r o s s the 28-ft cable was only 21 vol ts . 
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The impedance of the cable was calcula ted to be 44 mic roohms . With the 
MI cable t r a n s m i s s i o n line being used, the re was no observable effect in 
furnace per formance produced by changing the point of grounding of the 
induction coil f rom the midpoint to one end. It is concluded that the 
1000-MCM MI cable is an efficient t r ansmi s s ion line for the 10-kc power 
and that the e l ec t r i c a l lo s ses resul t ing from its use a r e smal l . 

The s t eady-s ta te cable t e m p e r a t u r e s in a i r were 69 
and 64 C for the inner and outer conductors , respect ive ly . Evidently, the 
c o m p r e s s e d magnes ium oxide e l ec t r i ca l insulation between the inner and 
outer conductors of the coaxial cable is an effective t he rma l conductor. 

(2) Al terna te Insulating Mate r ia l s and Crucibles 

Carbon wool was evaluated as a h igh- t empera tu re 
t he rma l insulator adjacent to the graphi te susceptor . Its per formance at 
s teady s ta te with a 1400 C crucible t e m p e r a t u r e is summar ized in Table 3, 
and compared with a previous ly r epo r t ed run employing zirconia grain . 
At the densi ty of wool tested, its pe r fo rmance was approximate ly equivalent 
to that of z i rconia gra in . It is inferior to the silicon carbide and carbon 
black previous ly evaluated as t h e r m a l insulation. A weight loss of 18 per 
cent was exper ienced by the carbon wool. The fiber length was not affected, 
however. 

F ib rous po tass ium t i tanate was used to form a gra in 
r e t a ine r s imi l a r to the r ig id F ibe r f r ax that has been developed in this 
p rog ram. Its pe r fo rmance , s u m m a r i z e d in Table 3, showed it to have nota­
ble t h e r m a l insulat ion p rope r t i e s . A run with a r igid F iber f rax r e t a ine r is 
shown for compar i son . Although both carbon black and F ibe r f rax a r e ve ry 
effective insu la to r s , the excel lence of the fibrous po tass ium ti tanate r e ­
sulted in the lower power r equ i r emen t and the higher inner wall gra in 
r e t a ine r t e m p e r a t u r e . 

The effectiveness of the fibrous potass ium t i tanate as 
a t h e r m a l insula tor is due l a rge ly to its abi l i ty to block infrared radia t ion 
because of the high re f rac t ive index of the f ibers and thei r d imensions . The 
molded gra in r e t a ine r made from it, however, was inferior in s t rength to 
r ig id F iber f rax . Although it p o s s e s s e s the r e s i l i ency needed, i ts s t rength 
is not cons idered adequate at the p re sen t t ime for this duty in the m e l t -
refining furnace. 

A s l i p - ca s t s i l ica g ra in r e t a ine r was also t es ted and 
was found to have c racked during the run. It is bet ter than A m e r s i l as a 
t h e r m a l insula tor although it is s imi l a r to A m e r s i l in lack of r e s i l i ence to 
in te rna l expansion. 
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Table 3 

COMPARISON OF VARIOUS THERMAL INSULATION MODIFICATIONS 
IN THE MELT-REFINING ASSEMBLY 

(Measurements at a p ressure of 1 atmosphere of argon) 

Temperature (C) 

Insulating Grain 

Carbon wool, long 
fiber; 9-M fiber 
diameter; den­
sity 0.34 g /ml 

25/40 mesh zirconia Rigid 1405 
grain;^ density Fiberfrax 
2.1 g /ml 

Stainless Thermax Fibrous 1405 
carbon black;^ Potassium 
density 0.84 g /ml Titanate 

Stainless Thermax Rigid 1400 
carbon black; Fiberfrax 
density 0.80 g /ml 

Stainless Thermax Rigid 1400 
carbon black;^ Fiberfrax 
density 0.88 g/ml; 
thickness 30% 
greater than p r e ­
viously used 

Grain 
Retainer 

Rigid 
Fiberfrax 

Crucible 
Wall 

1405 

Inner 
Wall 
Grain 

Retainer 

-

Outer 
Wall 
Grain 

Retainer 

-

Copper 
Coil 

438 

Power 
(kw) 

5.7 

1158 

869 

612 

548 

574 

341 

372 

372 

473 

314 

341 

345 

5.7 

3.8 

4.1 

3.8 

Previously reported. 

Increased insulation thickness obtained by using a crucible and susceptor 
with smaller outer d iameters than previously used. 

A z i r c o n i a c r u c i b l e of s m a l l e r ou t e r d i a m e t e r than 
now in u s e w a s d e s i g n e d w i th a t h i n n e r w a l l and b o t t o m to i m p r o v e the 
p e r f o r m a n c e of the c r u c i b l e s wi th r e s p e c t to b r e a k a g e du r ing the m e l t -
re f in ing o p e r a t i o n . P r e l i m i n a r y t e s t s done by the Des i gn G r o u p in the 
m e l t - r e f i n i n g m o c k u p f u r n a c e s w e r e e n c o u r a g i n g . H o w e v e r , an i m p r o v e ­
m e n t in the q u a l i t y of the s t a n d a r d c r u c i b l e by i t s m a n u f a c t u r e r h a s d e -
e m p h a s i z e d the n e e d for c r u c i b l e i m p r o v e m e n t s t h r o u g h s h a p e m o d i f i c a t i o n s . 

The n e w t h i n n e r - w a l l e d c r u c i b l e a l l owed an a p p r o x i ­
m a t e 30 p e r cen t i n c r e a s e in the t h i c k n e s s of the h i g h - t e m p e r a t u r e in su la t ing 
g r a i n . R e s u l t s of a r u n u n d e r t h e s e cond i t ions a r e s u m m a r i z e d a s the l a s t 



entry in Table 3. A d e c r e a s e of only about 9 per cent in the power r e q u i r e ­
ment over a s tandard a s s e m b l y using the same insulating m a t e r i a l s was 
obtained. 

Some of the major objectives of the p r o g r a m have been 
accomplished. It has been found that e i ther f ine-grain silicon carbide or 
carbon black used as the h igh - t empera tu re insulation adjacent to the graphi te 
susceptor with a g ra in r e t a ine r of r igid F ibe r f rax is super ior to the or iginal 
m a t e r i a l s (zirconia g ra in and Amers i l ) A combination such as this is com­
patible at operating t e m p e r a t u r e and is highly efficient thermal ly . The power 
r equ i r emen t and the inductor coil t e m p e r a t u r e a r e substant ial ly lower than 
v#ith the or iginal m a t e r i a l s 

Z Liquid Metal Solvents P r o c e s s Development 
( L . B u r r i s , J r . , R. K. Steunenberg) 

At the completion of the mel t - ref in ing operation, approximate ly 
ten per cent of the charge r ema ins behind in the z i rconia crucible in the 
form of a "skul l" made up of m e t a l and oxides An auxi l iary p rocess is r e ­
quired to r ecover par t ia l ly decontaminated uranium from the skull and 
r e t u r n it to the mel t - re f in ing p r o c e s s While highly efficient fission product 
r emova l is not n e c e s s a r y , a substant ia l amount of each fission product e l e ­
ment mus t be r emoved in o rder to mainta in the proper f issium composition 
in the recyc led fuel. 

Removal of the skuli is effected by an argon-oxygen mix ture at 
700 C, which conver ts the skull to a free-flowing oxide powder which is 
eas i ly poured from the crucible The powder resul t ing from the oxidation 
s tep is reduced ei ther by liquid magnes ium or by a solution of magnes ium 
in liquid zinc In pure magnes ium or in h igh-magnes ium solutions, u ran i ­
um is prec ip i ta ted as the m e t a l during reduct ion Subsequent steps in the 
p roces s involve u ran ium-f i s s ion product separa t ions based on their differ­
ent solubil i t ies m liquid me ta l media , followed by a re tor t ing operat ion to 
remove re s idua l magnes ium, zinc, or cadmium from the uranium product. 

a P roces s ing of Melt -refining Skulls 

(l) Oxidation of Melt - ref ining Skulls 
( T R Johnson, J. P. LaPlante , R. L. Chris tensen) 

In the proposed p r o c e s s for the r ecove ry of uranium 
from EBR-II mel t - re f in ing skul ls , the f i r s t s tep consis ts of rem.oving the 
skull f rom the mel t - re f in ing z i rconia crucible The mos t promising p r o ­
cedure is a h i g h - t e m p e r a t u r e oxidation which conver ts the skull const i tu­
ents to a free-flowing oxide powder. The possibi l i ty of volatilizing cer ta in 
fission oxides in this s tep has been explored Those fission product e l e ­
ments p resen t in the mel t - re f in ing skull which might be expected to form 
volat i le oxides at t e m p e r a t u r e s below 1200 C include molybdenum, ruthenium, 
technetium, and t e l lu r ium 
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Recent exper iments have shown that the p resence of 
c e r i um in the skull d e c r e a s e s the volat i l i ty of molybdenum oxides, p rob ­
ably through a chemica l in terac t ion of the two oxides. Cer ium appea r s to 
have no significant effect, however, on the behavior of ru thenium during 
the oxidation. 

Two mel t - re f in ing skul ls , weighing about 30 g r a m s 
each, were p r epa red from uraniu in-6 per cent f i ss ium alloys in z i rconia 
c ruc ib le s . Cer ium was added to a concentrat ion of 0.6 weight per cent to 
one of the a l loys . The skulls were oxidized in a r e s i s t a n c e - h e a t e d Vycor 
furnace tube under re la t ive ly seve re condit ions. A s t r e a m of flowing 
oxygen (l a tm, 800 c c / m i n , STP) was d i rec ted within one inch of the bot­
tom of the cruc ib le . While the nominal furnace t e m p e r a t u r e was 850 C, 
the t e m p e r a t u r e of the burning skull probably exceeded 1300 C. At the 
end of the four-hour oxidation period, the furnace t e m p e r a t u r e was 
r a i s e d to 940 C and the p r e s s u r e within the sys tem was reduced to le'>s 
than one m m Hg for 30 minu te s . 

During the f i r s t hour of the oxidation, a dense siiioke 
was evolved from the skull which contained no ce r ium. The smoke de 
posi ted as a light yellow powder, which had been identified in previous 
exper imen t s as molybdenum t r ioxide . In the case of the skull containing 
ce r ium, no evolution of molybdenum tr ioxide o c c u r r e d during the oxida­
tion, but it was obse rved during the evacuation p rocedure . A black 
deposit of ru thenium dioxide on the exit gas l ines was f i rs t noted in both 
exper imen t s about 30 minutes after the oxidation was s ta r ted . The de ­
posit g rew da rke r during the r e m a i n d e r of the exper iment , indicating a 
slow volat i l izat ion of ru thenium oxide. The volat i l ized ruthenium was 
t rapped eas i ly on g la s s wool or Molecular Sieves. Ruthenium appears 
to be difficult to volat i l ize during the oxidation step, requi r ing t e m p e r a ­
t u r e s above 800 C and a s t r e a m of oxygen flowing rapid ly past the 
burning p a r t i c l e s . 

P r e l i m i n a r y r e s u l t s indicate that technet ium behaves 
much like ru thenium during the oxidation of a skull. Flowing oxygen is 
r e q u i r e d to volat i l ize technet ium from an oxidizing u ran ium-f i s s ium alloy. 
It can, however, be vola t i l ized at a lower t e m p e r a t u r e (700 C) and at lower 
gas veloci t ies than ru thenium. One-g ram samples of f iss ium alloy con­
taining 0.2 weight per cent technet ium and no c e r i u m were oxidized in 
porce la in combustion boats . Technet ium oxides condensed on the cool por ­
t ions of the furnace tube a s maroon and black depos i t s . 

Te l lu r ium is not volat i l ized during the oxidation of 
skulls under ant ic ipated p r o c e s s conditions. A 6 0 - g r a m skull containing 
about 0 6 weight per cent t e l lu r ium was oxidized in a s tat ic oxygen-argon 
a tmosphe re at 725 C Te l lu r ium t r a c e r p r e p a r e d by i r rad ia t ing the m e t a l 
and separa t ing the iodine and xenon daughters was used. The te l lu r ium 
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remained in the oxidized m a t e r i a l and no evidence of any activity was 
found outside the crucible . The lack of te l lur ium volatilization is believed 
to resu l t from the fornaation of stable t e l lu ra tes with cer ium. Thus, it 
appears that significant volati l ization of fission products during the skull 
oxidation can be avoided, thereby eliminating any ser ious off-gas-handling 
problem. 

(2) Pa r t i c l e Size and Composition of Oxidized Melt-
refining Skulls 
(R. D. P i e r c e , T. R. Johnson, L. F . Dorsey) 

Three skulls produced in plant-type melt-ref ining 
crucibles were oxidized in a 20 per cent oxygen-argon a tmosphere . The 
screen analyses and composit ions of these oxidized skulls a re presented 
in Figure 8. These skulls were obtained from cer ium-f i ss ium me l t -
refining runs in the mockup facility. 

FIGURE 8 
COMPOSITION AND SIZE DISTRIBUTION OF SKULL OXIDES 
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2 80 
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The r ecove ry of uranium from the melt-ref ining 
crucibles for these oxidations was g rea te r than 99.5 per cent for RunsSO-35 
and SO-38, but only 98.4 per cent for Run SO-39. The uranium res idue 
after Run SO-39 was oxidized, but a smal l portion of it adhered too tightly 
to the wall to be dumped without scraping or brushing the wall. This is the 
first t ime this behavior has been encountered. 

SKULL OXIDE COMPOSITION 

WEIGHT PER CENT 

Ce Mo Ru 

7 3 1.40 1.20 
6.37 L 5 i 1.47 
L56 L47 1.02 

J i l l •i_.J_l i l_. Xl i I I I I I I ""fi-M-

Domange, L., Flahaut, J., and Chirazi , A. W., Bull. soc. chem. 
France , No. 1, 150 (l959). 
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Some a n a l y s e s of the s c r e e n f r a c t i o n s a r e p r e s e n t e d 
in T a b l e 4. A s in p r e v i o u s r u n s , c e r i u m w a s c o n c e n t r a t e d in the fine sku l l 
oxide p a r t i c l e s whi le m o l y b d e n u m a n d r u t h e n i u m c o n c e n t r a t e d in the c o a r s e r 
p a r t i c l e s . L e s s t o t a l c e r i u m w a s p r e s e n t in the s e c o n d r u n than in the f i r s t , 
wh ich a c c o u n t s for the g e n e r a l l y l o w e r c e r i u m c o n c e n t r a t i o n s in the s e c o n d 
r u n . 

T a b l e 4 

SOME FISSION P R O D U C T C O N C E N T R A T I O N S 
IN S K U L L OXIDES 

Weight P e r Cent 

Run SO-38 

- 1 4 +25 m e s h 
-45 +80 m e s h 

- 3 2 5 m e s h 

Run SO-39 

- 1 4 +25 m.esh 
- 4 5 +80 m e s h 

- 3 2 5 m e s h 

b . R e d u c t i o n of U 

( l ) R e d u c t i o n 
Z inc Solut] 

Ce 

3.08 
6.4 

13.2 

1.18 
1.40 
2.60 

r a n i u m Ox 

of Ox id ize 
Lons 

i d e s 

Mo 

1.87 
1.54 
0.85 

2.00 
1.71 
0.86 

in Liquid Me 

d Skul l s in Di lu te 

Ru 

2.28 
1.24 
0.52 

1.35 
1.37 
0.32 

t a l s 

M a g n e s i u m -

(R, D. P i e r c e , L, F . D o r s e y ) 

The r e d u c t i o n of o x i d i z e d f i s s i u m s k u l l s by so lu t i ons 
of m a g n e s i u m in z i n c i s u n d e r i n v e s t i g a t i o n a s a s t e p in one p r o p o s e d s k u l l -
r e c o v e r y p r o c e s s . In t h i s r e d u c t i o n p r o c e d u r e , the r a t i o of z inc to u r a n i u m 
in t h e f i s s i u m s k u l l oxide is in e x c e s s of t h a t n e c e s s a r y to d i s s o l v e a l l the 
u r a n i u m if i t i s r e d u c e d to m e t a l . T h e s e r e d u c t i o n s a r e e a s i l y e v a l u a t e d 
e x p e r i m e n t a l l y by s a m p l i n g the l i qu id z i n c a n d a n a l y z i n g i t for d i s s o l v e d 
u r a n i u m . 

Dur ing t h i s q u a r t e r , the s a m p l i n g p r o c e d u r e s have 
b e e n c r i t i c a l l y s t u d i e d and a s u c c e s s f u l t e c h n i q u e i n c o r p o r a t i n g t a n t a l u m 
s a m p l e t u b e s h a s b e e n deve loped . S h o r t t a n t a l u m t u b e s f i t ted on a t a p e r e d 
s t e e l or t a n t a l u m e x t e n s i o n r o d a r e i n t r o d u c e d in to the m e l t s , and s a m p l e s 
a r e f o r c e d t h r o u g h No. 60 g r a p h i t e f r i t s in to the t u b e s by i n c r e a s i n g the 
a r g o n p r e s s u r e on the m e l t to abou t 20 p s i . S a m p l e s a r e r e c o v e r e d , a f t e r 
the f r i t s a r e cu t off and e x a m i n e d , by d i s s o l v i n g out t h e so l id i f i ed z inc 
so lu t ion w i th aqua r e g i a . The s a m p l e t u b e s m a y be f i t ted wi th new f r i t s 
and r e u s e d . 



57 

In a holding run of th ree -hour duration, made to check 
the sampling technique, uranium concentrat ions remained at the theoret ica l 
value within the precis ion of the ana lys i s . In contrast , uranium analyses in 
a s imi lar run in which sampling was performed with coated Vycor sampling 
tubes were genera l ly low and e r r a t i c . 

FIGURE 9 

SKULL OXIDE REDUCTION BY Z I N C -

10 WEIGHT PER CENT MAGNESIUM 

S O L U T I O N : ZINC-IOw/o MAGNESIUM 
T E M P E R A T U R E : a o o c 
C R U C I B L E : SIN. T A N T A L U M W I T H B A F F L E S 

A G I T A T O R ; 3 x 1 IN. T A N T A L U M 

STIRRING S P E E D : 4 0 0 rpm 

SAMPLE T U B E S : T A N T A L U M W I T H GRAPHITE 

FILTERS 

Two subsequent runs to reduce 
skull oxide were made with zinc con­
taining 10 per cent magnesium. The 
runs differed only in that the second 
employed a DOW-230salt flux (34 per 
cent magnesium chloride, 9 per cent 
bar ium chloride, 55 per cent potass ium 
chloride, 2 per cent calcium fluoride). 
Essent ia l ly quantitative reductions 
were rea l ized in both runs . Figure 9 
shows the increase in uranium con­
centrat ion during these runs . In both 
runs , mos t of the reduction occurred 
within the first hour. The slight d iver­
gence from the theoret ica l value may 
indicate only that nonrepresenta t ive 
port ions of skull oxide were taken 
either for analysis or for the runs . 
These sampling procedures will be 
carefully checked. 

A possible difficulty in the r e ­
duction runs made without flux is 
believed to be a trapping of uranium 

oxide in a stagnant magnes ium oxide concentrate which accumulates at the 
surface. This effect can probably be reduced if s t i r r ing is begun at t em­
pe ra tu re s below that requ i red for appreciable reduction. Magnesium oxide 
clumps do not form when salt flux is used to suspend the magiiesiujm oxide. 

(2) Reduction of Uranium Oxides by Liquid Magnesium 
( T . R . Johnson, J. C. Hesson, K. R. Tobias, 
R. L. Chris tensen) 

S 1.0 
z 
o 

K 
z 
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O 
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The feasibility of reducing melt-ref ining skull oxides 
by liquid magnes ium at 800 C has a l so been investigated. Since the subse­
quent fission product separat ions in the skull recovery process will p rob­
ably be done in solutions of liquid zinc, the reduction yields were general ly 
determined by dissolving the reduced uranium and unreacted magnesium 
in zinc and analyzing fi l tered samples of the solution for uranium. 



P r i o r to the reduction exper iments , t es t runs were 
made to a s c e r t a i n whether any chemica l reac t ions between the liquid m e t a l 
solution and var ious container m a t e r i a l s occur red . Chemical in terac t ions 
were absent in alumina and tantalum cruc ib les . In a graphi te crucible , 
in teract ion between prec ip i ta ted uranium me ta l and the graphi te was found 
by X- r ay ana lys is of in ter fac ia l a r e a s which showed the p resence of uran ium 
carbide . The extent of this react ion appears to be smal l , however. Difficulty 
was a lso caused by reac t ions of the mel t with si l ica (Vycor) tubes used to 
sample the m e l t s . The sample tubes were coated with magnes ia on the inside 
and f l ame-sp rayed with alumina on the outside, but these precaut ions did not 
ent i re ly prevent react ion. In one case , the m a t e r i a l adhering to the outside 
of the sample tube contained about twice the concentrat ion of uranium in the 
mel t . In r ecen t runs this problem has been overcome by using tanta lum 
sampling tubes . 

A number of successful reduct ions (over 90 per cent) of 
uranium dioxide and skull oxides have been achieved in liquid magnes ium 
(see Table 5). In these exper iments about 30 g r a m s of oxide, 100 g r a m s of 
magnes ium, and one-half to two g r a m s of sodium as a wetting agent were 
placed in a c ruc ib le , heated to 800 C, and s t i r r e d for about six hours . The 
resul t ing ingot was dissolved in 600 g r a m s of mol ten zinc, and samples of 
the me l t were withdrawn in tanta lum tubes fitted with graphi te filter fr i ts 
for ana lyses . 

Wetting and adequate s t i r r ing were found to be i m p o r ­
tant. The p resence of a smal l percentage of sodium appea r s to improve 
wetting of both the oxide and the c ruc ib le . When wetting of the crucible 
does not occur , the re is g r e a t e r l ikelihood that c lumps of uncontacted oxide 
will be found adjacent to the crucible wall . 

Two types of s t i r r ing were used: a slowly ro ta ted 
l a rge flat paddle with about the s ame width as the d iamete r of the crucible , 
and a rapidly ro ta ted sma l l p rope l le r having a d iameter one-half to one-
th i rd the cruc ib le d iamete r . F r o m the standpoint of ease of r emova l and 
rep lacement , the la t te r type of s t i r r e r is felt to be m o r e suitable for plant 
use . However, as shown in Table 5, good reduct ions were obtained with 
both types of s t i r r ing . 

In the case of skull oxide reduct ions , ana lyses of the 
magnes ium phase showed n e a r l y quanti tat ive t r ans fe r of both ce r ium and 
pal ladium to the magnes ium phase . 

c. Skul l - recovery P r o c e s s Demonst ra t ion Runs 
( R . D . P i e r c e , T. R. Johnson, J . F . Lenc, L. F . Dorsey, 
M. A. Bowden) 

Two demons t ra t ion rur.s of one of the proposed skull-
r e c o v e r y p r o c e s s e s were made to pinpoint opera t ional difficulties. 



T a b l e 5 

SUMMARY O F S M A L L - S C A L E MAGNESIUM 
R E D U C T I O N S O F URANIUM OXIDE 

T e m p : 775 to 800 C 
T i m e : 6 h o u r s 

M a t e r i a l s and Cond i t i ons : 
30 to 40 g UO2 or Skul l oxide 
100 g Mg 

•y to 2 g Na 

P e r cen t r e d u c t i o n d e t e r m i n e d by d i s s o l u t i o n in z inc 
e m p l o y i n g t a n t a l u m s a m p l i n g t u b e s 

S t i r r i n g Condi t ions 

Run 

1 

2 

3 

4 

No. 
Type of 
Oxide 

UO2 

UO2 

UO2 

Skul l 

C r u c i b l e 
M a t e r i a l 

AI2O3 

MgO 

Ta 

Ta 

B l a d e 

S m a l l 
P r o p e l l e r 

L a r g e f lat 

L a r g e f lat 

L a r g e f la t 

Baff les 

Yes 

No 

No 

No 

Speed 
( r p m ) 

300 

100 

100 

100 

P 
R 

e r Cent 
sduc t ion 

<50 

85 

97 

104 
Ox ide^ 

5 UO2 Ta 

P h S - 1 2 2 F i s s i u m AI2O3 
Skul l 
Oxide 

P h S - 1 2 3 F i s s i u m AI2O3 
Skul l 
Oxide 

S m a l l 
P r o p e l l e r 

S m a l l 
P r o p e l l e r 

S m a l l 
P r o p e l l e r 

Yes 

Yes 

Yes 

1000 

1800-2000 

92 

93 

1800-2000 ^ 1 0 0 

Skul l ox ide u s e d : U, 78.6 we igh t p e r cent ; 
Ce, 6. 1 we igh t p e r cen t 

T h e r e f o r e , i t w a s n o t e x p e c t e d tha t e i t h e r good r e c o v e r y o r p u r i f i c a t i o n 
would be a c h i e v e d . E m p h a s i s w a s p l a c e d on p e r f o r m i n g e a c h s t e p in s e ­
q u e n c e , a s d i a g r a m m i e d in F i g u r e 10, even though di f f icul ty m i g h t be 
e x p e r i e n c e d in a n y g iven s t e p . T h e s t a r t i n g m a t e r i a l w a s c r u c i b l e s k u l l s 
f r o m a m e l t - r e f i n i n g o p e r a t i o n , a n d i t w a s the i n t e n t to c a r r y t h r o u g h the 
p r o c e s s s t e p s to r e c o v e r y of u r a n i u m a s m e t a l . The sku l l u s e d in the f i r s t 
r u n c o n t a i n e d u r a n i u m and c e r i u m a s m e t a l and o x i d e s , w h e r e a s t ha t in the 
s e c o n d r u n c o n t a i n e d , in a d d i t i o n to t h e s e , the nob le m e t a l c o n s t i t u e n t s of 
f i s s i u m - r u t h e n i u m , m o l y b d e n u m , r h o d i u m , p a l l a d i u m , and z i r c o n i u m . An 
ex i s t i ng pour f u r n a c e w a s m o d i f i e d a s r e p o r t e d in A N L - 6 1 8 3 , page 42, to 
p e r m i t t r a n s f e r of l iqu id m e t a l p h a s e s by p r e s s u r e s iphon ing . 



FIGURE 10 

LIQUID METAL PROCESS FOR RECLAMATION 
OF MELT REFINING SKULLS 
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The f i rs t p rocess step, oxidation of the skull to recover 
uranium from the mel t - ref ining crucible, was repor ted in detail in 
ANL-6183, page 43. After oxidation, r ecove r i e s of 99.4 and 99.6 per cent 
of the m a t e r i a l were achieved by a simple pouring operation in the f irs t 
and second runs , respect ively . 

The analyt ical r e su l t s a r e now available for the balance 
of the s teps . The magnesium reductions and washes for the runs were 
conducted at 760 C in tantalum cruc ib les . The reductions were near ly 
complete, as indicated by the absence of uranium oxides as shown by X- ray 
diffraction analys is . The magnes ium supernatant solutions of both runs 
contained less than one per cent of the uranium and at least 50 per cent of 
the cer ium. About one per cent of the naolybdenum and ruthenium were r e ­
moved in the magnesiuin in the second demonstra t ion run. 

On zinc dissolution at 800 C (during which further r educ ­
tion may occur) , only about 76 and 79 per cent of the uranium was found in 
solution in the f i rs t and second run, respect ively, but inasmuch as sampling 
at that t ime was perforined with Vycor tubes, it is probable that sonae of the 
reduced uranium was precipi ta ted by the si l ica in the tubes. As mentioned 
previously in this r epor t (page 5 6), this sampling problem has been over ­
come by the use of tantalum sampling tubes. The res idue remaining in the 



tantalum crucible after t ransfe r of the z inc-uran ium solution contained 
17 and 35 per cent of the uranium original ly charged to the two runs . 
Incomplete and var iab le t r ans f e r s were expected because of the explora­
to ry na ture of the exper iments However, mos t of the uranium in the 
res idue was contained in the heel solution, which would not be lost in plant 
operation. Insoluble uranium, prec ip i ta ted by reac t ions with impur i t ies 
or as unreduced oxides, mus t , however, be avoided at this stage. 

The zinc solutions resul t ing in each run which contained 
reduced uran ium were cooled slowly from 800 to 550 C in the graphite 
c ruc ib le to prec ip i ta te u ran ium-z inc in te rmeta l l i c . The depleted zinc 
solutions were removed (by siphoning in the f i rs t run and by pouring in the 
second), leaving beds of in te rmeta l l i c c ry s t a l s . The concentrat ions of 
uran ium in the waste zinc solutions were not determined, but considerable 
previous exper ience has shown the concentrat ion of uranium in such solu­
tions to be close to the solubility value, about 0.05 per cent which, in 
these exper iments , would r e p r e s e n t a uran ium loss of about one to two 
per cent. 

The in te rmeta l l ic c ry s t a l s were removed in each run 
from the graphi te crucible and charged to an aluminum oxide-coated 
graphi te crucible for re to r t ing . In the f i rs t demonstra t ion run (skull 
from mel t refining of u r a n i u m - c e r i u m alloy), L4 kg of these in te rmeta l l ic 
c rys t a l s and r e s idua l zinc and magnes ium were r e to r t ed under initial con­
ditions of 600 C and 6 m m Hg until vaporizat ion of the zinc and magnes ium 
was v i r tua l ly conaplete. The st i l l t e m p e r a t u r e then r o s e to 900 C and the 
p r e s s u r e dec rea sed to l e s s than 1 m m Hg These la t ter conditions were 
mainta ined for 3 hours in the hope of s inter ing the uranium product The 
product was finely divided, however and. although it did not adhere to the 
crucible , only 88 g r a m s of it were removed before the remainder (about 
110 g r a m s ) ignited 

Analyses of the r e to r t ed product from this f i rs t dennon-
s t ra t ion run showed a u ran ium content of about 82 per cent and a magne­
sium content of approximate ly 11 per cent. An unsuccessful a t tempt was 
made to coalesce , at 1400 C and l e s s than 0 001 m m Hg, the 88 g r a m s of 
unburned product which had been r ecove red The magnes ium content of 
this ma te r i a l , after the a t tempt to coa lesce it, r emained essent ia l ly the 
same as after re tor t ing , which indicated that the magnes ium was initially 
p re sen t as magnes ium oxide The p re sence of magnes ium oxide is not 
su rp r i s ing , since phase separa t ions were not designed to provide for its 
r emova l More attention will be given to this problem in later runs . 

In the second demonst ra t ion run, the 1.2-kg zinc, magne­
sium, and u ran ium-z inc in te rmeta l l i c cake (skull from mel t refining 
ce r i um- f i s s i um alloy) was r e t o r t e d ini t ial ly at 660 C and l e s s than 2 m m 
Hg. P r i o r to re tor t ing , 200 g r a m s of magnes ium was added to the cake 



(result ing in a charge containing approximate ly 15 per cent magnes ium) 
in o rde r to prec ip i ta te uran ium from the u ran ium-z inc in te rmeta l l i c dur ­
ing re tor t ing and thereby form a m o r e compact product. The final r e t o r t ­
ing conditions were the s ame as those r e p o r t e d for the f i r s t demonst ra t ion 
run. 

About 144 g r a m s of the r e t o r t e d product s in te red in the 
crucible bottom and 19 g r a m s deposi ted on the side wall. The la t ter m a t e ­
r i a l was eas i ly r emoved but the foriner stuck to the bottom of the crucible . 
It is believed that this sticking miay have been caused by incomplete r e t o r t ­
ing, for ana lyses of port ions of the m a t e r i a l showed magnes ium m e t a l 
contents of between 0.6 and 2.5 per cent. By mechanica l means , 112 g r a m s 
of the bottom product was removed from the crucible . It was imposs ib le , 
however, to r ecove r the remaining 32 g r a m s . The product r ecove red from 
the c ruc ib le bottom and side wall was subsequently coalesced together with 
102 g r a m s of addit ional n o r m a l uran ium at 1400 to 1500 C and l e s s than 
0.001 m m Hg. Melting with addit ional u ran ium s imula tes the r e tu rn of this 
m a t e r i a l to a mel t - re f in ing operat ion. Approximately 97.5 per cent of the 
charge coalesced. 

The uran ium product after re tor t ing contained l e s s than 
0.04 per cent magnes ium oxide, which accounts for the abil i ty to coalesce 
the m a t e r i a l into the meta l l i c button subsequently. It a l so indicates that, 
insofar as magnes ium oxide r emova l is concerned, the pouring operat ion 
was cons iderably m o r e effective than p r e s s u r e siphoning. 

The abil i ty to pe r fo rm a l l the p r o c e s s steps in a p roper 
sequence in nonspecia l ized equipment has been ve ry encouraging. Although 
separa t ions were usual ly incomplete , l i t t le difficulty was exper ienced in 
r emova l of superna tan t liquid me ta l phases from precip i ta ted uran ium 
(either as m e t a l or as a u ran ium-z inc in te rmeta l l i c compound). The phase 
separa t ion which is l ikely to prove m o s t difficult is r e m o v a l of magnes ium 
oxide, although in the second run effective r emova l was apparent ly achieved 
by a pouring operat ion. However, with ei ther the pouring or siphoning 
p rocedure , the magnes ium oxide is left behind in the reduct ion crucible 
where i ts buildup can pose an increas ing problem. 

Because product t r a n s f e r s were incomplete , only quali tat ive 
information can be given regard ing purification. Removal of pal ladium and 
ce r ium appea r s to be v e r y good, these e lements being removed in the m a g n e ­
sium supernatant solution. Appreciable r e m o v a l of molybdenum, ruthenium, 
and z i rcon ium was a l so achieved, probably by v i r tue of insolubil i ty in the 
var ious m e t a l solvents . 

The high react ivi ty of the r e t o r t e d uran ium product was 
manifes ted in the f i r s t run by i ts rap id oxidation on exposure to a i r . Although 
in the plant the skull r e c o v e r y p r o c e s s equipment as finally envisioned would 
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be located in an argon cell , so that the r e to r t ed product would not r eac t 
with oxygen, the high reac t iv i ty of this uranium may pe rmi t react ion with 
the ni t rogen impur i ty expected in the cel l a tmosphere . Methods of p r o ­
tecting the uran ium product, both in exper imenta l work and under the 
expected plant conditions, mus t be devised. 

d. Retort ing of Uranium Concentrates 
( j . F . Lenc, M, A. Bowden) 

Recovery of uran ium in the cu r ren t dragout p rocess r e ­
qu i res final re tor t ing of zinc and magnes ium from a two-phase sys tem 
composed of a z inc -magnes ium liquid me ta l phase and a precipi ta ted 
u ran ium-z inc in te rmeta l l i c phase. The uranium product obtained from 
this final re tor t ing s tep mus t be in a compact form suitable for remote 
r emova l and handling. In the preceding two quar te r ly r epor t s (ANL-6145, 
page 63 and ANL-6183, page 59), it was r epor t ed that a number of s u c c e s s ­
ful re tor t ing runs had been made in ce r amic or ce ramic -coa t ed graphite 
c ruc ib les . The gene ra l exper ience with tantalum crucib les had been that 
the uran ium product adhered r a the r f i rmly to the crucible and was diffi­
cult to r emove . However, because of the fabricabil i ty of tantalum and its 
re la t ive ly good cor ros ion r e s i s t a n c e to zinc, additional work was performed 
in the l a s t qua r t e r to de te rmine if conditions could be found under which 
tantalum would be a useful and re l iab le container m a t e r i a l . 

The major change in the re tor t ing procedure was that the 
bulk of the zinc was init ial ly dis t i l led at 525 C instead of at 650 C. In the 
equipment employed, this a l so resu l t ed in lowering the disti l lation r a t e 
from about 1.5 kg /h r to about 0.3 k g / h r . Two methods of charge p r e p a r a ­
tion were employed: (l) d i rec t dissolut ion of uranium in the re tor t ing 
crucible , and (2) dissolution in a sepa ra t e graphite crucible and subsequent 
t r ans fe r of an ingot to the re tor t ing cruc ib le . In ei ther case a nominal 
2.4-kg charge was p r e p a r e d by dissolving uranium to a concentrat ion of 
eight per cent in a dilute (lO per cent or l ess ) magnesiuna-zinc alloy at 
800 C. Five runs were made by the f i r s t p rocedure and six by the second. 
In the six runs in which the charge had been p repared in graphi te , the 
uranium product was r ead i ly renaoved (Table 6). Inasmuch as product r e ­
moval from tantalum had previous ly been difficult, the t empera tu re change 
was evidently beneficial . However, in the five runs in which the charge 
was p repa red and r e t o r t e d in the same tantalum crucible , the uranium 
adhered to the bottom and side wall of the crucible and requ i red mechanica l 
prying for reinoval . The high t e m p e r a t u r e and t ime requ i red for uranium 
solution may enhance wetting of the tanta lum crucible . Wetting also may 
eventually occur even when the charge is p repa red in a separa te crucible . 
The possible introduction of carbon via the charge prepara t ion in graphi te 
c ruc ib les m a y have been beneficial insofar as el iminating product adhe r ­
ence to the crucible . 
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Table 6 

PERFORMANCE OF TANTALUM AS A CONTAINER MATERIAL FOR RETORTING URANIUM-ZINC SYSTEMS 

Run 
No. 

A-9 

Charge Preparation Crucible 

Same Crucible Charge Mg 
Used as Retort- Weight Cone 

Material ing Crucible (kg) (w/o) 

Alumlnu 
Oxide a 

A-W Tantalum'' 

A-38 Graphite^ 

A-39 

A-40 

A-41 

A-42 

A-43 

A-45 

A-46 

A-50 

Graphite^ 

Graph ite"* 

Graphite's 

Graphite^ 

Graphite^ 

No 

No 

No 

No 

No 

No 

No 

3.75 2.5 

9.90 1.0 

2.23 2.0 

2.22 

2.25 

2.30 

2.35 

2.87 

2.0 

10.0 

10.0 

10.0 

10.0 

Tantalum" Yes 2.39 -10 

Tantalum'' Yes 2.35 -10 

Tantalum" Yes 2.39 -10 

Tantalum" Yes 2.43 -10 

Tantalum'' Yes 2.39 -10 

u 
Cone 
(w/o) 

12.1 

3.1 

9.4 

Still Conditions 

Temp 
(C) 

650-675 
700-880 

600 
675 
675-890 

5S-550 
675-700 

Time 
(hr) 

1.5 
3.6 

5.25 
1.0 
3.75 

5.0 
4.0 

Pressure 
(mm Hg) 

142-2 
2-<l 

60-10 
17-5 
<1 

<1 
<1 

Average 
Rate of 
Vapori­
zation 

(kg/hr! 

1.88 

1.40 

0.27 

9.5 

8.9 

8.7 

8.1 

10.2 

8.40 

8.60 

8.47 

8.22 

8.40 

5S-550 
600-675 
675-900 

5(»-550 
7l»-725 
7S-860 

550-575 
6B-750 
75(^950 

500-540 
700-750 
750-880 

500-600 
600-700 
700-940 

5.0 
2.0 
2.0 

5.0 
2.0 
1.5 

5.0 
2.0 
5.5 

5.0 
2.5 
2.5 

4.0 
0.75 
3.0 

575-600 5.0 
700-730 3.0 
850-950 2.0 

575-6(M 5.0 
700-825 4.0 
825-950 2.5 

500-575 5.0 
525-760 4.0 
760-860 2.5 

550-600 5.0 
600-725 4.0 

800 2.0 

550-600 4.0 
650-800 4.0 

850 2.0 

<1 

<1 

<1 

<1 

<1 

<1 

0.28 

0.29 

0.29 

0.29 

0.38 

0.27 

0.36 

0.24 

0.27 

0.36 

Recovered 
(w/o) 

89.5 

53.7^ 

-100 

86.0 

98.6 

-100 

98.2 

93.0 

97.5 

95.0 

97.5 

98.8 

96.5 

Nature of Retorted 
Product 

Compact bottom cake 
(7«S-only side wall 
material adhered to 
the crucible (26%). 

Product deposited on 
bottom and side wall 
of crucible - not 
removable. 

Amorphous bottom 
product- highly 
pyrophoric - did 
not adhere to 
crucible. 

Compact skull-
shaped product -
easily removed. 

Compact skull-
shaped product -
easily removed. 

Compact skull-
shaped product -
easily removed. 

Compact skull-
shaped product -
easily removed. 

Compact skull-
shaped product -
bottom of skull 
adhered to crucible-
bottom easily re­
moved after second 
retorting.^ 

Compact skull-
shaped product. 
Adhered to bottom 
and side wall of 
crucible. 

Compact skull-
shaped product. 
Adhered to bottom 
and side wall of 
crucible. 

Compact skull-
shaped product. 
Adhered to bottom 
and side wall of 
crucible. 

