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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 nneans of report ing those i tems 
of significant technical p r o g r e s s which have occur red in 
both the specific r eac to r pro jec ts and the genera l 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 ove r - 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 at tempt is made to 
r epor t separa te ly on each sub-act ivi ty number. Fur the r , 
since the intent is to r epor t only i tems of significant p rog­
r e s s , not all act ivi t ies a r e repor ted each month. In o rder 
to i ssue this r epo r t as soon as possible after the end of the 
month edi tor ia l 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 p resen ted should be unders tood to be p re l imina ry and 
subject to change unless o therwise stated. 

The i ssuance of these r epor t s is not intended to constitute 
publication in any sense of the word. Final r e su l t s e i ther 
will be submitted for publication in regular professional 
journals or will be published in the form of ANL topical 
r epo r t s . 

The las t six r e p o r t s issued 
in this s e r i e s a re : 

May 1963 ANL-6739 

June 1963 ANL-6749 

July 1963 ANL-6764 

August 1963 ANL-6780 

September 1963 ANL-6784 

October 1963 ANL-6801 
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I. BOILING WATER REACTORS 

A. BORAX-V 

1. Operations 

After replacing the leaking fuel assembly C-3 by a spa re superheater 
fuel assembly in cen t ra l superhea te r core CSH-IB (see P r o g r e s s Report for 
October 1963, ANL-6801, p. 3), the r eac to r was p repa red for resumption of 
power operation. 

A second heat -up of the sys tem, using e lec t r ic p r e h e a t e r s , was pe r ­
formed in an a t tempt to reproduce conditions which had caused a shor t -
per iod s c r a m during the hot c r i t i ca l experinaents with superhea te r drained. 
The postulated cause , flooding the superhea ter with condensate from the 
ex terna l s team l ines, could not be verified. 

Element C-3 was shipped to Argonne, Illinois, for hot cel l examina­
tion. When the r e su l t s of the inspection (see Sect. I.A.3 below) were received, 
r eac to r operat ion was cur ta i led, pending inspection of the remaining super ­
hea te r fuel. The r eac to r v e s s e l head was removed, and six superhea ter fuel 
a s sembl i e s were t r a n s f e r r e d to superhea te r fuel s torage. P repara t ions a r e 
being made for underwater inspection of the bottom of the fuel plates in 
these a s s e m b l i e s . Three special underwater per i scopes with attached 
lights have been designed and built in an at tempt to inspect the lower end 
of the superhea te r fuel plates visually, 

2. Modification and Maintenance 

As a r e su l t of the infornnation derived from the hot cell examination 
of defective superhea te r fuel a s sembly C-3 (see Sect. I.A.3 below), the bottom 
nozzles of the three spare superhea te r fuel a s sembl ies a r e being removed. 
All burned- through repa i r weld m a t e r i a l is being removed to r e s t o r e the 
designed expansion capabili ty of the 4-plate fuel e lements relat ive to the in­
sulating tube. The bottom nozzles will be replaced and the fuel assembl ies 
s t ra ightened and leak- tes ted . 

3. Hot Cell Examinat ion of Damaged Superheater Fuel Assembly C-3 

The cen t ra l section of the damaged superhea ter fuel assembly C-3 
was cut out. This cons is t s of five fuel subassembl ies . The fuel subassem­
bl ies , which consis t of a b razed as sembly of four fuel plates (the fuel-plate 
subassembly) surrounded by an insulating can, were separated. These cans 
were subsequently removed. In addition, a number of l a t e ra l cuts were made 
through two of the fuel plate subassembl ies . 
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Exte rna l damage in the form of bulged insulating cans , bowed fuel 
plate subassembl ies , and a c rack in the t rans i t ion cone was observed. Two 
of the fuel-plate subassembl ies were buckled, near ly blocking the passages 
for s t eam flow. In the other th ree , a number of individual fuel plates were 
bent and two appeared to be torn. In al l of the fuel subassembl ies , there 
was pa r t i a l fusion of the lower ends of the two outer fuel plates to the su r ­
rounding insulating can. In two subassembl ies , at l eas t 50 percent of the 
c i rcumference of the insulating cans was f irmly fused to the adjacent fuel 
p la tes . In the other subassembl ies there were a number of short fused 
a r e a s . In the two f i rmly fused subassembl ies , al l four fuel plates were 
buckled. In the subassembl ies with shor t fused a r e a s , buckling occur red 
only in the individual fuel plate adjacent to the fused a r ea . 

