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FOREWORD 

The Reactor Development P r o g r a m P r o g r e s s Report , i ssued 
monthly, is intended to be a means of repor t ing those itenas 
of significant technical p r o g r e s s which have occur red in 
both the specific r eac to r projec ts and the general engineer­
ing r e s e a r c h and development p r o g r a m s . The repor t is o r ­
ganized in a way which, it is hoped, gives the c lea res t , most 
logical over -a l l view of p r o g r e s s . The budget classif icat ion 
is followed only in broad outline, and no attempt is made to 
repor t separa te ly on each sub-act ivi ty number . Fu r the r , 
since the intent is to repor t only i tems of significant prog­
r e s s , not all act ivi t ies a re repor ted each month. In order 
to i ssue this r epor t as soon as possible after the end of the 
month edi tor ial work must neces sa r i l y be l imited. Also, 
since this is an informal p r o g r e s s repor t , the resu l t s and 
data presen ted should be understood to be p re l iminary and 
subject to change unless otherwise stated. 

The issuance of these r epo r t s is not intended to constitute 
publication in any sense of the word. Final r esu l t s either 
will be submitted for publication in regular professional 
journals or will be published in the form of ANL topical 
r e p o r t s . 

The las t six r epor t s issued 
in this s e r i e s a r e : 

January 1963 

F e b r u a r y 1963 
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Apri l 1963 
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June 1963 
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L BOILING WATER REACTORS 

A. BORAX-V 

1. Operation 

R o o m - t e m p e r a t u r e , ze ro -power exper iments on the cen t ra l super ­
hea te r core CSH-1 were completed this month, and zero-power exper iments 
at p r e s s u r e s and t e m p e r a t u r e s up to operating conditions (600 psig, 
489°F) were s ta r ted . 

In p repara t ion for m e a s u r e m e n t s of the superhea ter flooding t ime 
and react ivi ty addition r a t e , the detachable bottom nozzles of four centra l 
superhea te r fuel a s sembl i e s -were welded on and assembl ies were leak-
tes ted . Weld leaks in the a s sembl i e s were repa i red , and special in -core 
ins t rumenta t ion for f looding-time m e a s u r e m e n t s was instal led. Consider­
able t ime was spent in t rouble-shoot ing ion chan:iber and counter c i rcui t s 
to a s s u r e good period m e a s u r e m e n t s . 

A check was made of the bor ic acid concentrat ion requi red in the 
r e a c t o r water to shut the r e a c t o r down at rooin t empera tu re with all 
control rods coinpletely withdrawn. The measured curve of available 
excess react iv i ty v s . bor ic acid concentrat ion, extrapolated to the jus t -
c r i t i ca l point, indicates a value of about 12.3 g H3BO3 per gal H2O. With 
a concentrat ion of 12.95 g H3BO3 per gal H2O, the core CSH-1 was de te r ­
mined to be subcr i t i caL 

The react iv i ty worth of a cen t ra l superheater fuel asseinbly v s . 
water in core position 35 was m e a s u r e d to be 0.84% at room t e m p e r a t u r e . 
This compares to a calculated value of 1.0% repor ted in ANL-6302.--'-

Measurements of the effect of the neutron source on the c r i t i ca l 
posi t ions of the control rod, and period m e a s u r e m e n t s at low powers , indi­
cated that a source dr ive would not be requi red for the zero-power exper i ­
ments at operat ing t e m p e r a t u r e s . Cr i t ica l experiment measu remen t s made 
at r eac to r water levels of 2 ft, 4 ft, and 6 ft above the core indicate a negl i ­
gible react iv i ty effect from these level changes . 

2. Determinat ion of the Reactivi ty Addition Rate on Flooding the Superheater 

One of the unique potential haza rds of a smal l , in tegral , boil ing-
nuclear superheat ing r eac to r such as BORAX-V is accidental or inadvertent 
flooding of the superhea te r during operat ion. On a core with the size and 
composit ion of BORAX-V, superhea te r flooding yields a positive react ivi ty 
addition. Two modes of superhea te r flooding a re poss ib le : (1) by opening a 



superhea ter flood valve and flooding from below; and (2) by ra is ing the 
level of the r eac to r water and flooding over the top of the inlet superhea ter 
fuel a s sembly r i s e r s . 

To add react ivi ty by flooding the superhea te r from below during 
operat ion r equ i r e s the lifting of a switch guard on the controls to the 
solenoid- t r ipped flood valve, or the removal of a padlock on the remote 
opera tor for the manual flood valve . The "flood-valve-open" s c r a m in te r ­
locks would have to be bypassed . To prevent an accident even if these 
precaut ions failed, a f low-res t r ic t ing orifice has been instal led in the super­
heater flood line to slow the flooding t ime . 

Flooding the superhea ter from above is potentially m o r e hazardous 
because of a possible higher flooding r a t e . To add react ivi ty by ra i s ing 
the r eac to r water level rapidly and flooding over the top of the inlet super ­
heater fuel assexnbly r i s e r s would requ i re malopera t ion of the feedwater 
pumps, ignoring the h i g h - r e a c t o r - w a t e r - l e v e l a l a r m , and failure of two 
independent h i g h - r e a c t o r - w a t e r - l e v e l s c r a m c i r cu i t s . To lengthen the 
flooding t ime , the r i s e r on one of the six inlet superhea te r fuel a s sembl ie s 
is 2 in. shor te r than the r e m a i n d e r . The postulated sequence in flooding 
frona above is as follows: Rising r eac to r water f i rs t floods over the short 
r i s e r inlet superhea te r fuel assembly , flows down through this assembly , 
and fills the i n t e rpas s plenum and para l le l -connected lower superheated 
s team main before it begins to flood the remaining eleven a s sembl i e s from 
below. Before the flooding level r eaches the top of the core , the r i s ing 
reac tor water level r eaches the top of the other five standard inlet a s ­
sembly r i s e r s , floods down through these a s s e m b l i e s , and speeds up the 
remaining bottom flooding of the six outlet a s s e m b l i e s . 

a. M e a s u r e m e n t s . Because of the potential r eac to r hazard involved 
in measur ing the reac t iv i ty addition ra t e of superhea te r flooding dynamically 
while c r i t i ca l , and because of the doubtful feasibil i ty of d i rec t subcr i t ica l 
dynamic m e a s u r e m e n t s , the exper iments were performed in two s t ages : 
F i r s t , the reac t iv i ty worth of the flooded cen t ra l superhea te r was measu red 
stat ical ly by c r i t i c a l expe r imen t s ; and then the ra te of flooding was m e a s ­
ured Avith the r eac to r shut down. The r e su l t s of these two exper iments were 
then co r re l a t ed to give react iv i ty addition r a t e s . The react ivi ty m e a s u r e ­
ments were nnade with the cen t ra l control rod completely withdrawn. Both 
react ivi ty and flooding-time m e a s u r e m e n t s were made at a tmospher ic 
p r e s s u r e and t e m p e r a t u r e s of 79-83' 'F. 

In the s tat ic react iv i ty m e a s u r e m e n t s , the sequence of flooding 
froin below was s imulated at five different superhea te r water levels cover ­
ing the core height, and also at no rma l r eac to r water level . To s imulate 
the top flooding sequence, the reac t iv i ty m e a s u r e m e n t s were made with the 
short r i s e r inlet superhea te r fuel assemibly (C-7) and in te rpass plenums 
flooded, and i-neasurements were made with the flooding level in the r e m a i n ­
ing eleven a s semb l i e s at the base of the core (3,0 ft), 6 in. above the base 



(3.5 ft), at the co re midplane (4.0 ft), 18 in. above the core base (4.5 ft), at 
the co re top (5.0 ft), and completely flooded at the normal r eac to r water 
level of 11.3 ft. 

The t ime requ i red to flood the cen t ra l superheater was measu red , 
both for the case when flooding occur red from below using the flood-and-
dra in sys tem, and for the case of flooding from above in the event the r e ­
actor water level was inc reased . Three superheater assembl ies (the short 
r i s e r inlet a s sembly (C-7), a s tandard inlet assembly , and an outlet a s ­
sembly) were each ins t rumented with two Teflon-insulated wi res running 
axially in coolant channels . One wire in each assembly had uninsulated 
sensing points at the bottom, midpoint, and top of the fuel region; and the 
other wire had uninsulated sensing points at the -j- and- | -po in t s . These wi res 
were connected to a 6.3 v ac power supply through a 0.5 or 1 nnegohm r e s i s ­
t o r . The r e tu rn c i rcui t was through the fuel element and water . The ac 
signal developed a c r o s s the r e s i s t o r was rectified and recorded on an osc i l ­
lograph. Water covering the sensing points produced steps in the signal level 
r eco rded . Some difficulty was experienced in the use of the instrumentat ion 
in the f looding-from-above t e s t s , but repeated runs gave data which could 
be in te rpre ted sa t i s fac tor i ly . 

''̂ * Resu l t s . The total cen t ra l superhea ter flooding react ivi ty worth 
at room teirsperature with the cen t ra l control rod withdrawn was +1.1%. 
The t ime m e a s u r e d for flooding the r eac to r from below was 30-32 sec , 
which is very close to the calculated value. The maximum react ivi ty addi­
tion ra t e fromi opening the solenoid- t r ip flood valve and flooding from below 
was 0.03% per second. 

The r e su l t s of flooding the cen t ra l superheater over the top a r e 
shown in F igure 1 for feedwater addition r a t e s of 150 and 375 gpm. At 
t ime ze ro , the water hits the top of the fuel in the short inlet assembly , 
C-7 . The maximum possible react iv i ty addition ra te associa ted with 
running two feed pumps at a flow of 375 gpm was measu red at 0.2% per 
second. 

At these feedwater addition r a t e s , the fueled region of the eleven 
remaining superhea te r fuel a s sembl i e s was flooded in about 5 sec , which 
was a g rea t e r t ime than was calculated. The major reason for the d i s ­
c repancy was the effect of a i r bubbles r is ing through the falling column 
of water in the shor t inlet superhea te r fuel assembly r i s e r . 

If it is a s sumed that the effect of s team bubbles r is ing through the 
falling column of water is the same as for a i r bubbles, the flooding t ime 
under 489°F, 600 psig, ze ro-power operat ing conditions should be 5-10% 
less than at room te inpe ra tu re , due to changes in the density and viscosi ty 

Reactor Development P r o g r a m P r o g r e s s Report , June, 1963, ANL-6749. 
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of the wa te r . At power conditions when the superheater fuel plates a r e at 
high tenaperature , flooding would be considerably re ta rded by s team genera ­
tion and expulsion of the flooding wate r . 

3. Analysis of Previous Exper imenta l Data 

Data reduction and analysis of f lux-wire i r rad ia t ions made last 
month in the cen t ra l superhea te r core CSH-1 have yi-eWed pre l iminary in­
formation on ability to control the power split between boiler and super ­
h e a t e r . Several axial and rad ia l flux t r a v e r s e s were made with chopped 
gold flux w i r e s , with the cen t ra l control rod above, below, and with the 
banked eight rennaining control r o d s . F igure 2 i l lus t ra tes the effect of the 
var ious control rod configurations on the diagonal radia l neutron flux d i s ­
t r ibut ion at a plane 6 in. above the bottom of the core , with no boric acid 
in the r eac to r water , and at room t e m p e r a t u r e . As can be seen, the power 
split at this elevation is affected substantial ly by inser t ing the cen t ra l con­
t ro l rod, No. 1, below the 8-cont ro l - rod bank, but very little by withdrawing 
rod No. 1 above the bank. The effect of flooding the cen t ra l superhea te r 
with all control rods approximately banked may also be noted. Cadmium 
ra t ios were ineasured with gold flux wi re s in the core , at room t e m p e r a ­
t u r e , with no bor ic acid. The ra t ios were for the cent ra l par t of a super ­
hea te r fuel a s sembly in a location symmet r i ca l to core position 54 and 
gave a value of 1.4. A compara t ive value in a boiling fuel assembly in a 
location sy inmet r ica l to core position 63 was 2.5. 

To study the effect on the disadvantage factors of different w a t e r -
fuel ra t ios obtained by var ious flow rod configurations in a boiling core or 
boi ler of an in tegra l boi l ing-superheat ing core , PDQ cell p roblems have 
been p repa red and a re being run . Boiling assembl ies containing 0, 4, 5., 6, 
8, 12 and 16 flow rods a r e being cons idered . Resul ts of the zero and 4-flow-
rod problems have been rece ived . 

4. Water Chemis t ry 

Monitoring of r eac to r water for var ious water chemis t ry p a r a m e t e r s 
continued throughout the month. Ea r ly in the month, boric acid was removed 
from the reac to r water by draining and filling, followed by a cleanup by 
in termi t tent operat ion of the r eac to r water deminera l ize r sys tem. Boric 
acid concentrat ion was reduced from a value of 12.95 g H3BO3 per gal H2O to 
0.1 ppm. 

Checks on the g ro s s specific gamixia activity of the reac tor water 
revealed no detectable act ivi ty. However, the suspended solids fi l tered out 
of the r eac to r water had a fairly high gamma activity varying from 4,540 to 
8,690 c p m / m g . The concentra t ions of suspended solids in the r eac to r water 
remained low during the ze ro -power , r o o m - t e m p e r a t u r e operation, ranging 
from 0.07 to 0,20 ppm of ignited oxides . 
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Two samples analyzed radiochemical ly specifically for ces ium 
isotopes showed no Cs and thus no detectable fission products . 

5. Modifications and Maintenance 

Additional in te r locks , s c r a m s , and orif ices have been instal led to 
provide inc reased protect ion against improper flooding or cooling of the 
supe rhea te r . A second h i g h - r e a c t o r - w a t e r - l e v e l s c r a m was instal led as 
backup for the existing s c r a m c i rcu i t . A second low-steam-flow s c r a m 
was instal led as backup for the p resen t s c r a m c i rcui t . 

The orifice instal led to reduce the superhea ter flooding ra t e when 
flooding from beloAv was re loca ted so that it will reduce the flooding t ime 
on both opening of a flood valve and inadvertent opening of the p r e s s u r e 
equalizing valve. Inadvertent opening of this equalizing valve could cause 
condensate collected in the loAver superheat main to be forced into the 
supe rhea te r . The s ize of the p r e s su re -b reakdown orifice in the super ­
hea te r dra in line was reduced to l imit the s team flow through this line to 
2,000 I b / h r . Inadvertent opening of the superheater dra in valve will not 
bypass enough s team to cause overheat ing in the superhea te r . 

New turbine- type f lowmeter pickup coi ls , utilizing seal-welded 
cans , have been insta l led on ins t rumented boiling fuel assembly I - l . The 
a s s e m b l y is being autoclaved to check for coil leaks and to dry out all 
ins t rument l eads . 

Ins t rumented superhea te r fuel a s sembly C-16 was b razed to seal the 
en t rance s team thermocouples into the i r penet ra t ions . Upon final cleanup 
and a negative a i r leak tes t , the a s sembly was placed in the autoclave, 
sea l s were l eak- tes ted , and all thermocouples were in te rca l ibra ted at 
t e m p e r a t u r e s up to 490°F. One fuel plate thermocouple was found to have 
failed at the hot junction; r e s i s t a n c e readings indicated one conductor 
broke free from the junction. The remiainder of the couples per formed 
sa t i s fac tor i ly . 

Upon removal from the autoclave, after approximately 10 hours at 
t e m p e r a t u r e s between 200 and 490°F, the assembly was filled with water 
and al l meta l joints were checked for l eaks . Several weld joints , as well 
as the thermocouple b r a z e , we re found to leak. A corresponding tes t on a 
s tandard superhea te r a s sembly also showed up faulty welds . A leak repa i r 
p rocedure on all superhea te r fuel a s sembl i e s is now being developed. 



II. LIQUID METAL COOLED REACTORS 

A. Genera l Fas t Reactor Phys ics 

1. ZPR-VI 

Approval for the operat ion of ZPR-VI was received on July 16, 1963, 
Loading of fuel into the facility commenced the same day and cr i t ica l i ty of 
Assembly No. 1 was reached on July 23. The f i r s t loading is an a l l -me t a l 
assembly having a U^'^yU^^^ ra t io of about 7. It is expected that the initial 
m e a s u r e m e n t s , such as Rossi alpha, f ission ra t ios , m a t e r i a l rep lacement 
coefficients, and control rod ca l ibra t ions , will take seve ra l months to 
per form. 

2. ZPR-II I 

Exper iments were continued this month on Assembly 43, a two-zone 
mockup of a 4 ,000- l i te r power b r e e d e r r eac to r . 

a. Centra l Reactivity Coefficients. Central react iv i ty wor ths were 
m e a s u r e d for Ta and th ree f iss i le samples . These r e su l t s a r e l i s ted in 
Table I. Additional m e a s u r e m e n t s of nonfissile samples will be per formed 
la te r . 

Table I. Centra l Reactivity Coefficients 

Reactivity 
Mass Worth Coefficient 

Mate r ia l (kg) (ih + .5) (ih/kg) 

Enr iched U^̂ ^ 0.2684 +15.2 56.6 i 1.8 
Enr iched Pu^29 0.186 +14.7 79.3 + 2.7 
Enr iched U 2̂̂  0.221 +22.4 101.1 + 2.3 
Tantalum 0.262 - 5.2 - 1 9 . 8 + 1 . 9 

b . Doppler Effect. An exper iment was designed to m e a s u r e the 
neutron Doppler effect, or broadening of the resonance with increas ing 
t e m p e r a t u r e . The technique employed is to m e a s u r e the react iv i ty effect 
of two near ly identical samples in symmet r i ca l locations in the cent ra l 
region. The samples in this exper iment consis t of about 2.2 kg of depleted 
uranium oxide. The react ivi ty difference is m e a s u r e d f i r s t with both 
samples cold, and then with one of the samples hot. During operat ion, the 
samples were dr iven in and out of the r e a c t o r and a s e r i e s of m e a s u r e ­
ments pe r fo rmed to el iminate the effects of r eac to r t e m p e r a t u r e drift. 



The f i r s t m e a s u r e m e n t was made with sample No. 1 heated to 
an average t empe ra tu r e of about 520°C, The total react ivi ty difference 
between the hot and cold in terchanges was m e a s u r e d as -0.40 Ih. Then, 
the second sainple was heated and the difference between the hot and cold 
interchanges was again m e a s u r e d as -0,40 Ih. Since Sample No. 2 was 
located ver t i ca l ly below No. 1, this was taken to mean that there were no 
react ivi ty effects due to slumping or sagging of the e lements . In general , 
the accuracy of al l of the m e a s u r e m e n t s in the Doppler s e r i e s of expe r i ­
ments is l imi ted by the effects of r eac to r t empera tu re drift. The es t imated 
value of uncer ta inty is about i0 .03 Ih The m e a s u r e m e n t s a r e in good a g r e e ­
ment with the value of -0.425 Ih de termined from pre l imina ry calculat ions. 
However, nei ther the exper imenta l nor calculated value is final; and the 
resu l t s a r e given here only to show the o rde r of magnitude of the Doppler 
effect. 

The next s tep in the exper iment was to load a half- inch-thick 
layer of na tura l boron carbide around the sample to be heated. The boron 
absorbs low energy neutrons and, hence, reduces the Doppler effect. The 
calculated ho t -minus -co ld difference was -0.07 Ih, and the m e a s u r e d value 
was a lso -0,07 Ih. It is again s t r e s s e d that these a r e p re l iminary values 
and that calculat ional and exper imenta l r e su l t s a r e being analyzed fur ther . 

All the above m e a s u r e m e n t s were made with a loading designed 
to min imize the Dancoff co r rec t ion ; i .e. , in teract ion of the Û ®̂ in the Doppler 
sample with that in the co re . This was accompl ished by moving all of the 
uranium and s tee l in the d r a w e r s immediate ly surrounding the e lements to 
the fa.r side of the d rawer . This left an environment around the samples 
consist ing pr incipal ly of sodium Next, the Dancoff cor rec t ion was m a x i ­
mized by moving al l the uranium in the surrounding d rawer s as close as 
possible to the Doppler s ample s , with the result ing m e a s u r e d hot-cold in te r ­
change of -0.37 Ih, Again, this is not final and is given only to indicate that 
the cor rec t ion is smal l compared to m e a s u r e d Doppler effect. 

Additional exper iments a r e being planned 

c. Misce l laneous . During a routine inspection, it was discovered 
that one plate of plutonium fuel plates had inc reased considerably in thick­
nes s . Its or iginal jacketed dimensions were 1 m x 2 in. x -^ in,, and it 
contained 30 gramis of plutonium as an alloy with 1 w /o aluminum. The 
meta l had rece ived a f lash coating of nickel and was jacketed with s ta in less 
s teel .012 in. thick. 