Compact skull-
shaped product. 
Adhered to bottom 
and side wall of 
crucible. 

Compact skull-
shaped product. 
Adhered to bottom 
and side wall of 
crucible. 

' Charge prepared by hydriding uranium at SO C, dehydrlding at 325 C, and reacting dehydrided uranium with cadmium below 470 C to form UCdj|. 

'' Charge prepared by dissolution of uranium In a cadmium-7 per cent zinc-1 per cent magnesium solution at 650 C. 

'Based on uranium analysis of product dissolved from a tantalum crucible. 

'' Charge prepared by dissolution of uranium in a dilute (10 per cent or less) magnesium-zinc solution at 800 C, and subsequent crystallization 

of the uranium as an intermetallic upon cooling. 

* Second retorting at 700 to 900 C for 2 hours to a pressure less than 1 mm of mercury. 



As shown in Table 6, u ran ium recove r i e s of 95 per cent 
and g r e a t e r were rea l i zed in ten of the eleven runs under discussion. 
Although these a r e high yields , the fact that they a r e not quantitative shows 
that slight en t ra inment is s t i l l occur r ing . Under the exper imenta l r e t o r t ­
ing conditions employed, it has not been possible to precipi ta te the uranium 
completely pr ior to re to r t ing . Such will not be the case in plant operation, 
and quantitat ive r e c o v e r i e s under plant operating conditions should be 
achievable. 

A compact, skul l - shaped product resu l ted in a l l the runs 
except one. In this pa r t i cu la r exper iment (Run A-38) the st i l l t empera tu re 
was mainta ined at 700 C max imum so that an amorphous ra the r than a 
s in tered product was formed. 

The r e su l t s of the recen t work may be summar ized as 
follows: 

1) A tendency exis ts for adherence or sticking of r e to r t ed 
uran ium products to tantalum cruc ib les . 

2) Recover i e s which a r e a few per cent short of being 
quantitative indicate a slight ent ra inment problem. 
This is believed to be due to the inability to p rec ip i ­
tate complete ly the uranium. This is a problem 
inherent in the cu r r en t exper imenta l procedure but 
will probably not be a ser ious problem in plant 
operat ion. 

Equipment modifications a r e progress ing to pe rmi t sca le -up 
of the p resen t type of exper imenta t ion to a one -k i log ram-uran ium level. It 
is ant icipated that investigation on this l a r g e r scale will begin in the next 
qua r t e r . 

e. Dist i l lat ion of Liquid Metals 

(l) L a r g e - s c a l e Cadmium Disti l lat ion Equipnaent 
( R . Ca i rns . P . Nelson, R. F r y e r , J . Hepperly) 

A ful l -scale dis t i l la t ion station is being constructed 
to demons t ra te me ta l dist i l lat ion and re tor t ing operat ions on a la rge scale 
and to demons t ra t e other a s soc ia t ed operat ions such as me ta l t ransfer , 
l iquid- level detection, and f reeze-va lve operat ion. Although construct ion 
p r o g r e s s e d during the las t qua r t e r , a s s e m b l y of components has been un­
expectedly delayed since al l the piping, f reeze values and vapor t r aps , 
which were manufactured by an outside cont rac tor , were re jected. Because 
of inadequate precaut ions during the pickling operat ion requ i red by the 
specification, a l l i t ems were ve ry s eve re ly corroded. The components a r e 
being re fabr ica ted as quickly as poss ib le , but some difficulty is being en­
countered in obtaining further quanti t ies of Type 405 s ta in less s tee l piping. 
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(Z) Vapor-Liquid Equi l ibr ium Studies 
( P . Nelson, R. Z e m a n , * R . F r y e r ) 

A vapor- l iqu id equi l ibr ium st i l l for determining 
act ivi ty coefficients in b inary solutions of magnes ium, cadmium, and 
zinc has been cons t ruc ted and is being tes ted and rev i sed . The rev is ions 
were made to improve t e m p e r a t u r e dis t r ibut ion. A hea te r is being added 
to the top of the s t i l l to prevent pa r t i a l condensation of the vapor before 
it en te r s the vapor r i s e r leading to the condenser . 

f. Ma te r i a l s Evaluation Studies 
' (p . Nelson, J. Wolkoff, J. DeKany, M. Kyle) 

Evaluation of m a t e r i a l s for pyrometa l lu rg ica l equipment 
is continuing and is being expanded. This p r o g r a m is resu l t ing in the 
accumulat ion of extensive data and information on m a t e r i a l s and fabr ica­
tion techniques for equipment for liquid me ta l p r o c e s s e s . The main 
d i rec t ion of the p r e sen t work is the accumulat ion of specific information 
on m a t e r i a l s for fabricating EBR-I I p rocess equipment for d r o s s 
p rocess ing . 

(1) Cor ros ion by Solvent Metals 
(M. Kyle, J. Hepperly) 

A p r o g r a m is in p r o g r e s s to t e s t the cor ros ion 
r e s i s t a n c e of r e f r a c t o r y m e t a l s , graphi te , and c e r a m i c s to mol ten me ta l s , 
pa r t i cu l a r ly to zinc and z inc -magnes ium solutions. Corros ion t e s t s a r e 
being conducted in tanta lum capsules which a r e continuously rocked in a 
rocking furnace for 100 hou r s . The capsules , which contain a coupon to 
be tes ted in zinc or z inc- inagnes lum solutions, a r e subjected to higher 
t e m p e r a t u r e s (850 to 900 C) than a r e ant ic ipated in p r o c e s s applicat ions 
in o rde r to a c c e l e r a t e co r ro s ion The following m a t e r i a l s a r e being tes ted 
by this method: tantalum, tungs ten- tan ta lum al loys , pyrolyt ic graphi te , 
molybdenum, s i n g l e - c r y s t a l AI2O3, and high-densi ty magnes ia . Mater ia l s 
showing p romise under these test ing conditions will be r e t e s t e d for longer 
per iods of t ime a t p rocess ing t e m p e r a t u r e s . 

(2) Solution Stability Exper imen t s 
(J. P . DeKany, J. Pavlik) 

A s e r i e s of exper iments is being made to de te rmine 
the s tabi l i ty of u ran ium in va r ious mol ten-a l loy and container m a t e r i a l 
Sys tems. Of immedia te i n t e r e s t a r e a number of u r a n i u m - m a g n e s i u m -
zinc al loys contained in tantalum. The f i r s t exper iment will de t e rmine the 
solution s tabi l i ty of a 2 per cent u ran ium-15 per cent magnes ium-z inc alloy 
in a tantalum crucib le at 800 C. Other runs in which the act ivi ty of uranium 
will be va r i ed by changing both u ran ium and raagnes ium concentra t ions will 
a l so be conducted in tanta lum. 

*Summer student 



67 

(3) Evaluation of Other Mater ia l s 
" ( j . Wolkoff, R. E. Nowak) 

Two other m a t e r i a l s with a potential for applications 
in the liquid me ta l p rog ram, because of thei r good cor ros ion r e s i s t ance , 
a r e tungsten and pyrolytic graphi te . As a resu l t of difficulty in fabricating 
la rge pa r t s from these m a t e r i a l s , coatings on a graphi te base a r e being 
considered. 

A p r o g r a m to purchase and tes t these and other m a t e ­
r i a l s has been init iated. Crucibles of these m a t e r i a l s will be subjected to 
solut ion-s tabi l i ty t e s t s of the type desc r ibed above, and tes t s will a lso be 
made to de te rmine the possible use of these coated m a t e r i a l s for lining 
pipes. The rma l cycling t e s t s will be made f i rs t to evaluate adherence, and 
will be followed by holding exper imen t s . 

C. Py rometa l lu rg i ca l R e s e a r c h 
(H. M. Fede r ) 

1. Chemis t ry of Liquid Meta l Solvents 
(L Johnson) 

The chemis t ry of liquid m e t a l sys t ems is being investigated to 
provide basic concepts and data for the logical design of pyrometa l lurg ica l 
separa t ions p r o c e s s e s . The separa t ions p rocess under considerat ion con­
s i s t s of the dissolut ion of the spent r eac to r fuel in an appropr ia te volatile 
liquid meta l , separa t ion of the fission products and other extraneous e l e ­
ments by r ec rys t a l l i za t ions and /o r ext rac t ions with immisc ib le liquids 
(either fused sa l ts or other liquid me ta l s ) , and, finally, r ecovery of the 
f issi le meta l (s ) by evaporat ion of the solvent. 

a. Solubilit ies in Liquid Metals 

The solubil i t ies of the e lements whose separa t ions a r e 
being a t tempted a r e of p r ime impor tance in the design of fue l - reprocess ing 
schemes . The dependence of solubil i t ies on t empera tu re and solvent com­
position needs to be known. The identity of the solid phase in equi l ibr ium 
with the sa tu ra ted solutions is useful when solubility t rends a r e being 
investigated. 

T i tan ium-Cadmium Systena 
(M. G. Chasanov and P. D. Hunt) 

In ANL-6183, page 63, solubili ty data for t i tanium in liquid 
cadmium were r epo r t ed covering the t e m p e r a t u r e range from 350 to 650 C. 
Additional solubil i ty m e a s u r e m e n t s in the lower t empera tu re region have 
been completed, using the same method, and the composite data a r e p resen ted 
in F igure 11. 
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FIGURE II 
SOLUBILITY OF TITANIUM IN LIQUID CADMIUM 
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The solubility data over the whole range of t empera tu res 
studied may be r ep resen ted by the empir ica l equation 

log (atom per cent t i tanium) = 3.237 - 5333 T"^ + 1.468 x 10^ T"^ 

The s tandard deviation, 0, was found to be 5.5 per cent. Above 424 C the 
solubility data may be r ep resen ted by the l inear relat ion 

log (atom per cent t i tanium) = 0.9100 - 1620 T"^ 

with a s tandard deviation, a , of 5.1 per cent. 

The cadmium-r i che r in termeta l l ic phase "C" repor ted in 
ANL-6183, page 65, has a composition which is approximately TiCd. P r e ­
viously, it was considered that this phase might be TigCd. The composition 
TiCd was found by chemical analysis of c rys ta l s chemical ly leached from 
an ingot and by the prepara t ion of the in termeta l l ic using the s toichiometr ic 
amounts plus a slight excess of cadmiunrx to aid c rys ta l growth. The sym­
m e t r y of this in termeta l l ic is te t ragonal . The final computations of the 
c r y s t a l p a r a m e t e r s await connpletion of density determinat ions on the 
substance. 

CURVE CALCULATED-
BY LEAST-SQUARES 
METHOD 

700 600 
TEMPERATURE, C 
500 40 C 300 

Schablaske, R. and Tani, B., pr ivate communication. 
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Solub i l i ty of Z i r c o n i u m in C a d m i u m 
(l. J o h n s o n , K. E . A n d e r s o n and R. Claypool*) 

The s o l u b i l i t y of z i r c o n i u m in l iqu id c a d m i u m w a s m e a s ­
u r e d by m e a n s of the s t a n d a r d m e t h o d d i s c u s s e d in A N L - 6 0 6 8 , page 66. A 
z i r c o n i u m ( c r y s t a l b a r , r e a c t o r g r a d e ) a n d c a d m i u m (99.99 p e r cen t p u r e ) 
m e l t of abou t 0.4 p e r cen t z i r c o n i u m w a s p r e p a r e d in an a l u n d u m c r u c i b l e 
u n d e r an a r g o n a t m o s p h e r e . The m e l t w a s s t i r r e d wi th a t a n t a l u m padd le 
and the t e m p e r a t u r e m e a s u r e d by m e a n s of a p o r c e l a i n - p r o t e c t e d t h e r m o ­
couple i m m e r s e d in the m e l t . F i l t e r e d s a m p l e s of the e q u i l i b r i u m l iqu id 
p h a s e w e r e t a k e n wi th q u a r t z o r p y r e x s a m p l i n g t u b e s equ i pped wi th p o r o u s 
( g r a d e 60) g r a p h i t e f i l t e r s , c o a t e d on the i n s i d e wi th m a g n e s i u m oxide . No 
e v i d e n c e of r e a c t i o n b e t w e e n s a m p l e s and s a m p l i n g t u b e s w a s o b s e r v e d a t 
the t e m p e r a t u r e s of the r u n s . S a m p l e s of t h i s l iqu id p h a s e w e r e t a k e n a f t e r 
the s y s t e m h a d b e e n h e l d a t c o n s t a n t t e m p e r a t u r e for a m i n i m u m of two 
h o u r s , the l a s t o n e - h a l f hou r wi thou t s t i r r i n g . 

The d a t a o b t a i n e d in t h i s s tudy a r e g iven in T a b l e 7 t o g e t h e r 
wi th da t a p r e v i o u s l y o b t a i n e d by A d e r a n d P a v l i k ( A N L - 5 9 9 6 , page 10 l ) . 

T a b l e 7 

S O L U B I L I T Y O F ZIRCONIUM IN CADMIUM 

T e m p 

(c) 
574 
545 
535 
511 
502 
485 
480 
461 
456 
452 
417 
411 
383 
369 
350 
345 

A d e r , 

Z i r c o n i u m 
(wt p e r cen t ) 

T h i s Study 

0.338 
_ 

0.28o 
-

0.245 
_ 
-

0.196 
-

O.I84 
O.II7 

-
0 .076 

-
0.0435 

-

M. and P a v l i k , J . 

Z i r c o n i u m 
(wt p e r cen t ) 

A d e r and P a v l i k ^ 

A N L 

_ 

0.308 
„ 

0.261 
-

0.228 
0.220 

_ 
O.I89 

-
-

O.lOg 
0.0762 
0.059o 

-
0.0432 

-5996 , p. 101. 

* S tudent A i d e , S u m m e r , I960 . 



Both sets of data a r e in agreement , even though the la t ter data were ob­
tained in an open crucible with a molten salt cover and using a cadmium 
solution containing 0. 1 weight per cent magnes ium. Both sets of data a r e 
shown in Figure 12. Two dist inct l ines a r e shown, corresponding to the 
solubili t ies of two different interm.etallic phases . The intersect ion of 
these lines (at 452 C) cor responds to the per i tec t ic t empera tu re . The 
solubility line below the per i tec t ic is given by the equation 

log (weight per cent z i rconium) = 3.058 - 2750 T"^ ; 

the solubility line above the per i tec t ic is given by the equation 

log (weight per cent zirconium) = 1.079 - 1314 T"'' 

FIGURE 12 
SOLUBILITY OF ZIRCONIUM IN CADMIUM 

'r 
O PRESENT STUDY 

ADER AND PAVLIK 
(ANL-5996,PAGE 101) 

0.01 

TEMPERATURE,C 
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X-ray examination of the in termeta l l ic phase present 
below the per i tec t ic gave the pat tern observed byPie t rokowski° for the 
body-centered te t ragonal phase in this sys tem. The phase in equil ibrium 
with the sa tura ted solutions above the per i tec t ic t empera tu re has not been 
charac te r ized . 

Pietrokowski, P. , T rans . A.I.M.E., 200, 219 (l954). 



Solubility of Samar ium in Cadmium 
(l, Johnson, K, E. Anderson, R. Claypool*) 

The solubili ty of s a m a r i u m in liquid cadmiium has been 
m e a s u r e d by means of the p rocedure descr ibed above for the z i rcon ium-
cadmium sys tem. A me l t of s a m a r i u m m e t a l (99+ per cent, Michigan 
Chemical Co,) and cadmium (99.99 per cent, Amer ican Smelting and 
Refining Co.) was p r epa red and sampled in the usual fashion. In the f i rs t 
of two exper iments , samples were taken over the t empera tu re range from 
355 to 600 C (Exper iment A); in the second experiment , samples were 
taken from 325 to 408 C (Exper iment B ) . The data from these two exper i ­
ments a r e given in Table 8 and shown graphica l ly in F igure 13. The data 
lay on two s t ra ight l ines which in t e r sec t at 420.5 C, The solubility below 
420.5 C is given by the equation 

log (atom per cent s a m a r i u m ) = 7.0729 - 4878.2 T"^ ; 

the solubility above 420 and below 600 m a y be r ep resen ted by the equation 

log (atom per cent s a m a r i u m ) = 3 . 0 9 1 1 - 2116.1 T~^ 

Table 8 

SOLUBILITY OF SAMARIUM IN CADMIUM 

Exper iment A: Samples taken as solution was cooled 
from 609 to 399 C 

Exper iment B: Samples taken as solution was cooled 
from 385.3 to 325.7 C and then heated 
to get the 330 and 342 C samples . 

Exper iment A Exper iment B 

Temp 

(c) 

609 
563 
516 
478 
433 
399 

Samar ium 
(w/o) 

6.54 
4.78 
3.38 
2.47 
1.68 
0.834 

Temp 

(c) 
385.3 
367.5 
351.1 
342,0 
330.0 
325.7 

Samar ium 
(w/o) 

0.731 
0.348 
0.219 
0.191 
0.127 
0.122 

The solid in equi l ibr ium with the mel t below 420 C was 
found by X - r a y examination to be the s a m a r i u m - c a d m i u m in te rmeta l l ic 
compound SmCdij. The in t e rme ta l l i c phase in equi l ibr ium with the mel t 
above 420 C has not yet been cha rac t e r i zed . 

•Student Aide, Summer , I960. 



FIGURE 13 
SOLUBILITY OF SAMARIUM IN CADMIUM 

Solubility of Yttrium in Cadmium 
(l. Johnson, K. E. Anderson and R. Claypool*) 

The solubility of y t t r ium in liquid cadmium has been 
m e a s u r e d by means of the same procedure descr ibed for the z i rconium-
cadmium sys tem. Three exper iments were done. The data obtained in 
the f irs t exper iment defined the solubility over the range from 326 to 
500 C. The y t t r ium meta l used in this exper iment was about 97 per cent 
yt tr ium; the pr incipal impur i t ies were calcium (one per cent), magnes ium 
(one per cent), and r a r e ear ths (0.9 per cent). The yt t r ium used in the 
second and th i rd exper iments was nuc l ea r -g r ade m a t e r i a l (99-1+ per cent 
yt t r ium, Lunex Co.). The second and third exper iments covered the lower 
and upper t empe ra tu r e ranges , respect ively . Solubility data obtained in 
these three exper iments a r e given in Table 9 and shown graphical ly in 
F igure 14. The data were r ep resen ted better by a slightly curved line 
than by a s t ra ight line. The quadrat ic equation 

log (weight per cent yt t r ium) = 4.8539 - 4687.5 T"^ + 0.7520x10^ T 

fits the data to within ±4 per cent. 

*Student Aide, Sumrner, I960. 



Table 9 
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SOLUBILITY OF YTTRIUM IN CADMIUM 

Yttrium charge, weight per cent: Exper iment A, Z.O; Experiment B, 0.51; 
Exper iment C, 3.4 

Temp 

(c) 

602.0 
580.7 
554.8 
539.0 
529.3 
500.0 
478.3 
463.0 
455.0 
431.2 
423.3 
400.1 
392.0 
363.5 
348.0 
344.4 
343.5 
336.3 
333.9 
326.0 
324.9 

* 
Exper iment A 

_ 
-
-

1.66 
-

1.12 
-

0.742 
-
-

0.440 
-
-
-

0.180 
-
-
-
-

0.138 
-

J^^l,IJ^J,J.h,y t_.A .L bVJ. ^MAAd \vv/ 

Exper iment B 

« 
-
-
-
-
-
-
-
-
-

0.506 
-

0.348 
0.232 

-
0.160 
0.166 
0.151 

-
-

0.130 

w / 

Exper iment C 

3.04 
2.50 
1.97 

-
1.52 
1.11 
0.862 

-
0.672 
0.516 

-
0.356 

-
-
-
-
-
-

0.152 
-
-

FIGURE 14 
SOLUBILITY OF YTTRIUM IN CADMIUM 
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The solid phase in equi l ibr ium with these solutions has not 
been completely charac te r ized . P r e l i m i n a r y X- r ay analysis shows that it 
is not i so s t ruc tu ra l with the MCd^ r a r e ea r th compounds. 

b. Liquid-Liquid Distribution Studies 
( F . Cafasso and R. Uhle) 

Par t i t ion of Uranium, Pal ladium, Cerium, and Strontium 
between Lead and Zinc 

The role of liquid-liquid part i t ion methods in pyrometa l -
lurg ica l p r o c e s s e s is being examined in this study. The immiscib le liquid 
me ta l pa i r s a luininum-cadmium, lead-zinc and bismuth-zinc a r e under con­
siderat ion. Par t i t ion data for a number of fissile and fission product e l e ­
ments have been repor ted for the a luminum-cadmium sys tem (ANL-6183, 
page 69). Similar measu remen t s for the lead-zinc sys tem a re repor ted 
below. 

Par t i t ion coefficients were determined by sampling each 
phase of a two-phase equil ibrium sys tem. Mixtures consisting of lead, 
zinc, and the solute meta l contained in an alumina crucible were s t i r r ed 
by a tantalum paddle for one hour. After a two-hour settling period, sam­
ples were taken (by pressur iza t ion) with magnes ium oxide-coated quartz 
tubes fitted with graphite f i l ters . All samples of the lower lead phase 
were obtained by the b reaksea l method (ANL-6101, page 72). Spect rochemi-
cal analyses of both phases showed the silicon content to be below the detect­
able l imits (<0.01 per cent). 

Distribution measu remen t s were made for four solutes 
(uranium, palladium, cer ium and strontium) in the range from 728 to 736 C. 
Distribution coefficients, defined as the ra t io of the weight per cent of solute 
in zinc to the weight per cent of solute in lead, a r e recorded in Table 10. 

Table 10 

DISTRIBUTION DATA FOR LEAD-ZINC SYSTEM 

Average 
T e m p e r a ­

ture 

(c) 
647 
700 
728 
734 
734 
736 
737 

Solubility- Data for 
Lead-Zinc System 

Solubility 
of Lead 
in Zinc 
Phase 
(w, o) 

8.9 
14.1 
16.7 
21.0 

-
-
-

Solubility 
of Zinc 
in Lead 
Phase 
(w/ o) 

7.8 
11.4 
14.9 
15.1 

-
-
-

Solute 

U 
U 

u 
u 
Ce 
Sr 
P d 

Distributi 

Solubility 
of Solute 
in Zinc 
Phase 
(w/o) 

0.27 
0.25 
0.40 
0.23 
1.00 
0.24 
2.25 

on Data for 

Solubility 
of Solute 
in Lead 
Phase 
(w/ o) 

1.0 X 10"^ 
3.4 X lO"^ 
1.3 X 10"^ 
7.2 X lO"' 
2.7 X 10'^ 
1.7 
1.5 X 10"^ 

Solutes 

K 

n Lead- Zinc System 

Distribution Coefficient, 

w / o 
w / o 

Solute in Zinc Phase 
Solute in Lead Phase 

270.0 
73.5 
30.8 
31.9 

3.7 
0.14 

150.0 
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It is apparent from this table that uranium, cer ium, and palladium concen­
t ra te preferent ia l ly in the zinc layer , -while s tront ium concentrates in the 
lead phase. The tendency for the three solutes to distr ibute into the zinc 
layer va r i e s in the following order : palladium x uranium > cer ium. The 
coefficient of palladium is l a rge r than that of uranium by a factor of about 
five. On the other hand, the coefficient of uranium is approximately eight 
t imes l a rge r than that of cer ium. 

Mutual solubili t ies of lead and zinc were measured only 
for the uranium sys tem. These values appear in Table 10. 

Te inpera ture Dependence of the Uranium Distribution 
Coefficient 

In a t tempts to evaluate the utility of a par t icular solvent 
system, information about the t empera tu re dependence of the parti t ion of a 
solute meta l would be helpful. For this reason the distribution of uranium 
between lead and zinc was m e a s u r e d as a function of t empera ture . Meas ­
urements were made at three t empe ra tu r e s 647, 700, 734 C. Two factors, 
the consolute t empera tu re of the solvent sys tem and the solubility of u r a ­
nium, l imited the t empera tu re range that was investigated. In order to 
obtain appreciable meta l solubility, measu remen t s had to be made at t em­
pe ra tu re s ve ry close to the consolute t empera tu re (approximately 780 C) 
of the lead-zinc sys tem. 

Values of the logari thm of the distribution coefficient, 
defined as above, a re plotted against the rec iproca l of the absolute t em­
pera tu re in F igure 15 and a r e repor ted in Table 10. 

FIGURE 15 

TEMPERATURE DEPENDENCE OF URANIUM DISTRIBUTION 
IN THE LEAD-ZINC SYSTEM 

10 I 

TEMPERATURE,C 
650 700 750 

IOOO/T,K 



The coefficient changes from a value of 31.9 at 734 C to 270 at 647 C. Over 
this range , the re is a s imultaneous change in the mutual solubili t ies of the 
solvent m e t a l s . F r o m 734 to 647 C, the solubility of lead in zinc falls from 
21.0 weight per cent to 8.9 weight per cent. The solubility of zinc in lead 
changes from 15.1 weight per cent at the higher t e m p e r a t u r e (734 C) to 
7.8 weight per cent at the lower t e m p e r a t u r e (647 C). 

c. Thermodynamic Studies 

Thermodynamic functions for key e lements in liquid me ta l 
solvents and for the important solid in te rmeta l l i c phases a r e being m e a s ­
ured. Two methods a r e being used. Galvanic cells have proved to be 
especia l ly useful for determining ac t iv i t ies in liquid solutions and for m e a s ­
uring thermodynamic functions for the mos t so lven t - r i ch in te rmeta l l i c phase. 
On the other hand, for sys t ems containing seve ra l well-defined in te rmeta l l ic 
phases , m e a s u r e m e n t of the decomposi t ion p r e s s u r e by the effusion miethod 
is proving to be m o s t useful. The two methods supplement each other. 

Thermodynamics of the Uran ium-Thal l ium System 
(l. Johnson and R. M. Yonco) 

A galvanic cel l was a s s e m b l e d to m e a s u r e the free energy 
of solution of uran ium in a sa tu ra ted thal l ium solution and the free energy 
of formation of the u ran ium- tha l l ium in te rmeta l l i c compound UTI3. The 
cel l const ruct ion was s imi l a r to previous ce l ls in this s e r i e s , being of the 
form 

u / u C l s - KCl-LiCl ( eu tec t i c ) /u ( sa td soln in Tl). 

The uran ium elec t rode was made by welding a length of h igh-pur i ty uran ium 
me ta l to a tungsten wi re . The thal l ium e lec t rode was p r epa red from high-
pur i ty thal l ium (99-95 per cent thal l ium, Amer ican Smelting and Refining 
Co.) which was f i l tered pr ior to use . Uranium was added to the liquid thal l ium 
e lec t rode in situ by e l ec t ro lys i s from the u ran ium e lec t rode . The thal l ium 
e lec t rode was about 4.8 per cent uranium. 

The data obtained a r e shown in F igure 16 and may be r e p r e ­
sented by the l inear equation 

E(volts) = 0.1933 - 1.735 X 10"* T 

to -within ±0.3 mv. 

The ha l f -ce l l r eac t ion at the u ran ium elec t rode (negative) is 

U(a) —«• U'̂ ^ (molten salt) + 3e -
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FIGURE 16 
EMF AS A FUNCTION OF TEMPERATURE OF THE 

URANIUM-THALLIUM CELL 

700 800 900 
T,K 

This react ion has been shown to be revers ib le by Inman et al.9 The half-
cell react ion at the liquid electrode (positive) is 

U+3 + 3g- ^ u (liquid Tl soln). 

This react ion has been assumed to be r eve r s ib l e . The analogous react ion 
in the case of liquid zinc e lect rodes was shown to involve a th ree -e lec t ron 
change, and the emf followed the Nerns t relat ion with respec t to the u r a ­
nium concentrat ion in the liquid electrode (ANL-5924, page 134). The cell 
react ion is , therefore , 

U(a) —».U (liquid Tl soln). 

Since the liquid e lect rode is sa turated with respec t to the uranium-thal l ium 
intermetal l ic compound UTI3, viz., 

U (liquid, Tl soln) + 3 Tl (Satd soln) ^ I ^ UTl3(s) 

Inman, D., Hills, G. J., Young, L. and Bockris , J. O'M., Ann. N. Y. 
Acad. Sci. 79, 810 (i960). 



the overa l l cel l reac t ion may be wri t ten as 

U(..) + 3T1 (satd soln) —«»UTl3(s) 

Hence, 

-nFE = AF° - 3RT In a-j-j_. 

Since the solubility of uran ium in thal l ium is low at these t e m p e r a t u r e s , 
the las t t e r m in this equation is negligible ( less than four ca lor ies ) and 
hence the free energy of formation, AFf, for the in te rmeta l l i c compound 
UTI3 is given by the equation 

A F J = -13,376 + 12,008T 

At 500 C, the free energy of formation is -4.09 kca l per mole , while the 
heat of formation is -13.4 kcal . 

Thermodynainics of the Ce r ium-Zinc System 
(l. Johnson and R. M. Yonco) 

A galvanic cel l was a s s e m b l e d to m e a s u r e the free energy 
of formation of sa tu ra ted solutions of ce r ium in zinc and of the ce r ium-z inc 
in te rmeta l l i c phase CeZnu. The ce l l const ruct ion was s imi l a r to previous 
ce l ls in this s e r i e s , being of the form 

Ce/CeCl3 • KCl-LiCl (eutec t ic) /Ce (satd soln in Zn) 

The ce r i um e lec t rode was p r e p a r e d by casting ce r ium me ta l 
in vacuum around a tungsten wi re . The liquid alloy e lec t rode was p r e p a r e d 
by dissolving a c e r i u m - z i n c m a s t e r al loy in pure zinc in the cell . 

Since a possibi l i ty of reac t ion between ce r ium and l i thium 
ion ex is t s , the in te rpre ta t ion of these exper iments is of a p r e l i m i n a r y 
n a t u r e . In in terpre t ing the r e s u l t s , the overa l l ce l l r eac t ion 

Ce(s) + 11 Zn(satd soln) •—®' CeZnii(s) 

has been a s sumed . 

Hence, 

- 3 F E = AF = A F J - 11 RT In 3.^^^ 

Values of 0.12 per cent at 800 C and 0.17 per cent at 900 C a r e given 
by Rough, F . A. and Bauer, A. A., Constitution Diagrams of Uranium 
and Thor ium Alloys, Addison-Wesley P r e s s , Inc., Cambridge, Mass . 
(1959). 
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where E is the cel l voltage; AF^ the Gibbs free energy of formation of the 
in termeta l l ic compound CeZnu; and a^, the activity of zinc in the sa turated 
solution. The sa tura ted solutions a r e sufficiently dilute to assume that the 
zinc activi ty is equal to its mole fraction. The t e rm I IRT In a™ var ied 
from -0.07 at the lowest t empera tu re to -166 ca lor ies at the highest t em­
pera tu re . The emf of the cel l is a lso re la ted to the activity of cer ium â --
in the sa tura ted solutions by the equation 

log a ^ = - 3 F E / 2 . 3 RT 

The emf was m e a s u r e d over the t empera tu re range from 
443 to 742 C. The data a r e shown in F igure 17. The data may be r e p r e ­
sented by the quadrat ic equation 

E = 1.1168 - 2.9017 X 10-^T - 2.1221 10"^T^ 

FIGURE 17 

EMF AS A FUNCTION OF TEMPERATURE FOR THE CERIUM-ZINC CELL 

0.80 -

0 75 — 

The activity of ce r ium (pure solid cer ium is s tandard 
state) in sa tura ted zinc solutions is given by 

log a Ce 16,891 T" ' + 4.3887 + 3.2095 x 10"^ T 

Using Knighton's data (ANL-5730, page llO) for the solubility of cer ium in 
zinc, 

log x^g = 5.2156 - 7449.3 T'^ 
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the following equation for the act ivi ty coefficient of ce r ium in sa tura ted 
zinc solutions is obtained: 

log 7 ^ ^ = -9442 T'^ - 0.8269 + 3.2095 x 10"^ T 

The free energy of formation, AF®, m a y be computed from 
the equation 

AF^ = -79,257 + 25.046T + 0.01157 T^ 

This equation reproduced the observed data to ±23 ca lo r ies . 

2. Ca lo r ime t ry 
(W. N. Hubbard) 

Thermodynamic data for many compounds of i n t e r e s t in high-
t e m p e r a t u r e chemis t ry a r e unavailable, mainly because of the exper imenta l 
difficulties involved in making the n e c e s s a r y m e a s u r e m e n t s . A p r o g r a m 
has been undertaken to help fill this gap. 

P a r t of the p r o g r a m cons is t s of de terminat ions of heats of 
formation at 25 C by oxygen bomb ca lo r ime t ry . Because some of the 
compounds of i n t e r e s t a r e difficult to burn in oxygen, and, consequently, 
cannot be studied by oxygen bomb ca lo r ime t ry , the new technique of fluorine 
bomb c a l o r i m e t r y has been developed for their study. The accumulat ion of 
bas ic heat of formation data for f luorides is a n e c e s s a r y p r e l im ina ry adjunct 
to fluorine bomb calorimietry and is a valuable p r o g r a m on i ts own m e r i t . 

The heats of formation at 25 C from oxygen or fluorine combus­
tion c a l o r i m e t r y will be combined with the changes in enthalpy m e a s u r e d by 
a h igh - t empera tu r e enthalpy ca lo r ime te r to de te rmine thermodynamic p rop­
e r t i e s at high t e m p e r a t u r e s . A c a l o r i m e t r i c sys tem for m e a s u r e m e n t s up to 
1500 C has been designed and is now being fabricated. Design concepts for 
an e lec t ron beam furnace to operate up to 2500 C a r e being tes ted in the 
labora tory . 

Some of the compounds of i n t e r e s t a r e bor ides , a luminides , 
ca rb ides , s i l ic ides , n i t r ides , sulfides, and selenides of me ta l s such as 
uranium, z i rconium, molybdenum, and tungsten. Some of the compounds 
a r e being p r e p a r e d for the p r o g r a m by Stanford R e s e a r c h Insti tute. Two 
compounds (the disulfides of molybdenum and tungsten) have been p r e p a r e d 
h e r e . 

a. Combustion of Tungsten and Sulfur in Oxygen 
( R . L . Nuttall and D. R. F red r i ckson) 

In a previous r e p o r t (ANL-6183, page 77) r e su l t s of m e a s ­
u remen t s of the heat of combustion of tungsten disulfide in oxygen were 
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repor ted . To der ive the heat of formation of tungsten disulfide from these 
data, the heats of formation of other r eac tan t s and products of the combus­
tion mus t be known. To min imize the effects of uncer ta int ies assoc ia ted 
with some of these values , compara t ive exper iments a r e being made . In 
these exper iments , tungsten and sulfur, in the mole ra t io of 1:2 to c o r r e ­
spond to tungsten disulfide, a r e burned under conditions which a r e , as 
nea r ly as p rac t icab le , the same as those which prevai led for the tungsten 
disulfide combustion. The conditions differed in oxygen p r e s s u r e , sample 
support, and method of ignition. A p r e s s u r e of 30 a tmospheres of oxygen 
was used. The tungsten and sulfur were placed in separa te quartz dishes 
and ignited by cotton th reads a t tached to a platinum ignition wire . Three 
sa t i s fac tory runs have been completed and additional runs a r e in p r o g r e s s . 

b. T r i a l Combustions of Uranium Nitr ides in Oxygen 
(E. Rudzit is) 

P r e l i m i n a r y studies a r e being made of the combustions 
of uranium n i t r ides in oxygen p r e p a r a t o r y to ca lo r ime t r i c determiination 
of their heats of formation. Samples of about three g r a m s of powdered 
uranium mononi t r ide [actually UN/ ._, .-J were ignited and were found to 
burn slowly in five a tmosphe re s of oxygen. Combustion in oxygen at p r e s ­
su res higher than 10 a t m o s p h e r e s r e su l t ed in par t ia l sublimation and fusion 
of the reac t ion product . At 30 a t m o s p h e r e s , the react ion proceeded violently 
with fusion, spat ter ing, and pa r t i a l sublimation of the react ion product. The 
same behavior was observed while burning uraniuin dini tr ide [actually 
UN/I .8_I .9N] . The samples were ignited by an e lec t r ica l ly heated sp i ra l of 
s ix -mi l platinum wire . 

The extent of convers ion to U3O8 was de termined by the 
weight gain resul t ing from the combustion react ion and also by the weight 
change after subsequent ignition of the reac t ion product in a i r at 800 C. 
X - r a y ana lys is a lso helped to identify the end products . When the n i t r ide 
was placed in a mound in the supporting crucible in the bomb, the X- r ay 
pat tern of the cen t ra l portion of the product showed oxygen deficiency. 
When the n i t r ide was spread out in a thin layer on a platinum dish, combus­
tion was shown to be complete . 

The samples of the uraniuna n i t r ides used in this study 
were supplied by Stanford R e s e a r c h Insti tute. 

c. T r i a l Combustions of Zi rconium Dihydride in Oxygen 
(E. Rudzit is) 

T r i a l combust ions of z i rconium dihydride in oxygen were 
c a r r i e d out p r e p a r a t o r y to the c a l o r i m e t r i c determinat ion of the heat of 
formation. The samples were the same as those used in studies of the 
l ow- t empera tu re thermodynamic p rope r t i e s by the Chemis t ry Division 
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Cfeie-gram samples of powdered z i rconium hydride were 
ignited by an e lec t r i ca l ly heated platinum wire and burned in five a t m o s ­
pheres of oxygen. The heat genera ted in the combustion fused the react ion 
product. Dilution of the sample with z i rconium dioxide r e su l t ed in a smooth 
reac t ion up to 30 a t m o s p h e r e s of oxygen p r e s s u r e . 

The reac t ion product was analyzed for unburned hydride by 
heating in vacuum to 800 C and measu r ing the amount of hydrogen l ibera ted . 
The amount of meta l l i c z i rcon ium formed in the combustion was de te rmined 
by dissolut ion of the product in 5 N hydrofluoric acid and m e a s u r e m e n t of 
the hydrogen l ibera ted . Ignition of the combustion product in a i r at 900 C 
yielded a significant weight gain, indicating incomple teness of combustion, 
i .e . , the formation of l e s s than s to ich iomet r ic z i rconium dioxide. 

These p r e l i m i n a r y exper iments showed that the combustions 
were about 90 to 95 per cent coinplete. The incomple teness of the combus­
tion was a t t r ibu ted l a rge ly to the formation of l e s s than s to ich iometr ic z i r ­
conium dioxide and, to a l e s s e r extent, to the incomple teness of combustion 
of the z i rcon ium hydride and the formation of meta l l i c z i rconium. Fu r the r 
s tudies a r e in p r o g r e s s . 

d. Combustions of Z i rconium in F luor ine 
( E . Greenberg) 

The value of - AE / M , the energy change per g r a m of z i r ­
conium obtained by c a l o r i m e t r i c combust ions for the reac t ion 

Zr (crys t ) + 2F2(g) ———* Z r F 4 ( c r y s t , beta) 

has been reca lcu la ted . The value previous ly r epo r t ed (ANL-6183, page 79) 
was 4995.8 ± 1.0 ca l /g . The value obtained by reca lcu la t ion is 4995. 65 ca l /g 
with a s tandard deviation of 1.05 c a l / g . 

F r o m the ave rage value of A E ° / M , the following t h e r m a l 
data at 25 C were der ived: the energy change of the reac t ion or the energy 
of form.ation, AE® = AE° = -455 . 71 k c a l / m o l e ; the s tandard heat of fo rma­
tion, AH? = -456.89 k c a y m o l e [previous ly r epo r t ed as -454 .5 ± 0 . 1 kcal/m.ole 
(ANL-6183, page 80)]| and the s tandard free energy of formation, M'® = 
-432.63 k c a l / m o l e . Fo r calculating AF°, the unpublished value of West rum 
and Terwi l l ige r , S°(298) = 25.03, was used for the entropy of ZrF4. The 
"uncer ta in ty in te rva l , " which is equal to twice the overa l l s tandard deviation, 
was found to be 0.25 k c a l / m o l e for the AH? and AF? va lues . 
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e. Combustion of Molybdenum in Fluor ine 
( j . Settle) 

The difficulty which had been encountered ea r l i e r in this 
work, namely, the deposition of molybdenum compounds on the walls of the 
react ion vesse l , was la rge ly el iminated by increasing the initial fluorine 
p r e s s u r e to 15 a t m o s p h e r e s . At this and higher (20 atm) p r e s s u r e s of 
fluorine, the molybdenum was nea r ly completely converted to the volati le 
molybdenum hexafluoride and, with one exception (Run IB), no visible de ­
posits were formed on the nickel surface of the bomb (see Table l l ) . 

Table 11 

RESULTS OF MOLYBDENUM CONBUSTIONS IN FLUORINE^ 

Combustion 
No. 