In the BORAX-V superhea te r fuel assembly , the lower end of each 
fuel plate subassembly is free to move with r e spec t to its insulating can to 
allow for t h e r m a l expansion. In the case of superhea te r fuel a s s e m ­
bly No. C-3 the observed fusion of the free ends of the fuel plates to the 
insulating can prevented this motion. It is believed that the differential 
t he rmal expansion and contract ion during r eac to r operat ion was sufficient 
to cause the observed damage. For example, the bulges in the insulating 
cans could resu l t f rom the s t retching of the cans upon heating and subse­
quent buckling of the cans upon cooling. 

Fusion of the fuel plates to the insulating cans probably occur red 
during repa i r welding (see P r o g r e s s Report for September , ANL-6789. p. 1). 
During this r epa i r operat ion it was intended to weld only the insulating cans 
to flow vanes between the adjacent cans . The weld burn- through r e s t r a ined 
the 4-plate fuel e lement from expanding as designed in both the t r a n s v e r s e 
and longitudinal direct ion, thus causing severe fuel-plate dis tor t ion at the 
bottom and buckling of the element at the axial high neutron flux region. The 
fission product r e l e a s e was not caused by a design e r r o r or m a t e r i a l s e l ec ­
tion, but by faulty r epa i r and inspection p rocedures . A possibi l i ty that this 
fusion could have occu r r ed during r eac to r operat ion is unlikely, since the 
fused a r ea is not in the fueled par t of the plate. 

4. Development of In -core Inst rumentat ion 

A tes t r epo r t of furnace cal ibrat ion of six h igh- t empera tu re 
W/26% Re-shea thed thermocouples was rece ived from a commerc i a l testing 
agency (see P r o g r e s s Report for September 1963, ANL-6784, p. 4), These 
w / 5 % Re v e r s u s w/26% Re couples uti l ized hard- f i red , high-puri ty thor ia 
insula tors in 0.065-in.-OD sheaths . 

The tes t was conducted in two sect ions, with th ree samples being 
grouped for test ing each t ime . Two cycles , to max imum t empe ra tu r e 
(5000°F, nominal), were made for each group of thermocouples , with 
15-20 min allowed for stabil izat ion before each reading. The thermocouples 



were instal led in a tantalum tube within the graphite heating element of the 
furnace and were blanketed with high-puri ty argon. The optical pyrometer 
sys tem was cal ibrated by determinat ion of molybdenum and platinum mel t ­
ing points in the same furnace configuration as used for cal ibrat ion of the 
thermocouples . 

Data a r e shown graphical ly for the two test groups in Figures 1 
and 2, The second-cycle data in Figure 2 a r e not consistent with those of 
Figure 1, The only explanation given by the tes t agency is that their furnace 
required shutdown and repa i r after running the f irs t cycle on samples 30, 
31 and 32. It was postulated that the samples were somehow subjected to 
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Figure 1. Calibration of W-S'yoRe vs. W-26'7o Re Thermocouples 
(Samples 1, 2, and 3) in Argon Atmosphere 
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Figure 2. Calibration of W-S^ Re vs. W-26'yo Re Thermocouples 
(Samples 30, 31, and 32) in Argon Atmosphere 

different conditions for the second furnace cycle, although the axial temper 
a ture gradient in the region near the hot junctions of the couples is only 
about 20°F/in, This factor alone does not explain the discrepancy. 

5. Development of Advanced Superheater Fuel 

a. Type 406 Sta in less-c lad Superheat Fuel. The fuel plates to be 
used in two cent ra l superheat fuel e lements (see P r o g r e s s Report for 
January 1963, ANL-6683, p. 5) have been nickel plated for brazing to the 
cladding. Thermocouple pockets have to be machined into the edges of the 
plates before further assembly . The choice of alloy to be used for brazing 
the four-plate fuel subassembl ies has not yet been made. 



II. LIQUID-METAL-COOLED REACTORS 

A. General F a s t Reactor Phys ics 

1. ZPR-II I 

The p r o g r a m of p r e l im ina ry exper iments with the physics core for 
the mock-up of RAPSODIE was completed. These included evaluation of 
the react ivi ty shutdown provided by all the safety rods , cal ibrat ion of 
control rods , cal ibrat ion of BF3 and fission chamber count r a t e s v e r s u s 
subcr i t ica l i ty for react iv i ty m e a s u r e m e n t s , and m e a s u r e m e n t s of dead 
t ime of the BF3 propor t ional counters for react ivi ty m e a s u r e m e n t s . The 
sca le r s t r ips of the propor t ional counter channels provide the pr incipal 
amount of dead t ime , amounting to about 6 to 8 /isec. These dead t imes will 
be used to adjust the data taken in per iod measu remen t s and power level 
de te rmina t ions . 