At the t ime of inspection it was found that the thickness had in­
c r e a s e d to approximate ly — in and the former ly flat face surfaces had 
become convex In spite of the d ra s t i c change in dimensions of the piece, 
no alpha activity was detected on its surface , on the inside of the s torage 
pot, or on the surface of p ieces which were s tored with it This would 



indicate that no fai lure of the jacket has occur red and a t t e s t s to the integri ty 
and the dependability of these fuel p la tes for use in exper imenta l loadings 
in ZPR-III . This plate has been re turned to Lemont, where it will be ana l ­
yzed and the cause of the fai lure determined. 

B. Genera l F a s t Reactor Fuel Development 

1. Fas t Reactor Fuel Jacke t Development 

Of the alloys mentioned in the June P r o g r e s s Report (ANL-6749, 
p. 14), the Nb-3 w / o Mo-9 w/o Ti alloy was broken down at SSO^C, 
annealed, and cold rol led to j ^ in. sheet stock. Hot rolling of the Nb-
9 w / o Ti -8 w / o V, V-35 w / o Nb and Nb-20 w/o V alloys has not been 
successful to date. These alloys have now been r e c a s t and will be rol led 
at higher t e m p e r a t u r e s . The alloy Z r - 2 9 w/o V-16 w/o Ti has been suc­
cessfully hot worked but was damaged beyond use during the cold working 
and annealing p r o c e s s . This alloy is a lso being r eca s t . 

A 1.27 cm (0,5 in.) d iameter fully r ec rys t a l l i z ed round of Nb-
10 w / o Ti-5 w / o Zr (D-36) was cold rol led to 0.076 cm (0.030 in.) thick 
sheet for sodium co r ros ion coupons. 

Studies for ex t rus ion of duplex tubing have s ta r ted . Two extrus ions 
of duplex b a r s have been miade to evaluate bond quality. One billet con­
s is ted of a V bar in a jacket of Type 304 s ta in less s tee l . The second bil let 
consis ted of a V bar with a 0,003 cm (0.0012 in.) thick Ni-plate in a jacket 
of Type 304 s ta in less s tee l . Both bi l le ts were cleaned and assembled in 
an iner t a tmosphe re . Ext rus ion at 1200°C through a 1.0 cm (0.391 in.) 
d iamete r die (6,5 1 reduct ion rat io) was eas i ly accoinpl ished. X- r ay 
examination showed no defects . Ul t rasonic and mLetallographic examination 
of bond quality is in p r o g r e s s . 

2, Cor ros ion of Fuel-Cladding Mate r ia l s for Sodium Cooled Reactors 

Four speci inens of niobium alloys have been exposed to flowing 
sodium (.15 m e t e r s / s e c ) for 330 hours at 650°C, The oxygen content of 
the sodium was analyzed at 140 ppm. Zirconium turnings were used as 
an oxygen get ter during exposure of the tes t s a m p l e s . All of the specimens 
were given a vacuum-annea l s t r e s s - r e l i e f t r ea tmen t . The re su l t s a re 
suinmiarized in Table II. 

The Nb-1 w / o Zr and Nb-5 w / o Zr samples had non-adherent 
oxides, while the Nb-39 w / o V-1 w / o Ti exhibited an adherent oxide at 
the oxide-mi etal in ter face . The edges of the Nb-5 w / o Z r samples were 
split open in a l amina r manne r . The Nb-5 w / o Mo samiple showed an 
"eroded" surface pa t t e rn of random channels . Surface laps were p resen t 



which extended above the surface of the sample resul t ing in apparent in­
c r e a s e in thickness as noted in Table II. The laps may have been present 
as a resu l t of fabricat ion and subsequently opened up during exposure to 
the liquid me ta l . 

Table II. Weight Loss of Niobiumi Alloys Exposed 
to Flowing Sodium 

Change in 
Weight Loss , Thickness ,* 

Sample mg/cm^* m m 

Nb-1 w/o Zr 62.2 -13.66 x 10"^ 
Nb-5 w/o Zr 37,35 - 4.24 x 10"^ 
Nb-5 w/o Mo 28,75 + 2 . 3 4 x 1 0 " ^ 
Nb-39 w / o V-1 w / o Ti 22.70 - 2.86 x 10"^ 

*As removed from tes t and cleaned of sodium with 
alcohol and wate r andul t rason ica l ly cleaned to r e ­
move non-adherent oxide. 

3. Lithium Corros ion Studies at Elevated Tempera tu res 

Apparatus and p rocedures a r e being developed for handling liquid 
li thium without chemica l contamination. This p re l iminary work is being 
done in t empora ry faci l i t ies until suitable cor ros ion tes t apparatus may 
be obtained and assembled , 

4. High Te inpera ture Metal Fuels 

The t rend in the Fas t Reactor P r o g r a m is toward higher t e m p e r a ­
t u r e s in the fuel. The compound, (UPu)Fe2, appears to offer p romise for 
operat ion in the 700^0 to 900°C range. An alloy, U-17.4 w/o Pu-39 w/o Fe , 
was injection cast and removed from the Vycor molds successfully. About 
7 w / o Fe in excess of the s to ich iometr ic 32 w/o was added for ductility. 
The liquidus of this alloy was 1200°C + 10°C; the solidus was 1090°C + 10°C. 
These values were de te rmined by t h e r m a l analys is . No definite break at 
910°C was obtained even though there was an excess of 7 w/o Fe . 

C. EBR-I , Mark IV 

Transfe r function m e a s u r e m e n t s were completed at high inlet tem­
pe ra tu r e (230°C), full coolant flow (960 gpm), and 960 kw. 

The uranium outer blanket was then instal led in place of the lead 
blanket for the purpose of i r rad ia t ing foils of U^^ ,̂ U^^ ,̂ and Pu ^ ,̂ in a 
s imulated fuel rod thiinble in the center of the r eac to r . The i r radia t ion , 



in connection with breeding gain m e a s u r e m e n t s by rad iochemica l analys is , 
was pe r fo rmed in one hour at about 10 kw. 

At the completion of the foil i r radia t ion , the r eac to r was re loaded 
for power operat ion. A slight in ter ference between the outer blanket and 
the reac to r safety plug was encountered during the instal lat ion of the 
blanket. This was t r a c e d to a loosening of the t r ans fe r c a r r i e r mounting 
bol ts . The si tuation has been co r rec t ed , and operat ion is normal , 

D. EBR-II 

1. Reactor Plant 

The t e m p o r a r y plug for the M-1 p r i m a r y pump nozzle was instal led. 
After heating the bulk sodium to 550°F, c i rcula t ion through the r eac to r 
was s t a r t ed using p r i m a r y pump M-2. (See June Monthly P r o g r e s s Report , 
ANL-6749, for a pump removal descr ip t ion. ) The faulty priro.ary pump, 
M - 1 , was d i s a s sembled and inspected to de te rmine the cause of fa i lure . 
The middle labyr inth sea l and the pump shaft at the labyrinth elevation 
were found to be galled. A dimensional check revea led that the labyrinth 
was cocked with r e spec t to the shaft center line due to the tilt of the bottom 
flange of the shield plug. 

The pump shaft bowed pr incipal ly due to high t empera tu re caused 
by its rubbing on the a luminum-bronze labyrinth bushing. It is p re sumed 
that the situation became p rogres s ive ly worse a s increas ing t empera tu re 
caused the bushing to expand inward due to the cons t ra in t offered by its 
re la t ively cool mounting support . This resu l ted in severe galling of the 
shaft and damage to the bushing. 

The shield plug bottom flange is being remachined, and a new pump 
shaft and a new labyr inth bushing a r e being made by the manufac ture r . 

The M-2 pump was operated continuously at var ious speeds for 
five days to check i ts pe r formance and provide init ial c i rcula t ion for the 
sodium fil tering run. Several f i l te rs were then removed and examiined 
after vacuum dis t i l la t ion of the sodium in the f i l t e r s . Very smal l ( less 
than a gram) amounts of carbonaceous pa r t i c l e s and me ta l pa r t i c l e s were 
found in each of the f i l t e r s examined. A port ion of the debris found in the 
f i l ters is suspected to have been due to incomplete cleaning of the f i l ters 
p r io r to init ial instal la t ion in the r eac to r . The rep lacement f i l te rs were 
examined thoroughly before inser t ion into the r eac to r to insure their 
c leanl iness p r i o r to the second fi l ter run. 

The pe rmanen t argon sys tem for the fuel unloading machine was 
instal led, checked, and put into operat ion during the month. After approxi ­
mate ly two weeks of operat ion, the t u rbocompres so r for the argon sys tem 



was stopped due to fai lure of pa r t s of the impel ler Examination revealed 
that the fai lure was due to cracking of the casting which forms the hub of 
the impel ler . New pa r t s have been o rde red to replace those damaged. 

During the fuel handling operat ion for removal of the filter e lements , 
the No. 2 r eac to r ve s se l cover locking mechanism jammed. This was the 
same difficulty as encountered on the No, 3 cover lock and repor ted p r e ­
viously in ANL-6705, March 1963, and ANL-6717, April 1963. A new b e a r ­
ing was instal led, as was done on the No. 3 cover lock. At the same t ime, 
as a precaut ionary m e a s u r e , this modification was also performed on the 
No. 1 cover lock. 

On July 14, both instrumient thimble cooling tu rbocompres so r s de­
veloped bear ing t rouble . The nuclear ins t ruments were removed from 
thei r th imbles in the p r i m a r y tank, with the exception of one which was 
blocked by pa r t s for the M-1 pump removal equipment ( temporary external 
cooling was provided for this ins t rument) . After removal of the ins t ru ­
men t s , the t u r b o c o m p r e s s o r s were shut down and the bear ings replaced. 
A vendor ' s r ep resen ta t ive was not able to determine the reason for the 
bear ing fa i lure , other than the possibi l i ty that the bear ings themselves 
were faulty. 

On July 24 during the fuel handling operat ions with fi l ter e lements , 
the large rotat ing shield plug became difficult to ro ta te . Although the ex­
act nature of the difficulty has not been establ ished, it has been determined 
that the difficulty is re la ted to t e inpera tu re distr ibution in the plug and/or 
rotating sea l . F reedom of rotat ion can be achieved by a l ter ing the t e m ­
pera tu re d is t r ibut ions . Detailed investigation is continuing to determine 
the cause and to es tab l i sh co r rec t ive p rocedures , 

2. Sodium Boiler Plant 

Activit ies during the month la rgely involved prepara t ions for a 
proposed leak tes t of the EBR-II s team genera tor , using t r i t ium as a 
t r a c e r . The method of the proposed tes t was descr ibed in the P r o g r e s s 
Report for June, ANL-6749. 

At the beginning of this repor t ing period, tes ts were in p r o g r e s s to 
de termine the ability of the liquid ni t rogen-cooled cold t r ap to collect water 
vapor from the ni trogen sweep gas injected into the secondary sodium s y s ­
tem. Three a t tempts to collect mo i s tu re from the evacuated sodium sys tem 
in late June had been unsuccessful . Therefore , to t es t the t r ap per formance , 
smal l amounts of wa te r were introduced into the ni trogen sweep gas s t r eam 
at the gas injection point. The re su l t s indicated that a recovery efficiency 
of 50% of the injected wate r could be rea l ized within a reasonable sampling 
t ime . 



Fai lure of the la rge s ta in less s teel Dewar flask used for immers ion 
of the cold t r ap in liquid ni t rogen brought an end to cold- trapping runs on 
July 1. Pending p rocuremen t of a rep lacement Dewar flask and continua­
tion of test ing p re requ i s i t e to the t r i t ium leak tes t , the secondary sodium 
sys tem was filled with dry argon on July 3. The argon was admitted to 
the sys tem through a "molecular s ieve" dess icant column to insure a very 
low moi s tu r e content. 

The argon in the sys tem was moni tored at r egu la r intervals for 
water vapor and hydrogen content. Between 0730 on July 4 and 1600 on 
July 10, the dew point of the argon inc reased from approximately -85' 'F 
to approximately -52°F, Analyzed hydrogen concentra t ions , although 
somewhat e r r a t i c , i nc reased from approximately 47 ppm, soon after f i l l ­
ing of the sys tem with argon, to approximately 445 ppm by 1600 on 
July 10. 

While the sodium systemi was p r e s s u r i z e d with argon, the evacua­
tion sys tem was modified to permiit evacuation of the sodium system through 
the two vent l ines which run from the evaporator sodium inlet headers to 
the surge tank. These vent l ines have been disconnected from the surge 
tank. Previous ly , the evacuation sys tem had been connected direct ly to 
the surge tank and the re was an attendant possibil i ty that the major portion 
of the ni trogen sweep gas might flow through the secondary pump direct ly 
to the surge tank, bypassing the s team genera tor . With evacuation from 
the sodium heade r s , al l sweep gas mus t pass through the s team genera tor . 

Between July 10 and 12, while the evacuation sys tem was being r e ­
connected, the sodium sys tem contained argon at a tmospher ic p r e s s u r e . 
The systemi was open to the a tmosphere at t imes during this per iod. 

The sodium sys tem was r e p r e s s u r i z e d with argon on July 12 and 
remained thus until July 15, Samples of sys tem argon from the surge tank 
and from the ya rd piping (at the ni trogen injection point) taken about 1000 
on July 15 showed, respec t ive ly , dew points of +10°F and +12°F and hydro­
gen contents of 835 and 825 ppm. The inc reases were probably due in large 
par t to ingress of atmiospheric mo i s tu r e while the sys tem was open during 
instal lat ion of the modified evacuation sys tem. 

Evacuation of the sodium sys tem was s ta r ted at 1700 on July 15. 
Several t e s t s for determining the apparent a tmospher ic a i r inleakage ra te 
were conducted between the s t a r t of evacuation and the s t a r t of ni trogen 
sweep gas flow at 0100 on July 18 Results of the inleakage t e s t s were 
considered sa t i s fac tory . The p r e s s u r e of the sys tem stabi l ized at about 
50 m i c r o n s . 



During the per iod July 18 through 20, a s e r i e s of cold-trapping runs 
were made to de termine the activity background in the sodium system. The 
f i r s t four runs were made with the copper oxide recombiner heated and 
with nitrogen purge gas flow. The next four runs were made with purge 
gas flow but with the recombiner unheated. The resu l t s of these runs a r e 
tabulated in Table III. 

Table III. T r i t i um Activity Determined by Cold-Trapping 

Run 
No. Date and Time Conditions 

Water 
Added 

7 / 1 8 / 6 3 , 0935-1235. Recombiner 25 ml 
on, n i t rogen purge on. (0940-1030) 

7 / 1 8 / 6 3 , 1500-1800. Same condi- None 
t ions as " 1 . " 

7 / 1 8 / 6 3 , 1950-2230. Same condi- None 
t ions as " 1 . " 

2354, 7 /18 /63 to 0830, 7 / 1 9 / 6 3 . None 
Same conditions a s " 1 . " 

7 / 1 9 / 6 3 , 1030-1330. Recombiner 25 m l 
off, n i t rogen purge on. (1035-1120) 

7 / 1 9 / 6 3 , 1520-1820. Same condi- None 
t ions a s " 5 . " 

7 / 1 9 / 6 3 , 1930-2230. Same condi- None 
tions a s " 5 . " 

2330, 7 /19 /63 to 0850, 7 / 2 0 / 6 3 . None 
Same conditions as " 5 . " 

Water 
Trapped 

8 1 1 m l 

4.4 1 1 m l 

2.5 t 1 m l 

5 t 1 m l 

Tr i t ium 
-Activity 

Combined with 
samples 2 and 3. 

Combined with 
samples 1 and 3. 

Combined with 
samples 1 and 2 
3 x 1 0 " ^ / i c /ml 

No ana lys i s . 

10 + 1 m l 2.5 X 10"* / i c / m l . 

9.4 t 1 m l 

3 + 1 m l 

Combined with 
sample 7. 

Combined with 
sample 6, 
2 X 10"* ; i c / m l 

3.5 t 1 m.1 No ana lys i s . 

Between trapping runs , the sodium system was isolated from the 
evacuation system and the nitrogen gas addition was continued. 

A ninth run of approximately 10 hours duration was made on July 20 
with both recombiner and nitrogen purge off, to remove res idual mois ture 
fromi the sys tem and to reduce the system p r e s s u r e . The amount of water 
t rapped was not measu rab l e . 

Four samples of rec i rcula t ing boiler water , taken from different 
points in the Power Plant water sys tem on July 18, showed no detectable 
t r i t ium activity ( less than 4 x 10" ^ c / m l ) . 

The t r i t ium activity values given above were completely unantici­
pated because the environmental t r i t ium activity at the EBR-II site is very 
low. Samples of EBR-II wel l water , for example, have never shown de­
tectable t r i t ium activity by the analytical method used, which is capable 



of measur ing a miinimum of 4 x 10" ,uc of t r i t ium activity in a water saraple 
sample volume not exceeding 10 ml Because of these unexpected r e s u l t s , 
the emphas is shifted to t e s t s which might d isc lose the source of the t r i t ium 
activity. 

Samples col lected on July 19 showed no measu rab l e t r i t ium activity 
in mo i s tu re condensed in cold t r a p s from the a tmosphere in the l abora to r i es 
where the t rapping run samples had been handled. A sample of a tmospher ic 
mois tu re col lected in the Sodium Boiler Building on July 20 showed a low 
level of tritiumi act ivi ty: 2.2 x 10"^ u.c/ml of a tmospher ic water . 

Samples of -water from the same source as that added to the sodium 
systein were analyzed for t r i t ium activity; no m e a s u r a b l e activity was 
p resen t . 

On July 22 and 23, a 24-hour trapping run was made on the sodium 
system to de te rmine t rappable sys tem activity without purposeful water 
addition. The r ecombine r and ni t rogen purge gas w e r e on. No water was 
evident in the cold t r a p , but the t r a p was r insed twice with t r i t i um-f ree 
water , and the r ins ings were analyzed; the f i r s t and second r inse samples 
showed, respect ive ly , 3.2 x 1 0 * / ic/6 m l and 1 1 x 10"^ jsc/l ml . 

To isolate the evacuation sys tem itself as the source of t r i t iura 
activity, an 18-hour trapping run was made on July 24 and July 25 with the 
evacuation sys tem isolated from the sodium sys tem After ni trogen purge 
and pump-down of the sys t em, 10 m l of wa te r were added ups t r eam of the 
recombiner and col lected in the cold t rap , Accurate m e a s u r e m e n t of the 
collected wa te r volurae was impossible because the sample contained a 
large amount of copper oxide sludge which had been c a r r i e d from the r e ­
combiner . The activity of the samiple was l e s s than the detection l imit , 
4 x 1 0 " ^ ,uc. 

To de te rmine whether wa te r additions to the sodium sys tem might 
be washing out the t r i t i um activi ty, an 18-hour trapping run was made on 
July 25 and 26 by addition of 25 ml of wa te r and with recombiner and n i ­
t rogen purge on. Approximately 23 ml of water was collected in the t r ap , 
the m e a s u r e d activi ty was 2 4 x 1 0 ^ u c per 10 ml , or 2 4 x 10" ,uc/nil 
The ag reemen t in activi ty level between this sample and the composite 
samples from trapping runs 1 through 3 makes a t t r ac t ive a hypothesis that 
an extensive source of t r i t ium activi ty ex is t s in the sodium sys tem and 
that it r e l e a s e s act ivi ty at an essent ia l ly constant r a t e 

P r e l i m i n a r y to determining whether the la rge volume of sodium in 
the secondary s torage tank might be the source of the t r i t ium activity, the 
tank was p r e s s u r i z e d with ni t rogen to approximately 9 psig on July 25 The 
f reeboard space in the s torage tank had been under vacuum since June 19 



On July 29, the ni trogen was allowed to flow through a copper oxide r e ­
combiner and cold t r ap for collection (as t r i t ium oxide) of any t r i t ium 
p re sen t in the s torage tank f reeboard space. As this r epor t is being 
wri t ten , no r e su l t s a re avai lable. 