26 
lA 
2A 
4A 
5A 
6A 
I B 
2B 

Mass Mo 
Reacted P^Fg) 

m ' (g) (atm) 

0.64294 14.0 
0.51439 15.0 
0.49686 15.0 
0.52310 15.0 
0.50640 15.0 
0.52098 15.0 
0.53889 20.0 
0.53319 21.0 

Standard deviation o 

a x 10^ 
(sec-^) 

0.3372 
0.3476 
0.3291 
0.3396 
0.3406 
0.3334 
0.3425 
0.3335 

Average = 

f the mean = 

A E V M 
(cai/g) 

-3869.37 
-3870.72 
-3868.02 
-3870.29 
-3869.21 
-3866.43 
-3869.55 
-3871.27 

-3869.36 

0.55, or 0.0l3% 

These r e s u l t s mus t be cons idered p re l iminary because 
the calculat ions have not been checked independently. 

After each combustion, a smal l amount of e lementa l 
molybdenum renaained. This lack of complete combustion is imposed 
la rge ly by the method used for sample support and ignition (see F ig ­
ure 18). The sheet molybdenum was suspended from a re la t ively mass ive 
nickel rod, which a l so se rved as the grounded e lec t rode . The ignition wire 
was threaded through holes dr i l led in the bottomi edge of the sample and 
at tached to the e l ec t rodes . Molybdenum, wi re , 0.005 inch in diam.eter, was 
used for both the suspension and ignition wdre. Molybdenum sheet, 
0.005 inch thick, was used as the main sample . Combustion s t a r t ed at the 
bottom edge of the sam.ple and proceeded upward, consum.ing nea r ly a l l of 
the sheet molybdenum as the flame front p rogressed . In a typical exper i ­
ment, at an init ial fluorine p r e s s u r e of 15 a tmosphe res , l e ss than 0.01 g r a m 
of unreacted molybdenum was r ecove red . This consis ted of approximate ly 



0.001 g r a m of wire gripped by the e lectrode and suspension rod nuts and 
a few smal l drops of molybdenum, which had mel ted and dropped onto the 
cool nickel surface at the bottom of the bomb. These smal l drops of un­
burned molybdenum were invariably coated with a thin shell of a nonvolatile 
compound. This compound was soluble in water and changed from a yellow 
to a dark blue color on hydrolysis in a i r . These facts indicated that the 
molybdenum was in the +5 oxidation state and that the compound was prob­
ably molybdenum pentafluoride. 

FIGURE 18 

SAMPLE SUPPORT METHOD FOR MOLYBDENUM 
COMBUSTIONS IN FLUORINE 

NICKEL ROD 

SUSPENSION ROD NUT 

MOLYBDENUM WIRE 

MOLYBDENUM 
SHEET 

ELECTRODE 
NUT 

MOLYBDENUM-
IGNITION WIRE 

The amount of molybdenum in the deposited nonvolatile 
molybdenum compound and the amount of e lemental molybdenum remaining 
after combustion was de termined for 2 runs . In Run IB, 1.3 mg of molyb­
denum compound (0.2 per cent of the amount of molybdenum originally 
placed in the bomb) and 20 mg of e lementa l molybdenum were found. In 
Run 2B, 0.6 mg of nonvolatile molybdenum compound (0.1 per cent of the 
or iginal amount of molybdenum) and 6.7 mg of e lemental molybdenum were 
found. A slight deposit of nonvolatile compound on the nickel surface 
immedia te ly around the unburned molybdenum was observed in Run IB and 
was at t r ibuted to the inordinately large amount of unburned molybdenum 
in this run. 
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The possibi l i ty of a pre- igni t ion react ion between molyb­
denum and fluorine at high p r e s s u r e s was investigated. A molybdenum 
sample identical to those used in the combustion exper iments was placed 
in the combustion bomb and exposed to fluorine p r e s s u r e s of 15 and 20 a t m o s ­
pheres for per iods of one to 16 hours . The weight of the molybdenum sample , 
de te rmined before and after exposure to fluorine, indicated that no significant 
react ion occu r r ed under the conditions of the experiment , in which moi s tu re 
was el iminated by evacuation of the bomb. 

Changes in the Ni-1 bomb made it n e c e s s a r y to r ede t e rmine 
the energy equivalent, E (ca lor ies ) , for the ca lo r ime t r i c sys tem. The average 
value of 3575.06 ca l /deg was obtained. The s tandard deviation of the mean 
was 0.33 ca l /deg or 0.009 per cent. 

The data for the molybdenum combustions a r e presen ted in 
Table 11. The m a s s of sample reac ted , m ' , is the difference between the 
m a s s of molybdenum or iginal ly placed in the bomb and the m a s s of unreac ted 
molybdenum recove red after the combustion. The init ial fluorine p r e s s u r e , 
in a tmosphe re , is denoted by P-''(F2)° and the heat t ransfe r coefficient by c-. 
The heat of combustion per g r a m of molybdenum, A E ^ / M , r e fe r s to the 
reac t ion 

Mo(c) + 3F2(g) ~ - i - M o F j g ) 

with r eac t an t s and product in their r e spec t ive s tandard s ta tes . Using the 
ave rage value of =3869,36 ± 0 55 ca l /g for A E ° / M , a value of -372.44 ± 
0.05 kca l /mo le is obtained for AH? , the s tandard heat of formation of 

, ' , 1298.13 
MoF^lgasj . The uncer ta in ty l is ted is the s tandard deviation of the mean. 
An es t imate of the overa l l uncer ta in ty has not yet been made, but it is not 
expected to exceed the s tandard deviation of the mean (0.013 per cent) by 
m o r e than an o rde r of magnitude. 

The heat of formation of MoF5(gas) der ived from this 
investigation is approximate ly 10 k c a l / m o l e lower than the value of 
-382 0 kca l /mo le appear ing in the literature.-"• ^ Because the value of Myers 
and Brady was obtained by indi rec t m e a n s , it is considered less re l iable 
than the value der ived from the d i rec t m e a s u r e m e n t of the heat of combus­
tion of molybdenum in fluorine. 

f Coinbustions of Boron in Fluor ine 
(S. Wise) 

The study of the combustion of boron in fluorine is being 
continued. Data obtained to date a r e p resen ted in Table 12. 

^^ Myers , O. E. and Brady, A. P . , J. Phys, Chem., 64, 591 (i960). 



Table 12 

COMBUSTION OF BORON IN FLUORINE 

Run No. 

Xa 

2 
3 
4 
5 
6 
7b 

8 
9 

10 
11 
12 
13 
I4C 

18 
19"̂  
20 
2 1 ^ 
22 
23 
24f 
25 
26 
27 

Weight Boron 
Burned (mg) 

209.55 
229.92 
206.61 
209.73 
265.31 
252.31 
153.90 
158.49 
108.19 
164.26 
163.75 
165.54 
163.21 
161.76 
165.59 
160.21 
170.12 
170.30 
172.05 
163.35 
158.43 
160.94 
162.30 
160.97 

Weight Boron 
Unburned (mg) 

1.32 
8.21 

17.08 
2.39 
8.01 
6.45 
0.12 
0.10 
0.13 
0.13 
0.11 
0.14 
2.64 
7.72 
5.90 
9.77 
4.08 
0.11 
0.25 
0.13 
3.96 
0.16 
0.14 
0.27 

A E ^ / M 
(kcal /gm) 

24.790 
25.260 
24.984 
24.847 
25.137 
24.960 
24.753 
24.785 
24.791 
24.728 
24.705 
24.708 
24.713 
24.686 
24.788 
26.889 
27.547 
24.820 
24.846 
24.847 
24.923 
24.888 
24.857 
24.870 

^InRuns No. 1 through 6, the boron sample was placed on an alumina 
plate . 

In Runs No. 7 through 13, a shel l of ca lc ium fluoride was placed 
between the boron sample and the a.lumina plate . 

c 
In runs No. 14 and 18, the boron sample was placed on c o m m e r c i a l 
ca lc ium fluoride p la tes . Boron was res i f ted through a - 3 2 5 m e s h 
s c r e e n between Run 14 and Run 18. 
In Runs No. 19 and 20, the boron sample was placed on a ca lc ium 
fluoride shel l suppor ted by a layer of ca lc ium fluoride powder 
contained in a n icke l dish. 

In Runs No. 21 through 23, the boron sample was placed on a ca lc ium 
fluoride shel l supported bya c o m m e r c i a l ca lc ium fluoride plate . 

In Runs No. 24 through 27, the boron sample was placed on a 
ca lc ium fluoride she l l held in a n ickel dish. 
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The sample supports used in the f i rs t s e r i e s of combus­
tions (NOS. 1 through 6) and in the second s e r i e s of combustions (NOS. 7 
through 13) have been desc r ibed previously (ANL-6183, page 8 l ) . The 
support for the boron in the f i rs t s e r i e s of exper iments was an alumina 
(Morganite) plate . In the second s e r i e s , the support was modified by p lac ­
ing a shel l of fused calcium fluoride between the boron and alumina plate. 
This modification led to a cons iderable i inprovement in the precis ion of 
the exper imen t s . 

In two runs (Nos. 14 and 18), the samples were supported 
on a commiercial calcium fluoride plate having the same dimensions as 
the alumina plate used in e a r l i e r exper iments . The calcium fluoride plate 
sha t t e red in each run and some of the boron was sca t t e red over the in ter ior 
sur faces of the bomb. 

In Runs 19 and 20. the boron was supported on a calcium 
fluoride shell which r e s t e d on a layer of calcium fluoride powder in a nickel 
dish. The high r e su l t s that were obtained a r e a t t r ibuted to a possible addi­
tion reac t ion between the ca lc ium fluoride powder and boron t r i f luoride. 

In Runs 21 through 23, the sample support consisted of a 
shell of calc ium fluoride res t ing on a ce r amic plate of calcium fluoride. 
The comple teness of the combustion of boron in these runs was sat isfactory. 
However, the calcium fluoride plates became slightly hygroscopic after 
exposure to f luor ine-boron t r i f luoride mix tu re s , indicating that a react ion 
might have occur red . The fused shell of calcium fluoride remained unaf­
fected. In Runs 24 through 27.. the boron was again supported by a calcium 
fluoride fused shell , but the shel l was placed d i rec t ly on a mass ive nickel 
dish. The nickel dish showed a ve ry sma l l weight change (<0.2 mg), indicat­
ing l i t t le formation of nickel difluoride. The calcium fluoride shell c racked 
in Run 24 and some boron was sca t t e r ed in the dish. In the three other runs 
of this group, the shell r ema ined intact and the completeness of the combus­
tion was sat is factory. 

Two main factors mus t be considered in the evaluation of 
a given run. The f irst of these is the comple teness of combustion; and the 
second is the extent of any secondary reac t ions which might have occurred . 
Considerat ion of the f i r s t of these factors is made n e c e s s a r y by the fact 
that, although a sa t i s fac tory analyt ical p rocedure is available for boron, it 
is difficult to r ecover the boron complete ly when amounts g rea t e r than about 
0.3 mg r ema in unburned. When the amount of unburned m a t e r i a l is l e ss than 
0.3 mg, a l l of the m a t e r i a l is found in a sma l l a r ea on the calcium fluoride 
shell . When the amount of unburned boron is g r ea t e r , the boron is found 
sca t t e red over the surface of the bomb and fused into the supporting alumina 
or calcium fluoride plates making r e c o v e r y difficult. 



Judged on the bas is of these two fac tors , the s e r i e s of 
Runs 7 through 12 and the s e r i e s of Runs 21 through 27 (with the exception 
of Run 24) were cons idered sa t i s fac tory . 

The d i sc repancy of about 0.4 per cent between the two 
s e r i e s m a y be due to differences in pa r t i c l e s ize of the boron samples . The 
boron sample Avas sifted through a -325 m e s h s c r e e n before the f i rs t run 
was made . After Run 14, s e v e r a l spontaneous ignitions of the sample 
occur red . A resif t ing of the sample through a -325 m e s h sc reen between 
Runs 14 and 18 revea led the p re sence of fine m a t e r i a l . The p re sence of this 
m a t e r i a l may be a t t r ibuted to the a t t r i t ion of the boron sample in handling 
during the t ime e lapsed between Runs 1 and 14 or to incomplete sifting before 
Run 1. Combustion exper iments a r e now in p r o g r e s s using the same condi­
t ions of the s e r i e s of Runs 7 through 13 with the res i f ted boron to see whether 
the new exper iments will produce the higher r e s u l t s found in the s e r i e s of 
Runs 21 through 27. 

g. Development of Combustion Techniques of Magnesium, 
Aluminum, Zinc, and Cadmium in Fluor ine 
(E. Rudzit is) 

In the investigation of techniques for the combustion of 
magnes ium, a luminum, zinc, and cadmium in fluorine, one of the p rob lems 
that mus t be solved is the select ion of m a t e r i a l for the sample support . It 
is bel ieved that the ideal support would be the (highest) fluoride of the me ta l 
to be burned. However, because of the poss ibi l i ty of decomposit ion or 
hydrolys is at e levated t e m p e r a t u r e s , fabricat ion of a sui table support of the 
appropr i a t e m e t a l fluoride p r e sen t s difficulties. The conditions for s i n t e r ­
ing magnes ium and cadmium fluorides a r e cu r r en t ly being invest igated. 
Co ld -p ress ing , which may e l iminate the p rob lems as soc ia t ed with hydrolys is 
and decomposi t ion, is a l so being invest igated. A die and punches have been 
designed to produce cyl indr ica l compacts two inches in d iamete r , using 
p r e s s u r e s of approx imate ly 50,000 psi P r e l i m i n a r y combustion exper iments 
using the c o l d - p r e s s e d support plates indicate that the plates a r e r e s i s t a n t to 
t h e r m a l shock, whereas h e a t - t r e a t e d ( s in te red and molten) support plates 
tend to c r a c k during the combustion 

It was prev ious ly found that a luminum and zinc did not burn 
sa t i s fac tor i ly in fluorine when the w i r e - to - fo i l - t o -p in technique was used 
(ANL-6183, page 82). A recen t a t tempt was miade to overcome this difficulty 
by using powdered samples of zinc and a luminum with a "fuse" of magnes ium 
ribbon. This technique yielded p rac t i ca l ly quanti tat ive combustion a t 250 psi 
f luorine p r e s s u r e . In a subsequent exper iment in which the powdered m e t a l 
was r ep laced by 20 to 30 m e s h g ranu les , sa t i s fac tory combustion was a lso 
achieved. (Since the poss ibi l i ty of sur face contaminat ion is l e s sened by their 
use , g ranula r samples a r e p r e f e r r e d to powdered samples . ) 



A successful a t tempt to reduce the initial fluorine p r e s s u r e 
was made by replacing the magnes ium "fuse" with a m o r e easi ly ignitable 
molybdenum "fuse." Ignition and combust ion of granular a luminum were 
achieved at 100 psi fluorine p r e s s u r e . In another p re l imina ry experiment , 
a sample of g ranula r magnes ium was successful ly burned using a molyb­
denum "fuse" and 100 psi fluorine p r e s s u r e . A fluorine p r e s s u r e of 250 psi 
was needed in previous combustion of magnes ium using the wi re - to - fo i l - to -
sample technique (ANL-6183, page 82). 

F r o m these p re l imina ry r e s u l t s , it appears that a uniform 
method of ignition and combustion is possible for some of the me ta l s . This 
method depends upon the use of an eas i ly ignitable "fuse," such as molyb­
denum, to ignite a granular me ta l sample res t ing on a support of its fluoride. 
Besides having the obvious advantage of establishing a uniform technique and 
geomet ry for a group of me ta l s , this axiethod makes possible the reduction 
of the ignition fluorine p r e s s u r e and thereby d e c r e a s e s the possibi l i ty of 
side reac t ions occurr ing with surrounding m a t e r i a l s . 



11. F U E L CYCLE APPLICATIONS OF VOLATILITY 
AND FLUIDIZATION TECHNIQUES 

Severa l p r o c e s s e s , in which advantage is taken of the volat i l i t ies of 
uran ium and plutonium hexafluoride and in which fluidization techniques a r e 
used, have been proposed for the r e c o v e r y of u ran ium and plutonium from 
i r r ad i a t ed r eac to r fuels . These include a Direc t Fluor inat ion P r o c e s s and 
the Fused F luor ide Volatil i ty P r o c e s s . 

The Direc t F luor ina t ion Volati l i ty P r o c e s s i s being developed to 
r ecove r u ran ium and plutonium from spent uran ium oxide, Z i rca loy-c lad , 
fuel e l emen t s . A proposed p roces s ing p rocedure ut i l izes the reac t ion of 
z i rconium with a mix tu re of hydrogen fluoride and hydrogen chlor ide for 
decladding. Plutonium and u ran ium hexaf luor ides , which resu l t from the 
reac t ion of the oxide fuel with f luorine, m a y be separa ted using a combina­
tion of the var iab i l i ty of the r a t e s of f luorination of the plutonium and u r a ­
nium coiTipounds and chemica l r eac t iv i t i e s of the hexaf luor ides . Equipment 
has been cons t ruc ted and is in opera t ion to study the p r o c e s s s teps with 
m u l t i g r a m amounts (10 to 100 g r ams ) of plutonium. 

An invest igat ion of the kinet ics and mechan i sm of the decomposi t ion 
of plutoniuin hexafluoride vapor sugges ts that the reac t ion is he terogeneous 
at 161 C. 

Investigation of the s to i ch iomet ry of the reac t ion of plutonium 
hexafluoride with sulfur te t ra f luor ide has been completed. The resu l tan t 
products a r e sulfur hexafluoride and plutonium te t ra f luor ide . The r e a c ­
tion of sulfur te t ra f luor ide with plutoniuin dioxide at 600 C to produce plu­
tonium te t ra f luor ide was found to be slow. The investigation of the 
s to ich iomet ry of the reac t ions of sulfur te t ra f luor ide with u ran ium t r ioxide , 
u ran ium dioxide, u ranyl f luoride, and UsOg has been completed. Uranium 
hexafluoride is produced equivalent in amount to u ran ium in the plus six 
valence s ta te in these compounds . 

Radiation decomposi t ion of plutonium hexafluoride in the p re sence 
of u ran ium hexafluoride, 2.6 pe r cent per day, was found to be v e r y s imi l a r 
to the value obtained for plutonium hexafluoride alone» Uranium hexafluo­
r ide decomposed to the extent of 0.3 pe r cent per day in the gas m i x t u r e . 

The solubil i ty of hydrogen chlor ide in liquid hydrogen fluoride at 
condenser t e m p e r a t u r e s would be an impor tan t p r o c e s s var iab le in the de -
cladding s tep of the Direc t F luor ina t ion Volatili ty p r o c e s s . In t e r m s of 
weight per cent hydrogen chlor ide , the solubil i ty of hydrogen chlor ide in 
liquid hydrogen fluoride is 0.7 at -38 C and 2.4 at -78 C. 

An invest igat ion of the c o r r o s i v e effect of hydrogen f luor ide-hydrogen 
chlor ide gas mix tu re s on A-nickel has been ini t ia ted. At 500 C, with a 90 vol­
ume per cent hydrogen chlor ide m i x t u r e , after six days , i n t e rg ranu la r at tack 



of 0.4 to 1.0 mil was noted. Under these same conditions the penetra t ion 
ra te was 0,023 mi l pe r day as calculated from the weight change of the 
tes t coupons. Due to the shor t durat ions of these exper iments , the values 
should be cons idered p re l im ina ry in na tu re . 

Additional studies of meta l f luorinations have been concerned with 
the mechan i sms of the nickel-f luorine and nickel-oxygen reac t ions . The 
fluorine reac t ion appea r s to occur at the nickel f luoride-nickel interface. 
In the nickel-oxygen react ion, nickel ions mig ra t e through the nickel oxide 
and the react ion with oxygen occurs at the nickel oxide-nickel interface. 

Work has continued on engineer ing-sca le studies of the Direct 
Fluor inat ion P r o c e s s applied to dense u ran ium dioxide pellet fuel. Two 
decladding runs were made to invest igate the effect of close packing of 
fuel e lements on operat ion of the fluid-bed reac to r . One half-inch d iam­
eter Z i rca loy-2 tubing e lements containing uranium dioxide pel lets were 
reac ted at 500 C with 10 mole per cent hydrogen chlor ide-90 mole per cent 
hydrogen fluoride gas . Four t een- inch lengths of these 30-mil wall tubing 
e lements w e r e submerged ver t ica l ly in a calc ium fluoride fluidized bed. 
Decladding was successful in both runs . Fo r a n e a r - m a x i m u m packing in 
which the c r o s s - s e c t i o n a l a r e a of the tubes was 55 per cent of the r eac to r 
a r e a , format ion of a f i rm cake r a i s ed the p r e s s u r e differential a c r o s s the 
bed and prevented free flowing of the bed at the end of the run. When the 
number of tubes was reduced to half that used in the above run, essent ia l ly 
no caking or p r e s s u r e i nc r ea se was found, and the bed was free flowing. 
No significant pel le t degradat ion or fines production was observed in these 
runs . 

In a shakedown run in the new fo rced -a i r - coo led r eac to r , pel le ts 
were f luorinated at substant ia l ly higher r a t e s than previously repor ted 
(ANL-6183, page 98). It was found that heat t ransfe r was l imited by la rge 
t e m p e r a t u r e differentials from the wall to the bed ra the r than by the ex­
te rna l heat t r ans fe r su r faces . F luor ina t ion studies a r e in p r o g r e s s . 

Mockup t e s t s of heat t r ans fe r f rom the surface of fixed packing 
submerged in a fluid bed were made to de te rmine the effects of bed height 
and gas velocity. The bed of ^ - inch nickel bal ls and 140 to 200 mesh copper 
shot gave heat t r an s f e r coefficients in the range from 81 to 125 Btu / (hr ) 
(sq ft)(F) for gas r a t e s sufficient to fluidize the finer m a t e r i a l . These 
heat t r ans fe r coefficients w e r e five to eight t imes higher than with the non-
fluidized packing alone and 0.6 to 0.9 of those obtained for fluidized m a t e r i a l 
without packing. 

Di rec t F luor ina t ion P r o c e s s e s a r e a lso being studied as a means of 
recover ing u ran ium from highly enr iched u ran ium-z i r con ium alloy fuels. 
In genera l , the p r o c e s s e s involve convers ion of the e lement to fluoride 
sal ts by means of hydrogen chloride and hydrogen fluoride. In this step 



the e lements a r e submerged in a fluidized bed of iner t r aa te r i a l which 
s e r v e s as the heat t r ans fe r medium. The next step, fluorination with e l e ­
menta l fluorine, is expected to volat i l ize the u ran ium as the hexafluoride 
and pe rmi t separa t ion . Emphas i s during this quar te r was shifted from 
reac t ions of the meta l l i c fuel with dilute mix tures of hydrogen chloride in 
hydrogen fluoride to separa te reac t ions with these gases in a two-zone, 
fluid-bed r eac to r . The ini t ial reac t ion is hydrochlorinat ion, forming the 
volati le z i rconium t e t r ach lo r ide . The volati le m a t e r i a l is converted to the 
solid te t raf luor ide by anhydrous hydrogen fluoride which is admit ted in the 
upper section of the r e a c t o r . Baffling between the two reac t ion zones has 
been found to reduce gas back-mixing considerably (a factor of ten) which 
resu l t ed in gas mix tu r e s of low reactivi ty- Eighty five to 94 per cent of a 
mul t ip la te a s sembly (1.5 weight per cent u r an ium-z i r con ium alloy) was con­
ver ted to f luorides in about 12 hours by means of this p rocedure at a t e m ­
p e r a t u r e of 400 C. 

Initial fluorination studies on these reac t ion products achieved about 
85 to 90 per cent r emova l in two hours at 600 C, in four hours at 550 C, and 
in eight hours at 500 C. Additional exposure of the fluorinated r e s idues to 
fluorine at 500 C resu l t ed in i nc reased remova l to 96 per cent. 

In the Fused Salt Volatili ty P r o c e s s for r e c o v e r y of u ran ium from 
z i rconium m a t r i x fuels, the alloy fuel e lements a r e dissolved in a molten 
sodium f luor ide-z i rcon ium fluoride mix tu re at 600 to 700 C with a hydro­
gen fluoride spa rge . A final dissolut ion was pe r fo rmed in a s e r i e s of d i s ­
solutions of synthet ic fuel a s s e m b l i e s to demons t r a t e operat ion of the 
graphi te pi lot-plant d i s so lve r . A 10-plate Z i rca loy-2 fuel e lement was 
90 pe r cent d issolved m 10 7 hours and 99 per cent dissolved in 13.4 hours . 
This dissolut ion r a t e was slower than previous ly obtained for pure z i r c o ­
nium and sal t without alloy const i tuents Nickel f luoride, which had been 
added to the molten salt , was substant ia l ly removed f rom the salt , probably 
by reduct ion on the Zi rca loy 

Examinat ion of the wal ls of the graphi te d i s so lve r showed the 
expected p r e s e n c e of fused sal t in the middle of the lampblack insulating 
zone. No sal t had contacted the outer meta l shell About 30 lb of salt 
w e r e so deposi ted in the wal ls 

A fused salt charge -was allowed to f reeze in the d i sso lver to 
de t e rmine the effect that this would have on d i sso lver components . This 
charge was then r eme l t ed in the d i s so lve r . Extensive damage to in terna l 
graphi te downlines and h e a t e r s was found. The fuel e lement support plate 
(graphite) was eroded. T h e r e was no evidence of mechan ica l damage to 
the graphi te crucible or cheraical a t tack of any graphi te components . 

In a l l of the d i s so lve r runs , entra ined solids w e r e removed from 
the d i s so lve r off-gas by a bed packed with ^ - i n c h sodium fluoride pel le ts 
followed by grade 60 porous carbon f i l t e r s . The carbon f i l ters were suc ­
cessful in removing a l l fines that passed the a b s o r b e r bed. 



The reac t ion of s t a in less s tee l with var ious gases is being 
invest igated as an init ial s tep in the p rocess ing of s ta in less s tee l -c lad 
or m a t r i x fuels . Studies c a r r i e d out in a one-inch hor izontal tube fur­
nace showed the init ial reac t ion r a t e s of chlorine and s ta in less s tee l , 
de te rmined by weight loss of the tes t specimen, were 5.0 m i l s / h r at 
570 C and 9.7 m i l s / h r at 600 C. The effect of ni t rogen dilution was 
found to be negligible at chlor ine concentra t ions above 50 per cent. A 
mixture of chlorine and hydrogen fluoride showed a much lower pene t ra ­
tion ra te than did the chlor ine a lone. Monel equipment was found to be 
s eve re ly cor roded by chlor ine- This was caused by leaching of the cop­
per component as cuprous ch lor ide . A single exper iment on the react ion 
of fluorine gas with a 304 s ta in less s teel specimen at 550 C in a fluid-bed 
reac to r gave a low penet ra t ion r a t e , 0.7 m i l / h r . 

The convers ion of u ran ium hexafluoride to uran ium dioxide by 
react ion with s team and hydrogen in a fluid bed is being studied. A short 
run at a high t e m p e r a t u r e (650 C) and high hexafluoride r a t e , 217 lb / (hr ) 
(sq ft r e a c t o r c r o s s sect ion) , confirmed that essen t ia l ly complete conver ­
sion (99.99 per cent) to solids is readi ly achieved, but a second step is 
requ i red to produce spec i f ica t ion-grade (low fluoride) powder by fur ther 
react ion of the solid with s t eam and hydrogen. Installation of a th ree - inch 
d iamete r column which will be used for additional s tudies of the second 
step is a lmos t comple te . Pe l le t fabricat ion t e s t s per formed by the ANL 
C e r a m i c s Group achieved about 94.5 to 97 per cent theore t ica l densi ty for 
dioxide p r e p a r e d by this p r o c e s s . One k i logram samples of dioxide powder 
p r e p a r e d from uran ium hexafluoride by the d i r ec t conversion p r o c e s s have 
been furnished to seven indus t r ia l concerns that wish to evaluate the 
m a t e r i a l . 

A m a s s t r ans fe r study of the adsorpt ion of water vapor by s i l ica gel 
is being made to evaluate the c h a r a c t e r i s t i c s of the new mul t is tage fluidized 
bed r eac to r , as the second phase of a doctora l thes is r e s e a r c h problein . 

A. Labora to ry Investigations of F luor ide Volatili ty P r o c e s s e s 
( j . F i s che r ) 

The Direc t F luor ina t ion Volatil i ty P r o c e s s is under development 
to r ecover f issionable m a t e r i a l from uranium dioxide fuels. Emphas is 
has been placed on development of the p r o c e s s for a typical Z i rca loy-c lad 
oxide fuel. The cladding is removed from the fuel as z i rconium te t raf luo­
r ide , resul t ing from the reac t ion of z i rconium with hydrogen fluoride con­
taining 17 weight pe r cent hydrogen chlor ide . During the reac t ion calcium 
fluoride is used in a fluid-bed r eac to r to t r an spo r t heat from the react ion 
surface of the Zi rca loy , maintaining a t empe ra tu r e between 400 and 500 C 
in the bed. 



In the same nickel ves se l used for the decladding, u ran ium and 
plutonium oxides a re then converted to thei r respec t ive volati le hexaflu­
or ides by reac t ion with fluorine at 500 C in the fluid bed resul t ing from 
the decladding opera t ion . Differences in the reac t iv i t i es of the uran ium 
and plutonium compounds resu l t in an init ial f luorination of the u ran ium 
and separa t ion of the u ran ium as the hexafluoride. A p lu ton ium-r ich f r a c ­
tion, remaining in the r eac to r toward the completion of the fluorination 
s tep, is then fur ther reac ted with fluorine to produce a mix ture of u r a n i ­
um hexafluoride and plutonium hexafluoride. 

Separat ion of uran ium and plutonium hexafluorides can be achieved 
by util izing the reac t ions of plutonium hexafluoride with such reducing 
agents as sulfur te t raf luor ide or b romine to produce nonvolatile plutonium 
te t ra f luor ide . Uranium hexafluoride is not affected by these reagents and 
may be sepa ra t ed fromi the plutonium by dis t i l la t ion, A la rge pe r cent of 
the f ission products r ema in , and can be disposed of, in the solid bed of 
calcium and z i rconium fluoride. Development of the p r o c e s s s teps is in 
p r o g r e s s in the l abo ra to ry along with per t inent r e s e a r c h involving the 
c h e m i s t r y of plutonium, u ran ium, and fluorine compounds. 

Work is continuing on me ta l f luor inat ions . F u r t h e r work on the 
m e c h a n i s m s of the nickel-f luor ine and nickel-oxygen reac t ions has been 
completed. In the n ickel - f luor ine reac t ion evidence indicates that the 
reac t ion occu r s at the nickel f luor ide-nickel in te r face . In the n icke l -
oxygen reac t ion , nickel ions m i g r a t e through the nickel oxide and the 
reac t ion with oxygen occu r s at the nickel oxide-nickel in te r face . 

1. F luor ine Chemis t ry and F luor ide Separat ion Studies 
(J , F i s c h e r ) 

a. P r o c e s s Development: Plutonium Fluor inat ion and 
T r a n s p o r t Studies 
( L . T r e v o r r o w , G. J, Vogel, L. Anas tas ia , H. Griffin, 
J . Riha, G. Redding, T. Gerding and T, D„ Baker) 

The p r i m a r y a im of the c u r r e n t p r o g r a m is to demons t r a t e 
the s teps involving f luorination and t r a n s p o r t of plutonium with relat ively 
l a rge quant i t ies (10 to 100 g) of plutonium. A second aim of the programi is 
invest igat ion of the k inet ics of f luorination of mix tu re s of plutonium and 
uran ium oxides , with spec ia l attention to the compar i son of the r a t e s of 
f luorination of plutonium and u r a n i u m . The poss ib i l i ty that t h e r m a l decom­
posit ion of plutoniuin hexafluoride miight occur in the outlet l ines of the 
f luorination r e a c t o r will be the subject of ini t ial work with l a rge quanti t ies 
of plutonium hexaf luor ide . The appara tus for th is work has been de s c r i bed 
in ANL-6145, page 100. 
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Exper imenta l work in which the behavior of plutonium 
hexafluoride vapor will be observed under conditions s imi la r to those ex is t ­
ing at the outlet of a fluorination r eac to r has been planned. The t e m p e r a t u r e 
in and at the outlet of the fluorination reac tor is expected to be about 500 C. 
The total outlet gas p r e s s u r e may be tentat ively assumed to be 760 mm» 
S te ind le r l^ has shown that the reac t ion of plutonium oxide with fluorine 
p roceeds with an init ial rapid f luorination to plutonium te t ra f luor ide . T h e r e ­
fore , the max imum pa r t i a l p r e s s u r e of plutonium hexafluoride in the outlet 
gas s t r e a m can be es t imated from the equi l ibr ium constant for the react ion 

PuF4(s) + F2(g) ^= f r PuF6(g) . 

Equi l ibr ium constants for this reac t ion were d iscussed in ANL-6IOI5 page 80, 
At a fluorine p r e s s u r e of 760 m m , the equil ibrium p r e s s u r e of plutonium 
hexafluoride at 500 C is about 8 m m . Since equil ibrium conditions will not 
be reached in the fluorination r e a c t o r , the pa r t i a l p r e s s u r e of plutonium hexa­
fluoride can be a s sumed to be l e s s than 8 mm in the outlet gas s t r e a m . If 
the ra t io of plutonium hexafluoride p r e s s u r e to fluorine p r e s s u r e is l e s s than 
the equi l ibr ium value, t h e r e will be no net decomposit ion of plutonium hexa­
fluoride by the reac t ion 

P u F 6 ( g ) ^ ^ P u F 4 ( s ) + F2(g) 

However, the equi l ibr ium constant , (PuF6)/(F2), d e c r e a s e s with t e m p e r a t u r e . 
Therefore , in t r a v e r s i n g the t h e r m a l gradient to a condenser , the exit gas 
will pass through t e m p e r a t u r e zones where the rat io 8 mm PuF6/760 mm F2 
will be in excess of the equi l ibr ium r a t i o . Consequently, a driving force for 
decomposi t ion will be p r e s e n t . The ra t e of approach to equilibriuan (rate of 
decomposit ion) d e c r e a s e s with temipera ture , and the amount of decomposit ion 
is not expected to be significant in the shor t t ime requi red to t r a v e r s e the 
the r ina l gradient . 

In the ini t ial l a r g e - s c a l e plutonium exper iments , a gaseous 
mix tu re of plutonium hexafluoride and fluorine was passed through a two-
inch d iamete r pipe to hea t the gas to 500 C. The gas mix ture exited from 
the pipe through a length of t h r e e - e i g h t s - i n c h d iameter tubing to a cold 
t r a p . The purpose of the exper iments was to de te rmine the extent of r e ­
covery of plutonium hexafluoride from the hot zone. The p repara t ion of 
l a rge quantit ies of plutonium hexafluoride and exper iments tes t ing the t r a n s ­
por t of plutonium hexafluoride vapor a r e both cur ren t ly under way. Data 
from the ea r ly exper imen t s a re being analyzed and will be presen ted in the 
next qua r t e r ly r epo r t . 

Steindler , M, J., Steidl, D. V,, and Steunenberg, R. K., Nuclear 
Science and Engineer ing, 6, 333 (1959). 
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The init ial separa t ion of uranium from plutonium in the 
fluoride separa t ions p r o c e s s is to be accomplished by taking advantage of 
the higher ra te of f luorination of uranium oxide. After this init ial s tep , 
the concentra t ion of plutonium oxide in the uranium oxide m a t r i x is ex­
pected to i n c r e a s e to about 4 per cent from a value of 0.4 per cent . The 
fluorination of this mix tu re and the r e c o v e r y of the resul t ing plutonium 
hexafluoride is to be studied using at leas t ten g r a m s of mixed oxides . 
The equipment to be used in this work has been descr ibed in ANL-6145, 
page lOZ. This equipment has been tes ted in p r e l i m i n a r y exper iments 
with u ran ium compounds, and has been shown to be sa t i s fac tory for use 
with plutonium. The p repa ra t ion of uranium-plutonium mixed oxides for 
use in this work is cu r r en t ly m p r o g r e s s . 

b . Rate of Decomposit ion of Plutonium Hexafluoride 
(L. T r e v o r r o w , W. Shinn) 

In the fluoride separa t ions p r o c e s s , plutonium is to be 
t r anspor t ed as plutonium hexafluoride vapor . Plutonium hexafluoride va­
por undergoes t h e r m a l decomposi t ion via the reac t ion 

PuFfelg) = PuF4(s) + F2(g) . 

During t r a n s p o r t of plutonium hexafluoride, the ra te of the r ina l decomposit ion 
should be min imized . The t h e r m a l decomposi t ion of plutonium hexafluoride 
has also been suggested as a means of separa t ing plutonium hexafluoride 
from uran ium hexafluoride. Fo r the separa t ion of plutonium, the r a t e of 
t h e r m a l decomposi t ion should be max imized . Because of i t s re la t ion to the 
fluoride separa t ions p roces s - the r a t e of t h e r m a l decomposi t ion of plutonium 
hexafluoride has been the subject of l abora to ry invest igat ion. Exper iments 
a r e now being pe r fo rmed to determin.e the effect of p r e s s u r e on the ra te of 
the decomposi t ion of plutonium hexafluoride. Initial p r e s s u r e s approximate ly 
ten t i m e s those prev ious ly used will be employed in these e x p e r i m e n t s . It is 
felt that some of the exper iments r epor t ed previous ly were done over too 
shor t a reac t ion t ime and at p r e s s u r e s which were too low. The r e su l t s of 
previous work on the subject were r epor t ed in ANL-6183, page 89. 

c. React ion of Plutonium Hexafluoride with Sulfur Tetraf luor ide 
(M, J . Steindler , D. Steidl) 

The invest igat ion of the s to ich iomet ry of the reac t ion of 
plutonium hexafluoride with sulfur t e t ra f luor ide , desc r ibed in ANL-6183, 
page 94, has been completed . The products of the reac t ion have been iden­
tified and the reac t ion p roceeds as wri t ten in the following equation: 

PuF6(g) + SF4(g) —« 'SF6(g ) + FuF4(s) (1) 
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The detai ls of the exper iments have been presen ted in 
ANL-6l83s page 94. A quantity of purified plutonium hexafluoride was con­
densed at -80 C into a nickel react ion ves se l attached to a manifold. The 
quantity of plutonium hexafluoride t r a n s f e r r e d to the react ion vesse l was 
de termined by weight difference of the supply vesse l . An excess of sulfur 
te t raf luor ide , de te rmined by PVT m e a s u r e m e n t s , was then condensed onto 
the plutonium hexafluoride at -196 C. The vesse l was heated to the r e a c ­
tion t e m p e r a t u r e s shown in Table 13, and after the react ion was complete 
the gaseous products were dis t i l led off. The amount of plutonium t e t r a ­
fluoride remaining indicated the comple teness of the react ion, as is shown 
in Table 13. 

Table 13 

REACTION OF PLUTONIUM HEXAFLUORIDE 
AND SULFUR TETRAFLUORIDE 

(Details of exper imenta l p rocedure a r e given in ANL-6183, page 94) 

% Reacted 

PuF6 
(mil l imoles) 

0.213 
0.334 
0.327 
0.330 
0.477 
1.170 

SF4 
(m.illimoles) 

0.778 
1.207 
1.265 
1.178 
L980 
3.300 

Temp 

(c) 

30 
30 
70 
70 
30 
30 

Time 
(hr) 

1 
17 
1.5 
0.2 
17 
17 

P r e s s u r e 
Measurement 

70 
102 

_ 
100 

_ 
_d,e 

Residue 

8 3 ^ 
98b 
99b 

-
83C 

™f 

^Based on plutonium analys is of res idue in react ion ves se l . 

^Weight of res idue in reac t ion v e s s e l . 

'^Reaction took place pa r t i a l ly outside of react ion vesse l , in manifold 
l i nes . 

1.14 mi l l imoles sulfur hexafluoride isolated compared to 1.17 mi l l i ­
moles plutonium hexafluoride used . Sulfur hexafluoride observed 
molecular weight (vapor densi ty method): 143.4; calc: 146. 

^Ratio of final p r e s s u r e to init ial sulfur te t raf luor ide p r e s s u r e = 1.0. 

^ F / P U ra t io of solid product by chemica l analysis = 4.13. 



X - r a y diffraction analysis of the solid product (plutonium 
tetraf luoride) was unsuccessful since the solid was repor ted to be amorphous 
or of v e r y sma l l c rys ta l l i t e s i z e . Chemical analys is for fluorine and pluto­
nium was used to obtain a fluorine to plutonium r a t i o . The value obtained for 
this ra t io was 4.13. 