Inasmuch as heliuxn was used for leak test ing of the secondary 
sodium system following construct ion, it was suspected as a possible 
source of t r i t ium. To de termine whether detectable t r i t ium activity is 
p resen t , bottled helium was passed through a copper oxide recombiner 
and cold t r ap . The t r ap was r insed with water and the r insings were 
analyzed. No detectable t r i t ium activity was p resen t 

The a tmospher ic mo i s tu r e samples xnentioned e a r l i e r were col­
lected in cold t r aps only; therefore , only t r i t ium oxide would have been 
collected. To de te rmine whether or not significant amounts of activity 
as t r i t ium a r e p resen t in the a tmosphere at the EBR-II s i te , a mois tu re 
sample was collected by passage of outside a i r through a copper oxide 
recombiner and cold t r ap . The analyt ical resul t , 2 x 10~^ u c / m l of col­
lected wate r , ag reed with that previously obtained for the a i r in the Sodium 
Boiler Building, 

In view of the unexpected, and relat ively high, "background" t r i t ium 
activity in the secondary sodium sys tem, the efficacy of a t r i t ium leak 
tes t , as previously planned, is quest ionable. The objective of the tes t 
was to provide an unequivocal answer as to whether or not a water leak 
of detectable magnitude exis ts in the s team genera tor , based upon the 
p resence or absence of detectable t r i t i um activity in water samples from 
the sys tem. In view of the relat ively high, and ostensibly constant, level 
of t r i t ium activity in the sys tem, the previously proposed tes t using t r i t ium 
t r a c e r could not give a definite answer concerning the existence of a smal l 
leak, based alone upon the p re sence of t r i t ium activity in the sodium s y s ­
tein. The best that could be done with the tes t would be to deterraine that 
the magnitude of a smal l leak is l e s s than some value which depends upon 
the sensit ivi ty and accuracy of m e a s u r e m e n t of an incrementa l t r i t ium 
activity. 

It has been es t imated that, with "background" t r i t ium activity of 
the level observed in the sodium sys tem and with an activity level of about 
0.05 u c / m l in the boiler wa te r (3 7 c in the rec i rcu la t ing water volume), 
the min imum leak ra te which can be determined with confidence is about 
1 m l per 24 h r . 

By compar ison , data from the las t argon p re s su r i za t i on tes t , de ­
scr ibed e a r l i e r in th is r epor t , indicate an apparent sys tem leak ra te between 
0 25 m l per 24 hours and 2 5 ml p e r 24 hours . The fo rmer value is based 



upon the assumpt ion that only the wate r vapor in the sodium sys tem came 
from leakage and that the hydrogen came from an independent source . 
The la t te r value is based upon the assumiption that both water vapor and 
hydrogen came fromi a leak, the hydrogen being formed by reduction of 
water in the sys tem through co r ros ion or some other chemical p r o c e s s . 

Work is continuing in an a t tempt to determine the source of the 
t r i t ium activity in the sodium sys tem. The feasibili ty of performing a 
t r i t ium leak tes t with a high t r i t ium "background" in the sys tem is being 
investigated. 

3. Power Plant 

Throughout the month, wa te r c i rcula ted through the sodium boiler 
from the s team sys tem was mainta ined at 330°F and 1000 psig in the 
steaxn drum except during the las t week when the water t empe ra tu r e was 
increased to 345°F to approach the t r i t ium leak tes t specifications m o r e 
closely. A closed sys tem mode of rec i rcu la t ion was used throughout the 
month with heating done by hea t e r s 3 and 4 and all auxi l iary steain sys tem 
condensate r e tu rned to the auxi l iary boi ler . This mode of operat ion is 
essent ia l for the tritiumi leak tes t . 

Sulphite concentra t ion in rec i rcu la t ing water for the f i r s t half of 
the month was between 30 and 95 ppm and pH between 9.7 and 10.4. On 
July 20, the sulphite concentrat ion was inc reased to 135 ppm and the pH 
to 10.4 in p repa ra t ion for the t r i t ium leak tes t . 

4, Fuel Cycle Faci l i ty 

The argon purif icat ion sys tem turboblower was t e s t - r u n for 
460 hours . Following this run, a bear ing inspection showed the equipment 
to be in good condition. 

The per i scope at argon cell Window No. 6 was instal led and leak-
tested. Satisfactory r e su l t s were obtained from both the optical sys tem 
and the gas seal . 

A pai r of sealed m a s t e r - s l a v e mianipulators were instal led at argon 
cell Window No. 2. The through-tube and t rans fe r box for an additional a r m 
at Window No.. 15 was instal led. 

Modifications to the method of removing and replacing the cable of 
the argon cel l electromiechanical mianipulator were devised and successfully 
accomplished. 



Instal lat ion of the air cel l d ismant ler was completed. Tr ia l runs 
with the machine indicated the need for some field modifications; these 
a r e under way. Work has continued on the installat ion and checkout of 
the pin p rocess ing machine and the we lde r s . 

The square telescoping tubes of the e lec t romechanica l manipula­
tor , which had exhibited some galling, have been modified. The modifi­
cation consis ted of the rep lacement of a l ternate s teel sections with b r a s s . 

The fabricat ion of the 20-ton interbuilding fuel t ransfe r coffin which 
was designed by ANL personnel and built at Argonne was completed. The 
fuel t r ans fe r coffin will be used for t r ans fe r r ing spent or reconst i tuted 
EBR-II fuel subassembl ies between the Reactor Building and the Air Cell 
of the Fuel Cycle Faci l i ty . The motor -b lower assembly for reci rcula t ing 
the cooling gas (air or argon) through an EBR-II fuel subassembly ope r ­
a tes sa t is factor i ly from the s torage ba t te r ies contained on the coffin (see 
P r o g r e s s Report , January 1963, ANL-6683, page 13). Heat removal p e r ­
formance t e s t s have been conducted using a mock-up heated subassembly. 
This subassembly is s imi l a r in construct ion to a s tandard core subassembly 
except that the core section pins were replaced by hea t e r s . A heat load of 
1050 wat ts is the es t imated heat output of a subassembly for 2 percent 
burnup and 15 days cooling. A maximum center pin t empera tu re of 600°F 
is a performiance requ i rement of the coffin cooling sys tem. The resu l t s of 
the heat removal per formance t e s t s have shown that, for a i r flow ra t e s 
between 1 and 30 scfm and for heat loads between 341 and 1500 wat t s , the 
center pin t empe ra tu r e could be maintained at 600°F or lower. The fuel 
t ransfe r coffin has been shipped to the EBR-II site in Idaho. 

All shielding windows in the Air Cell and Argon Cell have now been 
provided with s tee l shielding window shu t te r s . Slip clutches of ANL design 
(see P r o g r e s s Report , Feb rua ry 1963, ANL-6698, page 19) have been in­
stal led on al l shut ter dr ive uni ts . Use of the slip clutches has el iminated 
the chat ter in the shutter dr ives which occur red at the end of the shutter 
t r ave l because of the high stalling torque of the drive m o t o r s . 

Calculations of t e m p e r a t u r e profi les through the glass slabs in the 
60-in. thick shielding windows have been made . Tempera tu re gradients 
occur within a g lass window as a r esu l t of the absorpt ion of the gamma 
energy to which the window is exposed under plant operating conditions. 
The effect of s teel shielding window shut te rs on the t empera tu re profile 
was a lso calculated. The following conditions during cell operat ions were 
a s sumed for the calculat ions: a radia t ion intensity of 5 x 1 0̂  r a d / h r , a 
cel l ambient t empe ra tu r e of 100°F, and an outer annulus t empera tu re of 
70°F. With the s teel shielding window shut ter open, the calculated t e m p e r ­
ature profile at equi l ibr ium shows that the t empera tu re in the shielding 
window r i s e s to a max imum (175°F) at about 5 in. from the cell side (A slab). 
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With the s teel shielding window shut ter closed, ihe calculated t empera tu re 
profile at equilibriumi shows that the t empera tu re at the face (cell side) of 
the shielding window is 140°F and then slowly d e c r e a s e s through the shield­
ing window to the ambient outer annulus t empera tu re (70°F) 

In an effort to obtain a m e a s u r e of the rel iabi l i ty of tungsten as a 
containment m a t e r i a l for mol ten uranium, two smal l crucibles were fab­
r ica ted from tungsten and tes ted while containing uranium One crucible , 
about 1 in. in d iamete r and 1 in. high, was made from swaged tungsten rod. 
In a 50-hour holding tes t at 1200°C, this crucible was at tacked to a m a x i ­
mum depth of 4 m i l s . The other tungsten crucible , which had been fabr i ­
cated by slip cast ing and then s in ter ing, d is in tegra ted rapidly (failed in 
30 minutes) when used to hold mol ten uranium at 1200*^0. 

5. P r o c e s s Development 

a. Me It-refining P r o c e s s Technology In the EBR-II mel t - ref in ing 
p r o c e s s for separa t ing recyc led fuel from volatile f ission products , fission 
product iodine col lects on the cyl indr ical F iber f rax fume t r ap over the mel t 
refining c ruc ib le , apparent ly in the foraxi of ces ium iodide Heat from the 
decay of sorbed fission products and of fission products remaining in the 
skull might r a i s e the t e m p e r a t u r e of the F iber f rax t r ap sufficiently so that 
some of the iodine might be r e l e a s e d to the a tmosphere of the Argon Cell 
upon opening of the mel t refining furnace. In the p re sen t study, one-inch 
d iameter F iber f rax plugs were heated to var ious t e m p e r a t u r e s to simulate 
two typical conditions of f ission product decay heating, and the amounts of 
iodine desorbed were m e a s u r e d The plugs employed in these exper iments 
had been used in the mel t refining of mildly i r r ad ia ted uranium-f is slum 
charges containing iodine-131 and ces ium-134 The desorbed iodine was 
swept out of the sys tem m a s t r e a m of argon gas which was then passed 
through a f i l ter a s sembly consis t ing of a charcoal bed with a high-efficiency 
fil ter at each end Data on the r e l ea se of iodine have now been obtained at 
nO°C (to s imulate the situation where the fume t r a p is lifted from the me l t 
refining crucible) and at a gradient of 315 to 680°C between the ends of the 
F iber f rax (to s imulate the si tuation where the fume t r ap is res t ing on a 
crucible containing active skull m a t e r i a l ) Iodine act ivi t ies collected in the 
fil ter a s semb l i e s were as follows 

Iodine 
Collection 
Time (hr) 

34.2 
30.2 
30.9 

F iber f rax 
Temp (C) 

315-680 
170 
170 

O2 Content 
of Argon 

(ppm) 

7 

1̂ 
175 * 

Total l"^ in 
F iber f rax (uc) 

at Start of 
Iodine 

Collection 

867 5 

307.8 

P ^ (MC) in 
Fi l t e r Assy 
at End of 

Iodine 
Collection 

47 7 
f 0.009 
I 0.020 



These resu l t s indicate that the ra te of re lease of iodine activity to the 
Argon Cell of the Fuel Cycle Faci l i ty will not constitute a ser ious problemi. 

b. Skull Reclamation P r o c e s s . The skull rec lamat ion p rocess 
will be used to recover and purify the fissionable m a t e r i a l in the crucible 
res idue (skull) remaining after a me l t refining operation. Smal l -sca le 
(lOO g r a m s of uraniumi) p roces s demonstra t ion runs a r e being made to 
optimize p r o c e s s conditions and reso lve p rocess p rob lems . In one r e ­
cently completed run, the 139-gram charge consisted of 90 percent un-
oxidized skull and 10 percen t skull oxide, to which was added a pin of 
i r r ad ia ted uranium as t r a c e r ; in another completed run, the 101-gram 
charge consis ted of fully oxidized skull m a t e r i a l to which was added 
ruthenium-106 as t r a c e r . Mate r ia l balances showed uranium losses in 
the two demonst ra t ion runs to be only 1.6 and 2.2 percent , respect ively, 
based on the assumpt ion that the uranium, p resen t in heels and in analytical 
samples is r ecoverab le . These lo s ses a re smal le r than the allowable 
value of about 5 percent . The fission product removals were sat isfactory, 
except for a low removal of z i rconium (56 percent) in the f i rs t run. 

Operation of the l a r g e - s c a l e (2.5 kg skull oxide) integrated 
skull rec lamat ion p rocess ing equipment was continued. Work with this 
equipment will provide an evaluation of equipment and p r o c e s s pe r fo rm­
ance at near ly full plant sca le . The equipment has been modified to pe rmi t 
al l s teps of the skull r ec lamat ion p r o c e s s except the final re tor t ing step to 
be per formed in a tungsten crucible in ei ther of two furnaces . Following 
th is , an additional run was made in which pressure -s iphoning of liquid 
phases from the tungsten crucible was accomplished without major diffi­
cul t ies . However, the re is need for achieving m o r e near ly complete r e ­
moval of waste me ta l and waste salt phases , especial ly in the step in which 
the supernatant meta l phase is removed after precipi ta t ion of the uran ium-
zinc in te rmeta l l i c compound. 

Disti l lat ion equipment is being tes ted for the removal of r e s i d ­
ual magnes ium-z inc from uranium in the las t s tep of the skull r e c l a m a ­
tion p r o c e s s (see P r o g r e s s Report , March 1963, ANL-6705, page 28). A 
new dist i l lat ion unit, which can be used with the mel t refining furnace base , 
has been designed. This unit, which consis ts of a dist i l lat ion crucible , a 
vented crucible cap, and a disposable co l lec tor -condenser , was used to 
make six runs , A butt- type seal which was used between the disposable 
co l l ec to r -condense r and the vented crucible cap was tes ted to determine 
the effectiveness of the sea l in prevent ing dist i l led molten meta l from 
entering the annulus between the col lector and the crucible cap. Three 
runs were c a r r i e d out in which 1000 g of 14 w/o magnes ium-86 w/o zinc 
was charged to the crucible in each run. Three additional runs were made 
in which 3000 g of the same alloy was used in each run. The dist i l lat ions 
were c a r r i e d out under reduced p r e s s u r e (l mm Hg) at final crucible 



t empe ra tu r e s between 1200 and 1250°C. The butt-type seal proved s a t i s ­
factory in a l l runs . The re was no m e a s u r a b l e leakage of dis t i l led me ta l . 
At the end of each run the condenser col lector could be readi ly removed 
from the crucib le ; no sticking between these two components was 
encountered. 

A study (see P r o g r e s s Report for May 1963, ANL-6739, 
page 25) to de te rmine whether the noble me ta l extract ion step of the skull 
rec lamat ion p r o c e s s can be adapted to the removal of uranium from 
various cladding m a t e r i a l s is being continued. In recent ly completed 
runs on a 20-g sca le , 0.144-in. d iamete r by 1 to 1.5-in. long clad 
uran ium-5 percent f iss ium pins were contacted with z inc - sa l t* mix tu res 
for 4 hours at 750°C. The total uraniumi (dissolved uranium and undis ­
solved uranium) re ta ined in the waste me ta l phase at the end of the runs 
for the var ious pin claddings were (percent of the uraniumi charged): 
304 s ta in less s tee l , 10.0; tungsten-coated Hastelloy X, 15.7; tungsten-
coated 304 s ta in less s tee l , 24.4; and niobium-1% zirconium, 34,8. To 
aid in the in te rpre ta t ion of r e s u l t s , it is des i rab le to know the amount 
of uranium that was in solution in the zinc phase and the amount of zinc 
chloride that was left in the molten sal t phase when each run was t e r m i ­
nated. This information will be available when the ana lyses of appropr ia te 
samples of the miolten me ta l and salt phases a r e completed, 

c. Blanket P roces s ing Studies. Work is proceeding on an a l t e r ­
native blanket p r o c e s s for the isolat ion of plutonium fromi uranium blanket 
m a t e r i a l . In this p r o c e s s uranium and plutonium a re f i rs t oxidized into a 
flux phase with zinc chloride and subsequently reduced from the flux phase 
with magnes ium. The plutonium dissolves in excess magnes ium, which 
floats on the flux, while uraniumi p rec ip i ta tes to the bottom of the cruc ib le . 
Work is being c a r r i e d out in an effort to improve the separa t ion of the 
phases . The effects of changes in p r o c e s s conditions and flux composit ion 
a re being studied. The addition of alloying agents to inc rease the c o a l e s ­
cence of uranium is a lso being investigated. 

d. Liquid Sodium. Coolant Chemis t ry . An activation method that 
depends on the 0^^(n,p)N^^reaction is being explored for the de t e rmina ­
tion of 10 to 100 ppm oxygen in sodiumt m e t a l (see P r o g r e s s Report for 
March 1963, ANL-6705, page 47). The success of this method depends to 
a la rge extent on finding suitable low-oxygen conta iners for the sodium 
during the i r r ad ia t ion and analys is of the induced activity. P r e l i m i n a r y 
studies a r e underway to evaluate polyethylene and other potential container 
m a t e r i a l s . 

*The sal t ex t rac tan t was 47.5 m / o calcium chlor ide-47.5 m / o m a g ­
nesium chlor ide-5 .0 m / o magnes ium fluoride plus an amount of zinc 
chlor ide ei ther 20 or 100 percen t in excess of the s to ichiometr ic 
r equ i r emen t to oxidize the uranium. 



6. Training 

A reac to r technology course convened on July 15 for new techni­
cians for var ious Idaho Division p ro jec t s . This course is scheduled for 
half-day sess ions daily and will cover a minimum of 130 hours of work. 

On July 15, shift supe rv i so r s were rel ieved of shift duty for th ree 
and one-half weeks of t ra ining. The purpose of this training was to up-date 
the shift supe rv i so r s with recent plant modifications and qualify them for 
wet c r i t i ca l operat ion. This ins t ruct ion will cover technical and admin i s t r a ­
tive subjects re la ted to wet c r i t i ca l exper iments and approach to power. 

EBR-II facility and plant or ientat ion c lass s ta r ted on July 22 with 
16 technicians par t ic ipat ing on a half-day bas i s . Facil i ty orientat ion was 
completed on Fr iday , July 26. 

E. FARET 

1. Construct ion P r o g r a m 

Final detai ls a r e being worked out between ANL and the Bechtel 
Corporat ion for a rch i t ec t -eng ineer ing se rv ices for the FARET facility. 
A p re l imina ry agreement on the cont rac t between the Labora tory and the 
Bechtel Corporat ion was reached in June, 1963. 

Title I work was init iated on June 17, 1963, based on the a s s u m p ­
tion of ea r ly approval of the final cont rac t by the Commission. 

In joint mee t ings with Bechtel personnel the interface between the 
a r e a s of ANL and Bechtel design responsibi l i ty was explored in some de ­
ta i l . The function of the facility was reviewed and the ove r -a l l operating 
r equ i r emen t s desc r ibed . The availabil i ty and applicabili ty of computer 
codes and assoc ia ted information, pa r t i cu la r ly for use in the design of the 
shielding and the r e a c t o r coolant sys t em control stability p rob lems , was 
covered. The experimiental p r o g r a m was also briefly d iscussed. The 
proposed FARET site at NRTS was vis i ted. The availabili ty of uti l i t ies 
and se rv i ce s from the EBR-II site was investigated; site conditions were 
d iscussed , and local labor conditions and costs were reviewed. Discus ­
sions were a lso held on Plant Engineer ing and AEC s tandards , codes, 
p r a c t i c e s , and p r o c e d u r e s . 

An in terdivis ional review is being inade on the conceptual design 
desc r ibed in the Feas ib i l i ty and Cost Study Report (AI-8040). It is not 
ant ic ipated that iixformiation developed during these reviews will affect 
the Title I schedules . The pr inc ipa l a r e a s being reviewed a r e : 



a. Cell layout and equipment a r r angemen t especial ly as re la ted 
to r eac to r operat ion and fuel handling considerat ions , 

b. Vault layout, with r e spec t to equipmient location and cons ider ­
ations involving p r i m a r y piping a r rangement . 

c. Cell and vault space cooling considera t ions . 

d. Design of r eac to r coolant sys tem. 

e. Mater ia l selection. 

f. Safety ana lys is , with pa r t i cu la r emphasis on the effects on 
the containment s t ruc ture of sudden energy r e l e a s e s in the 
center of the reac to r , 

A cr i t ica l path analysis of FARET design and construct ion has 
been undertaken by the Labora tory and has p rog re s sed to the point where 
the f i r s t r e su l t s n e c e s s a r y to compute the course and duration of the path 
a r e available. The network d iagrams current ly cover approximately 
1700 act iv i t ies . 

2, Fuel Elements for Zoned Test Core 

Gas gap conductance for the zoned-core Doppler exper iments has 
been m e a s u r e d for insulated fuel pel le t e lements using a bench tes t e l e ­
ment (ANL-6672,December, 1962). A number of the measu remen t s were 
made with a i r in the gap between pel le ts of lava m a t e r i a l and s ta inless 
steel cladding. Typical t empera tu re m e a s u r e m e n t s at a l inear heat flux 
of 20 w / c m showed 860°C at the pellet thermocouple and 450°C at the clad 
surface, from which a t empera tu re drop of 283°C is calculated a c r o s s the 
gas gap. 

Subsequently, t he rma l cycle tes t s have been conducted on UO2 
specimens to determine thei r r e s i s t ance to cracking. The pellets were 
cycled 10 t imes between l inear heat fluxes of 12 w / c m and 2.2 w / c m by 
means of a tantalum hea te r in an argon gas environment. The resu l t s of 
these t e s t s a r e shown in Table IV. 

Table n ; Summary of Initial Insulated UO2 Pellet Tests 

Corresponding Reactor 
Conditions 

Cycle Max. Linear ' — 'Vlin. Linear 
Spec. No. Period. Heat Flux Heat Flux Power Heat Flux 

No. Cycles min. w/cm w/cm Mw" w/cm Results 

2 10 30 
2 10 25 
3 10 30 
3 10 25 
7 10 60 
7 10 60 
8 10 60 
8 10 60 

12 19.8 
14.5 23.9 
12 I9.S 
14.5 23.9 
13 21.5 
14.5 23.9 
13 21.5 
14.5 23.9 

4.3 2.2 
5.2 2.2 
4.3 2.2 
5.2 2.2 
4.7 2.2 
5.2 2.2 
4.7 2.2 
5.2 2.2 

X-rays show no damage 
Pellet broken (see Figure 31 
X-rays show no damage 
Pellet broken 
X-rays and neutrons show no damage 
Pellet broken 
X-rays and neutrons shojs no damage 
Pellet broken 

Based on —•' = 1.5.1400-1 core 
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X 

Figure 3. Specimens No. 2 (left) and No. 3 after 20 Thermal Cycles 
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The t h e r m a l conditions during these cycling tes t s a re shown in 
Table V. 

Table V. Conditions in Test Element No. 2 During 
UQ^ Fuel Pe l le t Cycling Operat ion 

Linear Heat 
Flux, l 
w / c m 

12.0 
2.2 

14.5 

1 Calculated 

^Measured 

Pe l l e t I.D 
Temp, l °C 

905 
460 
955 

Pe l le t O.D. 
Temp, l "C 

790 
440 
815 

Pe l le t 
Thermocouple 

Temp,2 °C 

820 
.3 

850 

Clad 
Temp,2 °C 

620 
400 
610 

•^Potentiometer did not indicate t e m p e r a t u r e s below 550°C 

The r e su l t s of the p r e l im ina ry t e s t s showed the average tes t zone 
l inear heat flux may have to be kept below approximate ly 23.9 w / c m to 
prevent se r ious cracking of the pe l le t s . This heat flux cor responds to a 
FARET power level of about 5 2 Mw, 

Succeeding t e s t s will be conducted to es tab l i sh the maximium heat 
flux below which the r eac to r exper iment should opera te . Simultaneously, 
efforts a r e underway to subject the pel le ts to nuclear heating in the CP-5 
r eac to r . 

The integr i ty of the pel le ts containing about 10 w/o plutonium will 
be investigated. 

Due to the bet ter t h e r m a l conductivity, it is expected that UC will 
be m o r e r e s i s t a n t to cracking than the UO2. A backup tes t using UC will 
also be undertaken 

3. Core Design 

Core subassembl ies have been designed that will permiit var ia t ion 
in fuel elem.ent diamieter and length for the var ious core loadings of inter­
es t . F igure 4 i l l u s t r a t e s the re fe rence subassembl ies for a zoned core 
loading. 
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4. Core Grid Structure 

An analysis of the deflection and s t r e s s e s in the grid s t ruc tu re under 
t he rma l and mechan ica l loads has been made , A t h e r m a l gradient , with 
l inear var ia t ion through the thickness of the plate and dis t r ibuted axial 
symmet r ica l ly over the plate p lan- form, and a la te ra l ly applied p r e s s u r e 
were a s sumed for the analys is . A convergent power s e r i e s expansion was 
a s sumed to expres s t e m p e r a t u r e . Class ica l smal l deflections theory and 
the concept of "equivalent solid p la te" have been used. A solution has been 
obtained for a plate with any a r b i t r a r i l y r e s t r a ined rota t ions . P r e l i m i n a r y 
calculations have been made for a pa r t i cu la r loading condition consist ing of 
the following: 

a. A total deadweigh t of 90,000 lbs (595 core e lements) 

b. P r e s s u r e in inlet plenum = 0 

c. A t r ans i en t t e m p e r a t u r e i nc r ea se of 300°F from the edge of 
the plate to the center of the plate . 

The max imum deflections for a s ta in less s teel plate (66 in. dia.) 
at a t empe ra tu r e of about 1,200°F vs plate thickness for var ious r e s t r a i n t 
conditions a r e l i s ted in Table VI. 

Table VI. Deflections of Core Support Model 

Deflections (in.) for Various 
Types of Support 

P la te k* = 0 k = 0.5 
Thickness (Simply (Par t ia l ly k = 1 

(in.) Supported) Restra ined) (Built-in) 

11 0.132 0.088 0.041 
6 0.249 0.162 0.141 
2 0.684 0.444 0.202 

*k - rota t ional r e s t r a i n t factor 0 ~ k — 1. 

Computations for m o r e rea l i s t i c loading conditions will be inade 
in the near future. 

The study of c r eep bending of per fora ted c i r cu la r plates at elevated 
t e m p e r a t u r e s has been initiated. It appea r s that the re is a lack of comi-
parable informiation available to p e r m i t an in te rpre ta t ion of c r eep 
phenomena in a sa t i s fac tory manne r for this application. Work on this 
is continuing. 



5. In-pile Exper iment 

Ins t rument r equ i remen t s for the CP-5 in-pile experiment of fuel 
pel lets for the zoned loading have been formulated. One of the major 
problem a r e a s is the clad t empera tu re vacuum control system and the 
fuel -gas-gap vacuum control sys tem. An analysis of the out-gassing 
problem and the p r e s s u r e control sys tem will be made. A mockup control 
system will be built and tes ted. 

Specifications for the clad surface and heat flow t ransducer t he r ­
mocouples have been wri t ten . The specifications for the fuel pin the rmo­
couples will be wri t ten and a requisi t ion placed for all thermocouples . 

6. In-vesse l Connectors 

A pre l iminary prototype connector design is shown in Figure 5. 
Each connector can accommodate sixteen sensors , assuming each sensor 
r equ i r e s a pair of w i r e s . The design pe rmi t s remote assembly of the plug 
and receptac le . 

SECTION B-B 

L. 

GAS MANIFOLS 

^ ^ f ^ f ? : ^ ^ ^ ^ ^ ^ ^ 

CONNECTOR ASSEMBLY, IN VESSEL 
L_»_ B I—w-c L-1— 1 

Figure 5. Preliminary Prototype Connector Design for Use in FARET 

The r i g for t e s t i n g c o n n e c t o r s have b e e n f a b r i c a t e d and a s s e m b l e d . 
Sample c o n n e c t o r s a r e now a v a i l a b l e . The h igh t e m p e r a t u r e cab le h a s 
a l s o a r r i v e d but h a s not b e e n c o m p l e t e l y checked out. T e s t i n g should 
c o m m e n c e soon. 



Ful l - sca l e mockup connectors and m - v e s s e l leads a re being made 
It is planned to include nine connectors and leads m the FARET mockup 
vesse l 

7. In -core Ins t rumentat ion 

It has become apparent that b a s e - m e t a l extension lead wi re mus t be 
developed for use with the tungsten-rhenium alloy thermocouples when the 
junction of the lead and thermiocouple wire is made m the 250 to 650^C t e m ­
pe ra tu re range . Extension lead wi re is available for use from roomi t e m ­
pe ra tu re up to 250''C. The developmient of high t empe ra tu r e lead wire is 
being investigated with a number of vendors . 



III. GENERAL REACTOR TECHNOLOGY 

A Applied Nuclear Physics 

1. Fas t Neutron Scat ter ing 

Time-of-f l ight m e a s u r e m e n t s of elast ic and inelast ic sca t ter ing 
c r o s s sect ions have proceeded on a routine b a s i s . The increas ing appl ica­
tion of on-l ine digital computer sys t ems has not only speeded the work but 
g ross ly improved the exper imenta l p rec is ion . The t ime resolut ion has been 
improved by a factor of two and the sensit ivity extended to a cutoff of less 
than 100 kev. Measurements brought to a formal conclusion during this 
per iod include the de te rmina t ions of the differential e las t ic and inelast ic 
sca t te r ing c r o s s sect ions of Cu and Zn ( E ^ = 300 - 1500 kev). The e las t ic 
r e su l t s shown in F igu re s 6 and 7 a r e represen ta t ive of the work 

The P r o g r e s s Report for June (ANL-6749, p. 26) d iscussed some 
t rends in e las t ic and ine las t ic c r o s s sect ions as de termined from these 
m e a s u r e m e n t s . These sys t emat i c s a r e becoming c l e a r e r as more infor­
mation is obtained. This is i l lus t ra ted in Figure 8. Here the differential 
e las t ic c r o s s section is shown as a function of incident neutron energy and 
m a s s number . As in previously r eco rded data, the effect of closed nuclear 
shel ls i s c lea r ly seen. The sys temat ic dependence of c r o s s section on in ­
cident energy is a lso evident. Using information such as that shown in 
Figure 8 it is possible to der ive the sys temat ic behavior of c r o s s sections 
and, thus , predic t values for nuclei not amenable to m e a s u r e m e n t . Such 
an evaluation of the sys t emat i c s is now in p r o g r e s s . The ul t imate objec­
tive IS a c r o s s sectional l i b r a r y which can be di rect ly util ized as input 
information in the calculat ion of the per formance of fast r eac to r s y s t e m s . 

2. Neutron Capture Cros s Sections 

The neutron capture c r o s s section for Ta was m e a s u r e d utilizing 
activation techniques . Absolute c r o s s sect ions for neutron capture from 
175 kev to 1500 kev were de termined from compar ison m e a s u r e m e n t s with 
the rma l neutrons for both the 115 d and 16.4 m ac t iv i t ies . The neutron 
capture c r o s s section assoc ia ted with the 16.4 m activity remained between 
1 mb and 2 mb throughout the en t i re energy range covered. Thus, the 115 d 
activity accounted for mos t of the neutron capture c r o s s sect ion. The total 
neutron capture c r o s s sect ion, obtained by combining the activation c r o s s 
sect ions for the 115 d and 16.4 m ac t iv i t ies , is given in Figure 9 together 
with the m e a s u r e m e n t s Diven, _et al .^ and Gibbons, etal_^ It is evident 
froin the figure that our r e su l t s a r e m much bet ter agreement with those 

•'•B. C. Diven, J . T e r r e l l , and A. Hemmendmger , Phys . Rev. 120, 556 
(1960). 

2 H . Gibbons, R. L. Macklin, P . D. Mil ler , and J. H. Neiler , Phys . Rev. 
122, 182 (1961). 
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a-(el)bn 

Figure 8. The Total Elastic Cross Section as a Function of Incident Neutron Energy 
and Target Mass Number. 
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a c ro s s sectional sl ice or a specified contour. Location of the sl ice or the 
contour is set by switches on the display unit. An i somet r ic view is also 
avai lable . 

4 . High Conversion Cr i t ica l Exper iments 

The cr i t ica l d imensions , ref lector savings, and the bucklings derived 
from measu remen t s made in the 1.27-cm tr iangular and 1.24 cm square l a t ­
tice HiC assenablies a r e shown in Table VII. Data, such as the fast fission 
factor, thermal util ization, the resonance escape probability, and the initial 
conversion ra t io (ICR) a r e being evaluated. A systennatic investigation is 
being made of pert inent cor rec t ions to be applied to the m e a s u r e m e n t s . A 
cylindrical zone of approximately 400 s t a in less - s t ee l -c lad , HiC fuel pins 
was loaded into the center of the 1.27-cm t r iangular , a luminum-clad in order 
to m e a s u r e the m i c r o p a r a m e t e r s in a s ta inless steel environment. Thus far, 
data have been obtained for £ and f and one i r radia t ion made for both p 
and ICR. 

Table VII. Cr i t ica l P a r a m e t e r s and Buckling Measurements 
in Lat t ices 

Latt ice 

H/U^^* atom rat io 
Cr i t ica l No. of fuel pins 
Clean Cr i t ica l Radius, cm 
Radial ref lector savings, cm 
Extrapolated rad ius , cm 
Radial buckling, cm"^ x 10^ 
Axial ref lector savings, cm 
Extrapolated height, cm 
Axial buckling, cm~^ x 10* 
Buckling, cm~^ x 10"* 

of Aluminum-Clad HiC 

1.27 cm A 

2.30 
1417 ± 3 

25.10 ± 0.03 
8.77 ± 0.07 (11)* 

33.87 ± 0.08 
50.42 ± 0.24 
19.11 ± 0.18 (4)* 

141.03 + 0.18 
4.96 ± 0.01 

55.38 ± 0.24 

Fuel 

1.24 cm D 

2.93 
950 ±1 

21.56 ± 0.02 
8.13 ± 0.16 

29.69 ± 0.16 
65.61 ± 0.71 
16.52 ± 0.31 

138.44 ± 0.31 
5.15 ± 0.02 

70.76 ± 0.71 

(8)* 

(4)* 

*Indicates number of measu remen t s 

The change in react iv i ty with buckling, bp/bB^, for the HiC cores to 
date was es t imated from the exper imenta l determination of per iphera l fuel 
pin worths and the change in the number of fuel pins with buckling as com­
puted for the clean, c r i t i ca l core , holding the axial buckling constant. The 
migrat ion a r ea was inferred from the modified one-group express ion 

^ ~ 1 + B^bpfdB^ 
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The r e su l t s of this calculation for the HiC cores a r e given in 
Table VIII. Anisotropy in the migra t ion a r e a was not considered. The 
degree of p rec i s ion in Table VIII is in pa r t a r e su l t of 7^% e r r o r a s sumed 
for the pe r iphe ra l fuel pin worth. 

Table VIII. Migrat ion Areas of HiC Cores 

Sp/Bn 
P e r i p h e r a l Fuel 

P in V/orth bp/bB^ M^ 
Reactivity per Reactivity Migration 

• 2 A . . , ^ . , ^ _ 2 
•y P' 
10^ Latt ice P in x 10 per cmi Area , cm 

^ • ^ ^ c T f T " " 70 ± 5.2 - 3 7 . 1 ± 2 . 8 4 5 . 0 ± 4 . 1 
SS clad 

1.24 cm square 168 ± 1 2 . 6 -33.5 ± 3.5 43.9 ± 4.3 
Al clad 

1.27 cm t r i angu la r ^ ^ ^ i 8.4 -42.5 ± 3.2 55.5 ± 5.6 
Al clad 

5. Theore t ica l Phys ics 

a. Numierical Methods Analysis . One of the mos t economical 
methods for s tor ing ma thema t i ca l functions in the comiputer is by the co­
efficients of the i r expansions in Chebyshev polynomials . In con t ras t to 
storing the coefficients of the equivalent ordinary polynomial, one set of 
coefficients s e r v e s for any de s i r ed accuracy up to the miaximum, and the 
accuracy obtained is eas i ly de te rmined from the magnitude of the coeffi­
cient of the f i r s t t e r m neglected. Although the coefficients may be obtained 
by r ea r r ang ing the t e r m s of the power s e r i e s , difficulties a r e encountered 
when the power s e r i e s does not converge rapidly, and other methods have 
normal ly been used to obtain themi. 

P r o m i s i n g re su l t s have been obtained for slowly converging 
s e r i e s by use of the Eule r summat ion t ransformat ion . Let the function for 
which the Chebyshev s e r i e s is de s i r ed be given by: 

CO 

f(x) = ^ ajxJ (1) 
j = o 

and let Vi k be the coefficient in the expansion of xJ in Chebyshev poly­
nomials : 

J 
^j = Z ^j,kTk(x) (2) 

k = 0 



Then, 

fW = f ĵ I ĵ,kTk(x) = t i I ĵ̂ j,k^Tĵ (=') (3) 
j=o k=o k=o 

The Euler t ransformat ion is then applied to the summation over j to obtain 
the des i red coefficient. The same procedure may c lear ly be applied to ob­
tain coefficients for the shifted polynomials, T^(x). Moreover , the Euler 
t ransformat ion may be rep laced by any of the other standard devices for 
improving the convergence. 

To tes t this approach, it was applied to the se r i e s 

ln(l +x) = - 2 - ^ = Y, b | T|(x) (4) 
j = i >' k = o 

Using only the f i rs t 10 t e r m s in the power se r i e s (which would only be good 
to 0.05), a Chebyshev expansion good to l ess than 10" was obtained. 

b . Doppler Effect Studies . The total Doppler effect of an oxide-
fueled reac tor with 52 v /o sodium, 32 v /o fuel, and 16 v /o steel has been 
computed for fuel containing U^̂ ^ and Pu^^' in var ious r a t i o s . The positive 
p^239 contribution as a percentage of the negative U^̂ ^ contribution has also 
been obtained. The resu l t s a r e given in Table IX. It is seen that a negative 
effect is still obtained at a U ^ ^ V P U ^ ^ ' ra t io of 2, although the total Doppler 
effect has become quite smal l by this t ime . The fact that the Pu^^' effect 
as a percentage of the U^̂  effect does not inc rease more rapidly with de ­
c reas ing U^^yPu^^' ra t io is due to the fact that the Û ®̂ Doppler effect b e ­
comes more appreciable with inc rease in neutron energy than does the 
Pu^^' effect because the resonances a r e s t ronger . As the low energy spec -
t ruin hardens because of increas ing fissile mate r ia l concentration, the Û ®̂ 
effect thus is still dominant. It seems unlikely that a positive Doppler 
effect will ever be a significant problem in an unmoderated power r eac to r . 

Table IX. Doppler Effect of Oxide Fueled R e a c t o r s a s a Function of U^^^Pu^^^ Ratio 

U238/p^E39 

9 

7 

5 

? 

2 

300-750°K 

1.17 

0.72 

0.38 

0.092 

0.032 

Tota l (-6 k) 

750-1500°K 

0.87 

0.53 

0.28 

0.068 

0.025 

i500-2500' 'K 

0.59 

0.38 

0.20 

0.045 

0.016 

Po 

30C 

si t ive Pu^ ' ' Effect a s Pe 
Negative U^^^ Effe 

-750°K 750-1500°K 

14 

19 

24 

42 

44 

13 

17 

23 

38 
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The above calculation used the following p a r a m e t e r s for Pu ' : 
< r ^ > / D = 1 X 10"^, ^Tf > - 0.099 ev, 2 channels per fission, level spacing 
11.6 ev for J = 0, 3,86 ev for J = 1. It was pointed out in the June P r o g r e s s 
Report (ANL-6749) that reasonable var ia t ions of the f i r s t th ree p a r a m e t e r s 
did not make much difference in the r e s u l t s . It was recent ly d iscovered 
that a significant in teract ion effect of û ^® on some of the Pu^^' resonances 
exis ts which may change the Pu^^' Doppler effect f rom positive to negative. 
This is st i l l under study and has not been taken into account in the p resen t 
work. 

c. ZPR-VII Data Analys is . The cyl indr ical cel l collision probabi l ­
ity p r o g r a m (see ANL-6683, P r o g r e s s Report for January 1963) has been 
extended to three reg ions . Calculat ions of t h e r m a l flux disadvantage factors 
for the BORAX-V square and t r i angula r la t t ices using this code give r e su l t s 
in r a the r close ag reemen t with those der ived using e i ther the 30-group 
THERMS code or the one-group THERMS code. In both the THERMS and 
I692/RE one-group prob lems the c r o s s sect ions used were der ived from the 
mult igroup THERMS output. To obviate the m i r r o r image reflection bound­
a ry condition in THERMS, a region th ree mean free paths thick consist ing of 
a heavy s c a t t e r e r was placed outside the actual unit cel l . 

The I692 /RE code has a lso been used to calculate disadvantage 
factors for some la t t ices previously studied by Thie (Ref, 5, la t t ices 1, 4, 6). 
Values of D - 1 , where D is the disadvantage factor, a r e about 2 to 4% lower 
than those obtained from Sî , calculat ions using the Winfrith DSN code with 
"white" boundary conditions. The na ture of the flat flux approximation in 
I692/RE is such that the disadvantage factors should be slightly low. 