In o rde r to add to the validity of the reac t ion as shown in 
Equation 1, it was n e c e s s a r y to identify the gaseous product of the reac t ion . 
F r o m the equation of the proposed reac t ion it can be seen that the total 
p r e s s u r e of the sulfur fluoride gases should r ema in constant . The p r e s s u r e 
of the gaseous products of an exper iment was m e a s u r e d by means of the 
Boo th -Cromer p r e s s u r e t r a n s m i t t e r and found to be the same as the o r ig i ­
nal p r e s s u r e of sulfur t e t r a f luor ide . In the same exper iment , the sulfur 
fluoride gases were sepa ra ted from one another by hydrolyzing the sulfur 
te t raf luor ide in w a t e r . This was done by condensing the gases onto ice at 
- I96 C in a nickel t e s t tube and allowing the mix tu re to warm to 30 C. 
Sulfur te t raf luor ide hydrolyzes while the re la t ive ly ine r t sulfur hexafluo­
ride does not. The hydrolys is reac t ion , whose ra te was followed by p r e s ­
su re drop, appeared to be slow, requir ing 24 hours to go to complet ion. 
The quantity of sulfur hexafluoride remaining after hydrolys is of the su l ­
fur te t raf luor ide was de t e rmined . PVT calculat ions indicated 1.14 m i l l i ­
moles of sulfur hexafluoride p resen t , compared to 1.17 millimioles of 
plutonium hexafluoride ini t ia l ly used . 

A vapor densi ty de te rmina t ion was made on the gaseous 
res idue of the hydrolys is to a s s u r e that it was indeed sulfur hexafluoride. 
This was done by weighing the v e s s e l containing the gas at a known p r e s ­
su re and then weighing the s ame v e s s e l empty. Resul t s indicated a m o l e c ­
u lar weight of 143.4, which compare s favorably with the calculated molecu la r 
weight of 146.0 for sulfur hexaf luoride. 

It is bel ieved that the reac t ion as proposed is sufficiently 
well es tabl ished by the preceding data, and no fur ther work is planned on 
this reac t ion . 

d. React ion of Plutonium Dioxide and Sulfur Tet raf luor ide 
(M. J, Steindler , D, Steidl) 

The reac t ion between sulfur te t ra f luor ide and plutonium 
dioxide was br ief ly s tudied. Samples of plutonium dioxide were heated in 
a s t r e a m of gaseous sulfur te t ra f luor ide and the solid reac t ion products 
exainined. The r e su l t s a r e shown in Table 14. 

The convers ion of plutonium dioxide to the te t raf luor ide is 
slow, even at 600 C. These data confirm r e su l t s obtained with uran ium 
compounds which show that sulfur t e t ra f luor ide , although a good fluorinating 
agent, does not r e a c t as an oxidizing agent. There fore , no plutonium is lost 
by volat i l izat ion as the hexaf luor ide . 



Table 14 

REACTION OF SULFUR TETRAFLUORIDE 
AND PLUTONIUM DIOXIDE 

Sulfur te t raf luor ide flow r a t e : 100 ml / rn in 

Time of react ion: 1 hour 

PuOz 
(g) 

0.6519 

0,8076 

0.6916 

0.7992 

Temp 

(c) 

375 

500 

500 

600 

Weight 
Change 

(g) 

-0.0096^ 

+0.0167 

+0.0171 

+0,0520 

% Conversion" 

Weight Basis 

-

12.7 

15.2 

40.1 

X- r ay 

0 

~15C 

-

~35-45*^ 

^Reaction boat damaged, weight change questionable. 

bfiased on convers ion of PuOa to PUF4. 

^Est i inated by compar i son with s tandard samples composed of known 

mix tu res of PUF4 and PuOg. 

e. Radiation Decomposit ion of Plutonium Hexafluoride in 
Mixtures with Uranium Hexafluoride 
(M. J. Steindler , D. Steidl) 

Plutonium hexafluoride s tored in the solid phase deconaposes 
ov/ing to the energy diss ipated by alpha decay. The decomposit ion ra te is 
about two per cent per day in pure plutonium hexafluoride, A 2 -g ram mix­
tu re of 15 weight per cent plutonium hexafluoride in uranium hexafluoride 
was allowed to stand at 30 C for 19 days . The average decomposit ion ra te of 
plutonium hexafluoride was de te rmined by analysis of the volatile phase . The 
ra te of plutonium hexafluoride decomposi t ion was 2.6 per cent per day, a 
value not significantly different from that observed on pure plutonium hexa­
fluoride (unpublished r e su l t s ) . The ra te observed for uranium hexafluoride 
was 0.3 per cent per day. 

f. React ion of Sulfur Tetraf luor ide with Uranium Oxides 
(C. Johnson, J. Stockbar, T. Gerding) 

The reac t ion of sulfur te t raf luor ide with uranium t r ioxide, 
forming volati le u ran ium hexafluoride, has been suggested as a bas is for 
a possible fuel r ecove ry p r o c e s s (ANL-6145, page 93). The investigation 
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of the s to ich iomet ry of this reac t ion and also reac t ions of sulfur te t raf luor ide 
with uranyl f luoride, uranium dioxide, and UjOg has been completed and is 
summar i zed below. 

The appara tus used for this work was as follows: A 
1.236-liter nickel v e s s e l heated by a res i s tance-wound furnace was con­
nected to a se rv ice manifold equipped with a supply of sulfur te t ra f luor ide , 
a source of vacuum, a thermocouple gage, and a cold t r a p . Also connected 
to the manifold were a Boo th -Cromer p r e s s u r e t r a n s m i t t e r and an infrared 
cel l . Pack les s (Hoke 413) d iaphragm valves were used throughout the s y s ­
t em. The ent i re manifold was heated to facil i tate the movement of uran ium 
hexafluoride in the sy s t em. The reac t ion ves se l was equipped with a Teflon-
gasketed, f lared en t ry por t for the inser t ion of so l ids . A ca l ibra ted t h e r m o ­
couple posit ioned in a thermocouple well in the v e s s e l was used for measu r ing 
t e m p e r a t u r e s . The infrared cel l was fabr icated from nickel and fitted with 
s i lver chlor ide windows. The volume of the sys tem was ca l ibra ted to allow 
quantitative measu re inen t s of the g a s e s . 

A typical s to ichioinet ry exper iment was c a r r i e d out as 
follows: The equipment was f i r s t evacuated to a p r e s s u r e of one m i c r o n 
or l e s s . The closed reac t ion v e s s e l was removed from the manifold and 
placed in a dry box where a weighed quantity of the solid reac tan t was 
added. After replac ing the ves se l on the manifold and evacuating to a p r e s ­
sure of one m i c r o n or l e s s , a m e a s u r e d quantity of sulfur te t raf luor ide 
was added. The ves se l was closed and brought to t e m p e r a t u r e . At the end 
of the reac t ion per iod a sanaple of gas was taken for inf rared ana lys i s . The 
r e m a i n d e r of the gaseous products were condensed, weighed, and hydrolyzed 
for chemica l a n a l y s i s . In o rde r to remove any unreac ted uran ium compound 
an excess of fluorine was introduced into the heated v e s s e l . The uran ium 
hexafluoride produced was t rapped at -80 C, hydrolyzed, and analyzed. B e ­
fore the v e s s e l could be used for another exper iment , it had to be flushed a 
few t imes with sulfur te t ra f luor ide to remove fluorine that had been adsorbed 
on the in t e r io r of the v e s s e l . Heating and evacuation were insufficient to 
remove adsorbed f luor ine . Chemical reac t ion with sulfur te t raf luor ide to 
forna sulfur hexafluoride appeared to insure complete r emova l of the f luorine. 

The s to ich iomet ry of the reac t ion of sulfur te t raf luor ide 
with u ran ium t r iox ide , u ran ium dioxide, UsOg, and uranyl fluoride is given 
in Equations (l) to (4): 

UO3 + 3 SF4 30° g UF6 + 3 SOF2 (1) 

UO2 + 2 SF4 500 _ UF4 + 2 SOF2 (2) 

U3O8 + 8 SF4 f £ £ ^ , 2 UF6 + UF4 + 8 SOFz (3) 

(4) 
UO2F2 + 2 SF4 ! ^ UF6 + 2 SOFa 
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In all c a ses the only sulfur product found was thionyl fluoride. Examination 
of the uran ium tr ioxide after momen ta ry contact with sulfur te t raf luor ide 
has definitely es tabl ished that anhydrous uranyl fluoride is an in te rmedia te 
in the reac t ion . 

Under exper imenta l conditions of la rge excesses of sulfur 
te t raf luor ide and t e m p e r a t u r e s up to 600 C, no react ion occur red between 
uranium te t raf luor ide and sulfur te t ra f luor ide . Sulfur te t raf luoride is not 
capable of react ing as an oxidizing agent in these sys t ems . 

g. Reaction of Hydrogen Fluor ide-Hydrogen Chloride Gas 
Mixtures with Uranium Dioxide 
(C, Johnson and J , Stockbar) 

Recent l abora to ry work has demonst ra ted the feasibil i ty 
of using a 90 per cent hydrogen f luoride-10 per cent hydrogen chloride gas 
mix ture as an effective decladding agent for ei ther Zircaloy or z i rconium-
clad fuel e l emen t s . This has also been demons t ra ted in engineer ing-sca le 
runs (see page 29). Repor ted he re a r e exper iments on the react ion of this 
gas mix ture with uraniumi dioxide, both in powder and pellet fo rm. 

This exper imenta l work was undertaken p r i m a r i l y to 
de te rmine the extent of the reac t ion under the specified condit ions. The 
extent of react ion can be accommodated in the overa l l p r o c e s s , as both 
uranium dioxide and uran ium te t raf luor ide can be fluorinated in the Direct 
Fluor inat ion P r o c e s s . 

Resu l t s , as shown in Table 15, indicate that complete 
convers ion of uranium dioxide to the te t raf luor ide was achieved only for 
uran ium dioxide p repa red by hydrogen reduct ion of uranyl n i t ra te at 900 C. 
Under the exper imenta l conditions used, uraniuin dioxide pel lets obtained 
from Manufacturer No. 2 did not r eac t with the 90 per cent hydrogen 
fluoride-10 per cent hydrogen chlor ide gas m i x t u r e . The uranium dioxide 
pel le ts obtained from Manufacturer No, 1 appeared to undergo the rma l 
damage , facilitating fur ther d is in tegra t ion when the hydrogen f luor ide-
hydrogen chloride gas mix tu re was allowed to pass over the pel le t . Chem­
ical analysis of the Manufacturer No. 1 pel lets indicated 8,5 per cent 
convers ion to the t e t ra f luor ide . The reac t ion of the gas mix ture with a r c -
fused uranium dioxide powder yielded a 3 per cent conversion to the 
t e t ra f luor ide . 

The dens i t ies of No. 2 and No, 1 pel lets were de termined, 
giving the following r e s u l t s : No. 2, 11.02 g / cc ; No. 1, 10.35 g / c c . The 
l i t e r a tu re value for the c ry s t a l densi ty of UO2.00 is given as 10.97 g/cc.-'--' 

Katz, J . J . and Rabinowitch, E, , The Chemis t ry of Uranium, National 
Nuclear Energy Se r i e s VIII-S, McGraw-Hil l Book Co., New York 
(1950), p . 261, 
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Apparently the only difference between the pellets is their dens i t ies , a l ­
though the re m a y be a significant difference in thei r method of p r e p a r a ­
tion. It can be concluded from these r e su l t s that the ra te of react ion of 
uranium dioxide with this gas mixture is s trongly dependent upon the 
physical p roper t i e s of the compound. This problem needs to be inves t i ­
gated with the fuel actually being considered for process ing before a sound 
conclusion can be drawn. 

Table 15 

REACTION OF 90 PER CENT HYDROGEN FLUORIDE-10 PER CENT HYDROGEN 
CHLORIDE GAS MIXTURES WITH URANIUM DIOXIDE 

Time for Reaction: 1 hr 

Reaction Temperature : 400 C 

Sample Weight (g) 

Material 

UO2 Powder 

Manufacturer No. 1 Pellet 

Manufacturer No. 1 Pellet 

Manufacturer No. 1 Pellet 

Manufacturer No. 1 Pellet 

Initial 

11.0469 

19.1281 

18.0353 

21.4053 

18.7701 

Final 

12.8142 

19.1475 

18.0087 

Lost 

17.8174 

Remarks 

99.7% conversion to UF4 indicated by 
change in weight. 

Sample completely disintegrated. 
Chemical analysis gave 2.55% fluorine. 

Sample completely disintegrated. 
Analysis gave 2.0% fluorine. 

HCl gas only; sample disintegrated. 

Helium only, no HF or HCl. Pellet 
retained shape; some dusting; 
appeared porous. 

Manufacturer No. 2 Pellet 16.3940 16.4043 Apparently no reaction occurred. 

Manufacturer No. 3 
Arc-fused Powder 23.1748 Lost Volume of solid increased. 

Chemical analyses gave 7.6% fluorine. 

h. Solubility of Hydrogen Chloride Gas in Liquid Hydrogen 
Fluor ide 
(R. L. J a r r y , G. Tennenhouse) 

The solubility of hydrogen chloride gas in liquid hydrogen 
fluoride at condenser t empe ra tu r e s would be an important p rocess var iable 
in a hydrogen fluoride recovery step for a react ion sys tem using mix tu res 
of hydrogen fluoride and hydrogen chlor ide . A potential application would 
be the decladding of Zi rca loy-c lad fuel e lements by the use of mix tures of 
hydrogen fluoride and hydrogen chloride (see ANL-6183, page 106), 
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The exper imenta l appara tus for this investigation was a 
s imple one. It consis ted of a set of th ree 100-ml polyethylene tubes a r ­
ranged for s e r i e s flow. The connections between tubes were made with 
polyethylene tubing using quick-disconnect f i t t ings. The f i rs t tube con­
tained fluorolube oil and was used as a bubbler to es t imate flow. The 
second tube, containing the liquid hydrogen fluoride through which the 
hydrogen chloride was bubbled, was i m m e r s e d in a cons tan t - t empera tu re 
bath. The th i rd tube was placed in a wa te r - i ce bath to t rap any hydrogen 
fluoride swept through the solubil i ty sec t ion . The sys tem was vented to 
the a tmosphe re . 

The apparatus was f i rs t dr ied by passing nitrogen through 
the sys tem while gently heating the tubes and connecting l ines . The solu­
bili ty tube was then placed in a cons tan t - t empera tu re bath, and about 30 ml 
of hydrogen fluoride were condensed in the tube. Hydrogen chloride was 
then bubbled through the liquid hydrogen fluoride for about 30 minutes . To 
approach equil ibrium from the hydrogen ch lo r ide - r i ch side, excess hydro­
gen chloride was condensed by lowering the t empera tu re to -174 C. The 
t e m p e r a t u r e was then ra i sed to -78 C and hydrogen chloride bubbled through 
the solution for one hour . At the end of the equil ibrium period the dip-tube 
was r a i sed above the solution and ni t rogen was passed through the tube for 
a few minutes to sweep out hydrogen chloride in the vapor phase . At this 
point the solubili ty tube was opened and filled with ice cooled to -78 C. The 
tube and contents were then allowed to warm to room t e m p e r a t u r e . The 
solution was made up to a s tandard volume, and a total acid t i t ra t ion and 
Mohr chloride determinat ion were m a d e . 

The re su l t s obtained a r e l is ted below. The value given 
for -78 C is the average of five de te rmina t ions , two of which were from 
the excess hydrogen chloride s ide . The value at -38 C is the average of 
two de te rmina t ions . The deviations l i s ted a r e the average deviat ions. 

SOLUBILITY OF HYDROGEN CHLORIDE 
IN LIQUID HYDROGEN FLUORIDE 

Temp (C) w/o HCl 

-38 0.66 1 0,11 

-78 2,34 + 0.50 

These exper iments show that if a hydrogen fluoride r ecovery 
condenser were to be operated in this t e inpe ra tu re range , then approxi ­
mate ly 90 per cent of the 17 weight per cent hydrogen chloride in the gas 
mix tu re would pas s through the condense r . 
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2. Metal Fluor inat ion Studies 
( j . F i s c h e r ) 

Fundamenta l s tudies on me ta l f luorinations yield informiation 
which is useful to the Direc t F luor ina t ion Volatili ty P r o c e s s . The r e a c ­
tions of fluorine and hydrogen f luor ide-hydrogen chloride mix tu re s with 
nickel , z i rconium, and uranium have been repor ted (see ANL-6145, 
page 110| ANL-6183, page 106), and work continues on the study of these 
r e a c t i o n s . 

a. Nicke l -Fluor ine Reaction 
(R. L. J a r r y , W. H. Gunther) 

In previous r e p o r t s (ANL-6101, page 89; ANL-6145, 
page 110) evidence was p resen ted regard ing the naechanism of the n icke l -
fluorine reac t ion . This evidence indicates that the react ion occurs at the 
nickel f luor ide-meta l interface by migra t ion of fluorine through the grow­
ing nickel fluoride sca l e . There is undoubtedly an interchange of fluorine 
and fluoride posi t ions with a resu l tan t miigration of fluorine through the 
film via c rys t a l defects or vacanc ie s . This conclusion was obtained from 
both radioact ive t r a c e r exper iments and a wedge exper iment involving 
impinging fluoride su r f aces . 

The mechan i sm of the nickel-f luor ine reac t ion differs 
from that of the nickel-oxygen r eac t ion . It has been r e p o r t e d l y for the 
oxidation reac t ion that the reac t ion p roceeds at the nickel oxide-oxygen 
in te r face . Nickel ions mig ra t e through the nickel oxide with a net move­
ment of nickel to the nickel oxide-oxygen in ter face , where reac t ion with 
the oxygen o c c u r s . Additional confidence in the t r a c e r method for inves t i ­
gating the reac t ion mechan i sms of n icke l -gas reac t ions can be obtained 
when different r e su l t s a r e achieved for the nickel-f luorine and the n icke l -
oxygen r e a c t i o n s . 

It is n e c e s s a r y , in o rde r to use the nickel-oxygen reac t ion 
as a check for the radioact ive t r a c e r exper imen t s , to predic t the u l t imate 
location of the activi ty in the nickel oxide s ca l e . This was provided by the 
work of Bardeen and as soc ia t e s .15 They calculated the expected d i s t r i bu ­
tion according to the Wagner t he o ry for a radioact ive me ta l t r a c e r and 
exper imenta l ly confirmed thei r calculat ions for the copper-oxygen s y s t e m . 
The act ivi ty was dis t r ibuted in the oxide sca le , with the concentrat ion d i ­
minishing with dis tance in the sca le from the oxide-oxygen in ter face .* 

l^Gulbransen , E. A. and Andrews, K. F . , J . E l ec t rochem. S o c , 104, 
451 (1957). 

ISBardeen , J , , Bra t ta in , W.H. , and Shockley, W,, J , Chem. P h y s . 1_4, 714(1946). 

*The expected posi t ion of the radioact iv i ty as s tated in a previous r epor t , 
ANL-6101, page 89, for the me ta l migra t ion case was in e r r o r . The 
posi t ion of the activi ty would be as predic ted by Bardeen and coworkers 
and not at the ox ide-meta l in te r face . 



This concentrat ion gradient would be quite different from the single 
position (no gradient) which the activity assumed in the nickel-fluorine 
sys tem. In the nickel-f luorine system the activity was in the outermost 
layer of the nickel fluoride scale at the nickel fluoride-fluorine interface. 

The nickel oxidations were ca r r i ed out in the same type 
of apparatus used for the nickel-f luorine exper iments . Nickel-63 was 
used as the t r a c e r and a one-micron layer of the metal was plated on the 
nickel spec imens . Exper iments were run for 40 to 80 hours at t e m p e r a ­
tu re s of 950 to 1060 C at an oxygen p r e s s u r e of one a tmosphere . The 
oxidized coupons were mounted in Bakeli te , sectioned, and autoradiographed. 
For these exper iments Autoradiographic F i lm AR-10 was used. This film 
has a 10-micron gelatin over lay on the 5-micron emulsion. The additional 
support furnished by the gelatin layer facilitated removal of the developed 
emulsion from the specimen. 

Examination of the autoradiographs showed a distr ibution 
of act ivi ty extending 50 to 75 per cent of the distance into the oxide scale 
as measu red from the oxide-oxygen in terface . Such an auto radio graph, 
for a 1.5 x 10 -A thick oxide scale formed at 1060 C, is shown in Figure 19. 
The line located by the a r row m a r k s the oxide-oxygen interface, and also 
indicates , by its width, the width of nickel oxide that would represen t the 
original nickel-63 pla te . 

FIGURE 19 

PHOTOMICROGRAPH (280 Xj OF AUTORADIOGRAPH OF NICKEL OXIDE 
SCALE CONTAINING NICKEL-63 

NICKEL 

METAL-OXIDE 
INTLRL \CE 

OXIDE 

OXIDE-OXYGEN 
INTERi-ACE 



This evidence supports the n icke l -migra t ion mechan ism for the n icke l -
oxygen reac t ion . The react ion producing these thick sca les followed a 
parabol ic r a t e re la t ionship . This was shown by a ra te constant of 
4 X 10~" (g /sq cm)^/sec at 1060 C and 760 min as compared to a value 
of 5.5 X 10"^" (g/sq cm)^/sec repor ted by Gulbransen and Andrews !•* for 
this react ion at 1050 C and an oxygen p r e s s u r e of 76 m m . 

The thick nickel oxide scales were adherent . Gulbransen 
and Andrews 14 have stated that oxide sca les g rea te r than 4 x 10 A in 
thickness would not r emain adherent . The adherence of these thick scales 
is believed to be in par t due to thei r porosi ty, which could re l ieve com­
p re s s ive s t ra in in the growing oxide s c a l e . F igure 20 is a photomicro­
graph of an oxide sca le , 1.4 x 10* A , in thickness showing this poros i ty . 
The porosi ty is probably due to the coalescences of excess anion vacancies , 
s imi la r to the formation of voids in the meta l s undergoing h igh- tempera tu re 
oxidation.1^ This phenomenon is repor ted to be responsible for the for­
mation of hollow oxide cyl inders from completely oxidized wire spec imens . 
The p resence of voids m both the meta l subs t ra te and oxide sca le can be 
seen in F igure 33 of a previous repor t , ANL-6145, page 111. 

FIGURE 20 

PHOTOMICROGRAPH (600 X) OF NICKEL OXIDE 
SCALE SHOWING POROSITY 

P 

t 

OXIDE-OXYGEN NICKEL OXIDE METAL-OXIDE 
INTERFACE INTERFACE 

l^Vermi lyea , D. A., Acta Met., 5_, 492 (1957). 
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b . Corros ion of Nickel by Hydrogen Fluor ide-Hydrogen 
Chloride Gas Mixtures 
( R . L . J a r r y , G. Tennenhouse) 

A potential scheme for process ing Zi rca loy-c lad fuel 
elements consis ts of a t r ea tment with hydrogen f luoride-hydrogen chloride 
to remove the cladding, followed by a d i rec t fluorination step to recover 
the u ran ium. Both of these s teps would be most conveniently ca r r i ed out 
in a single ve s se l . Nickel is the p r e f e r r ed ma te r i a l of construction for 
fluorine se rv ice ; there fore , it was n e c e s s a r y to determine i ts cor ros ion 
r e s i s t ance to mix tures of hydrogen f luoride-hydrogen chlor ide . 

The appara tus used for this work consisted of a nickel 
tube reac to r , a circulat ing pump, and a se rv ice manifold. Flow was e s t i ­
mated from the physical dimensions of the Rosen rec i rcula t ing pump 
(ANL-6183, page 106), the length of s t roke , and the number of cycles per 
minute . 

A-nickel coupons, each 1 x 3 x 0 . 1 6 cm, were cut from 
sheet stock and used without further treatixient except for a degreasing 
step in boiling carbon t e t r ach lo r ide . The coupons were suspended in the 
reac tor from hooks welded to the thermocouple well . 

The mix tu res of 90 per cent hydrogen fluoride-10 per cent 
hydrogen chloride were inade up in the sys tem, whose volume was five l i t e r s , 
by PVT m e a s u r e m e n t s . The gases were admitted to the reac tor after it had 
been brought to t e m p e r a t u r e . P r e s s u r e was allowed to drop in some ex­
per iments as the react ion proceeded, while in others it was inade up to the 
original p r e s s u r e after each dec rea se of 100 m m . 

Resul ts obtained at react ion t empe ra tu r e s of 450 and 500 C 
a r e shown in Table 16. 

Table io 

THE CORROSION OF A-NICKEL BY A GAS MIXTURE OF 
90 VOLUME PER CENT HYDROGEN FI UORIDE AND 

10 VOLUME PER GENT HYDROGEN CHLORIDE 

See above for a descript ion of apparatus and procedure) 

Flow : 1 50 ml mm 

Coupons: A-iiickel, 1 x 3 x 0.1 fa cm 

Experiment Temp P r e s s u r e Tune Penetration'^ 
No. (C) (mmi (daysj Rate (mil day) 

I 450 740b 3 3 x 10"^ 
II 500 750b 3 9 X 10"^ 

III 500 750 0 23 X 10"^ 

'^Calculated from the change m weight ot the coupon assum­
ing the film was nickel fluoride. 

"Final p r e s s u r e approx ioO m m . 
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Coupons f r o m Run III w e r e m o u n t e d and s e c t i o n e d n o r m a l to the s u r f a c e . 
The s p e c i m e n s w e r e t han e t c h e d and e x a m i n e d u n d e r the m i c r o s c o p e , 
I n t e r g r a n u l a r a t t a c k w a s no t ed , e x t e n d i n g 0,4 to 1.0 m i l in to the m e t a l . 
The p e n e t r a t i o n f i g u r e s g iven a r e b a s e d on a h a l f - t h i c k n e s s of 30 m i l s 
and the g e o m e t r i c s u r f a c e a r e a . 

T h e s e p r e l i m i n a r y r e s u l t s i n d i c a t e t ha t , on the b a s i s of 
p e n e t r a t i o n r a t e s , n i c k e l i s a s u i t a b l e c o n s t r u c t i o n m a t e r i a l up to 500 C. 
H o w e v e r , the e x t e n t of i n t e r g r a n u l a r a t t a c k , w h i c h i s s e v e r a l o r d e r s of 
m a g n i t u d e g r e a t e r t h a n the p e n e t r a t i o n , shou ld be i n v e s t i g a t e d f u r t h e r . 

B . E n g i n e e r i n g - s c a l e I n v e s t i g a t i o n s of F l u o r i d e Vo la t i l i t y P r o c e s s e s 
(A. A. J o n k e ) ~ ~ ~ ™~ ^ ^ 

D i r e c t F l u o r i n a t i o n P r o c e s s e s fo r the r e c o v e r y of u r a n i u m f r o m 
c l a d u r a n i u m o r a l loy fue l s a r e u n d e r d e v e l o p m e n t . T h e s e p r o c e s s e s (ou t ­
l i n e d in A N L - 6 1 8 3 , p a g e s 87 and 101) involve the u s e of e x o t h e r m i c g a s -
so l id r e a c t i o n s and f l u i d i z e d b e d s of i n e r t m e d i a to p r o v i d e h e a t t r a n s f e r . 
P r o c e s s a p p l i c a t i o n i s i n t e n d e d fo r t y p i c a l fue l s s u c h a s e n r i c h e d u r a n i u m 
a l l o y e d w i t h Z i r c a l o y in the fo r r a of p l a t e a s s e m b l i e s , and r o d s c o m p o s e d 
of u r a n i u m d iox ide c l a d in Z i r c a l o y o r s t a i n l e s s s t e e l , 

A d i r e c t f l u o r i n a t i o n r e c o v e r y p r o c e s s fo r u r a n i u i n d iox ide r e a c t o r 
fue ls i s of i n t e r e s t b e c a u s e of i n c r e a s e d u s e of t h i s fuel in n u c l e a r r e a c t o r s 
The d e n s e p e l l e t e d fuel m a t e r i a l h a s b e e n shown to be c a p a b l e of f l u o r i n a ­
t ion a t p r a c t i c a l r a t e s . P i l o t p l a n t - s c a l e w o r k h a s b e e n d i r e c t e d t o w a r d 
m e a n s of c o n t r o l l i n g the r e a c t i o n and r e m o v i n g the l a r g e a m o u n t of h e a t 
invo lved . The u s e of a n i n e r t f l u id i zed m a t e r i a l to c o v e r and f i l l the vo id 
s p a c e s of a non f lu id i zed p a c k e d b e d of p e l l e t s h a s s o m e of the a d v a n t a g e s 
of f l u i d i z a t i o n f o r s o l i d - g a s r e a c t i o n s , p a r t i c u l a r l y for the r e m o v a l of h e a t . 

In a p r e v i o u s r e p o r t ( A N L - 6 1 4 5 , p a g e 105) d a t a w e r e p r e s e n t e d on 
f l u o r i n a t i o n r a t e s , f i ne s p r o d u c t i o n , and f l u o r i n a t i o n e f f i c i e n c i e s a s f u n c ­
t i ons of p e l l e t b e d h e i g h t and in l e t f l u o r i n e c o n c e n t r a t i o n (up to 30 p e r cen t ) 
a t a s ing le t e m p e r a t u r e of 500 C. In d e e p e r p e l l e t b e d s (to 9 i n c h e s ) , m o r e 
u r a n i u m i n t e r m e d i a t e s w e r e f o r m e d , r e s u l t i n g ch ie f ly in f ines bu t a l s o 
p r o d u c i n g s o m e s o l i d c a k e . At 20 p e r c e n t f l u o r i n e , f ines p r o d u c t i o n a t 
400 C w a s a t l e a s t a s g r e a t a s a t 500 C; h o w e v e r , d e e p e r b e d s of i n e r t 
f l u id i zed m a t e r i a l r e t a i n e d m o s t of the f ines w i t h i n the b e d ( A N L - 6 1 8 3 , 
page 99). 

W o r k is c o n t i n u i n g t o w a r d o p t i m i z a t i o n of p r o c e s s c o n t r o l fo r 
d e e p e r p e l l e t b e d s . In the p r e s e n t p e r i o d , i n i t i a l f l u o r i n a t i o n s w e r e c a r r i e d 
out in a new f o r c e d - a i r - c o o l e d r e a c t o r . P r e l i m i n a r y r e s u l t s i n d i c a t e i n ­
t e r n a l h e a t t r a n s f e r f r o m t h e b e d to the r e a c t o r w a l l i s the l i m i t i n g f a c t o r 
in t e m p e r a t u r e c o n t r o l f o r f l u o r i n e g a s r a t e s of 0.25 f t / s e c and h i g h e r . 
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A s e r i e s of heat t r an s f e r t e s t s in a mockup sys tem was made . 
Representa t ive average heat t r ans fe r coefficients, from heated, nonfluidized 
pel le ts in a packed bed to fluidized m a t e r i a l in the voids, were found to be 
over five t imes that for the packing without a fluid bed. These data confirm 
the potential advantage of fluidization for react ion control and a r e helpful 
in predict ing p rac t i ca l ly achievable heat t r ans fe r r a t e s . These r a t e s de ­
pend also on caking tendencies , on the range of var ia t ion of heat t r ans fe r 
coefficients for individual pe l le ts in a bed, and on the effective overa l l 
heat t r ans fe r from the center of the bed to the r eac to r wal ls . 

In the overa l l fuel r e c o v e r y p r o c e s s , a decladding operat ion is 
requ i red p r io r to pellet f luorination. Decladding of pel lets in Zi rca loy-2 
tubing with a hydrogen chlor ide-hydrogen fluoride gas mixture was deinon-
s t r a t ed m two init ial r u n s . Caking of the fluid bed in this operat ion was 
found for tubes packed to nea r ly maximum c loseness in the r eac to r , but 
caking was not appreciable for tube packing of one-half the maxi inum. The 
pel le ts themse lves showed very l i t t le at tack in this operat ion. 

The Direc t F luor ina t ion P r o c e s s may be applied to r ecove ry of 
uranium from fuels consis t ing of enr iched uranium alloyed with Zi rca loy . 
The p r o c e s s involves convers ion of the meta l to fluoride sa l t s , followed by 
fluorination of the sa l t s to volat i l ize u ran ium. A two-zone react ion scheme 
for the f i r s t s tep is being inves t igated . This scheme involves contact of 
the u ran ium-z i r con ium alloy with anhydrous hydrogen chloride diluted with 
nitrogeri in the lower port ion of the reac to r j and conversion of the volatile 
z i rconium te t r ach lo r ide to the solid te t raf luor ide in the upper zone by con­
tact with hydrogen f luoride. 

Dissolution of z i r con ium-uran ium alloys in molten fluoride salt 
with a hydrogen fluoride sparge is being considered as an initial s tep in a 
fluoride volat i l i ty p r o c e s s . A final dissolut ion in a s e r i e s of dissolut ions 
of synthetic fuel a s sembl i e s was per formed to demons t ra te operat ion of 
the graphite pi lot-plant d i s so lve r . 

1' Direc t F luor ina t ion P r o c e s s for Oxide Fuels 
(W. J . Mecham) 

a. Decladding Runs 
(J . D. Gabor, J . Wehrle) 

Since Z i rca loy-2 cladding is used for some uran ium oxide 
fuels, it is of i n t e re s t to demons t r a t e a decladding p r o c e s s that can be 
readi ly combined with subsequent fluorination s teps . Two runs were made , 
using the hydrogen chlor ide-hydrogen fluoride p r o c e s s . Work has also been 
done in the l abora to ry on the co r ro s ion of nickel by hydrogen f luor ide-
hydrogen chlor ide gas mix tu r e s (see page 107), 
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Tubing e lements were s imulated by inser t ing r e a c t o r - g r a d e 
uranium dioxide pel le ts (1/2 inch x 1/2 inch right cylinders) into 29-inch 
lengths of r e a c t o r - g r a d e Zi rca loy-2 tubing. The pel lets fit the tubing very 
closely and were secured by cr imping the ends of the tubing. The Zi rca loy 
tubing had a 30-mil wall. 

The e lements were loaded ver t ica l ly in the t h ree - inch 
d iameter r eac to r and were completely submerged below the surface of a 
bed of 60 to 140 mesh calcium fluoride. Four teen elements were charged 
in the f i rs t run and seven in the second. The conditions and resu l t s a re 
summar ized in Table 17. In both runs a 10 mole per cent hydrogen 
chloride-90 mole per cent hydrogen fluoride gas mix ture was used to 
reac t with the cladding and provide fluidization. The superficial gas 
velocity was 0.5 fee t /second at p rocess t empe ra tu r e and one a tm. The 
react ions were continued for five hours at 500 C. 

Table 17 

GAS-PHASE DECLADDING OF ZIRCALOY-CLAD ELEMENTS 

General Conditions: 

Run t ime: 5 hours 
Run temp: 500 C 
Gas velocity: 0.5 f t / sec at 500 C and 1 atm 
Inlet gas composit ion: 10% HCl-90% HF 
Total Mater ia l Charged: 

Mater ia l 

Zirconium tubing, g 
Uranium dioxide pe l le t s , g 
Calcium fluoride, g 

Run No 

UOF-15 

1100 
6200 
1400 

• 
UOF-17 

550 
3100 
1940 

Total Charge, g 8700 5590 
Tubular E lements : 

UO2 pel le ts in 30-mil wall Zi rca loy-2 tubing 
Tubing length: 14 inches 
Tubing d iamete r : 0.560-inch OD 

Configuration: 

Tubing e lements ver t ica l in 3-inch ID reac tor and completely submerged 1 to 3 inches 
below the surface of a bed of 60 to 140 mesh calcium fluoride. 

Number of tubing e lements : 

Cross - sec t iona l a r e a of r eac to r occupied by fuel e lements , % 

Entrained fines col lected on f i l ter , g 

Increase in p r e s s u r e drop for gas flow through r eac to r , psi 

Final bed condition: 

Run No. 

UOF-15 

14 

55 

62 

0.8 to 13.6 

caked 

UOF-17 

7 

28 

4.0 

0.8 to 1.3 

free-flowing 
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In both runs the fluorination of the Zircaloy was complete 
except for a few fragile sect ions of t ubes . The decladding was considered 
complete inasmuch as no cladding remained that would inhibit subsequent 
pellet f luorination. The pel le ts remained essent ia l ly intact in both r u n s . 
Fo r the c lose-packed case , in which the total c r o s s - s e c t i o n a l a r e a of the 
e lements was 55 per cent of the r eac to r c ro s s - s ec t i ona l a rea , caking of 
the fluid bed occu r r ed . However, when tubing e lements were packed only 
one-half as c losely as before, no appreciable caking was evident. In sub­
sequent exper iments a complete cycle of decladding and fluorination will 
be included. 

b . Fluor inat ion Shakedown Run in the New Reactor 
(J. D. Gabor, J . Wehrle, A. Rashinskas , J . Gates , 
H. Dykema,* G. Gaerte**) 

A new fo rced-a i r - coo led th ree - inch reac tor was instal led 
and put into s e r v i c e . The r eac to r was charged with a nine-inch bed of pe l ­
lets (1 /2- inch size) submerged in a 34-inch bed of 60 to 100 mesh m a g n e s ­
ium fluoride. F luor ine gas r a t e s of 0.25 to 0.50 feet /second with var ious 
ni t rogen dilutions and t e m p e r a t u r e s of 400 to 500 C were t r ied in a shake­
down run . Heat generat ion r a t e s of up to about th ree t imes the previous 
maximum values were encountered. While the react ion was always under 
regulat ion by means of fluorine flow control , s teady-s ta te conditions under 
the above ranges of p r o c e s s var iab les were not establ ished in this initial 
t e s t . T e m p e r a t u r e profi les of the bed and wall of the reac tor showed 
large t e m p e r a t u r e gradients from the bed to the wall; it thus appeared that 
heat t r ans fe r was l imited by these t e m p e r a t u r e grad ien ts . Somewhat inore 
conservat ive fluorination r a t e s will be employed in further exper iments 
now in p r o g r e s s . 

c. Heat Trans fe r Study 
(B. Bydal)-h 

The s impl ic i ty of dry fluorination of meta l and oxides is 
somet imes difficult to achieve in p rac t i ce because the highly exothermic 
reac t ions offer p rob lems of t e m p e r a t u r e control . A promis ing genera l 
way to inaprove heat t r ans fe r for so l id -gas react ions is by means of fluid­
izat ion. In some c a s e s , such as the fluorination of uranium dioxide pe l le ts , 
it is not feasible to fluidize the solid reac tan t direct ly , but the fluidization 
of an iner t m a t e r i a l in the voids of a pel let bed can be used to improve 
heat t r ans fe r from the pellet su r f aces . The degree of improved heat t r a n s ­
fer depends on the nonfluidized react ing m a t e r i a l and its configuration, as 
well as the usual fluid-bed v a r i a b l e s . 

*Student Aide from Univers i ty of I l l inois . 

**Student Aide from Purdue Univers i ty . 

r S u m m e r R e s e a r c h Associa te from the Universi ty of Minnesota. 
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A summer p r o g r a m was c a r r i e d out in which m e a s u r e m e n t s 
were miade of heat t r ans fe r from the heated sur faces of s imulated pel lets to 
a fluid bed surrounding the pe l l e t s . Tes t s were made for single and mult iple 
pe l l e t - s i zed h e a t e r s , for h e a t e r s in a fluidized medium alone, for hea t e r s 
in a pel let bed alone, and for h e a t e r s in combined pel let-f luidized sys tems 
of var ious he ights , such as could be encountered in p r o c e s s f luor inat ions . 
Since the objective of these t e s t s was the study of the heat t r ans fe r mech­
an ism, mockup m a t e r i a l s of meta l were used because the i r p rope r t i e s 
were well-known and because of the durabi l i ty of m e t a l . 

The independent va r i ab le s invest igated included heat flux, 
t e m p e r a t u r e difference, and heater surface t e m p e r a t u r e . P r e s s u r e drop 
and heat t r ans fe r coefficients as a function of gas velocity were used to 
compare the var ious bed configurat ions. 

E a r l i e r work (ANL-6101, page 115) descr ibed p re l im ina ry 
fluidization studies of packed-fluidized s y s t e m s , but without measu remen t 
of heat t r a n s f e r . 

(l) Equipinent and P r o c e d u r e 

The fluidization column used was a b r a s s tube, 
2.88 inches in inside d i ame te r and with an overa l l length of 46.5 inches . 
The bottona 18.5 inches was water cooled. Nonfluidized bed m a t e r i a l s 
were •^- to - ^ - i n c h nickel bal ls and b r a s s pel le ts of "2—inch d iame te r and 

-f-inch long. The ca r t r i dge - type , e l ec t r i c r e s i s t ance hea t e r s were of ap ­
prox imate ly the s ize and heat output of u ran ium dioxide pel le ts used in 
fluorination r u n s . The fluidized m a t e r i a l was 140 to 200 mesh copper 
shot. Air was the fluidizing g a s . Heater t e m p e r a t u r e s were obtained by 
thermocouples so ldered or welded to the me ta l jackets of the h e a t e r s . 
F lu id-bed t e m p e r a t u r e s w e r e obtained by thermocouple junctions p o s i ­
tioned so that they contacted only the gas and the fluidized m a t e r i a l , but 
not the s ta t ionary packing. 