THERMS mult igroup p rob lems a r e being done for the HiC square 
and t r iangular la t t ices with both a luminum and s ta in less s teel clad. For 
these p rob lems , and the BORAX-V prob lems mentioned above, the free gas, 
Brown-St, John, and Nelkin sca t te r ing ke rne l s a r e a l l being used for hydro ­
gen. The Nelkin ke rne l yields the ha rdes t spec t rum, while the Brown-St. John 
spec t rum is a l i t t le softer than that produced by the free gas kerne l . However, 
the difference in t h e r m a l p a r a m e t e r s such as r) and f produced by the th ree 

3 J. Codd and P . Collins, "Pu^^' and U^^^ Resonance Interact ion Effects in 
a Dilute Fas t Reac tor , " E.A.E.S, Symposium on Advances in Reactor 
Theory, Ka r l s ruhe , Apri l , 1963. 

^ H . Honeck, "Some Methods for Improving the Cyl indr ical Reflecting 
Boundary Condition in Cell Calculat ions of the T h e r m a l Neutron Flux," 
TANS Vol 5, No. 2, p, 350 (November, 1962), 

5 J. A. Thie, "Fa i l u r e of Neutron T r a n s p o r t Approximat ions in Small 
Cells in Cyl indr ical Geometry ," Nuc, Sci. Eng. ^ , No, 2, p. 286, 
(Februa ry , I96I) , 
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kerne l s a r e not very l a rge , and a r e inuch smal le r than the differences b e ­
tween the free gas and Radkowsky r e su l t s in SOFOCATE. This is because 
the Radkowsky kernel produces a much ha rde r spec t rum than any of the 
o the r s , 

d. Multigroup Constants Code. A subroutine to compute inelas t ic 
sca t te r ing miatrices for a given le thargy width has been wri t ten. This sub­
p r o g r a m r e q u i r e s that the c r o s s sect ions for excitation of the inelas t ic 
levels be r ep re sen t ed as l inear segments on a log-log plot. Above a spec i ­
fied energy the code uses the s ta t i s t ica l model to corapute inelast ic 
t r a n s f e r s . 

A subroutine to genera te a fission spec t rum source for an 
a r b i t r a r y number of groups of constant le thargy width over a given energy 
range has been wri t ten . The p r o g r a m a s s u m e s that the group fission spec ­
t r u m can be r ep re sen t ed by a function of the type 

F . = A I e sinh ĵ = 4^ 
group J 

An analytic r epresen ta t ion for the in tegra l is used in the p r o g r a m . The 
code uses a ra t ional approximation due to Hastings for the t e r m s involving 
the e r r o r function. 

The e las t ic sca t te r ing routine for the m a s t e r code has been taken 
fromi the ELMOE code. Modifications have been raade to remove the r e ­
s t r ic t ion in ELMOE that all s c a t t e r e r s mus t sca t te r an in tegra l number of 
g roups . This will pe rmi t the t r ea tmen t of heavy s c a t t e r e r s co r r ec t ly . 
ELMOE at p resen t redefines the m a s s of the s ca t t e r e r to make all m a t e r i a l s 
sca t te r an in tegra l number of g roups . 

A subroutine for the calculat ion of a weighting spec t rum has been 
wri t ten, using the ord inary P - 1 approximiation. The p r o g r a m a s s u m e s data 
is available for ei ther a fine group width or a coa r se group width of some 
integer multiple of fine group widths or both. The data requ i red for individ­
ual fine groups a r e the capture and f ission c ro s s sections from the reso lved 
resonance calculat ion, and the e las t ic t r ans fe r and t r anspo r t c r o s s sect ions 
for the m a t e r i a l s that a r e t r ea t ed in the ELMOE raanner . All other data a r e 
specified for coa r se g roups . The output of the routine is both the fine, and 
c o a r s e group flux. 

The cen t ra l d r ive r for the m a s t e r p rog ram has been wri t ten 
f rom the beginning of the code to the end of the calculation of the weighting 
spec t rum. This routine s t a r t s with the u s e r s input specification and cal ls 
in the var ious subrout ines to obtain the des i r ed c r o s s section se t . 



A section has been wri t ten to use the p resen t ELMOE l ib ra ry 
of Legendre coefficients. The number of groups which may be used in the 
calculation of the weighting spectrum, is a lmost a r b i t r a r y since the p r o ­
g r a m is set up to do the calculat ion in segments . E las t ic m a t r i c e s a r e 
read in for each new segment . The ine las t ic and e las t ic source from the 
higher energ ies i s re ta ined in the fast m e m o r y . 

e. Reactor Phys ics for High Tempera tu re System 

(1) Multigroup Cons tan ts . New mult igroup constants have 
been genera ted for tungsten consis tent with the 16-group s t ruc tu re adopted 
by Hanson and Roach.° The r ecen t high energy data by Sm.ith, which were 
found to be consis tent with somte previous m e a s u r e m e n t s by Langsdorf, 
were ut i l ized. Limited t e s t s of these constants against in tegra l c r i t ica l i ty 
m e a s u r e m e n t s show slight improvemen t s in ag reement between theory and 
exper iment . Pe rhaps the most impor tan t difference between the new and 
previously uti l ized constants is the softer spec t ra l predic t ion. This i s , of 
cou r se , a t t r ibuted to the fair ly high ine las t ic c r o s s sect ion m e a s u r e m e n t s 
and is expected to improve ag reemen t between theory and exper iment on 
such p a r a m e t e r s as the prompt neutron lifetimie and the cU^ssy'gU ra t io , 

(2) Kinetic Ana lyses . The nea r and s u p e r - p r o m p t c r i t i ca l 
behavior of fast neutron core sy s t ems surrounded by a light e lement r e ­
flector i s under way. These system.s a r e neutronical ly ve ry s imi la r to 
the extensively studied f a s t - t h e r m a l s y s t e m s . The major i ty of the f issions 
a r e fast , A few percent t h e r m a l and ep i the rmal f iss ions a r e adequate to 
provide a long (5-25 / isec) neutron l i fe t ime. 

The sub-prompt c r i t i ca l kinet ics a r e , as expected, very 
s imi l a r to those of fast neutron sy s t ems with heavy meta l re f lec tors and 
depend only upon the effective shutdown coefficient. The supe r -p rompt 
c r i t i ca l s tudies show that a sys t em with a light meta l re f lec tor , and a c o r ­
responding power spike nea r the co re - r e f l ec to r in te r face , behaves s o m e ­
what differently from the extensively studied fast neutron s y s t e m s . Detailed 
calculat ions uti l ized the AX-I p r o g r a m with 4 energy g roups . In genera l , it 
was found that the long-l ifet ime sys t ems produced lower peak p r e s s u r e s and 
kinetic ene rg ie s than s imi l a r fast neutron sys tems with s imi la r init ial r e ­
activity i n s e r t i o n s . These conclusions a r e in essent ia l ag reemen t with very 
genera l s tudies previously r epor t ed by Jankus . To date , the mos t i n t e r e s t ­
ing r e su l t found in these ana lyses is the t ime behavior of the i nve r se period 
descr ib ing a s u p e r - p r o m p t c r i t i ca l excurs ion . Once the systemi kinetic 
energy becomes significant, the inve r se per iod does not always dec rease 
monotonically until the bu r s t i s comple te . 

°G. E . Hanson, W. H. Roach, "Six and Sixteen Group Constants for Fas t 
and In te rmedia te Cr i t i ca l A s s e m b l i e s , " LAMS-2543 ( l 9 6 l ) . 

"^V. Z. Jankus , "A Theore t ica l Study of Destruct ive Nuclear Burs t s in 
F a s t Power R e a c t o r s , " ANL-6512 (1962), 



Reactor Fuels Developnnent 

1. Corros ion Studies 

a. Zirconium Alloys for Superheated Steam. The exposure at 
650°C of s t e a m - r e s i s t a n t z i rconium alloys to flowing s team containing 
additions of hydrogen and oxygen gas (described in previous repor ts ) is 
in p r o g r e s s . After 2 weeks exposure , weight gains and appearances were 
essent ia l ly the same as in previous t e s t s without oxygen and hydrogen 
addit ions. 

Fur the r attention has been given to the chemical and m e t a l -
lographic analysis of samples of the s t e am- re s i s t an t alloys after extensive 
cor ros ion at 560°C and 650°C in s t eam. Micrographs at 250X revealed 
complex layer s t ruc tu res in both the cor ros ion films and adjacent meta l . 
In the 650°C samiples apparent c racks extended into the unconverted metal 
f rom the f i lm-meta l in ter face . In the 540°C samples c racks were observed 
only in the film. The r e su l t s of a s e r i e s of oxygen analyses of a s - c a s t , hot-
rol led, and corroded samples of these ma te r i a l s indicate: 1) An oxygen con­
tent of about 0.14 w/o in the a s - c a s t m a t e r i a l s , 2) l i t t le oxygen pickup during 
hot rol l ing, and 3) lack of an obvious corre la t ion between alloy composition 
and am.ount of oxygen absorbed by bulk metal during cor ros ion . Microhard-
ness t r a v e r s e s , to be made of the metal lography specimens, may yield more 
information about oxygen absorption and distribution near corroded sur faces . 

The hydrogen absorption by samples of these mate r i a l s corroding 
in s team has been descr ibed . The reason for lower absorption at higher 
t empera tu re has been considered in t e r m s of an e lect r ica l effect associated 
with thermionic emiss ion at the tes t t empera tu re s (among other possibi l i t ies) . 
Recently an at tempt was made to observe the behavior of the potential of co r ­
roding Zr alloy with respec t to i ts immediate surroundings. A corroded 
sample of Z r - C u - F e alloy was placed para l le l to a plate of Pt in a water 
vapor environment of about 1 Tor r p r e s s u r e , the minimum plate spacing being 
50 mic rons . As the t empera tu re was ra ised , the Z r - P t potential was observed 
on an e l ec t romete r to r e v e r s e its sign from Zr-negat ive to Zr-pos i t ive at 
approximately 600°C. The behavior of these potentials is complex when 
p r e s s u r e or t empera tu re is cycled or when the Pt is allowed to touch the 
co r ros ion film. Some further study is being made, and at present these find­
ings a r e to be considered tentative; and whether these findings may be re la ted 
to cor ros ion phenomena at 600 psi is s t i l l to be established. 

b . F e r r o u s Alloys in Superheated Steam. The dynamic- tes t facility 
is now being used for a longer t es t of Types 304 and 406 s ta inless steel in 
650°C s team flowing at 65 m / s e c . Direct additions a re made of 30 ppm Oj 
and a s toichiometr ic amount of hydrogen. There is evidence that some r e ­
combination occurs in one pass through the facility since the condensate 
typically runs lower in oxygen (20 ppm) when the hydrogen flow is s ta r ted . 



As with the other t e s t s , the p r e s s u r e is 0.42 kg/mim . To date only data 
up to 21 days exposure a r e avai lable , but these indicate no significant 
difference from e a r l i e r t e s t s with oxygen alone. 

A re f reshed autoclave tes t of the 304 and 406 s ta in less s tee ls 
is being opera ted at 600°C, 0.42 kg /mm^. Data for 304 up to exposures of 
43 days indicate l e s s than half the co r ros ion ra te found at 650*^0. Type 406 
appears to co r rode to a depth of about 3 x 10"* cm rapidly and then no 
measu rab l e additional co r ros ion o c c u r s . This is s imi la r to 650^0 ex ­
per ience with this al loy. 

c. Pro tec t ion of Refrac tory Metals in Liquid Alkali Metals Con-
taining Oxygen. The co r ros ion behavior of some r e f r ac to ry meta l s in 
liquid l i th ium, sodium, or po tass ium has been under investigation at many 
different p l ace s . Studies init iated in this Labora tory include: a) the survey 
of thermodynamic and e lec t rochemica l conditions for meta l reac t ions in low 
oxygen-content liquid m e t a l s , and b) the protect ion of m a t e r i a l s in question 
by r eve r s ing the oxidation reac t ions under appropr ia te cu r r en t density 
condit ions. 

An exper imenta l cel l has been designed and cons t ruc ted . The 
measu r ing and record ing c i rcu i t s have been assembled , tes ted , and subse ­
quently used for determining the e l ec t r i c a l r e s i s t ance of a l iqu id - sod ium-
containing ce l l . P r e l i m i n a r y runs on Zi rca loy-2 samples have indicated 
that par t i a l oxidation protect ion has been effected by the employment of 
about 5 a m p s / c m ^ in the exper imenta l ce l l . 

d. Light Alloy Suitable for Use with Mercury at Elevated T e m p e r a ­
t u r e s . One of the useful methods of r e t a rd ing co r ros ion by liquid me ta l s is 
the addition of meta l l ic inh ib i to rs . It has been repeatedly demons t ra ted 
that ce r t a in meta l l i c addit ives which a r e soluble in the liquid at the temipera-
t u r e s of i n t e r e s t and a r e not of the same chemica l type as the liquid can ef­
fectively r e t a r d the at tack of the liquid on solid s t ruc tu ra l m e t a l s . There has 
been a genera l acceptance of the p rac t i ca l and theore t ica l i rapor tance of this 
approach; however , l i t t le work has been done to develop and to unders tand 
these s y s t e m s . 

It was previous ly r epo r t ed that a sa tura ted solution of a luminum, 
z i rconium, or nickel in m e r c u r y r e su l t ed in inhibition of the co r ros ion of 
t i tanium at 538°C (l ,000°F) for a per iod of 14 days . Among these addit ives 
nickel r ece ived m o r e attention because it produced a m o r e effective diffu­
sion b a r r i e r l a y e r . 

L o n g - t e r m exposure of t i tan ium to nickel - inhibited at 
538°C ( 1 , 0 0 0 ° F ) for 30, 60, and 90 days - r e su l t ed in a cons is tent sample 
weight gain with t ime of exposure (+5.20, +7.81, and +8.90 mig/cm^ r e s p e c ­
t ively) . The newly fo rmed surface l aye r showed a continuous single phase 



after 30 and 60 days and two dist inct l aye r s after 90 days . No interface 
attack under -these l aye r s was detected. The weight gain ve r sus t ime curve 
showed a d e c r e a s e in slope between 60 and 90 days . 

Work is now proceeding to identify the composition and s t r u c ­
tu re of the nickel-containing protect ive l ayer . A loop tes t is being conducted 
to invest igate the possibi l i ty of nickel inhibition in a dynamic sys tem. Ex­
per ience gained from these t e s t s is expected to be applicable to other liquid 
meta l co r ros ion p r o b l e m s . 

The use of magnes ium as a wetting agent in a r a e r c u r y - s t e e l 
sys t em is well known. However, a smal l amount of magnesiuna (50 ppm) 
added to the n i cke l - sa tu ra t ed solution of m e r c u r y caused an acce le ra ted 
cor ros ion at tack on t i tanium after a 14-day exposure at 538°C 
(-32.6 mg/cm^) . 

e. Aluminum Powder P r o d u c t s . Corros ion tes t s on aluminum 
pow^der product samples a r e being te rmina ted this month. A final r epo r t 
will be wri t ten . 

2. Ce ramic Fue ls 

a. Uranium, Thor ium, Plutonium Phosphides . The objective of 
this study is to c h a r a c t e r i z e the compounds in the above phosphide sys tems 
and to evaluate thei r potential as r eac to r fuel m a t e r i a l s . Uranium mono-
phosphide is p resen t ly being synthesized by react ion of uran ium with 
phosphine gas . 

E l ec t r i ca l r e s i s t i v i ty measuremients have been conducted on 
UP spec imens s in tered at var ious t e i n p e r a t u r e s . As was expected, the r e ­
s is t ivi ty d e c r e a s e s with sample densi ty, but the dec rease is g rea t e r than 
can be explained solely on the bas i s of densi ty. Resis t iv i ty m e a s u r e m e n t s 
conducted on a dense specimen between l iquid-ni trogen t empe ra tu r e and 
room t e m p e r a t u r e show a posit ive l inear t empera tu re res i s t iv i ty r e l a t ion­
ship in that r ange . The r o o m - t e m p e r a t u r e e lec t r i ca l r es i s t iv i ty value is 
325 X 10" o h m - c m and the t e m p e r a t u r e coefficient of res i s t iv i ty is 
0.35 X 10-^ ohm-cm/°K. 

The UP r e a c t s with meta l l ic uranium to form an anion-
deficient s t r u c t u r e . At 1600°C, up to 5% of uranium is taken up by the 
s to ichiometr ic phosphide. The unit cell cont rac ts as the composit ion d e ­
pa r t s f rom s to ich iomet ry . Stoichioinetr ic UP has a latt ice^constant of 
5.589 A, while the composit ion UP0.95 has a value of 5.582 A. Based on 
these p r e l im ina ry r e s u l t s and assuming a l inear re la t ionship of la t t ice 
constant to composi t ion, a composit ion in the vicinity of UP0.86 exis ts at 
or around the melt ing t e m p e r a t u r e (2730°C). This composit ion r e su l t s 
f rom the pre fe ren t ia l loss of phosphorus from the s t r u c t u r e . The range 
of solid solution of u ran ium in UP will be further de termined at t e m p e r a ­
t u r e s higher than 1600°C. 



3. Fuel Jacket Developm.ent for High Tempera tu re Applications 

In an effort to produce thin-wal led sma l l -d i ame te r tungsten tubing, 
some encouraging r e su l t s have been achieved. 

A 0.25 0 in. OD x 0.205 in. ID vapor-depos i ted tungsten sleeve with 
a molybdenum core was jacketed in Type 304 s ta in less s tee l . The assembled 
bil let was extruded at 1250°C at a 4.2:1 extrusion r a t i o . The s ta in less s teel 
was removed by machining the aqua- reg ia dissolution while the molybdenum 
core was etched away by a 30 to 60% HNO3 solution. The dimensions of the 
extruded tube were 0.124 to 0.128 in. OD x 0.011 to 0.012 in. wall th ickness . 
(Ovality p resen t in the s ta r t ing sleeve was not removed by extrusion.) The 
surface of the extruded tube was good and meta l lographic examination r e ­
vealed a typical worked s t r u c t u r e . 

4. I r radia t ion Studies 

a. I r rad ia t ion of Thor ium-Uran ium Alloys. A group of 44 tho r ium-
uranium alloy cast ings containing 10, 15, 20, 25, and 31 w/o uran ium i r r a ­
diated to burnups up to 10 a /o were found to show unusually good r e s i s t ance 
to high t e m p e r a t u r e swelling (ANL-5674). E lec t ron mic roscopy is being 
per formed on some of the i r r ad i a t ed specimens in o rde r to de te rmine the 
reasons for thei r excellent d imensional stabili ty under h igh - t empera tu re 
i r rad ia t ion and pos t i r rad ia t ion annealing. 

The init ial examination of a Th-10 w/o U alloy specimen i r r a ­
diated to 4.0 a /o burnup at 560°C shows that a d i spers ion of approximately 
3.1 x 10^^ pa r t i c l e s of u ran ium per cm^ of fuel alloy was obtained. Small 
pores about 0.1/i in d iameter were p resen t and were a t t r ibuted to fission 
gas bubbles . The bubbles were a lmos t without exception at tached to second 
phase u ran ium p a r t i c l e s . 

5. Ext rus ion Development 

Attempts to extrude naolybdenum tubing at 1I00°C by the mod i ­
fied DPM technique were unsuccessful . Bil lets were rapidly heated in a i r 
by an induction coi l . Examinat ion of a bil let that only par t ia l ly extruded 
(approximately 10%) yielded in te res t ing informat ion. The wrought molyb­
denum sleeve exhibited a fully r e c ry s t a l l i z ed s t ruc tu re in the unextruded 
port ion resul t ing f rom induction heat ing. The molybdenum core (insulated 
f rom the s leeve by the powder annulus) showed no evidence of r e c r y s t a l -
l izat ion. Since induction heating genera tes heat nea r the surface of the 
work piece, the insulated cen t ra l molybdenum core rece ived l i t t le if any 
heat during the shor t heating t i m e and prevented complete ext rus ion of the 
bi l let . 



6, Nondestruct ive Testing 

a. Neutron Imaging. Neutron radiographic inspections completed 
this month include 24 clad plutonium fuel pins, and 5 p re s sed uranium oxide 
cyl inders radiographed both individually and after assembly into a s ta inless 
s teel conta iner . 

No flaws were detected in the UOj ma te r i a l but severa l of the 
plutonium fuel pins appeared to contain suspect , h igh- t r ansmiss ion a r e a s . 

b . Ultrasonic Imaging. The continuously-pumped ul t rasonic 
imaging sys tem at ANL is being used to determine some of the resolut ion 
c h a r a c t e r i s t i c s of the sy s t em. Under good conditions the useful depth of 
focus of the imaging sys tem may be in the range 7.62 cm to 10.16 cm, a 
dis tance somewhat g r ea t e r than ant ic ipated; but the object-detector d i s ­
tance for useful image- reso lu t ion is showing ex t reme dependence on 
u l t rasonic frequency. 

c. Application of Infrared Radiation to Nondestructive Test ing. 
Investigation of the possible use of inf rared in nondestruct ive test ing has 
continued. Some a t tempts to improve the tenaperature and angular r e s o l u ­
tion of the infrared scanning sys tem have been made . However, it has been 
demons t ra t ed that this sy s t em in i ts p resen t form is not as sensi t ive to 
surface t e m p e r a t u r e differences as the thermographic phosphor when a p ­
plied d i rec t ly to the surface of the tes t object. By placing the tes t object 
in an ice bath and applying heat to the phosphor coated surface, steady state 
tenapera ture differences can be maintained on the surface over ar t i f icial ly 
produced defects . These t e m p e r a t u r e differences cannot be imaged with 
the scanning sy s t em. 

C. Reac tor Mater ia l s Development 

1. St ructural Mater ia l s 

a. Br i t t le F r a c t u r e Studies . P repa ra t ion of an Amsler -Schnadt 
Impact Testing Pendulum for making Charpy V-notch and Schnadt coheracy 
t e s t s i s a lmos t coraplete . F inal al ignment between the s t r ike r and spec i ­
men was es tabl i shed by machining the anvils approximately 0.020 in. This 
allowed the anvils in the base of the machine to be adjusted sideways so that 
the specimen can be posit ioned cent ra l ly with r e spec t to the s t r i k e r . 

Leaf spr ings were mounted on the anvils to pe rmi t positioning 
the spec imen in the machine accura t e ly with a min imum of effort. The 
energy absorbed in the spr ings during f rac ture of the specimen was com­
puted to be insignificantly smal l - of the o rde r of 0.1 f t - lb . A thermocouple 
a t tached to one of the spr ings makes contact with the end of the specimen. 
The t e m p e r a t u r e of the notch can be de te rmined from a cal ibrat ion cu rve . 



F i g u r e 10 s h o w s t h e n o t c h t e m p e r a t u r e Tjq- a s a f u n c t i o n of t h e e n d t e m p e r a ­
t u r e T ^ . S p e c i m e n s a r e b r o u g h t t o t e m p e r a t u r e b y s o a k i n g i n a h e a t e d o r 
c o o l e d b a t h , a n d t h e e x a c t t e s t t e m p e r a t u r e (T-KT) i s o b t a i n e d b y r e a d i n g t h e 
e n d t h e r m o c o u p l e a n d u s i n g F i g u r e 10. 

Figure 10 

Calibration Curve for Determining Temperature 
of Notch from Temperature Measurement Made 
on the End of the Charpy Specimen. The dashed 
line would apply if no temperature gradient ex­
isted between the notch and the end of the 
specimen. 
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The b e h a v i o r of the b r o k e n s p e c i m e n w a s s tud ied u s ing high 
s p e e d p h o t o g r a p h y . So f a r , s e v e n f i l m s h a v e been t a k e n of s p e c i m e n s 
b r o k e n u n d e r v a r i o u s c o n d i t i o n s . It i s h o p e d tha t the r e s u l t s wi l l a id in 
u n d e r s t a n d i n g the f a c t o r s which c o n t r i b u t e to the s c a t t e r in i m p a c t t e s t i n g 
d a t a . 

b . Developnaent of F a s t N e u t r o n Mon i to r ing T e c h n i q u e s . A s tudy 
h a s b e e n u n d e r t a k e n by H . M o r e t , C e n t r a l B u r e a u of N u c l e a r M e a s u r e ­
m e n t s , Gee l , B e l g i u m , to u s e the d e n s i t y change of a q u a r t z c r y s t a l to 
m o n i t o r fas t n e u t r o n f lux. Nine q u a r t z c r y s t a l s have b e e n ob ta ined f r o m 
M o r e t for i r r a d i a t i o n in the C P - 5 r e a c t o r . They wi l l be r e t u r n e d for 
a n a l y s i s in a s p e c i a l d e n s i t y g r a d i e n t c o l u m n c a p a b l e of m e a s u r i n g d e n s i t y 
a c c u r a t e l y to 5 x 10"^ g m / c m ^ . 

The l i t e r a t u r e on r a d i a t i o n effects on the s t r u c t u r e of q u a r t z 
h a s b e e n r e v i e w e d . It a p p e a r s tha t i n e a s u r a b l e d e n s i t y c h a n g e s o c c u r a t 
e x p o s u r e s of the o r d e r of 10^' n £ / c m ^ . I r r a d i a t i o n t e m p e r a t u r e i s not an 
i m p o r t a n t v a r i a b l e . 

Dens i t y c h a n g e s in q u a r t z , h o w e v e r , a r e not a s i m p l e l i n e a r 
funct ion of i n t e g r a t e d e x p o s u r e . In add i t i on , d e n s i t y c h a n g e s a r e a l s o 
a s s o c i a t e d with a l o s s of c r y s t a l l i n e o r d e r with suff ic ient e x p o s u r e . The 
c r y s t a l l i n e s t r u c t u r e c h a n g e s to an a m o r p h o u s f o r m s i m i l a r to t h a t of 
v i t r e o u s s i l i c a . 



D. Heat Engineering 

1. Two-phase Cr i t ica l Flow for Liquid-Metal Systems 

Existing data and models for c r i t ica l two-phase flow of steana water 
have been examined cr i t i ca l ly . One model in par t icular has shown consid­
erable success in predict ing the cr i t ica l flow phenomena (see ANL-6633). 
This model has been utilized to predict void fraction, slip ra t io , and cr i t ica l 
flow r a t e s for var ious l iquid-vapor metal sys tems in pipes when the condi­
tions a r e such that c r i t i ca l flow may be exper ienced. The following l iquid-
metal sys t ems have been calculated: m e r c u r y ( temperature range 
450-l600°F), ces ium ( tempera ture range 500-2300®F), rubidium ( tempera­
tu re range 500-2300*F), potass ium ( tempera ture range 9 0 0 - 2 5 0 0 ° F ) , sodium 
( tempera ture range 9'50-2500''F), lithium ( temperature range 2000-3500®F), 
The vapor fraction or quality ranges from 0 to 100 percent . 

Cr i t ica l flow r a t e s for l iquid-metal systems calculated from the best 
model descr ibing s t eam-wate r data, a r e considerably higher in the low-
quality region than predicted from a so-cal led "Homogeneous Flow Model." 
This is explained by the large slippage between the liquid and the vapor 
phases because the ra t io of the densi t ies of the liquid state to the vapor 
state is usually large for metal l ic fluids. 

A repor t is in prepara t ion describing these r e s u l t s . 

2. Simulation of Two-phase Heat Transfer with Gas Injection through a 
Porous Boundary Surface 

Hydrodynamic aspects of two-phase boiling heat t ransfer a re being 
investigated in this study with an analogous, two-component sys tem, where 
gas is injected through a porous surface into the liquid at the solid-liquid 
in ter face . Previous analytical studies by severa l invest igators have shown 
that this sys tem sinaulates the hydrodynamic effects of boiling quite well 
theoret ical ly , and that the initial and boundary conditions a re the same . 

For this study, the effort is concentrated on the investigation of 
the forced circulat ion boiling heat t ransfer , because this type of sys tem 
is of great in te res t and importance in the reac tor engineering field. The 
exper imenta l loop i s constructed using a ver t ica l porous tube in which 
only the upper portion is heated. Water is pumped through the center of the 
tube and the a i r is injected radial ly into the tube. A t ransparent exit section 
is used to observe flow pa t t e rns . This a r rangement and sys tem offers ad­
vantages in studying boiling because gas evolution ra t e , mass flow r a t e , and 
gas quality a r e controlled independently. Therefore , the hydrodynamic a s ­
pects of boiling can be studied at low t empera tu re s for a wide range of 
conditions. 



To date , the experinaental invest igations per formed with this loop 
include studies of the void fraction of a i r - w a t e r mix tures using gamma 
attenuation techniques, and a number of a i r - w a t e r heat t r ans fe r s tud ies . 

The void fraction study was performed because it is believed that 
void fraction and rad ia l phase dis t r ibut ion a r e i raportant p a r a m e t e r s 
s trongly affecting the heat t r ans fe r coefficient. The r e su l t s of this study 
for a i r - w a t e r mix tu res indicated that the re la t ive velocity of the two phases 
is s trongly influenced by wall a i r injection ra te and incoming liquid veloci ty. 
Radial phase dis t r ibut ions in the pipe were de termined from gamma a t tenua­
tion m e a s u r e m e n t s to i l lus t r a t e and help explain the injection effects. When 
these r e su l t s a r e compared to void fraction and void profile r e su l t s of s y s ­
t ems where the re is no injection or "nucleation" at the wall , appreciable 
differences can be noted, which point out the impor tance of nucleation (or 
injection) at the wall in de termining the hydrodynamic and heat t r ans fe r 
conditions in two-phase boiling s y s t e m s . 

The re su l t s of the a i r - w a t e r heat t r ans fe r exper iments analyzed to 
date show that the effect of gas injection and the gas phase on the heat t r a n s ­
fer coefficient is much m o r e pronounced at lower liquid jaaass flow r a t e s , 
and becomes smal le r as the m a s s flow ra te i n c r e a s e s . For ins tance , the 
two-phase heat t r ans fe r coefficient i s m o r e than three t imes the liquid heat 
t r ans fe r coefficient at liquid m a s s flow r a t e s at Reynolds number of 10,000, 
and goes down to 1.3 t imes at Reynolds number of 50,000. 

When gas injection is i nc r ea sed at a constant phase ra t io and liquid 
m a s s velocity, the ini t ial injection i n c r e a s e s the heat t r ans fe r coefficient 
substant ial ly , but additional i n c r e a s e s in injection do not add much to i t . 
If gas injection through the wall is i nc reased to very high r a t e s , it even b e ­
gins in ter fer ing with heat t r ans fe r , because the liquid is par t ly removed 
from the heat t r ans fe r su r face . The in te r fe rence is m o r e pronounced at 
higher liquid m a s s flow r a t e s , where the gas tends to stay c loser to the 
heating surface as rad ia l phase dis t r ibut ion profi les at the t e s t section 
indica te . 

Flo-w pa t te rns were found to have an impor tan t effect on heat t r a n s ­
fer . Gas injection was found to contr ibute a substant ia l port ion of the l a rge 
i n c r e a s e in heat t r ans fe r coefficient when flow changed from s ingle-phase 
liquid to the bubbly flow (two-phase) r e g i m e . The heat t r ans fe r coefficient 
did not change substant ial ly in the slug flow (large bubbles) region, and in ­
c r e a s e d steadily in the annular flo-w region . However, in the annular flow 
region, injection was beneficial in inc reas ing heat t r ans fe r only at low 
liquid m a s s flow r a t e s , and actual ly in te r fe red with it at higher m a s s flow 
r a t e s . 



3. Thermodynamic P r o p e r t i e s of Pu^^^ as an Ideal Gas 

The entropy, enthalpy, specific heat , and free energy in the t e m ­
pe ra tu re range 298.15''K to 5000°K were calculated for Pu^^' as an ideal 
monatomic gas based on Ger s t enko rn ' s recent ly published analysis of 
the optical spec t rum of Pu^^'. To pe r fo rm the calculat ions , an IBM-704 
p r o g r a m was devised, which evaluates thermodynamic functions from spec ­
t roscopic data by naeans of the par t i t ion function. 

4. Boiling Liquid Metal Studies 

Design is completed for a sma l l - s ca l e boiling liquid meta l expe r i ­
ment . Assenably of the loop is now in p r o g r e s s . The Type 316 s ta inless 
s tee l loop has a 10-kw radiant heated section and a coil condenser . The 
coil is designed to r emove 10 kw by radiat ion heat t ransfe r when the liquid 
meta l is at 1500°F. Initially NaK will be used as the heat t r ans fe r fluid. 

5. Measurement of the Vapor P r e s s u r e of NaK 

Measuremen t s of the vapor p r e s s u r e of NaK up to p r e s s u r e s of 
25 a tm have recent ly been completed. It was shown that the vapor p r e s s u r e 
is a l inear function of l o g P a n d t h a t the valuesTie between those of pure potas­
s ium and sodium. In addition, i t was found that par t icu la r composit ions of 
NaK do not have a fixed boiling point since a ce r ta in composit ion will com­
mence boiling at one t e m p e r a t u r e and continue to boil with a steadily chang­
ing composi t ion over a 40*^0 t e m p e r a t u r e r ange . Azeotropic plateaus were 
not observed . The m e a s u r e d vapor p r e s s u r e s a r e slightly below those p r e ­
dicted f rom Raoul t ' s Law indicating that weak in te rmolecula r forces a r e 
p re sen t . 

E . Chemical Separat ions 

1. Chemis t ry of Liquid Metals 

a. P lu ton ium-Cadmium Galvanic Cell Studies . The investigation 
of the thermodynanaics of the p lu tonium-cadmium sys tem by means of 
galvanic cel ls cont inues . A second cell has been const ructed which has the 
configuration 

Pu-Cd (two-phase al loy)/PuCl3, K C l - L i C l / P u - C d (liquid phase) 

The second cell differs f rom the f i r s t cel l used (see P r o g r e s s Report for 
May 1963, ANL-6739, page 49) in that two alloy e lec t rodes a r e employed 
in the second cell whereas a pure plutonium elect rode and one alloy e l e c ­
t rode a r e used in the f i r s t ce l l . The data obtained with the two cells over 
the t e m p e r a t u r e range of 693 to 887''K a r e in excellent agree inent . The 
new cell with the two alloy e lec t rodes may pe rmi t m e a s u r e m e n t of t h e r m o ­
dynamic p rope r t i e s of the p lu tonium-cadmium sys tem above the aaaelting 
point of plutonium. 



b . Study of Rare Ear th -Cadmiura System by the Effusion Balance 
Method. The effusion method is being used to invest igate the in te rmeta l l i c 
phases and thermodynamic p rope r t i e s of the r a r e e a r t h - c a d m i u m s y s t e m s . 
Studies of the ho lmium-cadmium sys tem indicated the p resence of the 
following phase s : HoCdj, Ho3Cdi3, HoCd2, and HoCd. Studies of the thul ium-
cadmium sys tem indicated the p resence of TmCdg, Tm3Cdi3, TmCdg, and 
TmCd. 

2. Uranium Oxide React ions in Molten Halides 

The likelihood that UOgCl the rma l ly decomposes in the t e r n a r y 
eutect ic , sodium ch lo r ide -po ta s s ium ch lo r ide -magnes ium chlor ide , to 
forjai u ran ium dioxide and chlorine was r epor t ed e a r l i e r (see P r o g r e s s 
Report for June 1963, ANL-6749, page 42). It has since been demons t ra ted 
that this decomposit ion occurs under vacuum at t e m p e r a t u r e s above 700°C. 
Solid ina te r i a l separa ted f rom the sal t by f i l t rat ion has been identified as 
uran ium dioxide by X - r a y diffraction. 

3. Liquid Metal Dist i l lat ion 

Vaporizat ion f rom the l iquid-vapor surface of a liquid pool without 
the formation of vapor bubbles (nonturbulent vaporizat ion) is essent ia l ly an 
en t ra inment - f ree miethod of vapor iza t ion . It therefore may be useful in 
ce r ta in steps of pyrometa l lu rg ica l r ecovery p r o c e s s e s , for example , in 
boiling down the p lu ton ium-magnes ium-z inc product solution of the blanket 
p r o c e s s . In the mos t r ecen t work, a pool of m e r c u r y 2-|-inches in d iamete r 
and 3 inches deep was induct ion-heated with 10 kc power . During the non-
turbulent vapor izat ion of the m e r c u r y at low p r e s s u r e (<1 mna Hg), ve r t i ca l 
t r a v e r s e s of the pool cen ter l ine with a special thermocouple revea led a 
steep t e m p e r a t u r e gradient of about 10°C through a n a r r o w zone (~0.16 inch 
thick) at the vaporiz ing sur face . Below this l aye r , the t e m p e r a t u r e of 
about 185°C was a lmos t constant . Conductive heat t r ans fe r based on the 
gradient of 10°C accounts for only about 10 percent of the vaporizat ion r a t e . 
The r ema inde r of the n e c e s s a r y heat t r ans fe r appears to be by convection. 

4. Fluidizat ion and Volatil i ty Separat ions P r o c e s s e s 

a. Decomposit ion of PuF^ by Gaiaama Rays . The gamma decomposi 
tion of plutonium hexafluoride to plutonium te t raf luor ide and fluorine in the 
p resence of krypton is being inves t igated . In previously repor ted e x p e r i ­
ments made with krypton at average krypton e lec t ron fract ions between 
0.08 and 0.91 and with an absorbed energy in plutonium hexafluoride alone 
of about 15 X 10^° ev (see P r o g r e s s Repor t , May 1963, ANL-6739, page 51), 
the krypton produced a complex effect on the decomposit ion of plutonium 
hexafluoride which appeared to depend upon the e lec t ron fract ion of krypton 
in the mix tu re of plutonium hexafluoride and krypton. In c u r r e n t e x p e r i ­
ments made with krypton at average krypton e lec t ron fract ions between 
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0 . 1 5 a n d 0 . 8 3 a n d w i t h a n a b s o r b e d e n e r g y i n p l u t o n i u m h e x a f l u o r i d e a l o n e 
of a b o u t 30 X 10^° e v , t h e k r y p t o n p r o d u c e d a s i n a i l a r c o m p l e x e f f e c t o n t h e 
p l u t o n i u m h e x a f l u o r i d e . In F i g u r e 11 G - v a l u e s f o r t h e d e c o m p o s i t i o n of 
p l u t o n i u m h e x a f l u o r i d e s a m p l e s ( a b o u t 80 m m H g ) a r e p l o t t e d a g a i n s t t h e 
e l e c t r o n f r a c t i o n s of k r y p t o n i n t h e m i x t u r e s . I t i s s e e n t h a t t h e G - v a l u e s 
f a l l f r o n a a n i n i t i a l v a l u e of 7.5 i n t h e a b s e n c e of k r y p t o n t o a m i n i m u m of 
a b o u t 4 , 3 a t a n e l e c t r o n f r a c t i o n of k r y p t o n of a b o u t 0 . 1 5 . T h e G - v a l u e 
t h e n r i s e s t o a m a x i m u m v a l u e of a p p r o x i m a t e l y 6.5 a t a n e l e c t r o n f r a c t i o n 
of k r y p t o n of a b o u t 0 . 2 8 a n d t h e n f a l l s g r a d u a l l y to z e r o a t a n e l e c t r o n f r a c ­
t i o n of k r y p t o n of o n e . A d d i t i o n a l e x p e r i m e n t s a r e p l a n n e d w h i c h w i l l i n ­
v e s t i g a t e t h e k r y p t o n e l e c t r o n f r a c t i o n r e g i o n f r o m 0 .1 t o 0 . 3 . 

Figure 11 
Effect of Krypton on Decomposition of 
Plutonium Hexafluoride 

Exposure Dose 
(absorbed energy in PuFg only) 

~ 15 X 10^0 ev 

_ _ 4 _ „ ~30 X 10^0 ev 

PuFg sample 80 mm Hg G value 
molecules PuFg decomposed per 
100 ev of absorbed radiation 

0 0.2 0.4 0.6 0.8 

AVERAGE ELECTRON FRACTION OF KRYPTON 

1.0 

b . F l u i d - B e d F l u o r i n a t i o n s of U3O8-PUO2 M i x t u r e s . L a b o r a t o r y 
d e v e l o p m e n t w o r k i s now being d i r e c t e d t o w a r d the s tudy of f lu id -bed f luor i ­
n a t i o n s . S tud ies of the f l uo r ina t ion of m i x t u r e s of p lu ton ium dioxide in 
u r a n o s i c oxide in the p r e s e n c e of A lundum a r e being m a d e in a l- |--inch 
d i a m e t e r r e a c t o r (see P r o g r e s s R e p o r t , June 1963, A N L - 6 7 4 9 , page 43) . 
The feed m a t e r i a l (PuOj-UsOg m i x t u r e with Alundum) i s fed to the f l u id i z -
ing g a s (n i t rogen) which a l s o s e r v e s to t r a n s p o r t the feed m a t e r i a l to the 
f l u i d - b e d f l u o r i n a t o r r e a c t o r . The r e s u l t s of t h e s e s tud i e s wil l be u s e d to 
e s t a b l i s h the o p t i m u m c o n d i t i o n s for the f o r m a t i o n and r e m o v a l of u r a n i u m 
and p lu ton ium h e x a f l u o r i d e s . 