(2) Heat Trans fe r to a Fluidized Bed without Packing 
Mate r i a l 

In these exper iments the objective was to obtain b a s e ­
line data for the fluidized bed without pellet packing for compar i son with 
l a te r e x p e r i m e n t s . The fluidization behavior of the copper shot has been 
examined for s eve ra l bed heights by measu r ing the p r e s s u r e drop a c r o s s 
the bed as a function of superf ic ia l l inear gas velocity, both in the p re sence 
and absence of the ca r t r i dge h e a t e r . 

The single y - i n c h d i ame te r , Ix- inch long hea te r was 
mounted on a ve r t i ca l axis in about the center of the fluid bed. No differ­
ence in fluidization behavior due to the p r e s e n c e of the hea te r was noted 
except for a ve ry slight d e c r e a s e (about 10 per cent) in the minimuin fluid­
ization point. 
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The h e a t t r a n s f e r coeff ic ient for th i s con f igu ra t i on i s 
shown in F i g u r e 21 a s a funct ion of gas v e l o c i t y . The hea t t r a n s f e r coef­
f ic ien t r o s e f r o m 11 B t u / ( h r ) ( s q ft) ( F ) for the s t a t i c bed condi t ion be low a 
gas v e l o c i t y of 0.21 f t / s e c to about 110 a t 1.25 f t / s e c . The v a r i o u s bed 
h e i g h t s showed no i m p o r t a n t effect on the h e a t t r a n s f e r coef f ic ien t . 
Changes in h e a t e r p o w e r and v a r i a t i o n s of the v e r t i c a l pos i t i on of the 
h e a t e r wi th in the bed a l s o had l i t t l e e f fec t . 

FIGURE 21 
HEAT TRANSFER FROM A SMALL CYLINDER TO 
A FLUIDIZED BED. EFFECT OF GAS VELOCITY 

ON HEAT TRANSFER COEFFICIENT, h 

0 4 0 0 80 i 20 I 60 
SUPERFICIAL GAS VELOCITY, f t /sec 

Also shown for c o m p a r i s o n a r e the da ta of B a e r g 
et al.^'7 B a e r g ' s e q u i p m e n t and r e s u l t s a r e g e n e r a l l y s i m i l a r to ANL 
e q u i p m e n t and r e s u l t s , a l though he u s e d i r o n powder of a l a r g e s i z e . The 
d i f f e r e n c e s in the c u r v e s a r e b e l i e v e d due to d i f fe ren t p a r t i c l e s i ze and 
the fac t tha t B a e r g ' s h e a t e r w a s an ax i a l tube at the midpo in t , an a r r a n g e ­
m e n t which c o n t r i b u t e s l e s s t u r b u l e n c e in f lu id iza t ion . 

(3) Heat T r a n s f e r to a F l u i d i z e d Bed Conta in ing P a c k i n g 
and a Single H e a t e r 

In t h e s e t e s t s the ob j ec t i ve was to d e t e r m i n e the 
p e r f o r m a n c e of a s i ng l e h e a t e r s u r r o u n d e d by pack ing and with f lu id iza t ion 
in the voids of p a c k i n g . The h e a t e r and i t s pos i t i on w e r e g e n e r a l l y the 
s a m e as in the p r e c e d i n g s e r i e s of r u n s . The depth of the pack ing (4-- to 

- ^ - i n c h n i c k e l b a l l s j r a n g e d f r o m nine to s i x t e e n i n c h e s . The f lu id izab le 
so l id ( copper shot) was l oaded to dep ths r a n g i n g f rom 65 to 80 p e r cen t of 

^"^Baerg, A. e t_ai . . Can J . R e s . F , 28_, 287-308 (1950). 
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the packed bed depth. With increas ing gas velocity the fluid bed expanded 
to the top of and above the packed section. The p r e s s u r e - d r o p curves for 
this configuration showed general ly the same behavior as without packing, 
except that the minimum fluidization points occur red at lower superficial 
gas velocit ies (40 to 50 per cent less) owing to the la rge percentage of the 
c r o s s section occupied by the packing. 

The effect of superficial gas velocity on the heat 
t r ans fe r coefficient, h, for this s e r i e s of runs is shown in Figure 22. The 
th ree different bed heights show the same values of h for the stat ic bed 

condition, but with increas ing fluid­
izing gas ra te an initial divergence 
of the th ree curves occur red , fol­
lowed by what appears to be a tend­
ency for convergence at sti l l higher 
gas r a t e s . The effect seems to be 
rea l and it is probably due to differ­
ences in circulat ion or turbulence 
in the fluidized medium within the 
packed bed. Thus the heat t ransfe r 
coefficient appears to vary by 
120 per cent, depending on the a r ­
rangement of the packing around 
the hea te r . It does not seem likely 
that the coefficient is dependent on 
bed depth. The observed dec rease 
in h above a cer ta in gas velocity 
nnay be due to a dec rease in density 
of the fluid bed caused by high gas 
flow through in te r s t i ces in the 
packing. 

FIGURE 22 

HEAT TRANSFER FROM A SMALL CYLINDER TO A 

FLUIDIZED SOLID IN BEDS CONTAINING 

NONFLUIDIZED PACKING 

STATIONARY PACKING NICKEL BALLS 1/4 to 5/16 in 
FLUIDIZABLE SOLID COPPER SHOT 140 to 200 MESH 
HEATER SKIN TEMP APPROX 120 C 

COPPER SHOT ONLY 

COPPER SHOT 8 75 
NICKEL BALLS 12 3 

POINT AT ViHICH THE COPPER 
SHOT HAS EXPANDED TO THE 
TOP OF THE NICKEL BALLS 

NOTE NUMBERS INDICATE HEIGHT unches) OF 
NICKEL BALLS AND STAGNANT HEIGHT 
OF COPPER SHOT 

f z ^ -
NICKEL BALLS ONLY II 0 

0 40 0 80 120 160 
SUPERFICIAL GAS VELOCITY, f t / sec 

For reference, the heat t r a n s ­
fer coefficients in this sys tem a re 
also shown for (a) the case of fluid­
ization without packing and (b) the 
case of packing without the presence 
of fluidized ma te r i a l in the voids. 
The packing causes some dec rease 

in the value of h, but the coefficients a re at least fivefold higher than in 
the absence of fluidizable m a t e r i a l . 

The heat t r ans fe r coefficient for fluidization without 
packing is higher in this s e r i e s than in the preceding s e r i e s . No definite 
r eason can be given, but this effect may be due to increased turbulence 
produced by the heater mounting used in this c a s e . The effects of heat 
flux from 40 to 65 watts , t empera tu re difference from 50 to 150 C, and 
heater skin t empera tu re from 80 to 200 C on the heat t ransfe r coefficient 
were measu red and found to be smal l . 
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(4) Heat Transfer to the Fluidized Bed Containing 
Packing and Multiple Heaters Simulating Pel le ts 

The objective of this se r i e s of runs was to obtain a 
configuration c loser to p rocess conditions. Nine pel le t -s ized hea te r s 
were included in a packed bed of solid b r a s s pe l le t s . These components 
and the general bed configuration a re shown in Figure 23. 

FIGURE 23 

CONFIGURATION USED IN HEAT TRANSFER STUDIES 
IN PACKED FLUIDIZED BED 

PACKED FLUIDIZED BED 
One-fourth Actual Size 

Brass pellets, copper shot and nine 
heaters in series. Iron-constanian 
thermocouples welded on three heat­
ers and at six points in the packing. 

^ 

V̂  Brass Pellets and 
Copper Shot 

5.8-10.6 inches 

ONE OF THE SPECIAL HEATERS USED 
Actual Size 

Iron-constantan thermocouple 
Heliarc welded to heater 

ire wrapping to support 
thermocouple lead 

BRASS PELLET PACKING 
Actual Size 

CT) 
THERMOCOUPLE FOR BED TEMPERATURES 

Actual Size 
Cross Section 

Thermocouple 

1/2-inch diameter 
5/8 to 7/8-inch length 

Drilled brass pellet.-

Smail projection 
crimped to hold 
thermocouple 
lead. 
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Five different bed heights were used. In one s e r i e s the static level of the 
fluidizable m a t e r i a l was at the top of the pellet packing. In another s e r i e s 
the effect of var ious re la t ive heights of fluidized m a t e r i a l with respec t to 
the pellet bed was also invest igated. Power to each of the hea te r s in a 
run was the same ; overa l l power levels were var ied to maintain approxi­
mate ly equal surface t e m p e r a t u r e s over the full range of gas ve loc i t ies . 
The heating ra t e of each pellet heater was 85 to 102 Btu/hour in the fluid­
ized region. This is of the same order of magnitude as may be encountered 
in the fluorination of a uranium dioxide pel le t . 

The average heat t r ans fe r coefficients, shown in 
Figure 24, were calculated as a single value based on the average t e m ­
pera tu re difference ineasured for th ree of the h e a t e r s . The coefficients 
show a smooth curve from 23 Btu/ (hr) (sq ft)(F) at the onset of fluidization 
to a plateau at about 80. Without fluidizable m a t e r i a l the heat t r ans fe r 
coefficient was nea r ly constant at 10 Btu/(hr)(sq ft)(F). The average heat 
t ransfe r coefficients for var ious re la t ive heights of fluidized ma te r i a l a re 
nea r ly identical with those for equal heights of fluid bed and packing, in­
dicating no effect of the different bed configuration on the average va lues . 

FIGURE 24 

HEAT TRANSFER TO A FLUIDIZED BED 

CONTAINING PACKING AND 

MULTIPLE HEATERS 

100 

T,BO — 

:~60 

y j 4 0 
o 
o 

<20 
a: 

— 

— 

— 

ooo o o 
P p <-. n r> 

0^0^-80850 B 8 

0 70 
0 / 

JQ 
Y FIXED BRASS PELLET BED HEIGHT: 10.6in. 

AO VARIABLE COPPER SHOT STAGNANT BED 
U' HEIGHT: 5.8 to 12.7 in. 

> HEATER SKIN TEMP: 95 to 155 C 

PELLETS WITHOUT FLUIDIZED 
MATERIAL 

1 i 1 1 
0 4 0 0 8 0 1,20 1.60 
SUPERFICIAL GAS VELOCITY, f t / sq 

In order to indicate the var ia t ions of heat t ransfe r for 
individual pellet hea te r s in the same bed, individual heat t ransfe r coeffi­
c ients , h, a r e plotted in Figure 25 for the run with the la rges t copper shot 
stat ic bed height. Here is observed the divergence and peaking of h for 
one of the hea te r s s imi lar to that noted for a fluidized bed containing pack­
ing and a single heater (see Figure 22). This effect is obscured in the 
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calculation of heat t r ans fe r coefficients from average t e m p e r a t u r e s . 
Evidently the var ia t ions in individual heat t ransfe r coefficients in these 
configurations can be quite l a rge , probably depending on differences of 
turbulence and circulat ion of the fluidized m a t e r i a l . 

FIGURE 25 
INDIVIDUAL HEAT TRANSFER COEFFICIENTS FOR 

THREE PELLET HEATERS IN THE SAME FLUID BED 

PELLET BED HEIGHT 10.6 in. 

COPPER SHOT STATIC BED HEIGHT 12,7 in. 

0,40 0.80 1.20 1.60 
SUPERFICIAL GAS VELOCITY, ft/S8C 

2. Direct Fluorination P r o c e s s 
for Uranium-Zirconium Alloys 
(N. Levitz) 

Direct Fluorination P r o c e s s e s 
for the recovery of uraniuna from clad 
uranium or alloy fuels a re under devel­
opment. In the case of u ran ium-Zi rca loy 
al loys, previous work on the first step, 
conversion of the metal to fluoride sa l t s , 
was demionstrated by the reaction of d i ­
lute gaseous mixtures of hydrogen chlo­
r ide in hydrogen fluoride with the alloy 
i m m e r s e d in a fluidized bed. About 
95 per cent of a 10-plate assembly 
("̂ 2 kg) of 1.5 weight per cent uran ium-
zirconium alloy had reacted in 12 hours 
using 10 volume per cent hydrogen chlo­
r ide in hydrogen fluoride at 450 C (see 
ANL-6183, page 104). Efforts during 
this quar te r were concentrated on a two-
react ion zone scheme, hydrochlorination 
followed by hydrofluorination, in a single 
two-zone fluidized-bed reac to r . F luo r i ­
nation studies for removal of uranium 
from the result ing powders have been 
init iated. 

a. Hydrochlorination-hydrofluorination Studies in a Two-zone 
Reactor 
( j . Barghusen, J. Kincinas, D. Armstrong*] 

Work on the two-reac t ion zone scheme for process ing 
uraniuim-zirconium alloy fuels was continued in the six-inch diameter 
fluid-bed r e a c t o r . The p r i m a r y react ion (hydrochlorination) is ca r r i ed 
out in the lower zone of the fluidized bed at t empera tu re s above the sub­
limation point of the zirconium te t rach lor ide (331 C). In the upper zone, 
separa ted from the lower zone by a baffle, hydrogen fluoride is admitted 
to reac t with the volatile zirconium te t rach lor ide , forming the solid t e t r a ­
fluoride. Also the uranium t r ich lor ide is probably converted to the 
te t raf luor ide . 

•Cooperat ive student from. Northwestern University, Evanston, Illinois 
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Previous work, where no baffle was used, indicated that 
back-mixing of the hydrogen fluoride m a y have occur red , resul t ing in gas 
mix ture of low chemica l reac t iv i ty (see ANL-6183, page 105 and F igure 25, 
page 111). Before resuming p r o c e s s work, the effect of baffles on back-
mixing was studied. 

Gas Back-mixing in a Baffled Fluidized Bed 

Two types of baffles were tes ted , a punched plate (-g—inch 
d iamete r holes , s taggered spacing, Ts'-inch c e n t e r s , 40 per cent open) and 
a 60° cone with a 1.5-inch d iamete r opening. Both baffles were of s ta in less 
s teel and were ins ta l led hor izonta l ly at approximately the center of the 
fluidized bed. The t e s t p rocedure consis ted of fluidizing the bed with a 
hydrogen ch lor ide-n i t rogen mix tu re , admitting hydrogen fluoride gas above 
the baffle pla te , and then by sampling and analys is deter inining the concen­
t ra t ion of hydrogen fluoride at some dis tance below the baffle. The punched 
plate was insta l led 10 inches above the p r i m a r y gas d is t r ibu tor platei the 
hydrogen fluoride was admitted at 12 inches above the gas d i s t r ibu tor p la te . 
Fo r the cone baffle, the cone inlet and hydrogen fluoride inlet were at 12 and 
23.5 inches , respec t ive ly , above the gas d is t r ibutor p la te . The hydrogen 
fluoride inlet was at the wall (periphery) and the gas samples were taken 
at a point d i ame t r i ca l l y opposite and about five inches below the baffles. 

The inlet gas was a mix tu re of 20 volume per cent hydrogen 
chloride in n i t rogen at a total flow r a t e of 2,4 scfm. Two hydrogen fluoride 
flow r a t e s were employed, 0.24 and 1.21 scfm. Duplicate gas samples were 
taken for each t r i a l . 

The data (see Table 18) c l ea r ly indicate that substant ia l 
reduct ion of back-mixing may be achieved with ei ther type of baffle. The 
ra t io of hydrogen fluoride in the sample to that at the inlet was lower by a 
factor of about 10 for each of the exper iments with baffles than for the case 
in which no baffle was used . This was t rue for both hydrogen fluoride 
r a t e s . Typical values were 24 volume per cent in the inlet and 0.58 volume 
per cent in the s amp le . 

On the bas i s of these r e s u l t s , it was decided to use the 
cone baffle; it offered s impl ic i ty in design, having only a single opening. 

React ion Studies on Uran ium-Zi rcon ium Alloy Assembl i e s 

Three mul t ip le -p la te a s s e m b l i e s (1.5 weight per cent 
u r a n i u m - z i r c o n i u m alloy) have been reac ted to date in the baffled, two-
reac t ion zone fluid-bed r e a c t o r . The fuel cha rges , weighing 1533, 2063 
and 3360 g, were i m m e r s e d in 1 8 kg of 60 to 325 m e s h calc ium fluoride 
(27-inch s ta t ic bed depth). Mixtures of hydrogen chloride in n i t rogen 
ranging from 19 to 89 volume pe r cent were used as the p r i m a r y r eac t an t . 



Table 18 

E F F E C T OF BAFFLES ON BACK-MIXING IN A FLUIDIZED BED 

Equipinent: 

Bed Mater ia l : 

T e m p e r a t u r e : 

Fluidizing Gas: 

Superficial Gas Velocity 

6-inch d iamete r reac to r 

18 kg of 60 to 325 mesh calcium fluoride 

380 C 

20 v /o HCl in ni trogen at 2.4 scfm 

0,45 f t / s ec at sampling port 
(6 inches above reac to r bottom) 

Secondary Gas (above baffle): HF 

Baffle 
Type 

No 
Baffle 

Punched 
Plate 

Cone 

HF Feed 
Rate 

(cu f t /min) 
at 380 C 

1,45 

0.42 

1.15 

0.32 

1.26 

0.29 

At inle 
(v/o) = 

37.3 

14.7 

32.1 

11.6 

34.1 

10.6 

;t 
Co 

At Sample 
(v/o) = 

9.30 

4,55 

0.78 

0.58 

0.58 

0.33 

Por t 
C 

Concentration 
Ratio, 
c/Co 

0,25 

0,31 

0.024 

0,050 

0.025 

0.031 

Hydrogen fluoride, the secondary reac tan t , was admitted in the upper zone 
in mole ra t ios of 0.5 to 1.6 moles of fluoride per mole of chlor ide . The bed 
t e m p e r a t u r e ranged from 360 to 425 C and run duration from 1.75 to 
6.3 h o u r s . The inlet superf ic ia l gas velocity was 0.36 f t / s e c . The final 
bed from each run was used as the s ta r t ing bed for the subsequent run . 
Two or th ree runs were made on a single meta l charge while investigating 
t e m p e r a t u r e and hydrogen chloride concentrat ion effects. 

The major objectives of these exper iments were to 
de te rmine the feasibi l i ty of the two-reac t ion zone scheme and to produce 
a fluidizable powder for use in fluorination studies in which uranium r e ­
moval and r e c o v e r y were to be demons t ra ted . Data a r e presented as the 
amount of meta l r eac ted (weight loss) per hour per unit of meta l charged 
or percentage weight loss per hour . Since in each case the unit a r ea of 
charge and operat ing conditions were changed after the initial react ion 
period and the fuel e lements were degraded, it was difficult to m e a s u r e 
a t rue a r e a and de te rmine coinparat ive reac t ion r a t e s . 
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Approximately 85 to 94 per cent of the e lements reac ted 
in per iods of about 12 h o u r s . The g rea tes t amount of me ta l r eac ted when 
60 volume per cent hydrogen chlor ide at 400 C (see Run 20, Table 19) was 
used . Increas ing the t e m p e r a t u r e to 425 C resu l ted in a diminished amount 
reac ted and caked m a t e r i a l was found on the e lement . The higher t e m p e r a ­
tu re would no rma l ly be expected to give a higher reac t ion r a t e , but the ra te 
of heat removal by the bed apparent ly was insufficient to prevent s in ter ing . 
A high amount of meta l r e a c t e d / h r (15%/hr) was also achieved by lowering 
the t e m p e r a t u r e to 360 C and increas ing the hydrogen chloride concent ra ­
tion to nea r ly 90 volume pe r cent . 

Sieve analyses of the s tar t ing and final beds showed a 
slight i nc r ea se in -200 mesh p a r t i c l e s . Evidently, some of the zirconium 
te t raf luor ide produced in the upper zone appears in the fluidized bed as a 
fine powder . The bulk of the z i rconium te t raf luor ide appears to deposit 
on the bed pa r t i c l e s (calcium fluoride) . The convers ion of z i rconium te t ­
rach lor ide to the te t ra f luor ide is bel ieved to be complete , s ince no ev i ­
dence of z i rconium compounds has been observed in the off-gas piping or 
sc rubber s y s t e m . A sma l l amount of chlor ide was detected in the fine 
solids collected on the off-gas f i l t e r s , but the amount is cons idered to be 
insignificant. Chemical ana lyses of the final bed solids in the upper and 
lower zones showed the composi t ion to be uniform, indicating that con­
s iderab le mixing of solids occu r s between the two zones . 

In this s e r i e s of runs the z i rconium fluoride concentrat ion 
of the bed i nc r ea sed to about 40 pe r cent, the r ema inde r being p r i m a r i l y 
calcium fluoride from the s ta r t ing bed. The uran ium concentra t ion of the 
bed reached a value of 0,22 per cent . Fo r semi continuous operat ion the 
uran ium concent ra te at s teady s ta te should reach a value of about 0,8 per 
cent for a fuel alloy containing 1,5 per cent u ran ium. 

Fu tu re s tudies will include the effects of using r e f r ac to ry -
grade alundum in place of ca lc ium fluoride as the s ta r t ing bed and chlorine 
in place of hydrogen ch lo r ide . Alundum is being considered because ca l c i ­
um fluoride appea r s to be m o r e fr iable and m a y resu l t in pa r t i c l e degradat ion. 

b . F luor ina t ion of Uran ium-Zi rcon ium Fluor ides Obtained 
from Hydrochlor inat ion-hydrof luor inat ion of Uran ium-
zi rconium Fue l Alloys 
(E. C a r l s , L . Marek , R, Schlaug*) 

A s e r i e s of exp lo ra to ry exper iments has begun on the 
fluorination and remioval of u ran ium from the reac t ion products obtained 
from the two- reac t ion scheme (hydrochlorination followed by hydrof luor i -
nation) being used on u r a n i u m - z i r c o n i u m fuel a l loys . 

• s tudent Aide from Case Insti tute of Technology. 



Table 19 

SUMMARY OF HYDROCHLORINATION-HYDROFLUORINATION RUNS FOR THE TWO-ZONE PROCESS 

Equipment : Six- inch d i a m e t e r Inconel r e a c t o r 

Specimen: 1.5 w / o U - Z r , t en -p l a t e s u b a s s e m b l y 
Bed: 18 kg of 60 to 325 m e s h ca lc ium fluoride 
Baffle: S ta in less s tee l cone with 1.5-inch d i a m e t e r opening 
Inlet Superficial Gas Velocity: 0.36 f t / s e c 
H F / H C 1 mole r a t i o : 0.5 to 1.0 

Run No. 

18 

25 

19 

20 

21 

24 

23 

22 

^A new 

HCl 
Concent r a t 

(v/o) 

19 

60 

60 

60 

60 

86 

89 

88 

ion 

charge of m e t a l 

Bed 
T e m p e r a t u r e 

(C) 

w a s 

390 

380 

390 

400 

425 

360 

360 

385 

used in t he se 

Mole 
Ratio 

H F / H C I 

1.6 

0.9 

1.0 

1.0 

1.0 

0 .5 

0,6 

Run 
Dura t ion 

(hr) 

4 .5 

6 .3 

3,5 

4.0 

6.0 

1.8 

4 . 7 

0,6 4.8 

r u n s . Remaining runs 

Init ial 
(g) 

1533^ 

1485 

1230 

617 

2063^ 

2000 

1077 

3360a 

w e r e made 

^ " • ' " ^•••B 

Fina l 
(g) 

1230 

485 

617 

144 

1077 

1485 

250 

2000 

with the 

P e r c e n t a g e Weight 
Loss p e r hour^ 

r e s idua l 

2.9 

10.7 

14.2 

19.2 

8.0 

14.3 

16.4 

8.4 

unreac t ed 
me ta l as the c h a r g e . 

^The ini t ia l unit a r e a of the cha rge v a r i e s from run to run . 

t s j 
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The procedure for the runs involved charging approximately 
500 g rams of m a t e r i a l to the two-inch diameter nickel r eac to r and fluid-
izing with ni trogen during the heatup per iod. The ni trogen was replaced 
with fluorine at t e m p e r a t u r e s ranging from 100 to 300 C. The unit was 
then brought up to the des i red operat ing t empera tu re s and held there for 
the specified t i m e s . 

Samples of the final beds were ground to minus 200 mesh 
and analyzed by means of X - r a y spectrographic techniques . Wet chemical 
analyses were used to confirm the accuracy of the X- r ay spectrographic 
resu l t s in some c a s e s . 

The goal of the fluorination step is to achieve a minimum 
of 99 per cent removal of the uranium from fuel alloys having an overal l 
uranium concentrat ion of 1.0 weight pe r cent. This means an acceptable 
uranium concentrat ion in the res idua l solids is 0.01 weight per cent, 
neglecting the calcium fluoride diluent. The init ial ma te r i a l s that have 
been fluorinated contained only up to 0.22 per cent uranium and up to about 
40 per cent zirconium te t raf luor ide , the remainder being calcium fluoride. 

The re su l t s (Table 20 and Figure 26) show fluorination 
t empe ra tu r e and t ime to be innportant. 

Table 20 

RESULTS OF FLUORINATION EXPERIMENTS ON SOLIDS FROM HYDROCHLORINATION-
HYDROFLUORINATION OF URANIUM-ZIRCONIUM ALLOYS 

Equipment: 2-inch diameter nickel fluorinator 
Weight of Charge: 500 g^ 
Fluidizing Velocity: 0.6 to 0.7 ft/sec at column conditions 
Concentration of Gas: 100% 

Temperature 
(C) 

400 

600^ 

600 

600 

500 

500^ 

500a 

550 

550^ 

600^ 

Amount of F2: 

Duration 
at Temp 

(hr) 

1 

1 

2 

2 

4 

4 

4 

4 

4 

1.4 

16 to 22 scf/hr 

Starting Uranium 
Content 

(w/o total bed) 

0.06 

-
0.06 

0.22 

0.15 

-
-

0.15 

-

-

Residual 
Uranium Content 

(w/o) 

0.047 

0.010 

0.009 

0.048 

0.046 

0.017 

0.006 

0.016 

0.015 

0.010 

Cumulative 
Uranium 
Removed 

(%) 

19 

83 

84 

78 

69 

89 

96 

89 

90 

93 

^CaFz content of the fluid bed ranged from 78 to 94 weight per cent of the total charge. 

^Refluorination of the residue from the preceding run. 
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FIGURE 26 
URANIUM REMOVAL DURING FLUORINATION 

OF ZIRCONIUM-URANIUM FLUORIDES 
100.0 

-400C 
INITIAL U CONTENT RANGED 

FROM 0.06 TO 0,22 w/o 

- 5 0 0 C 

The t empera tu re effect is obvious 
from the plot of data shown in F i g ­
ure 26, that i s , increased t e m p e r a ­
tu re gives g rea te r initial r a t e s of 
uranium removal . The effect of t ime 
is i l lus t ra ted by the set of runs made 
at 500 C, where repeated four-hour 
fluorinations continued to show u r a ­
nium removal , up to 96 per cent after 
12 h o u r s . The res idual uranium con­
tent of this ma te r i a l was only 
0.006 per cent. However, at 550 C a 
plateau was noted, in which the ra te 
of uranium removal leveled off during 
the second four-hour per iod. A slight 
additional removal , to 93 per cent, 
was effected by a 1.5-hour fluorination 
of this residue at 600 C. The ra te of 
uranium removal at 600 C was high, 
about 84 per cent in two h o u r s . How­
ever , it is not yet known whether the 

removal would continue at this ra te for longer fluorination pe r iods . Simi­
lar removal (~84 per cent) was achieved at 600 C with naaterial of two dif­
ferent s tar t ing uranium concentra t ions , 0.06 and 0.30 per cent, indicating 
no concentrat ion effect in this range . 

The pecul iar behavior observed in the runs made at 550 C 
needs some clar if icat ion. Fluorinat ion experiments a r e , therefore , 
planned in l abora to ry - sca le equipment to determine the effects of t ime 
and t empera tu re more completely. 

3. Direct Fluorinat ion P r o c e s s for Stainless Steel-clad or 
Matr ix Fuels 

4 6 8 
RUN DURATION, hours 

(N. Levitz) 

The react ions of s ta in less s tee l with gases such as chlorine, 
f luorine, hydrogen fluoride, or chlorine-hydrogen fluoride mix tures a r e 
being investigated as a means of decladding s ta inless s tee l -c lad fuel or 
as an initial step in the process ing of s ta in less steel naatrix fuels. 
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a. Reaction of Stainless Steel with Chlorine and Hydrogen 
Fluor ide 
(J . T . Holmes, D. Raue) 

TseitlinlS'-'-9>20,21,22,23 ĝ ĵ ^ Brown^^ presen ted co r ros ion 
data for 18-8 (chromium-nickel ) s ta in less s tee l , which indicate that a de -
cladding reac t ion having a penetra t ion ra te of about 10 m i l s / h r might be 
c a r r i e d out in the vicinity of 600 C with dry undiluted chlorine g a s . Brown 
also indicated that a much higher t e m p e r a t u r e would be requi red to achieve 
the same reac t ion ra te with hydrogen chloride gas . 

A one-inch d iamete r ho r i zon ta l - tube - reac to r was instal led 
and used to study further the var iab les of the chlorination reac t ion . The 
react ion ra t e s were calculated from the weight loss of 0.5-inch segments 
of -f"-inch dia ineter 304 s ta in less s tee l tubing. The flow of chlorine and 
ni trogen was 2.0 g - m o l e / h r for each g a s . The surface condition of the 
meta l specimen was "as rece ived ." F igure 27 shows the dependence of the 
average react ion ra te on t i m e . The init ial r a t e s were 5,0 m i l / h r at 570 C 
and 9.7 m i l / h r at 600 C, sl ightly higher than the r a t e - t e m p e r a t u r e data of 
Tsei t l in and Brown. The effect of dilution with ni trogen was investigated 
and found to have a negligible effect for chlorine concentrat ions above 
50 mole per c-ent. Below 50 mole per cent chlor ine , the chlorination ra te 
was reduced. 

FIGURE 27 

REACTION OF 3 0 4 STAINLESS STEEL WITH 

5 0 MOLE PER CENT CHLORINE IN NITROGEN 

50 60 70 
TIME, mm 

100 110 

ISTsei t l in , Kh. L. , J . Appl. Chem. (USSR), 27, 887 (1954). 

19Tseitl in, Kh. L., J. Appl. Chem. (USSR), 28^ 467 (1955). 

^^Tsei t l in , Kh. L., J . Appl. Chem. (USSR), 29_, 253 (1956). 

^^Tsei t l in , Kh. L., J . Appl. Chem. (USSR), 29, 1281 (1956). 

^^Tsei t l in , Kh. L., J . Appl. Chem. (USSR), _29, 1793 (1956). 

^^Tsei t l in , Kh. L., J . Appl. Chem. (USSR), 3j^ 1832 (1958). 

^ % r o w n , M. H., DeLong, W. B . , and Auld, J . R., Ind. Eng. Chem. 39 
839 (1947), 
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The ho r i zon ta l - t ube - r eac to r chlorination exper iments 
showed that the f e r r i c chloride was volati l ized, but that the chromium and 
nickel chlor ides remained as a powder on the meta l sur face . This r e a c ­
tion, c a r r i e d out in a fluidized bed of iner t pa r t i c les (for heat dissipat ion) , 
might be expected to p roceed at a r a t e equivalent to the init ial react ion 
ra t e m e a s u r e d m the hor izonta l tube r e a c t o r . F r e s h meta l surface would 
be continually exposed if the re were sufficient abras ive action from the 
bed pa r t i c l e s to remove the nonvolatile chloride powder. 

A single exper iment at 565 C with mixed gases , 28 mole 
per cent chlor ine , 41 miole per cent hydrogen fluoride, and 31 mole per cent 
ni t rogen, gave a ra te of 1.7 nn i l s /hr . The formation of nonvolatile f luorides 
apparent ly inhibited the reac t ion . 

Initial experimients on the chlorination of 304 s ta in less 
s tee l at about 550 C in a 1.5-inch d iamete r fluid-bed reac to r were incon­
clus ive . The Monel p r ehea t e r and r eac to r were severe ly corroded because 
of leaching of the copper from the Monel as cuprous chloride- In some 
runs the cuprous chloride reac ted with the s ta in less s teel to form meta l l ic 
copper, which inhibited further chlorinat ion of the base meta l , (A free 
energy calculat ion showed that naetallic copper could be deposited on s ta in­
less s tee l m an a tmosphere of cuprous chloride and chlorine.) All Monel 
p a r t s of the fluid-bed r eac to r sys tem a r e p resen t ly being replaced with 
nickel . The cor ros ion ra t e of nickel in chlor ine is expected to be about 
20 m i l s / m o n t h at 600 C,19,24 

Since volati le f e r r i c chloride and uranium pentachloride 
would be formed when a s t a in less s tee l fuel is reacted with chlorine at 
about 600 C, a two-zone, baffled, fluid-bed reac to r might be used, in which 
chlorination is c a r r i e d out in the lower zone, and hydrofluorin.ation in the 
upper zone to convert the volati le chlor ides to nonvolatile f luor ides . This 
scheme would be the same as that used in the zirconitim alloy p r o c e s s 
work (see page 117), The uran ium could then be removed as the volatile 
hexafluoride by reac t ing the solids formed in the hydrofluormation step 
with f luorine. Work is planned to study the two-s tep , chlorinat ion-
hvdrofluorination p r o c e s s on s imulated s ta in less s tee l fuels in the 1-5-inch 
fluid-bed r eac to r using calc ium fluoride or alundum as the iner t bed 
m a t e r i a l . 

be Reaction of Stainless Steel with Fluor ine 
(E. Car ls) 

A four-hour exposure of 304 s ta in less s teel to fluorine 
was c a r r i e d out at 550 C in a t h r e e - i n c h fluid-bed r e a c t o r . The react ion 
r a t e , calculated from a weight loss m e a s u r e m e n t (after scale removal) 
was about 0.7 m i l / h r . The fluoride sca le was not removed by the abras ive 
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action of the calc ium fluoride bed p a r t i c l e s . This r a t e is lower than 
expected, since Myers^^ m e a s u r e d a ra te of about one m i l / h r for Type 347 
s ta in less s tee l in fluorine at 400 C. 

4. Fused Salt P roces s ing of Zirconium Matr ix Fue l s 
(W. J. Mecham) 

In the fused sal t p r o c e s s for r ecove ry of uran ium ma t r i x fuel, 
the alloy is dissolved in the fused sal t at 600 to 700 C with a hydrogen 
fluoride spa rge , and then the u ran ium in the sal t is volat i l ized as the hexa­
fluoride in a fluorine s p a r g e . A pilot p lan t - sca le graphi te- l ined d i s so lve r -
hydrofluorinator has been developed for the f i r s t s tep to avoid co r ros ion 
incur red in me ta l s y s t e m s . Dissolution of a synthetic e lement of Z i rca loy-2 
in sa l t containing equil ibr ium amounts of alloying const i tuents (tin, i ron, 
chromium, nickel , and uranium) fluorides proceeded at a r a t e one-half as 
fast as for pure z i rconium in sodium f luor ide-z i rconium fluoride salt con­
taining only u ran ium. Of the var ious alloy consti tuents p re sen t in the salt 
as f luor ides , only the concentra t ion of nickel was reduced by the dissolut ion. 
Substantial sal t carryoi^er in the d i s so lver off-gas was encountered during 
these runs , the inajor por t ion being re ta ined in the sodium fluoride pel let 
bed and all of the r ema inde r on the porous carbon f i l t e r s . No chemica l 
at tack of sal t on graphi te components was revea led in an examination fol­
lowing d i s a s s e m b l y . In a freezing and remel t ing t e s t , extensive damage to 
graphi te downlines was i ncu r r ed . Such damage could be minimized or 
elinninated by suitable design and opera t ion p r o c e d u r e s . The amount of 
salt holdup in the lampblack layer between the graphi te lining and the 
nickel shel l was de te rmined . 

a. Graphite Disso lver Tes t s 
(R. W. Kess ie , J . Gates , R, Kinzler , W. Murphy, 
A, Rashinskas) 

Z i rca loy Dissolut ion 

A synthetic Z i rca loy-2 fuel element was dissolved (Run A-ll) 
in the graphi te d i s so lve r under conditions s i m i l a r to runs prev ious ly repor ted 
(ANL-6145, page 120 and ANL-6183, page 115), but with the sal t spiked with 
all alloy const i tuents in equi l ibr ium concen t ra t ions . The dissolut ion was 
90 pe r cent completed in 10.7 hours and 99 per cent completed in 13.4 h o u r s . 
The reac t ion was one-half as fast as with pure z i rconium in salt without 
alloying e lements under the s ame condit ions, namely , 700 C, 40 mole per 
cent z i rconium fluoride in the sal t , and with a hydrogen fluoride sparge of 
approximate ly 60 I b / h r . In the previous run with pure z i rcon ium-c lad 
u r a n i u m - z i r c o n i u m alloy, d issolut ion was 90 per cent completed in 
4.95 hours and 99 per cent completed in 6,75 h o u r s . A sketch of the 
Z i rca loy fuel e lement is shown in F igu re 28. It is v e r y s i m i l a r in 

^SMyers , W.- R., and DeLong, W. B. , Chem. Eng. P r o g . , 44, 359 (1948). 
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dimensions to the z i rconium-c lad z i rconium-uranium alloy elements 
used in previous r u n s . No operat ional difficulties were encountered and 
no maintenance shutdowns were r equ i red . All instrumentat ion functioned 
perfect ly in both r u n s . The course of the dissolution is shown by the 
r ecord of total off-gas shown in F igure 29. This off-gas includes the 
argon purge maintained throughout the run . 

FIGURE 28 

SYNTHETIC ZIRCALOY FUEL ELEMENT 

RUN A - l l 

•. 2 1/2 m -^ 

T jxErE5EZ,„„,: :.: M 
prr:::: :""•":::" ::,,:„;:„:.:...,::..,q 

FIGURE 29 

DISSOLUTON OF ZIRCALOY ELEMENT IN FUSED SALT: 

OFF-GAS RECORD, RUN A - l l 

Dissolution Conditions 
Temperature; 7 0 0 C 

Salt Composit ion' 40mo l per cent Zr Fg-eOmol percent Na F 
(with nninor amounts of uranium, 
tin,iron,nickel,chromium fluorides) 

HF Sparge Rate: Approx, 6 0 Ib /hr 

) ( 

The concentrat ion of the alloy constituents as fluorides 
in the fused salt under equil ibrium conditions is the same as in the alloy. 
These a r e as follows, re la t ive to z i rconium in the fused sal t : u r a ­
nium, 1.0 per cent; tin, 1.6 per cent; i ron, 0 ,12 per cent; chromium, 0.10 per 
cent; and nickel, 0.05 per cent. These m a t e r i a l s were added to the salt 
charge as anhydrous f luor ides . All concentrat ions were below the solu­
bility l imi ts in the sa l t . The total sal t charge was 498 lb, with a zirconium 
content of 41.7 weight per cent. The element was completely submerged. 

Salt samples before and after dissolution were analyzed 
by an X- ray spec t ra l method to de te rmine concentration changes in any 
of the above salt const i tuents . No change was noted except for nickel, 
which was substantial ly removed from the molten salt phase . It thus 
appears that nickel fluoride is reduced to meta l by Zircaloy. Probably 

I 3/4 in 

iTES 10 
2 1/2X36SO093 in) 

SPACERS 18 
1/8X36X0 093 in) 

- J U-I/Bin ±1/32 - H |«- l /8 ind 
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continued sparging with hydrogen fluoride (after complete dissolution of the 
fuel element) would red isso lve the nickel , although this was not invest igated. 
It is possible that a meta l l ic nickel deposit on the element surfaces con­
tr ibuted to the lower dissolution ra te in Run A - l l , s ince previous runs did 
not contain nickel fluoride in the fused sa l t . 

Salt Holdup 

The amount of salt holdup in the d isso lver was determined 
during d i sa s sembly and inspection following completion of the dissolution 
r u n s . Salt holdup was found, as expected, in two zones: (1) salt remaining 
inside the graphite crucible at the bottom as a resu l t of the bottom of the 
t r ans fe r line being sl ightly above the crucible bottom; and (2) salt frozen 
in the lampblack layer in the annulus outside the graphi te c ruc ib le . 

In the case of the salt res idue after t r ans fe r , 31.2 lb of 
m a t e r i a l remained^ The use of a salt wash could dilute and remove u r a n -
iumi or f ission products in this res idue when n e c e s s a r y . 