In four expe r imen t s , the fluorinations were c a r r i e d out in two 
s teps . The f i r s t step was a feeding-fluorination period (l h r ) during which 
the feed m a t e r i a l (300 g PuOj-UOjj 150 g Alundum) was t r anspor t ed into 
the fluid-bed reac to r and s imultaneously reac ted with fluorine (20 v /o 
fluorine in ni trogen once-through gas flow) at a bed t e m p e r a t u r e of 500°C. 
The second s tep, which immedia te ly followed the feeding-fluorination 
period, was an additional fluorination per iod (5 h r ) using total off-gas r e ­
cycle with fluorine at a concentrat ion of 100 percen t . The second f luor i ­
nation was c a r r i e d out at a bed t e m p e r a t u r e of e i ther 500°C or 550°C. The 
Pu02-U30g mix tu res (0.35 w/o plutonium; 84.19 w/o uranium.) for these ex­
pe r imen t s were p repa red by blending uranosic oxide (325 mesh) with the 
products of the air oxidation of PuOj-UOg solid solut ions . A 120 mesh 
Alundum was used in the feed and for the fluidized bed (400 g) in the f luor i ­
nator r e a c t o r . The operat ing conditions and the r e su l t s of these runs a r e 
summar i zed in Table X. The res idua l plutonium content of the Alundum 
var ied from 0.018 to 0.063 w/o in these fluid bed r u n s . This compares 
favorably with the res idua l plutoniumi value of 0.007 w/o obtained in the 
boat- type fluorination exper iments which were c a r r i e d out at s imi la r t e m ­
p e r a t u r e s for 20 hr (see P r o g r e s s Report , August 1962, ANL-6610, page 55). 
Additional exper iments a r e planned in which react ion conditions will be 
modified to achieve improved r ecove ry of plutonium. 

Table X. Summary of Operating Conditions and Resul t s of 
F lu id-Bed Fluor inat ions of PUO2-U3O8 Mixtures 

Feed Charge : 300 g PuOz-UaOgi 150 g Alundum 
Reactor Bed: 400 g Alunduna 
Reaction Condit ions: (l) Feed ing-Fluor ina t ion Pe r iod -

Bed T e m p e r a t u r e : 500°C; 1 h r ; 
20 v /o F2, 80 v / o N2 

(2) Recyc le -F luor ina t ion Pe r iod -
Bed T e m p e r a t u r e : 500°C (Runs 
U P - 1 , UP-2) or 550°C (Runs 
U P - 3 , UP-4) ; 5 h r ; 100 v /o F2 

Run No. 

UP-1 
UP-2 
UP-3 
UP-4 

Residue 

Plutonium 

0.033 
0.063 
0.022 
0.018 

(w/o)^ 

Uranium 

0.0212 
0.0045 
0.0027 
0.0096 

Convers ion 

Plutonium^ 

82.1 
65.6 
88,2 
90.1 

to Hexafluoride 
(%) 

Uranium^ 

99.95 
99.97 
99,99 
99.96 

3-Retained by Alundum bed, 

"Plutonium dioxide to plutonium hexafluoride. 

Uranosic oxide to u ran ium hexaf luor ide . 



c. Oxidat ion-Fluorinat ion Reaction of Clad Uranium Dioxide 
Pe l le t s in a Single Reac tor . The development of a fluid-bed oxidation-
fluorination scheme for the process ing of s ta inless s tee l -c lad uran ium 
dioxide pel lets in a single r eac to r is continuing in engineer ing-sca le runs . 
In this scheme , there a r e two dist inct react ion zones: the f i rs t is a bed 
of u ran ium dioxide pel lets with Alundum par t ic les in the voids (oxidation 
zone); the second is a bed of Alundum par t i c l e s placed over the uranium 
dioxide pellet bed (fluorination zone). In the oxidation zone, UsOg fines 
a r e produced by contacting the u ran ium dioxide pellets with an oxygen-
ni t rogen s t r e a m which also s e r v e s to fluidize the Alundum p a r t i c l e s . The 
UsOg fines a r e e lut r ia ted from the lower zone by the oxygen-nitrogen gas 
s t r e a m and a r e reac ted in the upper zone with fluorine, which is admitted 
to the fluidized bed of Alundum just above the uranium dioxide pellet bed. 
The fluidized Alundum s e r v e s as a heat t ransfe r medium. 

A run was made which continued the evaluation of the effective­
nes s of the two-zone oxidation-fluorination scheme for the remova l of 
uraniuna dioxide f rom s ta in less steel cladding (see P r o g r e s s Report , 
June 1963, ANL-6749, page 44). To s imulate sheared pieces of clad fuel 
e l emen t s , about 1-in. long by -—-in. d iameter s ta in less steel cladding with 
the ends left open was used to contain uranium dioxide pe l le t s . The wall 
th ickness of the cladding was 0.020 in. 

In this run, a 3-in. deep stat ic bed of clad uranium dioxide 
pel le ts (1.7 kg uran ium dioxide) and a 17-in. deep fluidized Alundum zone 
(6.1 kg) were used. The Alundum (120 mesh commerc i a l grade) used in 
this run was sc reened to renaove the fines (-200 naesh) in o rder to inaprove 
solids mixing. The charge consis ted of 85 fuel segments (2 UOg pellets in 
each segment) . The following operat ing conditions were used in this run. 
In the oxidation zone, the composit ion of the fluidizing gas was 88 percent 
oxygen in ni t rogen at a total gas flow r a t e of 0.3 cu f t /min . In the f luorina­
tion zone, the concentrat ion of the fluorine in the gas naixture was from 3 to 
14 percent (dilution of the fluorine was obtained by recycling the p rocess 
off-gas at a r a t e of 0.65 cu ft/aaain). The t empe ra tu r e in the oxidation zone 
was maintained at 400°C for 8.5 hr and then at SOOX for 3.5 h r . The t e m ­
p e r a t u r e in the fluorination zone was 500°C. Gas pulsing of the fluidizing 
gases was used . The pulse durat ion was 0.04 sec . with a pulse frequency 
of 2 p u l s e s / m i n at a gas manifold p r e s s u r e of 20 psig. About 87 percent of 
the u ran ium dioxide was removed in a process ing t ime of 12 hr (once-through 
gas flow). The fluorine ut i l izat ion efficiency was 42 percen t . The run was 
then continued (s ingle-zone fluorination operation in which the fluorine is in ­
t roduced at the bot tom of the r eac to r ) for an additional per iod (5 h r ) of total 
off-gas recyc le with fluorine added to a maximum concentrat ion of 64 percent 
for further u ran ium r emova l . This r e su l t ed in additional removal of u ran ium 
for an overa l l uraniuna remova l of g r e a t e r than 99,9 percent (based on the 
u ran ium oxide res idue remain ing with the cladding). 



d. Decladding of Fuel Elements by Fluid-bed Oxidation. Separate 
studies a r e being made to find improved methods for the removal of uran ium 
dioxide pel lets from s ta in less s teel cladding by oxidation of u ran ium dioxide 
to uranos ic oxide in a fluidized bed. Removal of the cladding depends on the 
conversion of the dioxide to U30g, which c r ea t e s l a rge in ternal s t r e s s e s with­
in the u ran ium dioxide pel lets because of the difference in densi t ies of the 
two oxides and re su l t s in the fragraentation of the pe l le t s . The U3O3 fines 
that a r e formed in the react ion a r e e lu t r ia ted from the pellet bed (oxidation 
zone) into the fluorination zone of the r eac to r by the oxidizing gas s t r e a m . 

Three engineer ing-sca le runs were made to evaluate in terna l 
vibrat ion of a packed-fluidized column as a means of a s su r ing the motion 
of clad uran ium dioxide pe l l e t s . Vibra tory motion of the clad pel lets would 
aid in loosening res idues of uranos ic oxide which may become wedged in the 
cladding as a r esu l t of the change in density during the oxidation reac t ion . 
Internal vibrat ion was obtained by mounting a magnet ic v ibra tor at the bottom 
of the r e a c t o r . This type of vibrat ion is cons idered preferable to external 
vibrat ion (see P r o g r e s s Report , June 1963, ANL-6749, page 45) because the 
power from in ternal vibrat ion is applied d i rec t ly to the bed, and s t r e s s e s in 
the r eac to r a r e ra inimized. 

In the th ree runs , the fuel charge consis ted of 1-in. long by 
- i - in . d iamete r s ta in less cladding containing uran ium dioxide. The ends of 
the cladding were open to s imulate sheared fuel e l emen t s . A total packed-
fluidized bed height of about 15 inches (static) and a clad pellet bed height of 
6 inches (O.8I kg uran ium dioxide) were used. Gas pulsing of the fluidizing 
gas was used; the pulse durat ion was 0.5 s e c . with a pulse frequency of 
2 p u l s e s / m i n at a gas manifold p r e s s u r e of 30 ps ig . The reac t ions were 
c a r r i e d out in a 2-in. d iamete r f luidized-bed r e a c t o r . 

In two of the runs , the u ran ium dioxide was oxidized with a i r , 
reduced with hydrogen (5 v /o hydrogen in ni t rogen) , and then reoxidized 
with a i r . In these runs , the oxidation and reoxidation teiaaperatures were 
450°C, and the hydrogen reduct ion t e m p e r a t u r e was 600°C. In the f i r s t run, 
ni t rogen was used as the fluidizing gas during the heat ing-up per iod. About 
93 percent of u ran ium was removed from the fuel segments charged in a 
react ion t ime of 12.3 h r . Uranosic oxide r e s idues were most ly found in the 
fuel segments located near the bottom of the r e a c t o r . The in ternal v i b r a ­
tion was apparent ly not as effective near the bottom of the bed as in the other 
pa r t s of the bed. In the second run, a i r was used as the fluidizing gas (in­
stead of ni t rogen) during the heat ing-up per iod . Also, a 1-inch deep layer of 
short lengths of s ta in less s teel tubing was placed on the support plate to 
se rve as a bed support for the fuel segments in o rde r to improve the r e ­
moval of u ran ium oxide r e s idues in this port ion of the r eac to r bed. About 
96 percent of the u ran ium dioxide was removed from the fuel segments 
charged during a reac t ion t ime of 11.5 h r . 



In the th i rd run, the u ran ium dioxide was only oxidized, that i s , 
reduction with hydrogen and reoxidation with air were not c a r r i e d out. The 
oxidation reac t ion t e m p e r a t u r e was slowly increased to 450°C. Air was 
used as the fluidizing gas during the heat ing-up per iod. About 99 percent 
of the u ran ium dioxide was removed from the fuel segments charged in a 
reac t ion t ime of 8.7 h r . 

The r e su l t s of these runs indicate that a uranium dioxide s e p ­
ara t ion of 99 percent can be achieved by slowly increas ing the oxidation 
reac t ion t e m p e r a t u r e to 450°C and util izing gas pulsing and internal v ib ra ­
tion of the packed bed. The use of additional reduction and reoxidation 
t r ea tmen t does not appear to be n e c e s s a r y . 

e. Separat ion of Uranium from Zirconiuna Alloy Fue l s . The d e ­
velopment of a chlor inat ion-f luorinat ion scheme for r ep rocess ing highly 
enr iched u r an ium-z i r con ium fuels was continued. In the p resen t scheme, 
the fuel is f i r s t r eac ted with hydrogen chloride in a fluidized bed of iner t 
so l ids . This reac t ion conver ts the z i rconium to the t e t rach lor ide and the 
u ran ium to the t r i ch lo r ide . Since the hydrochlorinat ion step is c a r r i e d out 
at t e m p e r a t u r e s above the sublimation point of z i rconium te t rach lor ide 
(331°C at 1 a tm) , a separa t ion of the z i rconium te t rach lor ide f rom the solid 
u ran ium t r i ch lo r ide is achieved. The uraniumi t r ich lor ide is then converted 
to the volati le u ran ium hexafluoride by react ion with fluorine and is thereby 
remioved from the ine r t solids of the fluidized bed. 

In cu r r en t work, the disposi t ion of the minor consti tuents of 
Z i rca loy-2 during the ent i re reac t ion cycle was deternained as a p r e l i m i ­
na ry step towards es tabl ishing the dis t r ibut ion of fission produc ts . The 
disposi t ion of the const i tuents of Z i rca loy-2 were based on the r e su l t s of 
ana lyses of samples (for a number of runs) taken from the react ion beds 
and z i rcon ium te t r ach lo r ide condenser . These runs have included react ion 
cycles in which the hydrochlor inat ion step (dry hydrogen chloride) was 
c a r r i e d out at t e m p e r a t u r e s between 350 and 500°C and the fluorination 
s tep was c a r r i e d out at t e m p e r a t u r e s between 250 and 500°C. 

The dis t r ibut ion of the minor const i tuents of Z i rca loy-2 was 
found exper imenta l ly to be in conformity with the dis tr ibut ion es t imated 
f rom the volat i l i t ies of thei r higher valent chlor ides and f luor ides . Tin 
and i ron (as stannic chloride and f e r r i c chloride) volati l ized together with 
z i rconium te t r ach lo r ide throughout the hydrochlor inat ion s tep. Hafnium 
and t i tanium as well as alurainum, boron, bery l l ium, cadmium, lead, 
rubidiuin and si l icon were volat i l ized during the hydrochlor inat ion s tep. 
Chromium was re ta ined by Alundum in the fluid bed during the hydroch lo r i ­
nation s tep, but was volat i l ized during the fluorination s tep . Magnesiumi, 
ca lc ium, s t ron t ium and b a r i u m were re ta ined by Alundum in the fluidized 
bed throughout the en t i re reac t ion cyc le . 



In o rder to simplify the t r ea tmen t of excess hydrogen chlor ide , 
hydrogen fluoride, and fluorine in the p roces s off-gas, dry disposal methods 
a r e being invest igated. Soda l ime is being tes ted for the t r ea tmen t of hyd ro ­
gen chloride and hydrogen f luoride; and, a mixture of salt and soda l ime for 
f luorine. In p re l imina ry t e s t s for the disposal of hydrogen chloride or hyd ro ­
gen fluoride with soda l ime , reac t ion efficiencies of g r e a t e r than 99 percent 
were indicated. Tes ts for the d isposal of fluorine using a naixture of salt 
and soda l ime a re now underway. 

5. General Chemis t ry and Engineering 

a. Conversion of Uranium Hexafluoride to Uranium Dioxide: P r e p ­
ara t ion of High-Density P a r t i c l e s . Development of a fluid-bed method for 
producing high-densi ty spheroidal u ran ium dioxide pa r t i c l e s by the s i m u l ­
taneous react ion of u ran ium hexafluoride with a mix ture of steana and 
hydrogen has been continued. The reac t ions have been c a r r i e d out in the 
t e m p e r a t u r e region f rom 650 to 700°C, Uranium dioxide with par t ic le den­
si t ies of up to 89 percent of theore t ica l have been produced d i rec t ly at 700^0; 
final pa r t i c le densi t ies of 96,5 percen t of theore t ica l were obtained by s i n t e r ­
ing in hydrogen at 1725°C, The dense u ran ium dioxide pa r t i c l e s would be 
intended for use in d i spers ion fuels or in bulk form in packed fuel e l emen t s . 

In cu r r en t work, the effect of i nc reased u ran ium hexafluoride 
feed r a t e (from 25 g/iaain to 50 g /min) on the p rope r t i e s of the u ran ium d i ­
oxide pa r t i c l e s formed was studied. The run was made in which the follow­
ing operat ing conditions were used . Thi r ty-minute u ran ium hexafluoride-feed 
pe r iods , in which 50 g u ran ium hexaf luor ide /min was r eac t ed with s t e a m and 
hydrogen at r a t e s equivalent to 1,3 and 7,3 t imes the s to ich iomet r ic r e q u i r e ­
ment ,* respec t ive ly , were followed by 30-min cleanup per iods to complete 
the convers ion of the u ran ium hexafluoride to uran ium dioxide. During the 
cleanup per iods , only s t e a m and hydrogen were fed. The concentrat ion of 
s t eam in this per iod was i nc r ea sed f rom 26 to 50 volume percent in o rde r 
to reduce the res idua l fluoride content of the product . The reac t ion tena­
p e r a t u r e was 650°C. The s ta r t ing bed was composed of uraniura dioxide 
pa r t i c l e s which had a densi ty of 9.3 g /cc (-18 +230 mesh s ize) . Seed p a r ­
t ic les of uraniuin dioxide (-60 +230 mesh) were added in this run . The 
fi l ter fines were r e tu rned d i rec t ly to the r eac to r (see P r o g r e s s Repor t , 
June 1963, ANL-6749, p . 47). The opera t ing period for th is run was 12 h r . 
The par t i c le density of the a s -p roduced uran ium dioxide product dec reased 
slightly f rom the init ial value of 9-3 g /cc to 8.8 g /cc during the run per iod. 
The i n c r e a s e d s t eam ra te during the cleanup per iod was effective in r e d u c ­
ing the res idua l fluoride content to 0.021 percent (despite the i nc r ea sed 
uran ium hexafluoride feed ra t e of 50 g /min ) . Microscopic examination of 
the product pa r t i c l e s showed i n c r e a s e d surface roughness which was noted 
in e a r l i e r work (ANL-6023). 

*Based on the reac t ion UFA + 2H2O + Ho -* UO, + 6HF. 



b. P repa ra t ion of Uraniura Mono sulfide. Three 100-gram batches 
of uraniumi monosulfide, which were p r epa red by the react ion of hydr ided-
dehydrided uran ium raetal with a s to ichiometr ic quantity of hydrogen sulfide 
and subsequent s inter ing in vacuum at 1900®C for 2 hr (see P r o g r e s s Report 
for June 1963, ANL-6749, page 32), have been analyzed for t r a c e impur i t i e s . 
Nitrogen and carbon contents were found to be about equivalent to those in 
the u ran ium meta l used for the p repara t ion (0.002 and 0.027 w/o , r e s p e c ­
tively), and no significant amounts of metal l ic impur i t ies were introduced 
into the product . The oxygen contents were high, varying from 0.09 to 
0.4 w / o , as compared with 0.0018 w/o oxygen in the s tar t ing uranium meta l , 

c. Thermodynamics of Binary Alkali Metal Solutions. Study of the 
the rmodynamics of b inary solutions of the alkali meta l s by the optical a b ­
sorption method is continuing (see P r o g r e s s Report for June 1963, 
ANL-6749, page 42). P re l i r a ina ry t e s t s a r e being made to ca l ib ra te the 
absorptioiaaeter and to evaluate the suitabili ty of different types of a b s o r p ­
tion ce l l s . In the p resen t study a Kovar cell with sapphire windows is being 
used. The absorpt ion of sodium at 5890 A (one of the sodium-D lines) has 
been m e a s u r e d at s eve ra l t e m p e r a t u r e s in the range 180 to 220 C. The 
t e m p e r a t u r e dependence of the absorpt ion (which is proport ional to the 
p r e s s u r e of sodiuna a toms in the vapor) was used to make a p re l imina ry 
calculat ion of the enthalpy of vapor iza t ion . The enthalpy of vaporizat ion 
value thus obtained a g r e e s to within 3 percent with the best l i t e ra tu re 
value . However, additional measurenaents a re requi red before a more 
exact t r ea tmen t of the data can be m a d e . 

d. P repa ra t i on of Ca rb ides . Reactions between magnesiuna d i c a r -
bide and the oxides of var ious me ta l s in a naolten halide flux have been 
c a r r i e d out in an effort to p r e p a r e carb ides of the m e t a l s . Reactions with 
the oxides of u ran ium, thor ium, t i tanium, z i rconium, and silicon were c a r ­
r ied out under vacuum at a maxinaum tenaperature of 770°C. A 35 m / o 
magnes ium chloride flux was used as the react ion medium. Sodium tung-
s ta te , u ran ium te t ra f luor ide , and magnes ium uranate were a lso reac ted 
with magnes ium d icarb ide . The following carb ides have been p repa red 
(although not i sola ted a s pure m a t e r i a l s ) by the react ion of meta l oxides 
or ha l ides with magnes ium carbide in molten chloride media : UC, ZrC , 
^-SiC, WC, a-WzC, VC, TaC, M02C, and UCj. X- ray diffraction was used 
to identify the c a r b i d e s . 

In another exper iment , the solubility of magnesiuiai s e squ i -
carbide in a 35 m / o lithiuna ch lor ide-65 m / o magnes ium chloride flux at 
600°C was found to be 1.99 w / o . 