The salt in the lampblack insulating layer around the 
graphite crucible is a consequence of the poros i ty of the graphi te . The 
d i sso lver uti l ized a f rozen-wal l pr inciple of fused salt containment. By 
surrounding the graphite crucible with a l-|--inch layer of tamped l amp­
black insulation, any penetra t ing fused salt would solidify before contact­
ing the outer meta l shel l , which was cooled by no rma l a i r convection. In 
this way vapor containment was provided by the me ta l shel l which was 
protec ted from sal t co r ros ion by the lampblack l aye r . A sketch was shown 
in ANL-5858, page 25. 

Upon examination of the d isso lver after 2200 hours of 
exposure to molten sal t , the frozen salt in the lampblack annulus showed 
the dis t r ibut ion given in F igure 30. Salt in the ve r t i ca l sect ions was con­
fined to a zone nea r ly exactly in the center of the annulus, with no visible 
sa l t in contact with ei ther the graphite crucible or the meta l shel l . The 
same condition was found at the bottom annulus, with the exception that 
the solid sal t layer passed over the top of the graphite support posts and 
filled the space between the support pos ts and the bottom of the cruc ib le . 

The d i sso lver crucible and shell is a ssembled from 
sepa ra t e upper and lower sec t ions . The salt layer in the annulus was thin 
in the wall of the top sect ion; the th ickness ranged from about "^ inch to 
f l i nch max imum. The salt layer was very fragi le , being supported by 
packed lampblack on each s ide . It could not be de te rmined whether the 
layer was fully continuous; it probably was not since it was not self-
supporting even in smal l sec t ions . 
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FIGURE 30 

FROZEN SALT IN THE DISSOLVER LAMPBLACK LAYER 

In the lower wall section, the 
salt was thicker , from about -^inch 
near the top to about-§-inch for most 
of the lower pa r t . These th icknesses 
apply to maximum values for a given 
side elevation. 

In both the upper and lower 
sect ions, the salt in the annulus was 
found only in the two large side panels , 
and was thickest at the region of the 
longitudinal mor t i sed joint at the cen­
te r of the graphite s lab. Near the 
bottom of the lower section, the salt 
layer extended around the corner into 
the end zone. At the bottom three inches 
of the lower section the salt layer was 
continuous around sides and ends. The 
thickness was about-f-inch. The total 
amount of salt in the lampblack was 
approximately 30 lb. 

The mechanism responsible 
for this distribution of salt in the 
lampblack layer is the following: The 
graphite slab was maintained at 700 C, 
well above the salt melting point. The 

t empera tu re of the outside s tee l shell was measured at about 100 C. These 
surfaces bounded the lampblack l aye r . Therefore , the t empera tu re gradient 
between these two would fall to the freezing point (ca 510 C) near the middle 
of the lampblack layer . During operat ion, salt vapor or liquid could move 
through the inner half of the lampblack layer , up to the freezing zone. Since 
the salt layer was found above the liquid level, and the inner, sa l t - f ree laiTip-
black layer was found below the d issolver bottom, the chief method of salt 
t r anspor t in the lainpblack layer may have been as vapor ra ther than as l iq­
uid. Fur the r considerat ion of this point will be given following resul ts of 
salt ana lys is . Since uranium tetraf luoride would not be t ranspor ted in the 
vapor phase , the p resence or absence of uranium may determine whether 
the t ransfe r occur red as vapor or liquid. The dissolver crucible was made 
of ATL graphi te . More nea r ly impervious grades of graphite a r e now 
available; their use should considerably reduce salt penetrat ion. 

'/io SIZE 

- 3 m BOTTOM ANNULUS 
GRAPHITE SUPPORT POSTS 
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Internal Damage to Graphite Components in Salt 
Remelt Test 

Because of a volume change of approximately 25 per cent 
in the freezing and melting of sodium f luor ide-zi rconium fluoride sal t , 
l a rge s t r e s s e s can be encountered in a ve s se l during remel t operat ion, 
depending on the vesse l design and mode of heat t r ans f e r . While the most 
ser ious failure is a breaching of the container , experience with meta l s y s ­
t ems has shown that downline damage has been the most common difficulty. 
Remelt t e s t s a r e pa r t i cu la r ly des t ruc t ive to graphite , which is m o r e br i t t le 
than meta l . This tes t s imulates the condition encountered in an emergency 
power fai lure of long durat ion. The heat capacity of the salt would preclude 
extensive freezing in power fa i lures of shor t durat ion. 

Following Run A - l l , the salt in the graphite d issolver was 
allowed to freeze and cool to nea r ly room t e m p e r a t u r e , after which it was 
remel ted and the salt t r ans f e r r ed out. In o rde r to r emel t the salt it was 
n e c e s s a r y to adjust the position of the cent ra l e lectrodes in both h e a t e r s , 
and to make the t ransfe r it was n e c e s s a r y to replace the salt exit l ine. 
After d i sassembly , the total damage was determined to be that shown in 
F igure 31. 

FIGURE 31 

INTERNAL DAMAGE TO GRAPHITE COMPONENTS 
IN SALT REMELT TEST 

THERMOWELL — 
SALT OUT LINE 

MARK I HEATER 

SPARGE LINE 

MARK 2 HEATER 

BREAKS 

All downlines were broken in at 
leas t one place, and one of the hea ter 
shells had broken at the top. These 
components had f l inch walls with 
outer d iameter ranging from 1 to 
25-inches. It appears that such down­
l ines , while res i s tan t to vigorous 
salt sparging, a re not capable of 
withstanding the freezing operat ion. 

The heater rod adjustment 
previously mentioned was n e c e s s a r y 
to el iminate e lec t r ica l short ing b e ­
tween rod and shell at the upper 
pa r t of the rod. In the case of the 
Mark 2 heater this was mos t se r ious , 
since the broken shell leaned against 
the rod. In the case of the Mark 1 
hea te r , a less ser ious short was in­
volved froin bowing of the center 
rod due to t he rma l expansion before 
the bottom had been freed from 
frozen sal t . 
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The center rod of the Mark 1 heater was intact, but the 
center rod of the Mark 2 heater was broken at the bottom. This break 
probably was caused by a twisting force due to the hea ter shell f r ac tu re . 
Design changes which would make the damage less se r ious a r e (l) to p r o ­
vide emergency power sys t ems to prevent freezing, (2) make the downlines 
eas i ly rep laceab le , and (3) incorporat ion of downlines in the wall . 

Effect of Salt and E lec t r i ca l Current on Graphite Components 

No effect on graphite of salt exposure up to 800 C was 
evident. Only the hea te r center rods exceed this t e m p e r a t u r e . In the case of 
the Mark 2 hea t e r , which was an improved design m which sal t was com­
pletely excluded from the cent ra l rod, no significant attack was apparent . 
In the Mark 1 hea te r , d imensional at tack up to about "g'inch was evident m the 
zone which contacted sa l t . Rod t e m p e r a t u r e s were probably above 1200 C. 
Poss ib ly this graphi te attack accompanies salt vaporization and a rc ing . Signs 
of a rc ing were observed where broken components shor ted the no rma l e l e c ­
t r i c a l c i rcu i t , but this was not an impor tant effect No arc at tack was ob­
servable at the bottom sl ip joint of each hea ter rod, through which high 
c u r r e n t s (up to 800 amp) normal ly pass 

The only other point of significant at tack of graphite was 
the fuel eleinent support p la te , which a l so se rved as gas d i s t r ibu tor . This 
was in the form of a cone inachined in a block of graphite with a one-inch 
bottom hole for gas d i s cha rge . Deep grooves of rec tangular section co r ­
responding to the fuel element d imensions were cut into the graphite by 
eros ion under the weight of the agitated fuel e lement . These grooves were 
of the o r d e r of two t imes the plate th ickness and up to two inches deep. 
If this e ros ion ra te continued, another 10 dissolutions would have completely 
penet ra ted the block. Graphite was used for the block m a t e r i a l to facili tate 
machining. Probably the use of a h a r d e r nnaterial , such as carbon or bet ­
t e r , molybdenum, would el iminate this p rob lem. 

Solids C a r r y - o v e r and Ent rapment in Off - gas Components 

Off-gas from the d i sso lver p a s s e s through the following 
components in tu rn : 

1. The 6-iiich slug chute (approximiately 2 feet m length) 
2. The 1-7—inch exit pipe (approximately 4 feet in length) 
3. The sodium f luor ide-packed absorber ( l6- inch d iam­

e te r , 18 inches high) 
4. The porous carbon f i l ters (5 units m paral le l ) 
5. The hydrogen fluoride condenser . 

The buildup of a hard sal t cake at the entrance to the slug 
chute has been descr ibed pre\T.ously, This requi red reaming out with the 
fuel e lement cha rge r following each d issolu t ion . 
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The Ix- inch exit pipe has previously produced plugs of 
both powdery and ha rd -caked m a t e r i a l . In the las t two runs (10 and 11) no 
plug appeared, but a hard cake of up to-|"-inch had formed on the inside 
wa l l s . Such a deposi t r e q u i r e s per iodic reaming , and the p resen t design 
makes provis ion for this opera t ion . 

The sodium fluoride pel let bed had plugged previous ly at 
the bed inlet , and p r i o r to Runs 10 and 11 the bed was rep laced . A 10-mesh 
s ta in less s tee l s c r een , the full d i amete r of the vesse l , was used to support 
the new bed. A 6-inch layer of x - i n c h s ta in less s tee l Raschig r ings was 
laid on the bottom, followed by another s c r e e n and the sodium fluoride pe l ­
let charge of 92"inches. A s c r e e n was also used on top of the pe l l e t s . F o l ­
lowing Run 11, the bed was removed froin the top and sc r eened to de te rmine 
the fines pickup. The bottoin two s c r e e n s had d is in tegra ted . The total 
fines collected in Runs 10 and 11 amounted to 8.1 lb . A p r e l i m i n a r y size 
analys is by sc reen ing showed 30 per cent of these fines sma l l e r than 60 m e s h . 

The porous carbon f i l t e r s (National Carbon Co., Grade 60) 
had an effective poros i ty of 48 pe r cent with an average pore d i ame te r of 
33 m i c r o n s . No apprec iable i n c r e a s e in p r e s s u r e drop a c r o s s the f i l ters 
was encountered in the en t i re s e r i e s of r uns , and the re fo re the f i l ters were 
not cleaned before this final inspect ion . It was found that a soft cake, about 
•|--inch thick, had deposi ted evenly on the f i l t e r s . A to ta l of 311 g col lected 
over the per iod of 11 runs was removed from the f i l ter c h a m b e r . About 
80 pe r cent of this m a t e r i a l had remained on the f i l ter as a cake . A p r e ­
l im ina ry optical mic roscop ic examinat ion showed mos t of the pa r t i c l e s to 
be below one m i c r o n . 

Sampling and ana lys is of the hydrogen fluoride condensate 
rece ived showed a v e r y s m a l l amount of sa l t c a r r y - o v e r into the condenser , 
that i s , about one g r a m in 11 r u n s . 

F r o m these data it appea r s that a 97-inch deep abso rbe r 
bed with -^-inch sodium fluoride pel let packing r emoves over 90 per cent 
of the fines produced in p r o c e s s opera t ions , and that a 33-mic ron poros i ty 
f i l ter , when precoa ted , r emoves even the s ina l les t p a r t i c l e s with high 
efficiency. 

C. Convers ion of Uranium Hexafluoride to Uranium Dioxide 
(I. Knudsen, H. Hootman,* N. Levi tz , M. Jones) 

A fluid-bed p r o c e s s for the p repa ra t i on of u ran ium dioxide fronn 
u ran ium hexafluoride is being studied for application to the production of 
c e r a m i c - g r a d e fuel. Two reac t ion p r o c e d u r e s have been shown to be 
feas ib le : s imul taneous pyrohydro lys i s and reduct ion of u ran ium hexafluoride 

•Res iden t Student Assoc ia te fromi Michigan College of Mining and 
Technology. 
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with s team and hydrogen in a single s tep , or the separa te react ions using 
two s t eps . The newly formed m a t e r i a l deposi ts as a dense coating on the 
pa r t i c l e s of the bed. Conversion to solids has been about 99.99 per cent 
complete in both c a s e s . Uranium hexafluoride r a t e s up to 104 and 
205 lb u ran ium/ (h r ) ( sq ft r eac to r c r o s s section) for the one-s tep and two-
step p r o c e d u r e s , respec t ive ly , have been used to date . The p r o c e s s appears 
promis ing in view of the high s in te red dens i t ies , 94 to 97 per cent of theo­
re t ica l , obtained in the pellet fabricat ion t e s t s repor ted las t quar te r 
(ANL-6183, page 118). Work is now being concentrated on the two-s tep 
p rocedure because it offers g rea t e r flexibility in choice of r eac to r condi­
tions and p r o c e s s control . Instal lat ion of a second th ree - inch d iameter 
unit for further s tudies of the reduction s tep is a lmost coinplete. The 
equipment will be flexible enough to p e r m i t both fluid-bed and fixed- or 
moving-bed opera t ion . 

While making p repa ra t ions for extended runs with the two-s tep 
p rocedure , an additional exper iment on the s imultaneous react ion p r o c e s s 
was conducted to de te rmine the coinbined effects of high t e m p e r a t u r e , 650 C, 
and a high uran ium hexafluoride r a t e , 125 g / m m , equivalent to2171b/(hr) 
(sq ft r e a c t o r c r o s s sect ion) . About 75 p e r cent excess s team and hydrogen 
were used at a mole ra t io of 2 to 1. Approximately 1.3 bed equivalen.ts 
were made in the 1,9-hour run . Because of the high feed r a t e , the final 
product had, as expected, a re la t ive ly high fluoride content, namely, 
5.08 per cent. Analyses showed a u ran ium dioxide content of about 40 per 
cent the remiainder being uranyl fluoride and U3O8. Based on past expe r i ­
ence, a cleanup s tep, in which the powder was exposed to hydrogen and 
s t eam, would readi ly produce a powder of specification g rade . 

Reduction of Uranium Hexafluoride 

Severa l a t tempts to c a r r y out the hydrogen reduction of uran ium 
hexafluoride to produce uran ium te t ra f luor ide in a fluidized bed (see 
ANL-6183, page 122) were unsuccessfu l . Caking of the bed occur red 
shor t ly after introduction of u ran ium hexafluorides in t e s t s at 500 C and 
600 C, and was accompanied by loss of the hexafluoride m the off-gas. A 
run in which the s ta r t ing bed was made up from green salt p r epa red by 
hydrofluorinat ion of refined uran ium dioxide (as in the previous successful 
run) ran smoothly for about one hour at feed r a t e s up to 140 g /min before 
in te r rupt ion by plugging of the off-gas line by uranium hexafluoride r e a c ­
tion p roduc t s . No evidence of suspected uraniuin fluoride in te rmed ia tes 
which m a y have caused these difficulties was found either by chemical or 
X - r a y diffraction ana ly se s . F u r t h e r t e s t s of this reac t ion have been pos t ­
poned until coinpletion of the pyrohydro lys i s - reduc t ion s tud ies . 
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Pel le t Fabr ica t ion Exper imen t s 

Samples of dioxide p r e p a r e d by both the s imultaneous react ion 
p rocedu re and by the two-s t ep p r o c e s s were ground to -325 mesh and pe l ­
leted and s in tered .* Table 21 s u m m a r i z e s the powder p r o p e r t i e s , s i n t e r ­
ing condit ions, and r e s u l t s . No binder was added to the powder and the 
s in ter ing was done in d ry hydrogen. Higher dens i t ies were obtained with 
the oxide p r epa red by the s imul taneous reac t ion route , 96.7 per cent of 
theore t i ca l as compared to 94.7 pe r cent for the two-s tep p r o c e s s . The 
powder which gave the be t te r r e su l t s was cha rac t e r i zed by a higher flu­
or ide content (540 ppm as compared to 70), somewhat higher surface a r ea 
(3.4 sq mi/g as compared to 2.9), and a sl ightly higher bulk densi ty 
(4.5 g /cc as compared to 4.0), but it can only be conjectured that these 
contr ibuted to any extent . These r e su l t s a r e even m o r e favorable than 
those repor ted las t qua r t e r , s ince the pelleting p r e s s u r e s were much l e s s 
s eve re and a s imple r overa l l p rocedure was used. 

Table 21 

RESULTS OF P E L L E T FABRICATION EXPERIMENTS ON URANIUM 
DIOXIDE PREPARED BY FLUID-BED CONVERSION OF 

URANIUM HEXAFLUORIDE 

Mate r ia l : 
-325 mesh u ran ium dioxide 

Pel le t Size: 
1/2 in. diami x 1/2 in. high 

Pel le t ing P r e s s u r e s : 
8000 psi p r e - p r e s s followed by 25 t s i i sos ta t i c 

Sinter ing P r o c e d u r e : 
Heat to 1200 C overnight ; i n c r e a s e t e m p e r a t u r e rapidly to 1700 C 
and hold for 2 h o u r s ; tu rn off heat and cool overnight 

Run No. 

46 (simultaneous 

reaction 
procedure) 

54 (two-step 
procedure) 

Chemica l Analysis 
before Sinter ing (w/o) 

0.007 

0.054 

(F) (U^*) (U+^) 

84.7 

86.8 

r+6^ 

3.1 

1.8 

Surface Area by 
Methylene Blue 

Adsorpt ion 

(sq m/g ) 

2.9 

3,4 

Sintered 
Pel le t 

Densi ty 

(% Theor) 

94.1 to 94.7 

96.6 to 96.9 

*Work done by ANL C e r a m i c s Group under J. Handwerk. 
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D. Multistage Fluidizat ion 
( K . Will iamson, J r . ) 

The second phase of the mul t i s tage fluidization column work, a 
m a s s t r ans fe r study of the effect of operat ing var iab les on the adsorpt ion 
of water vapor by s i l ica gel, is in p r o g r e s s . Determinat ion of Murphree 
stage eff iciences, the ra t io of actual change in the average vapor compos i ­
tion accomplished by a stage to the change that would occur if the vapor 
s t r e a m reached equi l ibr ium with the s tage, will pe rmi t the calculation of 
a modified m a s s t r ans fe r coefficient by establ ished p rocedure s .2 ° 

"Treyba l , R. E. , Mass Trans fe r Opera t ions , McGraw-Hil l Book Co., Inc., 
New York, N. Y. (1955), p . 225, 
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III. REACTOR SAFETY 

The oxidation, ignition, and combustion p r o c e s s e s of u ran ium, z i r ­
conium, plutonium, and thor ium a r e being studied to provide information 
to aid in minimizing the h a z a r d s assoc ia ted with handling these m e t a l s . 

In the continued study of the ignition of u ran ium it has been con­
f i rmed that an aggregate or a r r a y of pieces ignites at a cons iderably lower 
t e m p e r a t u r e than an individual piece of the same specific a r e a . The con­
dition of d e c r e a s e d heat loss from an in te r ior piece sur rounded by other 
pieces which a r e a lso generat ing heat by reac t ion may be the explanation 
of some of the u ran ium f i res which have occu r r ed . 

The r e s u l t s of samiple geomet ry s tudies on the ignition behavior of 
u ran ium powder show that constant ignition t e m p e r a t u r e values a r e obtained 
for a given par t i c le s ize powder when the powder exceeds a c r i t i ca l height, 
independent of the container d i a m e t e r . With fine spher ica l u ran ium powder 
(-200 + 230 mesh ) , the c r i t i ca l height was e s t ima ted to be approximate ly 
1 to 2 m i l l i m e t e r s based on geomet ry s tud ies ; in t e rmed ia te powder 
(-80 +100 mesh) , approximate ly 3 m i l l i m e t e r s ; and coa r se powder 
(-18 + 20 mesh ) , approx imate ly 7 m i l l i m e t e r s . Using exper imenta l ignition 
t e m p e r a t u r e s and cor responding c r i t i ca l height va lues , one can es t imate 
the effective t h e r m a l conductivi t ies of u ran ium powder beds based on the 
Frank-Kamienetski i theory of t h e r m a l explos ions . The calculated effective 
t he rma l conductivi t ies were found to be in a g r e e m e n t with values expected 
for powders . Ext rapola ted c r i t i ca l height and effective t h e r m a l conductivity 
values can be used to e s t ima te ignition t e m p e r a t u r e s over a wide range of 
specific a r e a powders on the bas i s of F rank -Kamene t sk i i theory . 

The use of nickel sulfate or zinc chloride solutions to d e c r e a s e the 
pyrophor ic i ty of u ran ium powder has been a t t empted . No evidence of in­
c reas ing the ignition t e m p e r a t u r e of spher ica l or i r r e g u l a r 200 mesh powder 
or 0 .13-mm (5-mil) foil was obse rved from burn ing-curve exper imen t s after 
t r ea tmen t with e i ther solut ion. 

Continued s tudies of the effects of halogenated hydrocarbons on the 
burning propagat ion of u ran ium and z i rcon ium foils indicate the poss ibi l i ty 
of prevent ing continued combust ion of individual z i rcon ium foils or turnings 
th icker than 0.05 mim (2 m i l s ) . This may include the en t i re p rac t i ca l range 
of th icknesses of t u r n i n g s . P r e l i m i n a r y s tudies of the effects of va r ious gas 
contaminants on the burning propagat ion r a t e s of a plutonium alloy indicate 
that d ibromomethane (CHzBra) and broaxiochloromethane (CHaBrCl) a r e 
marked ly effective in dec reas ing the burning r a t e . 

A se l f -cons i s ten t m e c h a n i s m for the i so the rma l oxidation of u ran ium 
has been devised; this explains mos t of the obse rva t ions , such as l inea r 
r a t e , p r e s s u r e dependence, and absence of higher ox ides . The r a t e con t ro l ­
ling step in the oxidation occu r s on the ex te r io r sur face of the oxide and 
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may be ionization, dissociat ion, or surface diffusion. The inc reased ra te 
of the second stage is a t t r ibuted to the i nc reased exter ior surface a r ea due 
to nodule growth and development. 

The exper imenta l p r o g r a m to de te rmine r a t e s of reac t ion of molten 
reac tor fuel and cladding meta l s with water is continuing. The principal 
l abo ra to ry - sca l e method involves the rapid melting and d ispers ion of meta l 
wi res in a water or s t eam environment by a surge cur ren t from a bank of 
condense r s . Construction of a h i g h - p r e s s u r e react ion cell has been com­
pleted. A se r i e s of runs with 60-mil z i rconium wires was c a r r i e d out in 
the new appara tus . The runs were made at initial meta l t e m p e r a t u r e s in 
the region of the melt ing point. Solid z i rconium at t e m p e r a t u r e s near the 
melt ing point r eac ted to the extent of four to five per cent with room t e m ­
p e r a t u r e water (vapor pressure_ca^ 0.5 ps ia ) . At sa tura ted vapor p r e s s u r e s 
of from five to 230 psia , eight to nine per cent react ion occur red . Liquid 
meta l at the melt ing point gave about eight per cent react ion with room 
t e m p e r a t u r e water , whereas 30 per cent reac t ion was observed at p r e s s u r e s 
from 1 6 to 140 ps ia . 

The r e su l t s indicate that the overa l l react ion depends strongly on 
the p r e s s u r e of water vapor up to some point between 0.5 and 5 ps ia . A 
further i nc rease in p r e s s u r e causes no additional reac t ion . This l imit sug­
gests that the react ion becomes control led by the t r anspor t of water vapor 
through a film of hydrogen genera ted by reac t ion . This la t te r p r o c e s s 
would be expected to be re la t ive ly independent of p r e s s u r e . 

A s e r i e s of in-pi le exper iments was conducted in TREAT with oxide-
core p ins , c e r m e t - c o r e pins , and u ran ium u d r e s . Each t rans ien t with the 
ox ide-core pins r esu l t ed in ruptur ing and melt ing of the Zi rca loy-2 jacket . 
The extent of me ta l -wa te r reac t ion i nc r ea sed from 4.1 to 14.1 per cent as 
the r e a c t o r bu r s t s became m o r e ene rge t i c . It was concluded tentat ively 
from the r e su l t s of runs with the ox ide -co re , me ta l - c l ad pins that the 
Z i rca loy-2 jacket was m o r e read i ly rup tured and mel ted than the s ta in less 
s teel j acke t . It was a lso noted, by comparing runs with clad and unclad 
c e r m e t - c o r e pins, that d i spers ion of the fuel into par t i c les is favored by 
the use of a jacket . An exper iment with a fully enr iched uran ium wire , 
34 mi l s in d i ame te r , gave 28.3 per cent reac t ion with complete conversion 
of the meta l into p a r t i c l e s . Tes t s on a "radiat ion r e s i s t a n t " unbonded s t r a in 
gage p r e s s u r e t r ansduce r showed that the pickup did respond to the t r ans ien t 
radia t ion and that the radia t ion signal was dec reased by using an AC c a r r i e r 
sys tem ra the r than DC. 
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A. Metal Oxidation and Ignition Kinetics 
( j . G. Schnizlein) 

1 . Ignition Studies by the Burning-curve Method 

The burn ing-curve p rocedure has been used extensively to p r o ­
vide reproducible data on the ignition c ha ra c t e r i s t i c s of u ran ium. The 
sample , mounted on a thermocouple , i s heated at a uniform ra t e of t e m p e r ­
a tu re i n c r e a s e (usually 10 deg per miin) in a flowing oxidizing a tmosphe re . 
As the r a t e of reac t ion i n c r e a s e s , the sample se l f -heats and finally igni tes . 
A graphical in te r sec t ion method is used to de te rmine ignition t e m p e r a t u r e . 
The difference between furnace and sample t e m p e r a t u r e gives an indication 
of the r a t e of reac t ion over a wide t e m p e r a t u r e r ange . The burn ing-curve 
method has been used to define the effects of va r i ed specific a r e a , alloy 
addi t ives , and gas composit ion on ignition t e m p e r a t u r e and miaximum burn ­
ing t e m p e r a t u r e (see ANL-5974, pages 10 through 39). 

a. The Effect of Aggregation on the Ignition Tempera tu re of 
Uranium 
( j . G. Schnizlein, J . D. Bingle) 

In the study of the ignition c ha ra c t e r i s t i c s of u ran ium by 
the burn ing-curve method, the mos t impor tan t var iab le leading to lower 
ignition t e m p e r a t u r e s of single samples has been the specific a r e a (surface 
a r e a per g ram) of the saraple . Linear re la t ionships have been found b e ­
tween the r ec ip roca l absolute t e m p e r a t u r e of ignition as de te rmined by 
burning curves in both a i r and oxygen, and the logar i thm of the specific 
a r e a of the samiple (see F igure 32). These re la t ionships were de termined 
with individual samples of var ious s izes and shapes , e.g. , cubes , s l i ces , 
foils, and w i r e s . In spite of the differing hea t - l o s s c h a r a c t e r i s t i c s of the 
var ious ly shaped s ample s , the only deviation from l inear i ty in the re la t ion­
ships was apparent ly caused by meta l lu rg ica l v a r i a b l e s . 

However, the ign i t ion- tempera tu re m e a s u r e m e n t s of smooth 
spher ica l , u ran ium powders have shown that t he re is a decided lowering of 
ignition t e m p e r a t u r e as the amount of sample (of constant specific a rea) i s 
i n c r e a s e d up to a ce r ta in c r i t i ca l point (see, for example , ANL-6183, 
page 130). This has been a t t r ibuted to the heat loss from the sample . A 
single pa r t i c l e , unders tandably , will lose propor t ional ly much m o r e heat to 
the sur roundings than an aggregate or an a r r a y of p a r t i c l e s . F igure 32 also 
includes ignition t e m p e r a t u r e s of the var ious s izes of spher ica l powders 
with sufficient m a s s to achieve re la t ive ly constant values (see Section Ic 
below). 

In an extension of the burn ing-curve method it seemed 
appropr ia te to examine aggrega tes of the more mass ive uraniumi specimens 
used in es tabl ishing the specific a r e a re la t ionships desc r ibed above. A pile 
of cubes miight well be expected to ignite at a lower t e m p e r a t u r e than one 
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individual cube. It will be r e m e m b e r e d (see ANL-5974, page 27) that 
simply shredding a piece of 0 .03-mm uranium foil resu l ted in a 20-degree 
lowering of the ignition t e m p e r a t u r e of that foil. 

AND 

FIGURE 32 

RELATIONSHIP BETWEEN SAMPLE SPECIFIC AREA 
IGNITION TEMPERATURE FOR URANIUM IN AIR AND IN OXYGEN 
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Several exper iments have been ca r r i ed out in oxygen using 
aggregates to tes t this hypothesis . Bundles of two sizes of uranium wires 
and a tightly rol led cylinder of 0.01-mm uranium foil were each subjected 
to burning-curve ignit ions. The resu l t s of these runs a re compared with 
the values obtained for individual specimens in Table 22 and are also indi­
cated on Figure 34, page 144 (see ANL-6101. page 129 for detailed d i scus ­
sion of individual specimen data). It can be seen that a marked reduction 
in ignition t e m p e r a t u r e s can be achieved when sample aggregates a re used; 
lower values a re achieved than with the powders of equivalent specific a r ea . 
It is believed that, under cer ta in c i r cums tances , the ignition t empera tu re s 
of such aggregates might easi ly be even lower, because of unfavorable heat 
loss conditions. This may be a reasonable explanation for some uranium 
fires that have occur red . 
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Table 22 

COMPARISON OF IGNITION TEMPERATURES OF INDIVIDUAL 
SPECIMENS AND AGGREGATES FOR URANIUM IN OXYGEN 

Ignition 
T e m p e r a t u r e ^ 

Sample (C) 

0 .47-mm d iamete r wi re 

one wire 435 
bound bundle of 1 5 wi res 250 

0 .83-mm d iamete r wire 

one wire 460 
bound bundle of 7 wi res 310 
bound bundle of 1 9 wires 270 

0 .01-mm thick foil 

one piece 315 
bound cylinder (^8 th icknesses ) 
of foil 230 

^ D e t e r m i n e d by the burn ing-curve method in 
1200 c c / m i n flowing oxygen. 

Another exper iment of a s imi l a r na ture was c a r r i e d out 
with the i r r e g u l a r u ran ium powder obtained from the Sylvania-Corning 
Nuclear Corpora t ion . It will be r eca l l ed (see ANL-6101, page 130) that 
this powder gave an ignition t e m p e r a t u r e in oxygen of 140 C in the unsieved 
condition (density of 5.5 g / c c ) . However, by compacting this powder in a 
dry box by means of a hand pill p r e s s , pel le ts were made with a density of 
approximate ly 7.8 g / c c ; these yielded an ignition t e m p e r a t u r e of 120 C under 
the same conditions in a graphi te c ruc ib le . This experimient eraphas izes 
the complexity of h e a t - l o s s cons idera t ions for powders and other a g g r e g a t e s . 

Exper iments in a i r will be made to provide information 
which may be of g r e a t e r applicabil i ty to the p rac t i ca l p rob lem. There i s , 
however , good r e a s o n to bel ieve that runs in a i r will yield substant ia l ly the 
same ignition t e m p e r a t u r e s as those in oxygen. It i s unlikely that reac t ions 
leading to ignition a r e extensive or rap id enough to genera te a diffusion 
b a r r i e r of n i t rogen between the oxygen of the air and the m e t a l . 
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b. The Effect of Halogenated Hydrocarbons and Metal Salts 
on Ignition 
(L. Leibowitz, J. D. Bingle, L. W. Mishler) 

It has been observed (ANL-6145, pages 137 and 142) that 
the p re sence in a ir of ce r ta in halogenated hydrocarbons , e.g. , ethyl b romide , 
d ibromomethane , dif luorodibromoraethane, chlorobromomethane, and c a r ­
bon t e t r ach lo r ide , causes a significant dec rea se of burning-propagat ion ra te 
with both uran ium and z i rconium foil s t r i p s . These substances also cause 
a m a r k e d dec rea se of the burn ing-curve ignition temiperature of uranium; 
however , recent m e a s u r e m e n t s of shielded ignition t e m p e r a t u r e s of both 
u ran ium and z i rconium show no such dec rease (see Table 23 for uranium 
data) . 

Table 23 

THE EFFECT OF HALOGENATED HYDROCARBONS 
ON THE BURNING PROPERTIES OF URANIUM FOILS IN AIR 

(SMF-5 u ran ium foil s t r i p s , 0.13 x 3.0 x 70 mm) 

Ignition T e m p e r a t u r e (C) 

Pol ished me ta l run 
in pure a i r 

Pol ished meta l run in air-
3% CHZBTZ 

Pol ished meta l run in air-
5fo CF2Br2 

Metal p r e t r e a t e d in 
argon-5% CF2Br2 at 
300 C and subsequently 
run in pure air 

Burning 
Propagat ion Burning-

Rate curve Shielded 
(c in / sec) Technique Technique^ 

0.56 

0.37 

0.35 

400 

275 

290 

330 

335 

420 

3-Sample t e m p e r a t u r e when a i r is in t roduced. This t empe ra tu r e i s , 
t he re fo re , low by the amount of self-heating which the sample under­
goes pr ior to ignition. 

Because of the possible exis tence of a react ion between 
uran ium and the halogenated hydroca rbons , some exper iments were con­
ducted to examine the effect on uran ium ignition of p r e t r ea tmen t with 
di f luorodibromomethane. Specimens of u ran ium foil were heated at about 
300 C for 30 minutes in an a tmosphere of 5 per cent difluorodibromoraethane 
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in a rgon. Burning-curve ignition t e s t s were then c a r r i e d out in pure a i r . 
The per t inent ignition t empe ra tu r e data a re a lso included in Table 23. It 
is noteworthy that this p r e t r ea tmen t gave only a slight i n c r e a s e in ignition 
t e m p e r a t u r e . The effect of p r e t r e a t m e n t is apparent ly quite different from 
that of having the halogenated hydrocarbon p resen t during ignition. 

These apparent ly conflicting r e s u l t s , namely , that halogen­
ated hydrocarbons lower the propagation r a t e , lower the burn ing-curve 
ignition t e m p e r a t u r e , and have no effect on the shielded ignition t e m p e r a t u r e , 
s imply i l lus t ra te that these t e s t s do not m e a s u r e the same thing. 

Additional work, both exper imenta l and theore t ica l , is needed 
to clarify the means by which these agents affect ignition and burning. The 
p rac t i ca l uti l i ty of these agents in the control of meta l f i res mus t also be 
invest igated fur ther . 

It has been repor ted27,28 that , if u ran ium powder is 
t r ea t ed with a zinc chloride or nickel sulfate solution, i ts pyrophoric i ty is 
reduced. A number of a t tempts to verify this r epor t have been made . 

Samples of 0 .13-mm thick u ran ium foil and both spher ica l 
and i r r e g u l a r -200 + 230 mesh u ran ium powders were vigorously agitated 
for th i r ty minutes at room t e m p e r a t u r e in 200-gram per l i te r zinc chloride 
solution of adjusted pH 3 to 4 . The samples were washed with water , dr ied, 
and subjected to burn ing-curve ignition heats in oxygen. No inc r ea se in 
ignition t e m p e r a t u r e was observed . 

Since the specific method of the original worke r s was not 
avai lable , a t r ea tmen t s imi la r to the zinc chloride method was used with 
nickel sulfate . Samples were placed in 200-gram per l i t e r , pH 2 nickel 
sulfate solutions and left undis turbed for one hour . Other meta l specimens 
were placed in solutions of the same concentrat ion and agi tated for th i r ty 
minu te s . These samples were washed, dried, and subjected to burning-
curve ignition t e s t s in oxygen. In no case was a significant change in igni­
tion t e m p e r a t u r e observed . If further information indicates that the 
t r e a tmen t s were i nco r rec t ly applied or that the burn ing-curve ignition tes t 
in oxygen is inappropr ia te , additional t e s t s may be done. 

^ ^ A c c a r y , A. and Blum, P . , Nuclear Power (Brit ish) 5_, 122 (i960) 
(Reference to F rench patent PV 700823). 

'^^ Dubuisson, J . , Houyvet, A., LeBoulbin, E. , Lucas , R., and 
Moranvi l le , C , Rev. Met. 56 55 (1959). 
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c. Ignition of Uranium Powder 
(M. Tetenbaum, L. W. Mishler , G. Klepac*) 

The effect of sample geometry on the ignition behavior in 
oxygen of a coarse (low specific a rea ) spher ica l uranium powder 
(-18 +20 mesh) ,** and an intermiediate fraction (-80 +100 mesh) was inves­
tigated during this per iod. Previous studies (see ANL-6183, page 132) with 
fine spher ical uraniumi powder (-200 +230 mesh) showed that the minimum 
height requ i red to yield constant values of ignition temiperature was approx­
imately 1 to 2 m m . This height has been t e rmed the cr i t ica l height and was 
found to be prac t ica l ly independent of container d iameter . 

The re su l t s with coarse and intermediate fractions a r e 
shown in Figures 33 and 34. F r o m the data plotted in these f igures, the 
cr i t ica l height for -18 +20 mesh spher ical uranium powder was es t imated 
to be approximately 7 mm, and for -80 +100 mesh, approximately 3 m m . 
The variat ion of c r i t i ca l height with par t ic le diameter or effective thermal 
conductivities of the packed bed is in the expected direction (see Section Id). 
The somewhat higher ignition t empe ra tu r e s obtained with crucibles of 
smal le r diameter (see Figure 33) can be at tr ibuted to radial heat l o s s e s . 

FIGURE 33 

EFFECT OF SAMPLE HEIGHT ON THE IGNITION 
TEMPERATURE OF -18 +20 MESH SPHERICAL URANIUM POWDER 
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FIGURE 34 
EFFECT OF SAMPLE HEIGHT ON THE IGNITION 

TEMPERATURE OF - 8 0 •••100 MESH SPHERICAL URANIUM POWDER 

350 — 

s 

300 — 

250 

Study of the ignition behavior of uranium powder has con­
tinued during this quar te r with investigations over a wide range of specific 
a r e a f ract ions . The r e su l t s to date (in oxygen) with sieved and subsieve 
spher ical u ran ium fractions (including data previously repor ted in 
ANL-6183, page 134) a r e shown in Figure 35. The ignition t empera tu re 
values shown in Figure 35 r ep resen t constant ignition values (as shown by 
saraple geometry s tudies) , independent of samiple size for each specific 
a r e a (calculated from par t ic le d iameter ) powder. The apparent energy of 
activation derived from a l e a s t - s q u a r e s t r ea tment of the data was found to 
be 26.9 - 3.2 kca l /mo le , assuming l inear oxidation k inet ics . [Note: The 
f i r s t - s t age l inear ra te activation energy obtained from the i so thermal 
oxidation of uran ium meta l in pure oxygen was 18.7 kca l /mole (see 
ANL-5974, page 51).] 

The subsieve spher ica l fractions were separa ted by the 
Armour Resea rch Foundation using toluene as the elutr iat ing agent. The 
size dis t r ibut ions, by number , a r e shown in Table 24. The miedian diara-
e t e r s of samples 2, 3, 5, and 6 were 12.5, 20, 33, and 37 m i c r o n s , r e s p e c ­
t ively. The spher ic i ty of the par t ic les was verified microscopica l ly . 

F r o m Figure 35 it is seen that the subsieve fractions yield 
ignition t e m p e r a t u r e s approximately 15 to 25 degrees C higher than the 
values expected from extrapolation of the l e a s t - s q u a r e s line obtained with 
sieved f ract ions . It is possible that the subsieve powders were par t ia l ly 
oxidized during the separat ion p rocedure . These powders will be examined 
fur ther . 
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EFFECT OF SPECIFIC AREA OF SPHERICAL URANIUM 
POWDERS ON EXPERIMENTAL IGNITION TEMPERATURES 
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Table 24 

SIZE DISTRIBUTION OF SUBSIEVE SPHERICAL URANIUM POWDER 

Per cent by nuinber of part icles smaller than diameter d 
Diameter 

d 
(microns) 

6.0 
8.0 

10.0 
12.5 
15.0 
16.3 
20.0 
21.8 
27.0 
34.0 
41.0 
54.0 
68.0 

Sample 

0.98 
2.3 
12.4 
39.4 
76.5 

100 

Sample 
3 

5 . 0 

-
70.6 
98.5 
100 

Sample 
5 

-
0.9 
6.9 
59.5 
100 

Sample 
6 

0.4 
-

1.2 
3.7 
10.3 
87.5 
99.5 
100 
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Ignition t e m p e r a t u r e s were a lso obtained on subsieve 
i r r e g u l a r powder separa ted at Armour Resea rch Foundation. The size 
d is t r ibut ions , by number , a r e shown in Table 25. The median d i ame te r s 
of samples 1 through 4 were 6.2, 15.8, 22.5, and 28.0 m i c r o n s , r espec t ive ly . 
The four samples of i r r e g u l a r u ran ium powder gave ignition t e m p e r a t u r e 
values of approximate ly 150 C. By extrapolat ing the data obtained with 
spher ica l powder to this t e m p e r a t u r e (see Figure 35, extrapolat ion not 
shown) we find that the specific a r e a of these subsieve i r r e g u l a r powders 
should be of the o rde r of 27,000 sq c m / g r a m . An a r e a determinat ion of 
sample one using the BET method with ethylene as adsorba te (measurement 
pe r fo rmed by Armour R e s e a r c h Foundation) gave a value of 10,500 sq c m / 
g r a m . This cor responds to an ignition t e m p e r a t u r e of '^160 C (extrapolated 
value from Figure 35). The lower ignition t empe ra tu r e obtained expe r imen­
tal ly can be a t t r ibuted to the s t rong effect of the pa r t i c l e s higher specific 
a r e a p resen t in the subsieve samples on ignition t e m p e r a t u r e (see ANL-6183, 
page 130). 

Table 25 

SIZE DISTRIBUTION OF SUBSIEVE IRREGULAR 
URANIUM POWDER 

(Separated at Armour R e s e a r c h Foundation) 

P e r cent by number of pa r t i c l e s sma l l e r than d iamete r d 
Diameter 

d 
(microns) 

2.7 
5.4 

10.9 
16.3 
21.8 
27.2 
34.0 
40.8 
54.4 

Sample 
1 

13.6 
36.3 
78.5 
99.3 
100 

Sam.ple 
2 

1.7 
3.0 
5.6 
49.0 
89.6 
99.5 
100 

Sample 
3 

0.4 
3.1 
7.3 
42.0 
82.5 
99.5 
100 

Sample 
4 

1.2 
6.7 
46.6 
89.5 
97.5 
100 

The sma l l e s t pa r t i c l e d iamete r m e a s u r e d in these subsieve 
samples was 2.7 m i c r o n s . This co r responds to a specific a r e a of only 
1175 sq c m / g r a m based on spher ica l georaet ry . The roughness factor for 
these powders might be crudely e s t ima ted to be 10 to 20. 
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d. Application of F rank-Kamene t sk i i Theory to Powder 
Ignition 
(M. Tetenbaum) 

At tempts were made to use the t he rma l theory of explosions 
original ly proposed by Semenoff^9 and developed by Frank-Kamenetski i^O to 
es t imate ignition p a r a m e t e r s of u ran ium powders . The t rea tment of F r a n k -
Kamenetski i was originally applied to gas mix tures in ves se l s . Briefly, the 
c r i t i ca l condition for ignition is given by 

XV^T = -QnK , (1) 

where T is the sample t e m p e r a t u r e , X the t he rma l conductivity, Q the heat 
of reac t ion , n the concentrat ion, K the r a t e constant, and 7^ the Laplacian 
opera to r . For a f i r s t - o r d e r reac t ion with energy of activation E, and for 

K = Ae-E/RT^ 

7 2 T = ^ n A e - E / R T „ (Z) 
A 

According to F rank-Kemene t sk i i , Equation 2 pe rmi t s a 
solution which is everywhere finite when 6, a d imensionless constant, is 
l e ss than a fixed value. For 6 g r e a t e r than this value, no steady state exis t s , 
and such a condition may re su l t in explosion. This c r i t i ca l condition is given 
by 

5 Q E ^ 2 ^ ^ ^ . E / R T O > (3) 

A RTQ 

where Tg is the t e m p e r a t u r e of the walls of the v e s s e l and r is the signifi­
cant geomet r ic dimension of the ve s se l . The c r i t i ca l values of 6 obtained 
by Frank-Kamene t sk i i , and also by Chambre ,31 a r e 0.88 for an infinite 
p l ane -pa ra l l e l sided vesse l , 2.0 for a cyl indr ical ve s se l of length much 
g rea t e r than i ts r ad ius , and 3.32 for a spher ica l vesse l . 

The application of F rank-Kamene t sk i i theory to meta l 
powder sys t ems is apparent ly not t r ea t ed in the l i t e r a tu re . F r a n k -
Kamenetski i d i s c u s s e s briefly and qualitatively the application of his theory 
to the combustion of carbon in fluidized beds , and for some strongly h e t e r o ­
geneous catalytic p r o c e s s e s , such as the contact oxidation of alcohols to 
aldehydes or ketones . The t r e a t m e n t d i scussed below in sorae detai l for 

29semenoff, N., Z. Physik. Chem. 42, 571 (1928). 

30Frank-Kamene tsk i i , D. A., Acta . Phys iochim. USSR 10, 365 (1939). 

31Chambre ' P_, J. Chem. P h y s . 20, 1795 (1952). 
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uranium powder ignition, the re fo re , m a y r ep re sen t a novel approach to the 
genera l p rob lem of meta l powder ignition on the bas i s of F rank-Kamene t sk i i 
theory. 

As an example , the ignition t empe ra tu r e of -18 +20 m e s h 
spher ica l u ran ium powder will be e s t ima ted . For the concentrat ion t e r m 
in Equation 3, we shall use the surface a r e a of the pa r t i c l e s per unit volume 
of packed bed. Therefore , n - 42.2 sq c m / c c for a bulk density of 11.2 g / cc . 
The f i r s t - s t a g e l inear ra te constants (ANL-5974, page 51) a r e 
E = 18700 c a l / m o l e and A = 5.17 g / (sq cm)(sec) . Other t e r m s a r e 
Q == 8100 c a l / g oxygen, R = 1.99 cal / (mole)(deg) , and n = 42.2 sq c m / c c . 
The significant geometr ic dimension of the powder sample was es t imated 
from sample geomet ry nneasurements (see above) which showed that the 
min imum height of -18 +20 m e s h spher ica l u ran ium powder r equ i red for 
constant ignition t e m p e r a t u r e was approximate ly 7 m i l l i m e t e r s . Therefore 
r = 0.35 c m . The effective t he rma l conductivity value ofX = 8 , 7 x 10" c a l / 
(cm)(sec)(C) obtained by Kimura32wi th 350 to 450-mic ron lead powder, may 
be used, since the t h e r m a l conductivity of lead is a lmos t identical to that of 
u ran ium. Inser t ing these values in Equation 3 for 5 = 0.88, and solving for 
the ignition t e m p e r a t u r e , yields TQ (calc) = 316 C. The exper imenta l value 
is 310 C. 

It would be ins t ruc t ive , however, to calculate by means of 
F r ank -Kamene t sk i i theory the effective t he rma l conductivity of the uranium 
powders using m e a s u r e d c r i t i ca l heights and ignition t e m p e r a t u r e s , and to 
compare the ca lcula ted conductivi t ies with exper imenta l and theore t ica l 
packed bed values based on heat t r ans fe r cons ide ra t ions . The r e su l t s ob­
tained a r e shown below 

Calculated Effective 
Cr i t i ca l The rma l Conductivity, 

Mesh Height, m m cal / (cm)(sec)(C) 

-200 +230 (fine) 1,5 9.1 x 10"^ 
-80 +100 ( in termediate) 3 2,4 x 10"^ 
-18 + 20 (coarse) 7 6,7 x 10"* 

The calcula ted values appear to be cons is ten t with the ef­
fective t h e r m a l conductivity values expected for powders , and for the v a r i ­
ation of power conductivity with pa r t i c l e s ize . As noted above, the t he rma l 
conductivity of lead is a lmos t identical to that of u ran ium. Also, the 
m e a s u r e m e n t s of the effective t h e r m a l conductivity of spher ica l lead powder 
(350 to 450 mic rons ) by Kim.ura32 gave a value of 8.71 x 10"^ ca l / (cm)(sec) (C) . 
M e a s u r e m e n t s by Schumann and Voss^S on 2500-micron lead powder resu l ted 
in an effective t h e r m a l conductivity value of 1,0 x 10"^ ca l / (cm)(sec) (C) . 

^^Kimura , M., Chem. Eng. (Japan), 21 , 472 (1957). 

33schumann, T, E. W., and Voss , V., Fuel 13, 249 (1934). 
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The theore t ica l equations derived by Kunii and Smith^^ 
were used to es t imate the effective the rma l conductivity of uranium powder. 
Their analysis show that the effective the rmal conductivity of a packed bed 
is a function of the p roper t i es of the solid and fluid phases , the void fractions 
and, if t he rma l radiat ion is impor tant , the emissivi ty , mean t empera tu re , 
and d iameter of the solid pa r t i c l e s . Using their equations for the case of 
uranium powder (void fraction = 0.42), an effective thermal conductivity 
value of 1 .2 x lO"'' cal / (cm)(sec)(C) was calculated. A s imilar value was 
obtained using the s emi - emp i r i c a l re lat ionship developed by Deiss ler and 
Einn.35 

These values compare favorably with the conductivity 
values obtained with coarse spher ica l u ran ium powder on the bas is of ig­
nition t empera tu re data and the Frank-Kamenetsk i i theory of thermal 
explosions. 

Using the above concepts , it is possible to estirnate ignition 
t empe ra tu r e s for a var ie ty of specific a r e a powders using the F rank-
Kamenetski i theory . The cr i t ica l heights of very fine and very coarse 
uranium powder were calculated using l imiting ignition t empera tu re values 
for these powders , and es t imated effective thermal conductivit ies. For 
example, with -270 +325 mesh spher ica l uranium po-wder, the constant 
ignition t empera tu re values m e a s u r e d were 245 C. Estimating an effective 
the rmal conductivity value of - 10" cal/(cm)(sec)(C) (the conductivity value 
for oxygen gas in the pores at 245 C), one can calculate a cr i t ica l height 
value of 1.5 m m . With a very coarse powder, -10 +12 mesh spher ical 
uranium for exanaple, an effective the rmal conductivity value of ID"'' c a l / 
(cm)(sec)(C) is assumed, based on the measu remen t s of Schumann and Yoss 
on 2500-micron lead powder. [The calculated value of 1.2 x 10~^ cal / 
(cn:i)(sec)(C) based on the equations of Kunii and Smith could also have been 
used.] Using the constant ignition t empera tu re value of 330 C obtained with 
-10 +12 mesh spher ical uranium powder, a cr i t ical height of 9.5 mm was 
calculated. F r o m a plot of specific a r e a versus the above calculated cr i t ica l 
height and es t imated the rmal conductivity values, one can calculate ignition 
t empe ra tu r e s for a var ie ty of specific a r e a powders using Frank-Kamenetsk i i 
theory of t he rma l explosions. The r e su l t s are shown in Table 26. The values 
in paren theses in column 4 a re the exper imental cr i t ical heights derived from 
sample geometry m e a s u r e m e n t s . The ignition t empera tu res calculated for 
var ious mesh size uranium powders using the Frank-Kamenetski i theory 
show good agreement with the exper imenta l r e su l t s . The above t rea tment 
should hold for ignition behavior in a i r , since it is anticipated that exper i ­
mental ignition t empera tu re values will be the same in air and oxygen 
a tmosphe re s . 

34 Kunii, D., and Smith, J. M., A.I .Ch.E. Journal _6, 71 (i960). 

35 De i s s l e r , R. G., and Einn, C. S., Natl . Advisory Comm. Aeronaut. , 
R M E52605 (1952). 
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Table 26 

THEORETICAL IGNITION TEMPERATURES OF URANIUM BASED ON 
FRANK-KAMENETSKII THEORY OF THERMAL EXPLOSIONS 

Mesh 

-200 +230 
-120 -il40 
-80 +100 
-40 +45 
-18 T20 

-12 +14 

Specific Area 
of Pa r t i c l e 
(sq cm/g) 

51.2 
30.2 
21.3 

9.06 
3.78 
2.25 

Es t imated 
T h e r m a l 

Conductivity 
[cal/(cm)(sec)(C)] 

1.2 X 10-"* 
1.7 X 10-* 
2.2 X 10"* 
3.7 X 10"* 
6.4 X 10-^ 
8.9 X 10-^ 

Interpolated 
Cri t ical 
Height^-

(mm) 

1.8 (1.5) 
2.4 
2.9 (3.0) 
4.3 
6.8 (7.0) 
8.8 

Ignition 

Calculat 

253 
263 
270 
290 
310 
325 

Tempe 

ed 

r a tu r e (C) 

Exper imental 

255 
260 
270 
295 
310 
320 

3-Experimental values in pa ren theses . 

2. Burning-propagat ion Studies 

The burning-propagation r a t e is the ra te of advance of a com­
bustion zone along a meta l foil or wi re . It has been a useful and reproducible 
quantity for investigating the nature of metal burning as well as for judging 
the influence of var ious factors in the combustion p r o c e s s . 

A motion picture r eco rd is made of the advance of combustion 
along a metal s t r ip . The metal is ignited at one end by an e lec t r ica l ly 
heated platinum wire . Linear propagation ra t e s a r e readi ly obtained from 
these motion p ic tu res . The effect of sample size and geometry , gas com­
position, p r e s s u r e , and ambient t empera tu re a r e being examined for z i r co ­
nium, uranium, and plutonium. 

It has been found that decreas ing the thickness of foil s t r ips 
will markedly inc rease the burning-propagat ion ra t e and that addition of 
smal l quantities (about 5 per cent by volume) of var ious halogenated hydro­
carbons to air will significantly lower the burning-propagation r a t e . 

a. Burning Propagat ion at Elevated Ambient Tempera tu re s 
(L. Leibowitz, L. W. Mishler) 

All the work ca r r i ed out thus far on burning propagation 
has been with the surrounding a tmosphere at room t e m p e r a t u r e , the only 
source of heat being the meta l combustion itself. Since in many prac t ica l 
cases the re may be considerable heating of the a tmosphere , it seemed of 
in te res t to explore, on a l abora to ry sca le , the effect of this additional 
va r iab le . Quite mass ive samples of uranium, for example, have actually 
burned in heated a tmospheres , although present information, based on 
propagation data with the surroundings at room t empera tu re , indicate that 
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this is unlikely. The way in which external heat a l t e r s the burning c h a r a c ­
t e r i s t i c s of meta l s is important in prac t ica l cases and of considerable 
theore t ica l significance. 

An apparatus suitable for measuremen t of burning-
propagation velocit ies at elevated ambient t empera tu re has been constructed 
and tes ted for sa t is factory operat ion. This consists simply of a glass tube 
covered with a furnace which contains openings for photographing the event. 
Provis ion is made for sample mounting, ignition, and control of gas flow. 
For the exper iments at elevated t e m p e r a t u r e s , the foil s t r ips a re protected 
during heatup by a s t r e a m of argon (1500 cc/min) purified by passage over 
hot copper turnings and Molecular Sieves. This purified argon contains 
l ess than 0.02 per cent of both oxygen and water . The furnace t empera tu re 
is r a i sed to the des i red value while argon is flowing. At this point air at 
the des i red flow ra te is introduced and, after a cer ta in t ime (the delay t ime) , 
the sample is ignited. 

Before re l iable measu remen t s of the heating effect could 
be made, it was n e c e s s a r y to tes t severa l experimental var iables and to 
check the agreement of burning-propagat ion r a t e s obtained using the new 
cell with the r a t e s previously repor ted . Gas flow ra t e , gas flow direction, 
and delay t ime were examined for two different zirconium and two different 
uranium foils and were found to have no effect on ineasured propagation 
ra t e s within the ranges tes ted (20 and 60-second delay t imes , and 0.65 to 
3 .03 -cm/sec l inear flow veloci t ies) . Measurements made with the foils 
and the surrounding air at 150 C showed no effect on either 0.02-mm thick 
z i rconium foil or 0 .13-mm thick uranium foil. These pre l iminary resu l t s 
a re summar ized in Table 27. This study will be continued at higher ambient 
t e m p e r a t u r e s . 

Table 27 

BURNING-PROPAGATION RATES AT ELEVATED 
AMBIENT TEMPERATURES 

Ambient 
T e m p e r a t u r e Burning-propagat ion Rate 

(C) ( c m / s e c ) 

Uranium 0.13 x 3 .0 -mm foil s t r i p s 

24^ prev ious value (5-run average) 0.56 i 0.02 
24^ 6-run ave rage 0.52 + 0.03 
150 8-run ave rage 0 . 5 7 + 0 . 0 3 

Z i rcon ium 0.02 x 5 . 0 - m m foil s t r i p s 

24^ previous value (l run) 1 .5 
24^ 7- run ave rage 1 . 4 + 0 . 2 
150 8-run ave rage 1.5 + 0.2 

3-Average room t e m p e r a t u r e . 
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b. The Effect of Halogenated Hydrocarbons on Burning 
Propagation 
(L. Leibowitz, J. D. Bingle, D. F . F i scher ) 

It has been observed that the presence in a ir of var ious 
halogenated hydrocarbons will significantly lower the burning-propagation 
ra te of uranium and z i rconium foil s t r ips (ANL-6145, pages 137 and 142). 
Similar exper iments using plutonium a re repor ted he re along with additional 
exper iments with z i rconium. 

Pure z i rconium foils, 0 .13-mm thick, would not sustain 
burning in air containing ei ther 5 per cent chlorobromomethane or 5 per 
cent chlorodifluoromethane (Freon-22) . Even the 14.9 atom per cent 
t i tan ium-zi rconium alloy which normal ly burns rapidly in a ir would not 
sustain burning in air containing 5 per cent chlorodifluoromethane, and 
showed a significantly reduced propagation r a t e , burning t empera tu re , and 
burning-zone length in a ir containing 5 per cent chlorobromomethane. 

Several additional runs have been ca r r i ed out with thinner 
zirconium foils to de termine more exactly what ra te changes may be ex­
pected and also what thickness of foil can actually be kept from burning 
by these compounds. All the data available a r e given in Table 28. These 
t e s t s indicate that burning of z i rconium foils as thin as 0.05 m.m (2 mi ls ) 
can be prevented by the presence of about 3 per cent dibromomethane. 

Table 28 

THE EFFECT OF VARIOUS CAS CONTAMINANTS ON THE BURNmG-PROPAGATION RATE 
IN AIR OF ZIRCONIUM AND PLUTONIUM FOILS 

Burning Propagation Rate, cm/see for Indicated Foil Samples 

Contaminant 

None 

He 

He 

03 
HjO 

C02 

CH2Br2 

CF2Br2 

CF2Br2 

CF2Br2 

CH2BrCI 

CH2BrCI 

CHF2CI 

CHFjCI 

Concentration 
(volume %) 

5.0 

10.0 

1.0 

3.1 

5.0 

3.2 

3.3 

6.3 

8.9 

5.2 

11.8 

5.0 

10.0 

Zr 
10.13x0.6 mm) 

0.46 (1.3)3 

0.48 (1.2) 

0.57 (1.2) 

0.54 (1.4) 

0.43 (1.1) 

N.P. 

N.P. 

Zr 
(0.05 X 0.85 mm) 

1.07 (2.3) 

1.01 (2.1) 

H.?}' 

Zr 
(0.02 X 0.9 mm) 

3.23(2.0) 

0.76 (0.8) 

0.84 (0.8) 

1.98 (1.4) 

Zr 
(0.007 X 1.0 mm) 

19.5 

10.9 

9.3 

7.9 

2.12 a(o Ti-Zr Alloy 
(0.13x0.6 mm) 

0.84 (2.6) 

0.85 (2.2) 

0.81 (2.6) 

N.P. 

N.P. 

14.9 a/0 Ti-Zr Alloy 
(0.12x0.6 mm) 

1.M (3.7) 

0.71 (1.7) 

N,P. 

2a/oAI-PuAlloy 
(O.S X1 mm) 

0.45 

D.49 

0.45 

0.44 

0.44 

N.P. 

0.26^ 

0.52 

0.52 

a Numbers in parenthesis are !)urning zone length, cm. 

fiN.P. - Propagation was not sustainal. 

^The burning prcpagation prc^ressed for approximately one cm when ttie sample started to break and bend. 

d In one rase, upon disassembly of the apparatus it was observed that a surface reaction had occurred over the entire foil, despite the fact that the 
photographic record (for 30 sec after ignition) showed that the Ignited end had cooled and ceased to burn perceptibly. 



P r e l i m i n a r y exper iments have been made to study the 
effect of var ious gas contaminants on the burning-propagation ra te of plu­
tonium in a i r . For this work a 2 atom per cent aluminum-plutonium alloy 
foil (0.25 m m thick) is being used since pure plutonium foils a r e not 
yet avai lable . The data obtained thus far a r e also included in Table 28. 
As is evident from the table , no reductions in ra te were seen with helium, 
water vapor, carbon dioxide, or chlorodifluoromethane (Freon-22) . How­
ever , for the other two compounds tes ted , dibromomethane and chloro­
bromomethane , markedinf luences on propagation ra te were found. 

Dibromomethane was the most effective contaminant. 
Four burning-propagat ion exper iments were at tempted in which burning 
was not sustained. After ignition in the chlorobromomethane t e s t s , the 
burning had p r o g r e s s e d approximately one cm when the sample broke and 
bent and the propagation ceased . In uncontaminated a i r , burning will usu­
ally propagate the ent i re length of the sample even if breaking or bending 
should occur . In the two exper iments at tempted, the burning-propagation 
ra t e s over the portion of sample that did burn were 0.23 and 0.29 c m / s e c . 

Work in this a r e a is continuing to clarify the mechanism 
of the effects involved and to provide information which may help in the 
selection of compounds for t e s t s on a l a r g e r sca le . 

3. The Kinetics of Uranium Oxidation 
( L . Leibowitz) 

Measurements of the r a t e of oxidation of e lectropol ished u r a ­
nium have been made in oxygen in the tennperature range from 125 to 250 C 
and at p r e s s u r e s from 20 to 800 m m . This infornnation has a l ready been 
repor ted (ANL-5974, pages 39 to 86) and it has been proposed that the 
course of the react ion is best descr ibed by two l inear r a t e s (see Figure 36). 
Linear metal-oxidat ion kinetics genera l ly a re considered to indicate con­
tinuous cracking of the oxide film, yielding a diffusion b a r r i e r of constant 
thickness leading to initially parabol ic oxidation kinetics followed by a 
l inear ra te law.36 

Considerat ions of the oxide species formed, the dependence of 
ra te on oxygen p r e s s u r e , the effect of polishing method on the kinet ics , 
absence of an adequate fit above about 200 C of the initial phases of the 
oxidation to parabol ic k ine t ics , and the independence of the course of the 
p rocess on in terrupt ion (ANL-6183, page 140), make the cracking hypothesis 
an unlikely one. 

36Haycock, E. W., J . E lec t rochem. Soc. 106, 771 (1959). 
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FiaURE 3S 

RATE-DETERMIN ING DATA FOR A 

TYPIGAL URANIUM OXIDATION RUN 

(iSO C and 5 0 mm osygen pressure) 

1 I I a I I i I 

240 320 400 480 560 640 

An al ternat ive proposal to explain l inear oxidation kinetics is 
that the ra te -cont ro l l ing step is at the oxide surface . In this case a l inear 
oxidation would be observed frorn the s ta r t , provided the t rue oxide surface 
a r ea remained constant. Microscopic studies of the metal surface during 
the course of the oxidation have indeed shown a marked roughening to occur 
at the same t ime as the onset of the second stage (ANL-6IOI, page 138). 
Quantitative discuss ion of this point is not possible because of the absence 
of surface a r e a m e a s u r e m e n t s . 

If the overal l ra te of oxidation is controlled by the ra te of a 
p rocess occurr ing in the outer oxide surface, then we would expect 

V = kC^ 

where v is the oxidation r a t e , Cg, the concentration of adsorbed oxygen, and 
k the ra te constant. For an energet ical ly heterogeneous surface Halsey37 
has shown that 

= Cv. 
m P7 

37 Halsey, G. D., Advances in Cata lys is , Vol. IV, Academic P r e s s , Inc., 
New York (1952). p . 259. 
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where 9 is the fractional coverage , P the p r e s s u r e , T the t e m p e r a t u r e , 
R the gas constant, and P°, Xxn.' ^ ' '̂"•^ ^ •̂'̂ ® constants re la ted to the entropy 
and surface energy of the adsorpt ion. Assuming Q to be proport ional to Ca, 
and using the usual Arrhen ius express ion for the react ion ra te constant, we 
have 

^^, , - E / R T ii) 
| R T / X ^ ( l - r T | 

The exper imenta l values of v a r e reasonably well r ep re sen t ed 
by this express ion with a value of 10.7 kca l /mole for E. Overal l activation 
energies p resen ted in ANL-5974, page 52, vary from 12.4 kca l /mole at 
20 m m Og to 18.7 kca l /mo le at 800 m m . These values , however , include 
the p r e s s u r e and t empera tu re -dependen t factor P '̂•"• which is not included 
in the constant value 10.7 k c a l / m o l e . It is thus possible to develop a r e a s o n ­
able and consistent descr ip t ion of the oxidation p rocess in these t e r m s . This 
m a t e r i a l is the subject of a publication cur ren t ly being p r epa red . 

B. Meta l -Water React ions 
( L . Baker , M. Kilpatrick*) 

1. Labora to ry Studies : Condense r -d i scharge Method 
( L . Baker , R. Warchal) 

The condense r -d i scha rge exper iment is an at tempt to obtain 
fundamental ra te data under exper imenta l conditions s imi la r to those en­
countered during a se r ious accident in a nuclear r e ac to r . Ei ther a nuclear 
runaway or a sudden los s of coolant during operat ion of a water -cooled r e ­
actor could resu l t in contact between very hot fuel and cladding meta l s with 
water or s t eam and might involve fine p a r t i c l e s . The condenser -d i scharge 
exper iment s imula tes the l imit ing case of a nuclear incident in that the hea t ­
ing t ime is very shor t and ve ry fine meta l par t ic les a r e produced. 

In the condense r -d i scha rge exper iment meta l wi res a r e rapidly 
mel ted and d i spe r sed in a water - f i l l ed cell by a surge cu r ren t from a bank 
of condense r s . The energy input to the wire is used to calculate the init ial 
react ion t e m p e r a t u r e . The t r ans i en t p r e s s u r e m e a s u r e s react ion r a t e , the 
amount of hydrogen genera ted gives the extent of react ion, and the par t ic le 
size of the res idue indicates the surface a r e a exposed to reac t ion . 

Analysis of the r e s u l t s is based on one of the usual laws of 
meta l oxidation (parabolic ra te law) and on calculations of the r a t e of heat 
l o s s . In this Avay an at tempt is made to in t e rp re t exper imenta l work as it 
p roceeds . It is expected that final i so the rma l ra te constants will be 

•Consu l tan t , Ill inois Insti tute of Technology (presently Senior Chemist , 
E m e r i t u s , Argonne National Labora tory) . 
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available at the conclusion of exper imenta l work. The final constants 
should be applicable to a detailed analysis of par t icu la r r eac to r conditions. 

a. H igh-p ressu re Apparatus 

The construction of the h igh -p re s su re react ion cell has 
been completed. There were severa l unusual r equ i rements in the design 
of a react ion cell for me ta l -wa te r react ion studies by the condenser -
discharge method. The cell had to be both vacuum and p r e s s u r e tight, and 
able to withstand thermal cycling. In addition, insulated leads of high 
c u r r e n t - c a r r y i n g capacity had to be brought into the cell . A diagram of the 
apparatus is shown in Figure 3 7. The react ion cell is constructed of s tain­
l e s s s teel ; copper wire and rods a r e used as conductors within the cell . 
The discharge cur ren t is c a r r i ed into the cell through eight 14-gauge wires 
using a la rge Conax Fit t ing. An additional machined ring was s i l ve r -
soldered to the s tandard fitting to hold either a Teflon or a s i lver -p la ted 
s ta inless s teel O-ring to effect a positive sea l . An SLM piezoelec t r ic 
p r e s s u r e t r ansduce r is mounted in a s imi lar fashion on the lower end of 
the cel l . The face of the t r ansducer is therefore under the water level . 

FIGURE 37 
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The reac t ion cell after assembly and leak testing is low­
ered into a furnace constructed of two s izes of s ta inless steel pipe. The 
annulus between the two pipes contains n ichrome heater windings, asbes tos 
insulation, and control the rmocoup les . Both pipes act as blast shields in 
the event of an accident and would di rect any project i les either up or down. 

The cell is connected to a h igh -p res su re Bourdon gage and 
through a h i g h - p r e s s u r e valve to a vacuum sys tem. The cell and associa ted 
tubing a r e evacuated to a p r e s s u r e of 0,1 mic ron . Degassed water (50 cc) 
is then poured in by the rotat ion of a ground glass joint. The h igh -p re s su re 
components a r e then sealed off from the glass vacuum sys tem by closing 
the h i g h - p r e s s u r e valve. Heating the cell causes about 10 cc of the water 
to distil l from the cell to fill the Bourdon tube and connecting lines with 
liquid water . 

Following a run, the react ion cell is cooled to below 100 C; 
the hydrogen generated by react ion is removed from the cell to a cal ibrated 
volume by a Toepler pump. The quantity of gas collected is determined by 
a p r e s s u r e measu remen t and the puri ty (absence of air in-leakage) by dif­
fusion through a heated palladium tube. 

b. Zirconium Runs at High P r e s s u r e 

A s e r i e s of runs was completed in the new h igh -p re s su re 
cell , using 60-mil z i rconium w i r e s . The r e su l t s of the runs a r e given in 
Table 29 and plotted in Figure 38. 

Table 29 

ZIRCONIUM-WATER REACTION DATA FROM 
HIGH-PRESSURE CONDENSER-DISCHARGE APPARATUS 

Apparatus: see Figure 37 
Zirconium used: 60-mil •wires 

Run 

192 
194 
191 
193 
195 
190 
189 
197 
196 
188 

Energy 
Input 

(cal/g) 

144 
150 
150 
157 
157 
161 
169 
201 
204 
206 

Calc Temp (C) 
and Phys State 

1700, Solid 
1800, Solid 
1800, Solid 
1840, 5% Liq 
1840, 5% Liq 
1840, lOfc Liq 
1840, 25% Liq 
1840, 75% Liq 
1840, 80% Liq 
1840, 85% Liq 

Satd Vapor 
P r e s s u r e 

of Ambient 
Water (psia) 

0.5^ 
5.2 
22 
0.5a-
230 
225 
215 
0.5a 
16 
154 

Per cent 
Reaction 

2.6 
8.6 
7.8 
3.7 
9.0 
8.5 

14.5 
11.2 
31.5 
30.7 

Appearance 
of 

Residue 

Intact 
Distorted 
Distorted 

Intact 
Distorted 
Distorted 

Some Part ic les 
Coarse Part ic les 
Coarse Part icles 
Coarse Par t ic les 

^Ambient water at room tempera ture . 
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Figure 38 includes the nonexplosive runs that were r epor t ed previously for 
60-mil z i rconium wi res heated in water at room t e m p e r a t u r e . Wires a re 
raounted ver t ica l ly in the new cell . They were mounted horizontal ly in the 
r o o m - t e m p e r a t u r e cel l . Several runs were made at room tempera tu re in 
the new cell and were found to agree with r e su l t s obtained previously using 
the horizontal mounting. Data for these runs a re given in Figure 38. 

The r e su l t s of runs made in water at elevated p r e s s u r e 
indicate that the overal l react ion depends strongly on the p r e s s u r e of water 
vapor up to some point between 0.5 ps ia (the nominal vapor p r e s s u r e of 
water at room tempera tu re ) and 5 ps ia . A further i nc rease in p r e s s u r e 
causes no additional reac t ion . This l imit suggests that the react ion becomes 
controlled by the t r anspor t of water vapor through a hydrogen film generated 
by reac t ion . This la t te r p r o c e s s would be expected to be re la t ively independ­
ent of p r e s s u r e . None of the runs showed an explosive p r e s s u r e r i s e . 

Studies at elevated p r e s s u r e will include runs with sa tura ted 
water at p r e s s u r e s up to about 1500 psi and runs with under cooled water 
xinder iner t gas p r e s s u r e . 
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A theore t ica l model of a meta l -water react ion is under 
development. This model will include the effect of a gaseous diffusion step 
in the overal l p r o c e s s . Numer ica l solutions to the equations describing 
the overal l p rocess will be obtained by computer methods . 

2. In-pile Testing in TREAT Reactor* 
( R . C . Li imatainen, R. O. Ivins, M. Deerwes te r , F . Testa , 
J. DeAcetis**) 

The program of studying meta l -wate r react ions by simulating 
actual nuclear meltdown incidents is continuing. The previous repor t 
( A N L - 6 1 8 3 , page 145) gave r e su l t s on oxide-core fuel pins clad in aluminum 
and s ta inless s teel ; a lso, data were given on a luminum-uranium oxide 
ce rmet pins clad in Z i rca loy-2 . During this quar te r , experiments were 
conducted on oxide-core pins clad in Zi rca loy-2 and on c e r m e t - c o r e pins . 
These cur ren t r esu l t s a re summar ized in Table 30. 

Table 30 

SUMMARY OF RESULTS OF RECENT IN-PILE METAL-WATER EXPERIMENTS 

Fuel Pin 
core material 
clad material 
overall diameter, inches 
overall length, inches 

Environment of Pin 

Reactor Characteristics 
Mw-sec burst 
Mw peak power 
ms period 

nvt Tliermal Dose 

Per Cent of Metal 
Reacted wit l i VBater 

Peak Metal Surface Temp, C 

Peak Pressure, psi 

Appearance of Fuel Pin 
after Transient 

Oxide-core composition 

Cermet 

, W/O: 

core composition, w/o: 

Wire composition, w/o: 

28 

oxide 
Zr-2 
0.38 
1.05 

in Liq H^O 

320 
1630 

60 

2.4 X lO l ^ 

41 

840 

186 

hole melted 
in jacket; 
particles 
produced 

29 

oxide 
Zr-2 
0.38 
1.05 

in Liq H2O 

385 
1600 

63 

6.0 X I 0 I I 

8.0 

925 

36 

liole melted 
in jacket; 
particles 
produced 

30 

oxide 
Zr-2 
0.38 
1.05 

in Liq HjO 

550 
1690 

62 

10 X i 0 l 4 

14.0 

-350 

-

hole meltec 
in jacket; 
particles 
produced 

31.51 Z rO j , 9.06 CaO. 8.69 UjOg, 
3.74 AI2O3, 93?» enriched 

» Al , 10 UjOg, )5?« enriched 

100 U, 9 » enriched 

CEN Transient Number 

31 

cermet 
Zr-2 
0.38 
1.80 

In Liq H2O 

525 
1610 

63 

8.6 x I Q M 

7.0 

1210 

-

pin melted 
into 3 frag­
ments plus 

particles 

34 

U 
none 
0.034 
1.00 

He 

98 
570 
96 

0.97 X 1014 

„ 

>1500 

melted into 
particles 
plus fine 
powder 

35 

U 
none 
0.034 
1.00 

in Liq H2O 

47 
306 
96 

O.M X 1014 

28.3 

H500 

25 

melted 
into 

particles 

37 

cermet 
none 
0.31 
0.70 

in Liq H2O 

440 
1650 

65 

5.7 X 10l4 

0.7 

>1500 

m 
spike 

melted 

m 

cermet 
none 
0.31 
0.70 

in Liq H2O 

235 
1000 

84 

3.2 X I0 I4 

3.8 

--1500 

90 
spike 

melted 

In Experiraents CEN-28, -29, and -30, the energy input to the 
Zi rca loy-2 clad, oxide-core pins was progress ive ly increased while the 
reac tor per iod and peak power were held essent ial ly constant. An in te r ­
esting point in these three runs with the Zircaloy-2 clad, oxide-core pins 

* The cooperation of the TREAT operating personnel of the Idaho 
Division, and of the ANL Metallurgy Division is gratefully acknowledged. 

** Summer employee. 
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is the i nc rease in the extent of the me ta l -wa te r react ion as the r eac to r 
bu r s t becomes more energe t ic . As the burs t energy i nc rea se s from 
320 to 385 to 550 megawatt seconds, the per cent of metal reac ted with the 
water goes from 4.1 to 8.0 to 14.0, respec t ive ly . The fission energy input 
is calculated to be 266 ca lor ies per g r a m of core at 320 megawatt seconds 
and 460 ca lor ies per g ram at 550 megawatt seconds from measu remen t s 
on other oxide core p ins . F igures 39, 40, and 41 show the changes that 
occur red in these oxide-core p ins . Another point of in te res t is a compar ­
ison of runs on Zi rca loy-2 clad, oxide-core pins with s ta inless s tee l -c lad 
oxide-core p ins . In Experiment CEN-21 (ANL-6183, page 146), it was 
observed that a 420-megawat t -second burs t did not rupture or mel t the 
s ta in less s teel jacket- For conaparison, bu r s t s of 320 Mw-sec (CEN-28) 
and 385 Mw-sec (CEN-29) did rupture and mel t the cent ra l portion of the 
Zi rca loy-2 jacket . To achieve melting of the s ta in less steel jacket , a burs t 
of 560 megawat t -seconds was requ i red (CEN-24 in ANL-6183, page 147). 
These compar isons a r e made for runs in which the reac to r energy was 
sys temat ica l ly var ied while the r eac to r period and peak power were held 
as constant as possible at 60 mi l l i seconds and I6OO megawatt seconds, 
respec t ive ly . 

FIGURE 39 

ZIRCALOY-2-JACKETED, OXIDE-CORE PIN AFTER 
TRANSIENT CEN-28 
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FIGURE 40 

ZIRCALOY-2-JACKETED, 
OXIDE-CORE PIN AFTER 

TRANSIENT CEN-29 

FIGURE 41 

ZIRCALOY-2-JACKETED, 
OXIDE-CORE PIN AFTER 

TRANSIENT CEN-30 

; * 

1/2 in. 1/2 in. 

Observation has shown that a lower burs t energy (--̂ 350 Mw-sec) will rup ­
ture or melt a Z i rca loy-2-c lad pin whereas the same energy does not rup­
ture or melt a s ta in less steel jacket . This is probably due to contributions 
of the following two fac tors : 

2. 

Heat t r ans fe r s from the core by conduction through 
Zi rca loy-2 occur more slowly than through s ta inless steel 
for the same t empera tu re gradient; the values of thermal 
conductivity a r e Ky^..? ~ 0.03 and Koo = 0.17 c a l / 
(cm)(sec)(C). 

Stainless steel is the s t ronger metal at high t empera tu re s ; 
at 500 C, the values of ul t imate strength a r e 72,000 psi 
for SS-304 and 32,000 psi for Z i rca loy-2 . 
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An X- ray photograph was taken of the pin from CEN-28; the 
photograph (Figure 42) c lear ly shows voids and nonuniformities in the oxide 
co re . Radiographs of the un i r rad ia ted pins , as manufactured, showed no 
voids or nonuniformities in the core (Figure 35, page 146, ANL-6183). 

FIGURE 42 

RADIOGRAPH OF ZIRCALOY-2-JACKETED, 
OXIDE-CORE FUEL PIN AFTER 

TRANSIENT CEN-28 

To obtain a closer compar ison between the condenser -d ischarge 
and in-pi le techniques, two exper iments (CEN-34,-35 in Table 30) were run 
on 34-mil d iameter uranium wi res , 93 per cent enriched. CEN-34 was a 
base- l ine run in a hel ium a tmosphere ; the 98-megawat t -second burs t r e ­
sulted in complete conversion of the pin into par t ic les and a fine dust. In 
CEN-35, a run with liquid water , the 47-megawat t -second burs t (273 calor ies 
per g r a m uranium es t imated energy input) also melted the pin into pa r t i c les ; 
the extent of the u ran ium-water react ion was 28.3 per cent as computed from 
the react ion 

U + 2H2O—-UO2 + 2H2 

and the measu red hydrogen evolution. It is of in te res t to r eca l l that it was 
previously found in Run CEN-11 , made with a uraniuin pin, that an energy 
input of 182 ca lor ies per g r am gave 10.1 per cent me ta l -wa te r react ion 
(ANL-6145, page 167); thus , it appear s that the positive dependence of ex­
tent of react ion on energy input is continuing. 
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Three runs were made on c e r m e t - c o r e pins to extend the infor­
mation on the a luminum-water reac t ion . By comparing the physical changes 
in the jacketed pin from Run CEN-31 (Figure 43) with the unjacketed pins 
from Runs CEN-37 and -38 (Figures 44 and 45), there is evidence that the 
breakup of the pin into par t i c les is favored by the presence of the jacket . 

FIGURE 43 

CERMET-CORE, ZIRCALOY-2-JACKETED PIN AFTER 
TRANSIENT CEN-31 
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FIGURE 44 

UNUSED PIN AND MELTED PIN FROM TRANSIENT 
CEN-37, UNJACKETED CERMET 

1/2" 



FIGURE 45 

UNUSED PIN AND MELTED PIN FROM TRANSIENT 
CEN-38, UNJACKETED CERMET 

1/2" 
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Evidently, when a hole is ruptured or m.elted in the Zi rca loy-2 jacket , this 
allows the confined molten core to come out in a re la t ively fine spray . 
Reference can also be made to Runs CEN-25 and -26 (ANL-6183, page 147) 
in which there was extensive par t ic le formation frona the jacketed c e r m e t -
core p ins . This observat ion of the influence of the jacket is also consistent 
with r e su l t s from previous "pin-hole" exper iments where d ispers ion of the 
uranium, meta l core was achieved by drilling 3 - or 15-mil d iameter holes 
in a Zi rca loy-2 jacket (ANL-6145, page 166). 