F . Plutonium Recycle Prograna 

1. Nondestruct ive Tes t s on Components 

Test equipment (descr ibed in the June P r o g r e s s Report , ANL-6749, 
p. 51) was ins ta l led in the plant of the Harvey Aluminum Company in 



T o r r a n c e , California in o rde r to evaluate Zi rca loy-2 jacket tubing of 
nominal OD 10.67 m m and wall 0.686 m m . The sys tem has proved itself 
re l iable and simple enough for operat ion in a f ab r i ca to r ' s plant by s e m i ­
skilled personnel , but a fas ter inspection ra te is des i rab le if it can be 
obtained without a loss in sensi t ivi ty and resolut ion. A high noise level 
was obtained from cer ta in tubes containing heavy tube - reduce r m a r k s . 
Extensive meta l lography on these tubes revea led no significant defects , 
so it will be n e c e s s a r y to modify the t e s t equipment to elirainate these 
spurious signals which might o therwise m a s k r ea l defect s igna ls . This 
s eems possible by stationing an additional sampling pulse at such a point 
in t ime of the main ref lected pulse that the sampling pulse will be able 
to obtain information concerning this effect independent of any of the wall 
defects . This information can then be used to reduce the effect of the va r i a 
tion in the inain ref lected pulse resu l t ing from the tube r educe r m a r k s . 

The flaws d iscovered in the tubing occur red ei ther as shallow 
surface laps , probably i ncu r r ed during belt sanding, or as defects a p p e a r ­
ing along a 45° shear plane containing the tube ax i s . The longest of the 
l a t t e r defects was about 0.01 m m long. These objects may be c r acks 
which occur at some ea r ly stage of the p roces s and a r e then l a t e r par t ia l ly 
healed. A good estinaate of the incidence of flaws is difficult because of the 
smal l sample that -was tes ted , but the r a t e of defect occu r rence seemed 
re la t ive ly low cojaapared to some previous exper iences with Z i rca loy-2 
tubing. 



IV. ADVANCED SYSTEMS RESEARCH AND DEVELOPMENT 

A. Di rec t Conversion by Thermionic Emiss ion with a Cesium Cell 

The design of a thermionic cell used in cer ta in d i rec t conversion 
exper iments , is desc r ibed in ANL-6705 ( P r o g r e s s Report for March, 1963). 
Briefly, the in te re lec t rode distance is held to 1 mm or less and is smal l 
compared to the e lec t rode dinaensions. In addition, the col lector is s u r ­
rounded by a guard r ing . F o r each test , the cel l is operated at a constant 
ces ium vapor t e m p e r a t u r e of TQ, and a col lector e lect rode t empera tu re , 
T Q , where usually TQ - To. The emi t t e r t empe ra tu re , T g , however is 
var ied . 

The m e a s u r e m e n t of the sa tura t ion values of the ces ium ion cu r ren t 
at given ces ium vapor p r e s s u r e s and concentrat ions were recent ly repea ted 
and compared with values obtained by calculation using equations developed 
he r e . 

The expected sa tura t ion c u r r e n t was calculated using the following 
assumpt ions : 

(1) Equi l ibr ium exis ts at the boundary of the thermionic cel l which 
includes the emi t t e r - co l l e c to r so that an equal number of atoms diffuse into 
and out of the cel l . 

(2) The mean free ion path (nafp) is la rge everywhere compared to 
the enaitter col lector d is tance . 

(3) Atoms naoving between the emi t te r and collector leave the 
emi t te r at T E and col lector at T Q . 

(4) A port ion " a " of the a toms leaving the emi t te r a r e ionized 
according to the Saha-Langm.uir equa t ionandneut ra l ized at the col lector . 

Assumpt ions (l) through (4) r e su l t in the following express ion for 
the ces ium ion cu r r en t : 

1^3+ = a n ^ s 5.045 X 10-^* V T ^ ma (l) 

where 

lQg+ = Ces ium ion c u r r e n t / c m ^ 

nQg = Ces ium a t o m / c c at t empera tu re TQ 

ma = mi l l i ampere 

The atomic and ionic densi t ies between the emi t te r and col lector a re given 
by: 
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nCs 
HE = 2 \ 

"Cs 
nc = 2 -V 

ncs+ = ang 

where 

/ T o 
T c 

nCs 
= a 2 A s/ T E 

(2a) 

(2b) 

(3) 

n g = Atomic density of "hot" a toms + ions 

nQ = Atomic density of "cold" a toms 

nQg+ = Ion density 

A compar i son of the calculated and exper imenta l values showed that 
the exper imenta l r e su l t s were l a rge r than the calcula ted values by a factor 
of 1.5 or 2. It is there fore evident that these differences mus t be reso lved 
through e i ther improved exper imenta l or calculat ional techniques. 

B. Magnetohydrodynamic Power Generat ion 

1. Variable Area MHD Genera tor 

In the MHD liquid naetal d i rec t convers ion s y s t e m s , where the kin­
etic energy of the high velocity liquid is d i rec t ly conver ted to e lec t r ic i ty , 
there is an advantage to inc reas ing the flow a r e a for the liquid as it p a s s e s 
through the magnet ic field. As kinetic energy is conver ted to e l ec t r i ca l 
energy the fluid slows down in the diverging duct. The duct a r e a may be 
var ied in s eve ra l ways: (l) so the voltage genera ted is a constant, (2) so 
the e l ec t r i ca l r e s i s t a n c e is lower as the fluid slows down in the magnet ic 
field (3) or so that the power removed from the fluid in the duct i s a con­
stant. In this genera tor the a r e a was var ied to lower the e l ec t r i ca l 
r e s i s t a n c e . 

An exper imenta l sys t em has been built in which ni t rogen gas is 
mixed with NaK liquid. After the mixture is acce l e r a t ed in a nozzle it is 
passed through the genera to r duct. Exper imen t s to t e s t the feasibil i ty of 
the diverging or var iab le a r e a genera tor duct were pe r fo rmed . 

A var iable a r e a genera to r made of Lucite •was fabr ica ted and tes ted . 
The dimensions of the genera to r a r e : 



Inlet dimensions 0.16 cm x 10 cm 
Outlet d imensions 0.45 cm x 10 cm 
Length of genera tor through 

the magnet ic field 3.2 cm 
Magnetic flux 9000 gauss 
Exte rna l load 

Res i s tance of load 1 x 10~* ohm 

Severa l runs were m.ade in which the rat io of NaK to ni trogen gas 
was var ied . Table XI shows the data obtained from the var ious runs . 

Table XI . MHD Variable Area Generator Runs 

Run 
No. 

1 
2 
3 
4 
5 
6 

NaK 
Flowra te 

cfm* 

2.16 
1.75 
2.73 
3.64 
3.78 
4.15 

Gas 
Flowra te 

cfm (STP)* 

69.4 
86.5 
66.0 
44.6 
41.1 

0 

Voltage, 
Mv 

17.5 
20.8 
25.0 
34.8 
38.6 
45.8 

Power , 
Watts 

2.96 
4.34 
6.25 

12.1 
15.0 
21.0 

*Not ac tual volume ra t ios because of p r e s s u r e in 
genera tor duct. 

A maximum power output of 21 watts was obtained. 

Since in this exper iment the total r e s i s t ance of the c i rcui t is large 
compared to the shunt r e s i s t ance of the external load, par t icu la r ly at high 
gas f lowrates , a higher output could have been achieved had the impedance 
of the ex terna l load and genera tor been matched. Exper iments a re planned 
to m e a s u r e the r e s i s t ance of the var ious gas-NaK mixtures comnaon to 
these expe r imen t s . 

C. Rocket Fue l Tes t Reactor (RFTR) 

As pa r t of a p r o g r a m to study and evaluate the application of nuclear 
r e a c t o r s for t h e r m a l - r o c k e t propulsion, the concept of using a r eac to r to 
t e s t f ract ions of prototype co re s under design conditions is being inves t i ­
gated. A tes t r e a c t o r should, therefore , in pr inciple , consis t of a center 
t e s t section surrounded by a pe r i phe ra l d r iver section. The tes t r eac to r 
concept should reduce test ing cos t s , including a reduction in the quantity of 
hydrogen requ i red for t e s t s of long duration. 

The min imum power density for some proposed rocket r eac to r co re s 
is 10 Mw/ l i t e r . It is des i r ed to t es t a fract ion of the prototype core with a 



v o l u m e a s l a r g e a s 2 0 - 3 0 l i t e r s . The t o t a l p o w e r of the d r i v e r shou ld no t 
e x c e e d s e v e r a l h u n d r e d m e g a w a t t s , 

A p a r a m e t r i c s tudy of the two p r o m i s i n g d r i v e r s y s t e m s s e l e c t e d 
f r o m e a r l i e r s u r v e y c a l c u l a t i o n s a r e be ing i n v e s t i g a t e d ; n a m e l y , a B e O -
UOg-fueled, s o d i u m - c o o l e d e p i t h e r m a l s y s t e m and a z i r c o n i u m - u r a n i u m 
a l l o y - f u e l e d , s o d i u m - c o o l e d f a s t s y s t e m . 

P a r a m e t r i c s t u d i e s of the b e r y l l i u m oxide and z i r c o n i u m d r i v e r 
s y s t e m s in f in i te c y l i n d e r g e o m e t r y a r e abou t 80% c o m p l e t e d . R E - 1 2 2 dif­
fus ion t h e o r y c a l c u l a t i o n s have b e e n r u n for t e s t s e c t i o n s hav ing r a d i i of 
3, 6, 9, and 13 c m wi th v a r i o u s d r i v e r l o a d i n g s . A s y n o p s i s of the r e s u l t s 
of t e s t s e c t i o n s hav ing a r a d i u s of 9 c m i s g iven in T a b l e XII. The two 
t y p e s of t e s t s e c t i o n s u s e d in the c a l c u l a t i o n a r e d e s c r i b e d be low. 

T a b l e XII. R e s u l t s of D r i v e r T e s t Sec t i on P h y s i c s C a l c u l a t i o n s wi th 
9-ciTi T e s t S e c t i o n s 

T e s t S e c t i o n 
S e r i e s and 

D r i v e r Type 

A - B e O 
A - B e O 
A - Z r 
A - Z r 
B - B e O 
B - B e O 
B - Z r 
B - Z r 

D r i v e r 
L o a d i n g 

% UO2 o r U 

5 
2.5 
5 
3 
5 
2.5 
5 
3 

C r i t i c a l 
R a d i u s 

(cm) 

41 .1 
56.8 
44 .0 
73 .8 
44.0 
60.7 
46 .9 
81.5 

M a x P o w e r 
D e n s i t y 

R a t i o 

2.83 
3.79 
2.19 
3.43 
1.98 
2.56 
1.51 
2.38 

T e s t Sec t ion 
M a x / A v g 

R a d i a l P o w e r 
R a t i o 

1,09 
1.14 
1.01 
1.01 
1.12 
1.20 
1.00 
1.04 

T'wo t e s t s e c t i o n c o m p o s i t i o n s have b e e n s t ud i ed ; i . e . , s e r i e s A a n d 
B , and a t h i r d , s e r i e s C, i s in p r o g r e s s . 

T e s t S e c t i o n S e r i e s 
V o l u m e F r a c t i o n / S y s t e m A B C 

Void 0.44 0.35 0.40 
UO2 0.22 0.16 0.30 
W 0.34 0.49 0.30 

At t h i s po in t , the z i r c o n i u m s y s t e m does n o t a p p e a r a s a t t r a c t i v e 
a s the b e r y l l i u r n ox ide s y s t e m . The z i r c o n i u m s y s t e m r e q u i r e s r o u g h l y 
t w i c e the t o t a l p o w e r a s r e f l e c t e d by the l a r g e r c r i t i c a l r a d i u s to ob ta in 
the h i g h e r r a t i o of p o w e r d e n s i t y b e t w e e n the t e s t s e c t i o n and the d r i v e r 
s e c t i o n . 



D. Steel Industry Study 

A study has been init iated to evaluate the application of nuclear 
energy to the s teel industry . The study mus t consider d i rect nuclear en­
ergy application to be of value, since cheap e lect r ic i ty is a l ready an ob­
ject ive of the U.S. r eac to r development p rog ram. It is planned to 
invest igate some novel techniques which will naake use of some of the 
unique aspec ts of nuclear energy. 



V. NUCLEAR SAFETY 

A. Thermal Reactor Safety Studies 

1. Metal Oxidation and Ignition Studies 

a. Ignition of Plutonium and Plutonium Alloys, Ignition studies 
of binary alloys of plutonium have been completed. The effects of 
2 atom pe rcen t additions of carbon, aluminum, sil icon, chromium, naan-
ganese , i ron, cobalts nickel , ce r ium, and u ran ium on the ignition tenapera­
ture s of plutonium foils, when ignited in a ir or oxygen, have been appraised. 

The ignition tem.peratures of pure plutonium fall within two 
r e g i m e s , one at about 500°C and the other at about 300°C. Whether the plu­
tonium ignition t empe ra tu r e falls within the h igh - t empera tu re (500°C) 
reg ime or whether it falls within the l ow- t empera tu re (300°C) reg ime 
depends upon the specific a r e a of the foil. In a i r , pu re plutonium foils 
having specific a r e a s l e s s than 2 sq c m / g ignite at about 500°C; plutonium 
foils having specific a r e a s g r e a t e r than 2 sq cna/g ignite at about SOO'C, 
In oxygen^ the t rans i t ion f rom the 500°C reg ime to the 300°C regime occurs 
at a specific a r e a of about 6 sq c m / g . 

The exis tence of two r eg imes of ignition is consis tent with the 
oxidation behavior of plutonium. During the oxidation of plutonium two 
r eg imes a r e evident, one above 420°C and the other below 320°C. This 
behavior is a sc r ibed to a change in the kinet ics of the oxidation react ion 
which occurs between 320 and 420°C (see P r o g r e s s Repor t for March 1963, 
ANL-6705, page 63), 

The effects of addit ives on the behavior of plutonium in the 
h igh - t empera tu re reg ime were as follows: 

(1) Additives that i nc reased r e s i s t ance to ignition and oxida­
tion: a luminum and sil icon. 

(2) Additives that had no effect: ch romium, i ron,nickel , 
ce r ium, and uran ium, 

(3) Additives that dec rea sed r e s i s t ance to ignition and 
oxidation: carbon, manganese , and cobalt. 

The effects of addit ives on the behavior of plutonium in the 
l ow- t empera tu re reg ime w e r e as follows: 

(1) Additives that i nc reased r e s i s t ance to ignition and oxida­
tion: ch romium and manganese , 

(2) Additives that had no effect: silicon and nickel . 

(3) Additives that dec rea sed r e s i s t ance to ignition and 
oxidation: i ron and u ran ium. 
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Over the specific a r e a s of foils studied (0.5 sq cm/g to 
10 sq c m / g ) , no t rans i t ion f rom the h igh- tempera tu re reg ime to the low-
t empera tu re reg ime was observed for binary alloys of plutoniujaa contain­
ing carbon, alurainum, cobalt, or ce r ium. 

b . Aluminum-UsOg Reaction. Studies of the aluminumi-UsOg 
therra i te react ion were continued (see P r o g r e s s Report for June 1963, 
ANL-6749, page 58). Co ld -p re s sed conapacts of aluminum-U30g, con­
taining 30, 45, 60, 75, and 90 w/o UjOg, were used. The samples were 
heated at a uniform ra te of 25°C pe r miinute to above 1300°C. Self-heating 
was noted with all sanaples except the one that contained 30 w/o U30g. 
The mos t vigorous reac t ion occu r r ed with the specimen that contained 
60 w/o UsOg. With this sample , the t empera tu re rose spontaneously to 
about 1300°C when the furnace t empe ra tu r e approached 900°C. The extent 
of react ion will be es tabl i shed by determining the amount of oxides r e ­
maining in the res idue after react ion. A technique based on the selective 
dissolution of the meta l l i c phases in an iodine-methanol solution has given 
promis ing r e su l t s in p r e l i m i n a r y t e s t s . 

B. F a s t Reac tor Safety Studies 

F a s t power r eac to r designs contain sufficient fuel to produce a 
superprompt c r i t i ca l a s sembly if the core were r e a r r a n g e d into a suffi­
ciently compact m a s s . Hence, it is possible to postulate a c l a s s of 
"meltdown" incidents in which the core is subjected to abnormal operating 
conditions, some degree of fuel fai lure occur s , and the fuel moves into a 
more compact m a s s that r e su l t s in a des t ruct ive bu r s t of nuclear power. 
It is of i n t e r e s t to unders tand the detailed mechan isms involved in the 
rear rangenaents of fuel and, if poss ib le , to develop designs which will 
e l iminate the possibi l i ty of violent d isassocia t ion . 

TREAT is being used to p e r f o r m in-pile exper iments to study the 
c h a r a c t e r i s t i c s of fai lure in fast r eac to r fuel e lements , and to survey the 
mechanisnas influencing movement of fuel. 

1. Summary of Dry Tes t s on P r e - i r r a d i a t e d Metall ic E lements 

A total of eleven exper imen t s have been run in opaque dry naelt-
down capsules on prev ious ly i r r ad i a t ed samples . Seven were EBR-II , 
Mark I (5% f iss ium alloy) spec imens which had been i r r ad ia t ed in the MTR 
at a calculated max imum center l ine t empera tu re of 445''C up to a maximum 
burnup of about 1 a / o . The remaining four were half-length F e r m i Core -A 
e lements , 10 w / o molybdenum-uraniuna pins clad with a 0 .125-mm thick 
z i rconium jacke t by ext rus ion, which were i r r ad ia t ed at 460°C maximum 
center l ine tenapera ture to an es t ima ted burnup of 0.25 a /o . 
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Resul ts of the t e s t s nnay be summar ized in the fo rm of a com­
par i son with p rev ious r e su l t s on un i r rad ia ted e lements : 

EBR-II (Uranium-5% F i s s lum) Elements 

(1) I r r ad i a t ed and un i r rad ia ted pins s t a r t swelling at approximately 
the same excurs ion conditions. 

(2) Amount of burnup does not have a g r ea t effect on threshold of 
failure for the ranges considered. 

(3) The fai lure mechan i sm of very low burnup (~0.09 a/o) samples 
is essent ia l ly the same as that of un i r rad ia ted s ample s . 

(4) The meltdown res idue of modera te burnup (~ 1 a/o) samples 
has more numerous and l a r g e r voidSs and has about half the density of the 
un i r rad ia ted e l emen t s . 

F e r m i A (Uranium-Molybdenum) E lemen t s 

(l) Uni r rad ia ted F e r m i pins withstood b u r s t s up to 34-37 Mw-sec 
total in tegra ted power in TREAT without not iceable damage. I r r ad ia t ed 
pins began to swell at Z7 Mw-seCs and failed at the melt ing point (about 
Z9 Mw-sec) . 

A study was made of the swelling of the four EBR-II e lements 
subjected to the mos t severe t r ans i en t s (burnups ranging from 0.09 a /o to 
0,9 a /o , in which the max imum cladding t e m p e r a t u r e s were es t imated to 
be about 1000°C or above). It was found that the void volume in the m e l t ­
down r ema ins could be calculated, within 20%, for these burnups by the 
empi r i ca l re la t ion 

V = 50 B 

where V is the v / o void and B is the burnup in a / o . 

2. In-pile F a i l u r e Time M e a s u r e m e n t s 

Resul t s were r epor t ed previous ly (ANL-6698, P r o g r e s s Repor t fo r F e b ­
rua ry , 1963,p. 65; and ANL-6717, P r o g r e s s Repor t for Apr i l , 1963, p . 65) 
for measuremLents made in TREAT on the t ime of fai lure of s ta in less s t ee l -
clad pins of u r an ium and u r a n i u m - 5 w / o f iss ium. However, the in-pi le 
failure t ime data for the unbonded e lements were e r r a t i c and indicated 
ve ry shor t pene t ra t ion t i m e s . This difference is explained as poss ibly 
resul t ing f rom excess ive t h e r m a l s t r e s s e s in the steel cladding caused by 
melting fuel slumping agains t the cladding and setting up la rge t e m p e r a t u r e m 



grad ien t s . One photographic exper iment was per formed to substantiate 
this hypothesis . Two s ta in less s t ee l -c lad pins , one bonded and one un­
bonded, were placed in a t r a n s pa re n t meltdown capsule and exposed to 
an excurs ion sufficient to mel t the fuel. Ear ly failure occur red in the 
unbonded sample . The photographic r e c o r d c lear ly showed the molten 
fuel running out of local ized flaws approximately 1 m m size in the clad­
ding. F a i l u r e of the sodium-bonded e lement occur red l a te r in agreement 
with the e a r l i e r p o s t - m o r t e m recons t ruc t ions . 
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