Exper iments CEN-37 and -38 a re also of in te res t since these 
a re the only two runs m which a p r e s s u r e "spike" has been observed. The 
oscil lograph r eco rd from Experiment CEN-37 is shown in Figure 46. 

FIGURE 46 

OSCILLOGRAPH RECORD OF CEN-38 

TliVIE 0 i second per divisiDn — 
CHART SPEED II 3 inohes/second 
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Two energet ic t r ans i en t s , Runs CEN-27a and b, were made to 
de te rmine the output of a new " rad ia t ion - re s i s t an t " (no organic mate r ia l s ) 
s t ra in gage p r e s s u r e t r ansduce r and to observe the radiolysis of water 
An autoclave containing wate r , gold foils, and 20 psia of hel ium was fitted 
with an unbonded s t ra in gage p r e s s u r e pickup type CEC-4-326-0180. The 
t r ansduce r had a range of 0 to 1000 ps i and a ful l -scale output of 23.2 m i l ­
livolts with a five-volt input. A 515-Mw-sec (0.75 x 10^^ nvtth). 1740-Mw 
peaks 61-ms per iod t rans ien t gave a maximum change in output cor respond­
ing to 160 ps i with a DC input. A 500-Mw-sec (0.78 x 10^^ nvt^j^)' 1670-Mw 
peak, 63-ms per iod t rans ien t gave a change of 80 psi with an AC c a r r i e r 
sys tem. The p r e s s u r e on the t r ansduce r was actually constant at 20 psia . 
It is apparent that the b u r s t does influence the t r ansducer . It is also 
evident that a cons iderable reduction in the radiat ion output r e su l t s by u s ­
ing AC excitation r a the r than DC. 

Another observat ion was on the radio lys is of water subjected 
to a total in tegrated power of 1015 Mw-sec (1.53 x 10^^ nvtth). The m a s s 
spec t romete r analys is showed 2.4 volume per cent hydrogen in the vapor 
phase inside the autoclave. This cor responds to 0.007 per cent decompo­
sition ( 2 x 1 0 " g mole hydrogen produced) of the water as calculated from 
the react ion 

2H2O - ^ H2O2 + H2 . 

Fo r compar ison, a previous tes t , CEN-7, with 25-Mw-sec energy, showed 
no observable decomposit ion of the wa te r . A calculation based on the G value 
of 0.75 molecule of water decomposed per 100-ev absorbed energy and an 
estinaated dose of 10 rad gives a predic ted value of 3,8 x 10"^ mole hydro­
gen produced. This is in reasonable ag reemen t with the observed value of 
2 x 10" mole hydrogen. 
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IV. REACTOR CHEMISTRY 

Data a r e being obtained on the neutron capture c r o s s sect ions of 
u ran ium-236 a s a function of neut ron energy. C r o s s sect ions have been 
obtained for neutron energ ies ranging from 0,475 to 1.74 Mev. 

The S lu r rex Reactor chemica l supporting p r o g r a m has been t e r m i ­
nated and a final r epo r t is being wri t ten . 

The Reactor Decontamination P r o g r a m has two main objectives: 
1) to de te rmine the s e r i o u s n e s s of fuel rup tu res in boiling water r e a c t o r s 
as m e a s u r e d by the quanti t ies of radioact ive m a t e r i a l s which deposit in the 
s team sys tem, and 2) to de te rmine what methods of decontamination can 
be used to remove these deposi ted ac t iv i t ies . The f i r s t study is being 
made with a s ta in less s teel loop that s imula tes the action of a boiling 
wate r r e a c t o r into which mixed f iss ion products can be introduced. 
Quanti t ies and types of f iss ion products deposited a r e moni tored by sev­
e ra l methods . A second study is being made in the l abora tory to find 
suitable means of removing deposi ted ac t iv i t ies . 

In the l abora to ry , it was found that the p re sence of oxygen during 
the contaminat ion por t ion of an exper iment reduced the effectiveness of 
decontamination by the alkaline pe rmangana t e - c i t r a t e p rocedure . This 
effect was g r e a t e r when 30-day-cooled u ran ium was used for the expe r i ­
ment than it was with 60-day-cooled u ran ium. 

Cor ros ion studies of var ious turbine m a t e r i a l s in typical decon­
taminat ion reagents w e r e continued. Pit t ing of chromium-molybdenum 
s tee ls in c i t ra te solutions adjusted to pH 10 was found to be appreciably 
reduced when hexamethylene t e t r amine was added as an inhibitor. 

In additional l abora to ry runs , analyses of supernatant and uran ium 
dioxide par t icu la te produced by reac t ion of i r r ad ia t ed uraniura with water 
at high t e m p e r a t u r e indicated that two per cent of the total ganama activity 
was ex t rac ted into the wa te r . The l a t t e r contained 52 per cent of the 
iodine, 0.9 pe r cent of the ce r i um, and 0.05 per cent of the ruthenium. 

In the loop runs , radioact ivi ty was introduced in the form of i r ­
radia ted u ran ium which reac ted with the hot water to s imulate a fuel rup­
tu re . Analysis of loop liquid over a 12-day per iod indicated that the 
concentra t ions of u ran ium and f iss ion products did not r emain constant 
but exhibited var ia t ions both upward and downward. 

Total gamma activity in s team samples was low and difficult to 
m e a s u r e accura te ly . Calculated disengaging f ac to r s* were 2 x 1 0 ^ for 

*" Disengaging factor" is defined as the ratio of activity in the liquid phase to that in the steam phase. 
This factor is often called a "decontamination factor" in the literature but is not so called herein to 
avoid confusion with the "decontamination factors" reported which are the ratios of activities on solid 
surfaces before and after various chemical treatments. 



total gamma counts to 9 x 10 for z i rcon ium-95 . Disengaging factors for 
other f ission products fell in between these two values . 

The fission products z i r con ium-95 , ruthenium-103, and ba r i um-140 -
lanthanum-140 were deposited on the m.etal sample s t r ip in the disengaging 
section in the same re la t ive propor t ions as they were p resen t in the c i r ­
culating liquid. Cer ium-141 deposit ion in the liquid phase was lower than 
that suggested by its re la t ive content in the circulat ing liquid. 

Gamraa spec t ra of loop water and res idual undissolved uran ium 
oxide indicated that iodine-131 was preferent ia l ly leached into the water . 

The p r o g r a m for studying the effects of s team on s t ruc tu ra l m a t e ­
r i a l s for nuclear s u p e r h e a t e r s has been te rmina ted and a final r epor t is 
being wri t ten . 

A. Determinat ion of Nuclear Constants 
(C. E. Crouthamel) 

1. F a s t Neutron Capture in Uraniuro-236 
(D. C. Stupegia and R. Heinrich) 

The neutron capture c r o s s sect ions of uranium-236 have been 
de termined for seven neutron energ ies between 0.475 and 1.74 MeVs using 
the Van de Graaff a c c e l e r a t o r s of the Reactor Engineering Division and of 
the Phys ics Division, In this work one m e a s u r e s the absolute uranium-237 
activity produced in a known amount of uranium-236 in a known flux of 
monoenerget ic neu t rons . The flux is m e a s u r e d with a f ission chamber . 
The absolute d is in tegra t ion ra te of u ran ium-237 was de te rmined by r e ­
lating i ts gamma spec t rum to the spec t rum of a known amount of 
uranium-2375 which was assayed by 47T beta counting. The values obtained 
a r e given in F igure 47. 

The values a r e expected to change slightly, depending upon 
ref inements being made in the absolute 4?! beta count of uran ium-237. 
Such changes will be in the form of a constant factor, changing each value 
by about 5 per cent., but not affecting the values re la t ive to each other. It 
is intended to extend the curve back to about 0.3 or 0.4 Mev on the low 
energy end, and to obtain one or two other points on the curve . 

2, Capture and F i s s ion C r o s s Sections of Uranium and Plutonium 
Isotopes in EBR-I , Mark III 
(C. E. Crouthamel , D. C. Stupegia and R. Heinrich) 

Samples of uranium-2335 -235, and -238, and of plutonium-239 
and -240 have been i r r ad ia t ed in the fast b r e e d e r r eac to r EBR-I , Mark III, 
for a total exposure of 800,000 k i lowat t -hours . When the samples a r r i v e 
they will be analyzed for the i r f iss ion and capture c r o s s sections in the 
fast r eac to r flux. 
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FIGURE 47 
NEUTRON CAPTURE CROSS SECTION OF URANIUM-236 
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The number of f issions in these samples will be determined 
by the chemical separat ion and absolute counting of the f ission product 
ces ium-137, whose fission yield is known in the fast neutron flux. The 
degree of neutron capture will be m e a s u r e d by comparing m a s s spec t ro-
graphic analyses of the i r r ad ia ted nuclides with s imi la r analyses made 
before i r radia t ion . 

B. S lur rex Chemical Supporting Prograna 
(C. E. Crouthamel) 

This p r o g r a m has been te rmina ted and a final r epor t is being 
wri t ten. 

C. Reactor Decontamination 
(W. B. Seefeldt) 

Labora tory studies a r e being made to evaluate decontamination 
methods that may be useful in boiling water r eac to r sys t ems . Efforts 
to date have been focused on the decontamination of s ta in less steel 
type 304 with liquid reagents . 

A recommended procedure for the decontamination of metal l ic 
surfaces contaminated by h igh -p re s su re s team (~600 psig) involves the 
use of alkaline permanganate and ammonium ci t ra te or c i t r ic acid. P a r t 
of the investigations a re a imed at exploiting the use of foam with these 
reagents in an effort to achieve decontamination with smal le r volumes of 
solution than a r e neces sa ry with l iquid-phase decontamination. 



A s ta in less s teel type 304 loop which s imulates the action of a boiling 
water r eac to r has been instal led in a shielded cell in order to study the ef­
fects of fuel rup tures on the deposit ion of f ission products in the vapor phase , 

1, Labora to ry Studies 
(S. Vogler, H. Tyler) 

a. Decontamination of Stainless Steel 

P rev ious exper imen t s with g ros s amounts of oxygen p re sen t 
in the autoclave during the contaminat ion cycle produced contaminated s ta in­
l e s s s teel for which the decontaminat ion by the alkaline permanganate p r o ­
cedure was markedly leaver than for m a t e r i a l contaminated in the absence 
of oxygen. More recent r e su l t s ( r epor ted in ANL-6183, page 162) were 
c a r r i e d out on me ta l contaminated in the p resence of approximately 200 ppm 
of oxygen. These r e su l t s showed a total gamma decontamination factor of 
four as compared with a decontaminat ion of sixteen for meta l contaminated 
in a s team phase in the absence of oxygen. 

The p rocedure for these exper iments was to place a piece 
of i r r ad ia t ed na tura l u ran ium in 100 ml of deionized water in a preoxidized 
s ta in less s teel l ine r , which in turn was placed in the autoclave. The auto­
clave was evacuated quickly to one m m by means of a vacuum pump. Then 
a smal l amount of oxygen was expanded into the autoclave systena to p r o ­
duce a vapor space concentra t ion of approximately 200 ppm at operating 
condit ions. The autoclave was heated to approximately 250 C and m a i n ­
tained at 600 psig for b~ days . Upon completion of the run and cooling of 
the autoclaves a sample of the res idua l gas was taken. This gas was 
chiefly hydrogen genera ted by the reac t ion of water with the uran ium meta l . 
Mass spec t rome t r i c ana lys is of the gas in a typical exper iment gave 0.02 per 
cent oxygen, which was approxinaately 15 pe r cent of the oxygen originally 
added to the autoclave. The l iner was then cut into one-inch squares for 
the decontaminat ion expe r imen t s , which w e r e pe r fo rmed by means of the 
alkaline p e r m a n g a n a t e - c i t r a t e decontaminat ion p rocedure . 

The meta l sample p ieces used in the decontamination ex­
pe r imen t s were assayed with a 256-channel gamma scinti l lat ion spec t rom­
e te r both before and after the decontaminat ion p rocedure . F r o m an 
examinat ion of the gamma scint i l la t ion spec t rome te r scans the counting 
r a t e s of var ious f iss ion products w e r e computed by measur ing the a r e a 
under the pr inc ipa l peak for the individual f ission products . A compar i son 
of the counting ra t e before and after the decontamination exper iment yielded 
a m e a s u r e of the decontaminat ion for that pa r t i cu la r f ission product . Ex­
aminat ion of the gamma scint i l la t ion scans indicated four major peaks and 
one minor peak. The major peaks were a t t r ibuted to c e r i u m - M l , 
ru thenium-1 03, z i rconiuna-95, niobium.-95, and iodine-131. The minor 
peak was not invest igated but could r e p r e s e n t a secondary iodine-131 peak 
or a ces ium-137 peak. 
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The f i r s t two exper iments were pe r fo rmed immediate ly 
upon the complet ion of the contamination segment of the exper iment (pro­
duced by i r r a d i a t e d na tura l u ran ium with one-month cooling). The decon­
tamination exper iments were repea ted one month l a te r using the same 
contaminated me ta l . The decontamination fac tors for the individual fission 
products a r e s u m m a r i z e d in Table 31 . 

Table 31 

SPECIFIC FISSION PRODUCT DECONTAMINATION BY 
THE ALKALINE PERMANGANATE PROCEDURE 

Effect of Oxygen during the Contamination Step 

Cooling Time of Activity:^ ~ 30 days for Expt 1 and 2 
60 days for Expt 3 and 4 

Expt 1 and 3: Contaminated in the p r e s e n c e of 200 ppm oxygen 
Expt 2 and 4: Contaminated in the absence of noncondensible gases 

Decontamination 

Solution 1: 0.5 pe r cent KMn04 in 1 per cent NaOH, 
four hours at 25 C 

Solution 2: 10 pe r cent ammonium c i t r a t e , 
-J hour at 85 C 

Decontamination F a c t o r s " 

Activity 

Total Gamma 

Iodine 
Cerium. 

Ruthenium 

Zirconium 

Expt 1 

3 
5 
2,6 
3.0 

7.8 

„ 

Expt 2 

19 
13 
20 
18 

7.3 

— 

Expt 3 

8 
24 
-
4 

12 
12 
28 
66 

120 

Expt 4 

33 
46 

-
13 
28 

119 
>200 

330 
440 

^The me ta l samples for Exper imen t s 1 and 3 and for E x p e r i ­
ments 2 and 4 were contaminated at the same t ime. As indi­
cated, the meta l samples for Exper imen t s 3 and 4 were allowed 
to stand in a i r for an additional 30 days before being decontaminated. 

" P a i r s of numbers indicate duplicate l iner spec imens . 

These r e su l t s indicated that the l imi ta t ion in the total decon­
taminat ion in Exper imen t 1 was the r e su l t of a drop in both the c e r i u m and 
iodine decontaminat ion fac tors as compared with Exper iment 2. The iodine 



activity in Exper iments 1 and 2 was by far the mos t prominent activity on 
the meta l plate., r epresen t ing g r e a t e r than 50 per cent of the total activity 
upon the pla te . Zi rconium data were not tabulated for the f i rs t two exper i ­
ments because of difficulty in fully resolving the z i rconium peak. In 
Exper iments 3 and 4 (one-m.onth additional cooling time) s imi la r differences 
in the decontamination were sti l l not iceable . Again it appeared that a low 
ce r ium decontamination resu l ted in a low total gam.ma decontamination. 
In Exper iments 3 and 4 differences in the ruthenium decontamination were 
more evident. 

The r e su l t s obtained indicate that the p resence of oxygen 
during the contaminat ion step resu l ted in a reduced decontamination with 
the alkaline p e r m a n g a n a t e - c i t r a t e p rocedure when compared with metal 
contaminated in the absence of oxygen. The improvement in the g ross 
gamma decontaminat ion obtained in Exper iments 3 and 4 was due both to 
the el imination of iodine by decay and the improvement in the f ission 
product decontaminations which was apparent ly due to a longer standing 
t ime of the samples between contaminat ion and decontamination, 

b. Distr ibut ion of F i s s ion Produc t Activi t ies in Contamina-
tion Runs 

As an aid in evaluating the amount of contamination which 
might occur following a fuel rupture in a boiling water reactor., it was of 
in t e re s t to de te rmine the dis t r ibut ion of the individual fission products 
between the solid u ran ium dioxide and the supernatant water of the auto­
clave, and to compare this with the dis t r ibut ion of the fission products 
deposited on the me ta l . 

The activity in the supernatant water was de te rmined by 
counting an aliquot of the solution evapora ted on a meta l plate. The u r a ­
nium dioxide was dissolved in ni t r ic acid, and an aliquot dried, and counted. 
These , as well as samples of the l i ne r , w e r e counted by means of the 
256-channel scint i l lat ion s p e c t r o m e t e r . The amounts of the individual 
act ivi t ies p r e s e n t in a pa r t i cu l a r sample were de termined by counting 
under the appropr ia te peak after the posi t ion and c lar i ty of the peak had 
been es tabl i shed from plots of count ra te against energy. The total gamma 
and the iodine, ru thenium, and c e r i u m gamma act iv i t ies were computed 
and compared . These values a r e given in Table 32, Zirconium gamma 
activity was not calcula ted in mos t c a s e s because of the difficulty of r e ­
solving the z i rconium peak on the gamma spec t ra . 

Iodine was m o s t readi ly leached from the u ran ium dioxide, 
the ce r ium and ruthenium being leached to a much l e s s e r extent. Qual i ta­
t ively, it appeared that the z i rconium activi ty was leached from the u r a ­
nium dioxide to the same extent as the ruthenium activity. The ac t iv i t ies 
deposited on the me ta l spec imens were de termined by measur ing the a r e a 
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under the appropr ia te peak. The data indicate that the ac t iv i t ies a r e 
depositing on the meta l s t r ips in approximately the same rat io as they 
a r e p r e s e n t in the supernatant wa te r except for ruthenium in the oxygen 
exper iment (Run 33). In this c a se , the ruthenium was deposited to an 
extent at l eas t tenfold g r e a t e r . 

Table 32 

DISTRIBUTION OF FISSION PRODUCT ACTIVITY AFTER 
AN AUTOCLAVE CONTAMINATION RUN 

Uranium Weight: 2.5 g 
Exposure Time- 3 d 
Cooling Time: 30 d 
Total Activity P r e s e n t : '^ 1.5 x 

Activity 

Total Gamma 
Iodine 
Cer ium 
Ruthenium 

% Indicated 
Activity Found 
in Supernatant 

Run 33 Run 34 

2.0 3.1 
52 48 

0.9 1.0 
0.05 0.04 

10^° 7 cpm 

Ratio of Deposited _ 
Activity on Metal 

Sample to the 
Activity in 

Supernatant^ 

Run 33 Run 34 

0.15 0.07 
0.12 0.08 
0.20 0.10 
4.1 0.33 

^This ra t io gives a m e a s u r e of the select ive adsorpt ion of 
f iss ion p roduc t s . 

c. Cor ros ion Behavior 

P rev ious ly repor ted r e su l t s (ANL-6183, page 158) had in­
dicated that ammonium c i t ra te or c i t r i c acid solutions resu l t ed in excess ive 
co r ros ion of mild s t ee l s . Adjustment of the pH of c i t r a te solutions to a 
value of 10 with sodium hydroxide resu l t ed in an acceptable dec rea se of 
the co r ros ion . However, mic roscop ic observat ion of the meta l l ic spec i ­
mens indicated that the co r ros ion of the chromium-molybdenum steel 
(l p e r cent ch romium-0 .5 molybdenum) proceeded via pit t ing, which makes 
co r ros ion evaluation difficult. 

At tempts to min imize the pitting were a t tempted by the 
use of co r ros ion inhibi tors such as 2 -mercap to -benzo- th iazo le and hexa-
methylene t e t r amine . The p rocedu re was the following. The meta l l ic 
specimen was f i r s t wet ground with 120 gr i t si l icon carb ide abras ive paper 



and then weighed. The specimen was placed in a solution of 0.5 per cent 
potass ium permangana te -one per cent sodium hydroxide for four hours at 
room t e m p e r a t u r e . After r emova l from this solution, it was placed in a 
sodium c i t ra te solution for four hours at 85 C. The resu l t s a r e given in 
Table 33. 

Table 33 

CORROSION OF CHROMIUM-MOLYBDENUM STEEL IN ALKALINE 
PERMANGANATE-CITRATE SOLUTIONS 

Sample: Wet ground with 120 gr i t si l icon carbide abras ive paper 
Solution 1: 0.5 per cent po tass ium permanganate in 1 per cent 

sodium hydroxide, 4 hours at 25 C 
Solution 2: 10 per cent sodium c i t r a te pH 10, t empera tu re 85 C 

with indicated inhibitor and t ime 

Time of 
Exposure to 

Solution 2 
(hr) 

0.25 
4.0 

No Additive'^' 

17.9 

Wt Lo 

No Additive 

0.6 
4.6 

s s ^ (mg) 

2 Mercap to -
benzothiazole 

0.6 
7.5 

Hexamethylene 
t e t ramine 

1.7 
4.4 

^Average of two m e a s u r e m e n t s . 

"Solution 1 was 3 per cent po tass ium permangana te in 20 per cent 
sodiuin hydroxide; sample was exposed for five hours at 90 C. 

F r o m the weight loss data there appears to be l i t t le effect 
produced by the c o r r o s i o n Inhibi tors . However, mic roscop ic examination 
made at the end of the four -hour exposure in the c i t r a t e solution revealed 
differences. The samples which w e r e subjected to the solutions without 
additive w e r e severe ly pi t ted. The 2 -mercap to -benzo- th iazo le resu l ted 
in a l a rge dec rea se in the frequency of pitting, but the re still remained 
seve ra l deep p i t s . With the hexamethylene t e t r amine , no deep pits were 
vis ib le . In p laces the sur faces w e r e slightly roughened as if co r ros ion 
were f i r s t s ta r t ing . 

Additional c o r r o s i o n t e s t s will be c a r r i e d out in which 
severa l c o m m e r c i a l acid inhibi tors will be tes ted. 

2. Loop Operat ions 
(D. Grosvenor , C. Bally) 

A s ta in less s teel type 304 loop which s imula tes the action of a 
boiling water r e a c t o r has been insta l led in a shielded cell in o rde r to study 



174 

the effects of fuel rup tures on the deposition of fission products in the vapor 
phase, A descr ip t ion of the equipment appeared in ANL-5858, page 66. 

Loop exper iments a r e not intended to include the study of 
volatile f ission products whose daughters a r e shor t - l ived and not likely to 
cause r eac to r maintenance probleims for long pe r iods . Such exper iments 
a re bes t perforimed and have been done in r eac to r sys t ems . Fuel ruptures 
a r e s imulated by the addition of fission products to the loop, e i ther in the 
form of t r a c e r or as i r r ad ia ted metal l ic uranium. Deposition of the radio­
active species on surfaces in the vapor phase is moni tored in two ways. 
A meta l sample s t r ip of the m a t e r i a l to be studied is inser ted in the wa te r -
s team disengaging section; this is removed and analyzed following a run 
using the 256-channel gamma scinti l lat ion spec t romete r . In addition, a 
scinti l lation detector is mounted outside the disengaging section at an 
elevation eight inches below the s team exit l ine. All elevations r e fe r red 
to in the text, f igures , and tables a r e m e a s u r e d from a common reference 
point, namely, the liquid sample l ine. The elevations of per t inent equip­
ment i tems a r e shown in F igure 48. 

FIGURE 48 
DISENGAGING SECTION OF LOOP SHOWING ELEVATIONS 

OF COMPONENTS RELATIVE TO REFERENCE 

VAPOR SAMPLER 63»i-»-

VAPOR SAMPLER 42 m •*-

VAPOR SAMPLER 21m-

LIQUID SAMPLER.0x1^ 

TAP FOR I 
DECONTAMINANTf"^ 
- 6 1/8 in 

OF METAL 
SAMPLE STRIP 65 1/2 In 

STEAM TAKE-OFF POINT 66 in 

-UPPER TAP FOR LIQUID LEVEL 
INSTRUMENT 30 in 

BOTTOM OF METAL 
SAMPLE STRIP 12 l/Z m 

STRIP SUPPORT ROD 9 5/8 in 

n-fZ-RISER EXIT 4 5/8 in 

.REFEREJ4CE_EiJVATI0N Dm 

TAP FOR LIQUID LEVEL 
INSTRUMENT 0 in 

Data a r e repor ted below for two runs , U-1 and U-2, in which 
fission product activity was introduced into the loop as metal l ic i r rad ia ted 
uranium. Cooling t imes for the two runs were 37 and 52 days, respect ively. 

f 
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The operating conditions that were common for both runs were a s team 
velocity of 0.8 f t / s e c , 200 psig operating p r e s s u r e , and liquid levels of 
17 to 20 inches. The durat ions of the exper iments were 140 and 284 hours , 
respect ively. 

a. Loop Liquid Composition 

Samples of loop liquid were taken at two-day intervals 
s tart ing on the sixth day. Gamma-ene rgy spect ra were obtained with the 
256-channel gamma scinti l lation spec t romete r . A typical scan of loop 
water is shown in Figure 49. Six photo peaks can be identified, each of 
which is at t r ibutable to a single f ission product. These include: c e r i u m -
141, iodine-131, ruthenium-1 03, ces ium-137, z i rconium-95-niobium-95, 
and bar ium-140- lan thanum-140. Table 34 l is ts the half-l ives and p r inc i ­
pal gamma energies contributed by each of these isotopes. 

FIGURE 49 

GAMMA ENERGY SPECTRUM OF LOOP WATER FROM RUN U-l 

Ce- I4 l 
-O. I45Mev 
CHANNEL 7 Cs-137 

CHANNEL NUMBER,corresponds to Energy Range of 0 to 2 Me¥ 

Table 34 

HALF-LIVES AND PRINCIPAL GAMMA ENERGIES OF 
FISSION PRODUCTS OBSERVED IN LOOP RUNS 

Isotope 

Ceriuni-141 
Iodine -131 
Ruthenium-1 03 
Ces iu in- l 37 
Zi rconium-95 
Niobium-95 
Bar ium-140 
Lanthanum -14 0 

Half-life 

33.1 d 
8.1 d 

39.8 d 
30.0 y 
65.0 d 
35.0 d 
12.8 d 
40.2 h 

Pr incipal Gamma 
Energ ies (Mev) 

0.145 
0.364 
0.498 
0.662 
0.740 
0.768 

0.126, 0.537 
0.33, 0.49, 0.82, 1.60 
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except that of iodine-131, between loop wate r and uran ium oxide res idue 
were not significantly different. The iodine-131 content of the loop water 
was g r e a t e r by a factor of ten than that in the uranium dioxide. Thus iodine 
appears to be the only f ission product which is preferent ia l ly leached from 
the u ran ium specimen. 

Table 35 

COMPARISON OF INDIVIDUAL FISSION PRODUCT CONTENT OF 
LOOP DRAININGS AND RESIDUES 

_ . Peak Count Rate 

Run No, 

U- l 
U - l 
u-2 
U-2 

Descr ipt ion 

Loop Drainings 
Dissolved UOg 
Loop Drainings 
Dissolved UO2 

b. Deposition 

0.145 

Ce'*' 

jxd.11 "' Total Count Rate 

Energy (Mev) 

0.364 

ji31 

0.216 
0.032 

oai2 
0.099 

on Metal Sampl 

0.500 

Ru"3 z 

0.080 
0.129 
0.043 
0.057 

e 

and Isotope 

0.75 

,r95„Nb95 B 

0.185 
0.231 
0.202 
0.195 

1,59 

^i4o_Lai« 

0.017 
0.023 
0.0018 
0.0018 

The deposition of individual fission products on the r e ­
movable — -inch wide meta l sample s t r ip f rom the disengaging section was 
de te rmined for the two r u n s . Specimens of Y-i^-ch length were cut from the 
s ta in less s teel s t r ip at approximate ly 20 selected locat ions. Gross gainma 
counts were obtained on each sample , us ing a 50-kev threshold. About 6 of 
the samples of each run were selected for analysis with the 256-channel 
gamma scinti l lat ion spec t rome te r . The pr incipal photopeaks observed in 
gamma-ene rgy spec t ra of the meta l coupons were at 0.14, 0,49, and 
0.75 Mev. The 1.6-Mev photopeak was general ly observed, but its con t r i ­
bution was sma l l e r than that shown for the loop water in F igure 49. 

The dis t r ibut ion of individual fission products plated on the 
s ta in less steel s t r ip as a function of elevation in the disengaging section, 
as de te rmined by the a r e a - m e a s u r i n g method, is shown in F igures 51 and 52. 
All isotopes show the same m a r k e d reduct ion with elevation as does the total 
gamma count. The re la t ive amounts of the isotopes appear to be near ly the 
same at all points on the me ta l s t r i p 12 inches or more above the liquid. In 
Run U-ls iodine-131 was identified on a single meta l sample located in the 
liquid phase but on no samples in the vapor phase . No cer ium-141 activity 
was identified on samples f rom Run U - l , and no iodine-131 or ces ium-137 

http://jxd.11
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activity was identified from samples in Run U-2. Because of the long cool­
ing t ime, re la t ively l i t t le iodine-131 would be expected to be p resen t in 
these runs . By examining the curves and comparing them with the isotopic 
content of the c i rculat ing loop liquid, it appears that the z i rconium-95, 
niobium-95, ru thenium-103, and bar ium-140- lanthanum-140 deposited in 
both liquid and vapor phases in approximately the same relat ive proport ions 
as they a r e p resen t in the loop liquid. The proport ion of total counts de­
posited on the sample s t r ip in the vapor phase at t r ibutable to cer ium-141 
is somewhat higher than the relat ive content in the loop liquid would sug­
gest; deposition of cer ium-141 in the liquid phase is lower. It appears that 
cer ium-141 is easi ly washed off in the liquid phase . 

FIGURE 51 
DEPOSITION OF FISSION PRODUCTS ON METAL 

SAMPLE STRIP DURING RUN U-2 
STEAM VELOCITY O 8 ft/sec, 200 P5 g. SAMPLE SS 304 

_ l I I I I L . 
10 20 30 40 50 60 

ELEVATION ABOVE REFERE'^CE , inches 

c. Steam Samples and Disengaging Fac to r s 

Gamma-energy spec t ra were obtained with severa l s team 
sainples (elevation 63 inches), and disengaging factors were calculated. The 
disengaging factors var ied from 2 x 1 0 ^ for g ross gamma counts as obtained 
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in a wel l- type scint i l la tor to 9 x 1 0^ for z i rconium-95 based on counts under 
the peaks . The ruthenium-103 disengaging factor was 1x10"*. Because the 
activity level in the s team samples was ve ry low, the accuracy of these data 
is somewhat uncer ta in . 

d. Decontamination Resul ts 

The loop is intended p r i m a r i l y for contamination studies, 
but it mus t be decontaminated between exper iments in o rder to produce 
meaningful contamination information. Decontamination is therefore in­
cidental to the pr incipal objective of contamination. To achieve the c leanest 
possible loop consis tent with the p rocu remen t of good data, it is somet imes 
n e c e s s a r y to use s t ronger chemica ls (such as ni t r ic acid) than would no r ­
mally be allowed in a r eac to r sys tem. It is for this reason that the p r o ­
cedures used do not follow in detail those that a r e under development in 
the labora tory . Following the p r o c u r e m e n t of useful contamination data, 
the p rocedures which have been developed in the labora tory and which 
take into account r eac to r sys tem integri ty , volumes , waste handling, and 
waste p rocess ing will be tes ted in the loop. The data shown below should 
not be in te rp re ted as being p a r t of the sys temat ic development p r o g r a m of 
decontaminantSj but r a the r as information accumulated in the p r o c e s s of 
p repar ing the loop for a subsequent contamination run. 

The r e su l t s obtained with r e spec t to the removal of u r a ­
nium, and beta and gamma act ivi t ies frora the loop during decontamination 
operat ions is shown in Tables 36 and 37. In Run U - l , the alkaline p e r m a n ­
ganate p rocedure was used following a n i t r ic acid step, and in Run U-2 the 
same p rocedure following a pe rox ide-ca rbona te -b ica rbona te s tep. The 
bulk of the u ran ium recovery in Run U- l was accompl ished with ni t r ic acid, 
while half of the recovery in Run U-2 was a t t r ibuted to the bas ic peroxide 
mix tu re . Both runs confirm the fact that the alkaline permanganate solutions 
remove l i t t le u ran ium or beta and gamma activity. Ainmonium c i t ra te in 
Run U- l l ikewise removed l i t t le u ran ium or activity, but in Run U-2 3 it 
reinoved considerable amounts of both. Also of in t e re s t is the fact that the 
uranium dioxide res idue of Run U - l contained 31 per cent of the recovered 
beta counts , while the same m a t e r i a l of Run U-2 contained 2.5 per cent of 
the r ecove red gamma counts . 

3. P r e s e n t Status of the Work 

The efforts in the Reactor Decontamination p r o g r a m to date have 
been d i rec ted p r i m a r i l y at modifying known decontamination p rocedures for 
use in boiling wate r r e a c t o r s . F a c t o r s that guide modification include the 
l a rge volumes of vapor space inherent in this r eac to r type, the possible dif­
ficult ies of heating l a rge volumes of solution by non-nuclear means to nea r 
boiling t e m p e r a t u r e s , the poss ible inability of sys tem components to with­
stand liquid loading, and the handling and disposal of the resul t ing was t e s . 
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Table 36 

REMOVAL OF URANIUM AND BETA ACTIVITIES FROM LOOP 
FOLLOWING RUN U-l 

Uranium Removed ,8 Counts Removed 

Removed from Loop after Run 

Loop Drainings 
Dissolved UOj from 

Sample Holder 

Removed from Loop During 
Decontaimination 

(g) 

0.006 

4.28 

(per cent)^ 

0.04 

28.6 

( c p m x 10"') 

1.26 

15.8 

(per cent)^ 

2.41 

30.2 

10% ni tr ic acid 
Alkaline permanganate 1° 
Alkaline permanganate Z° 
Water r inse (vapor section) 
Water r inse (liquid section) 
Ammonium citrateC 
Water r inse 

Totals 
Amount of U charged to loop 

10.50 
-
-
-
-

0.121 
0.035 

14.94 
16.24 

70.3 
. 
-
-
-

0.81 
0.23 

32.2 
1.1 
0.67 
0.23 
0.29 
0.54 
0.14 

52.2 

61.6 
2.1 
1.3 
0.44 
0.55 
1.03 
0.27 

^Based on total quantity removed. 

^Composition 3.0% KMn04, 10% NaOH; temp 65 to 75 C; t ime 2 to 3 h r . 

^^Composition 10% ammonium c i t ra te ; temp 65 to 75 C; t ime 2 to 3 h r . 

Table 37 

REMOVAL OF URANIUM AND GAMMA ACTIVITIES FROM LOOP 
FOLLOWING RUN U-2 

Uranium Removed 7 Counts Removed 

Removed from Loop after 

Loop drainings 
Dissolved UO2 from 

sample holder 

Run 

Removed from Loop During 
Decontamination 

Peroxide-carbonate" 
Alkaline permanganate"^ 
V/ater r inse 
Ammonium citrate"^ 
Water r inse 
10% ni tr ic acid 
Water r inse 
Miscellaneous solutions 

Totals 
Amount of U charged to loop 

(g) 

0.02 

7.60 

25.2 
1.16 
0.28 

11.08 
1.94 
9.4 
1.48 
-

58.16 
49.37 

(per 

13.5 

43.3 
2.0 
0 .5 

19.0 
3.5 

16.1 
2.6 

cent)a-

-

-% 

Us.3 
J 

| l 8 . 7 

(cpm X 10"') 

0.89 

16.2 

205 
8.8 
0.7 

139.0 
203 

64.7 
0.3 

5.7 

461.6 

(per cent)^ 

0.19 

3.5 

44.4 1 
1.91 
0.15 VSl.O 

30.1 
4.4 J 

14.0 1 ,^ , 
0.06 J ^^-^ 
1.23 

^Based on total quantity removed. 

^Composition: 0.5 M HzOj, 0.25 M Na^COj, 0.25 M NaHCOj, 3.5 g /ga l EDTA, 
1 g 'gal 8-hydroxyquinoline; 2 hours at room tempera tu re , 2 hours at 50 C. 

"^Composition: 3% KMn04, 10% NaOH; 2 to 3 hr at 65 to 75 C. 

Coraposition: 10% Ammonium Ci t ra te ; 2 to 3 hr at 65 to 75 C. 
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The alkaline perraanganate decontamination procedure as used 
by Hanford L a b o r a t o r i e s , Westinghouse Be t t i s , Westinghouse Atomic Power 
Division, and o thers has been the pr inc ipa l bas i s for study. The f i r s t step 
has been modified by lowering t e m p e r a t u r e s , reducing concentra t ions , and 
extending contact t imes . This has r esu l t ed in reduced decontaminating 
abili ty, which, though reduced, appea r s sufficiently good to be a t t rac t ive 
for a r e a c t o r sys tem. The l abora to ry data obtained thus far per ta in to 
s ta in less s teel type 304 su r f aces . Exper ience at other l abora to r i e s has 
usual ly shown that data of this kind a r e optimist ic relat ive to subsequent 
t e s t s on p rac t i ca l s y s t e m s . There is evidence that suggests that the 
p re sence of oxygen during contaminat ion and the aging of contaminated 
surfaces affects decontaminat ion capabil i ty - the oxygen d e c r e a s e s it, 
whereas aging appea r s to improve it. Zi rconium is mos t easi ly removed 
by the alkaline per inanganate p rocedure ; ruthenium is removed l e s s readi ly 
but the removal is st i l l good. Cer ium and iodine removals have been 
var iab le , with decontamination fac tors between two and thir ty. 

Cor ros ion exper iments have shown that the alkaline p e r m a n ­
ganate p rocedure i s , in genera l , coinpatible with mild and low alloy s tee ls 
provided that the pH of the c i t r a t e solution used in the second step is in­
c r e a s e d to 9, or an inhibitor used. The p rocedure is not useful in sys te ins 
containing aluminum or its a l loys . This study has not to date included 
p rocedu re s that a r e s imul taneously compatible with aluminum, mild s t ee l s , 
and s ta in less s t ee l s . 

The use of foam to t r a n s p o r t liquid decontaminants has been 
explored in a p r e l i m i n a r y m a n n e r as a method to overcome or reduce the 
p rob lems of waste volumes and the inability of sys tem components to s u s ­
tain liquid loadings. E a r l y t e s t s suggested that decontamination with foam 
was feasible; a poss ible l imi ta t ion being foam stabili ty at t e m p e r a t u r e s of 
60 C or h igher . This work was in t e r rup ted in o rde r to clarify the effects 
of oxygen during contaminat ion or decontamination, 

D. S t ruc tura l Ma te r i a l s for Nuclear Superhea te r s 
(E. H. Dewell) 

This p r o g r a m has been t e rmina ted and a summary repor t is being 
wri t ten . 
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V. ROUTINE OPERATIONS 
(H. G. Swope) 

A. Radioactive Waste P roces s ing 
( j . Haras t , K. B r e m e r , G. Tea t s , R. J a r r e t t , and V. Lemke) 

There were 31,415 gallons of liquid radioact ive was tes p r o c e s s e d 
from July through September , I960. The p rocess ing methods used were 
as follows: 

P r o c e s s Gallons 

Evaporat ion and Concentrat ion 22,074 
F i l t r a t ion 4,240 
Ion Exchange (cation only) 4,240 
Neutral izat ion of HF Wastes 105 
Absorpt ion on Vermicul i te 756 

Total 31,415 

B, High-level Gamma I r radia t ion Faci l i ty 
(H. G. Swope, J . Haras t , N. Ondracek, B. KuUen, R, Juvinall , 
C. Ryberg, and D. Santelli) 

A s u m m a r y of i r r ad ia t ions pe r fo rmed in Rack M-1 for July through 
September , I960 is given in Table 38. 

Table 38 

SUMMARY OF IRRADIATIONS PERFORMED IN RACK M-1 
DURING JULY THROUGH SEPTEMBER, I960 

Month 

July 
August 
September 

Total 

No. of 
Samples^ 

559 
1061 

983 

2603 

No. of 
Special 

Dos imet ry 
Samples 

246 
658 
800 

1704 

Total Urn 
Units^ 

Day 

1240 
1785 
1612 

4637 

Night 

3552 
2092 
2467 

8111 

^Equivalent to a No. 2 s ized can (Sy^* i"-- d iam x 4-j^ in. high). 

'̂ 1 u r n unit = 2 x 1 0 ^ rad. 