A one-inch withdrawal of a cent ra l safety rod, which is a core 
d rawer on the r eac to r ax is , was found to dec rease react ivi ty by about 
72 Ih. This is to be compared v/ith wor ths of 50 Ih for a core- loaded rod 
at the radia l edge of the core and 17 Ih for a blanket- loaded rod at the core 
radial edge for the same withdrawal . On the bas i s of these values and the 
control rod ca l ib ra t ions , the total shutdown marg in is es t imated at about 
3100 Ih, or about 6%Ak/k, minus about 200 Ih excess used for operat ion. 

Measu remen t s of fission ra t ios at the core center a re in p r o g r e s s . 
The cen t ra l core d rawer in Half No. 1 of the r eac to r is const ructed to a c ­
commodate a sole Kirn- type fission chamber at the front. Count r a t e s with 
this chamber a re then es tabl i shed re la t ive to the BF3 proport ional counters 
and to a Kirn U '̂̂ ^ counter at the core axial edge. Kirn chambers contain­
ing U " ^ U"*, U " ^ U " ^ U " ^ P u " ^ and Pu^^° as the pr incipal isotopes will 
all be run at the center . Additional m e a s u r e m e n t s with thin-wal l , gas-flow 
chambers will be made for the threshold fission isotopes . 

2. ZPR-VI 

Assembly No. 1, an a l l -me t a l a s sembly with a U^^^/u^^^ atom ra t io 
of about 7, is being used to m e a s u r e var ious r eac to r physics p a r a m e t e r s . 
Bunching exper imen t s to de te rmine the heterogenei ty effect of the fuel 
p la tes a r e cu r ren t ly in p r o g r e s s . 

The following fission ra t ios have been obtained by means of min ia ­
ture so l id-s ta te de t ec to r s : 

U238^U235 ^ 0.0395 ± 0.0015; U ^ Y u " ^ = 1.625 + 0.008. 



These r e su l t s cor respond to the values of 0.036 and 1.51 found, respect ively, 
for the same fission ra t ios obtained by gas-flow de tec tors in Assembly 11 
of the ZPR-III facility, which is very much like Assembly 1 of ZPR-VI. 

A number of gap-worth m e a s u r e m e n t s were made with Assembly 1. 
Measurements were made with air and s ta inless steel in the gap. The 
re su l t s a r e shown in F igure 3. A point to be noted is that at z e ro separa ­
tion and at ze ro react ivi ty change, which cor responds to the situation when 
the drawer faces of both halves a re touching, there is still a separat ion of 
the fuel of the two halves due to the thickness of the s ta inless steel drawer 
ends. 

TABLE SEPARATION, millimeters 

Fig. 3. The Reactivity Calibration Curve for the Gap for Assembly 1 of ZPR-VI 

It is noted that with an a i r gap l e s s than 0.5 mm, the slope of the 
react ivi ty curve is substantially less than for an air gap g rea t e r than 
0.5 mm. An at tempt was made to determine whether this was due to a 
slight tilting of the ma t r ix assembly due to the nonparal lel bearing faces 
of the bed. A 0.80-mm shim was inser ted between the table faces and the 
air gap worth was r emeasu red . If the change in slope is due to the t i l t ­
ing of the ma t r i x caused by nonparal le l bear ing sur faces , it would be ex­
pected that the slope would be t rans la ted to the right by the thickness of 
the shim (0.80 mm). The data do not indicate such an effect. 



A possible explanation of the change in slope of the react ivi ty table 
separat ion curve is that the surfaces of the r eac to r halves a re not plane 
para l l e l . A theore t ica l predict ion for this effect has not yet beenperformed. 

It is noted that the reac t iv i ty - separa t ion curve for the s ta inless 
s teel-f i l led gap appears to be l inear for small gaps and has a different 
slope. The curves for the a i r gap and s ta inless s teel-f i l led gap c ro s s be­
tween 3.5 and 4.0 m m of gap width. There appears to be an e r roneous 
data point in the s ta in less steel curve which resu l t s in some uncertainty 
in the c ro s sove r point. Examinat ion of the data does not reveal the sus ­
pect point; however, in genera l the cha rac t e r i s t i c s of the two gap-separa t ion 
curves a r e well displayed. 

3. ZPR-IX 

The aluminum tube bundles sent out for coating have been returned. 
All have been stacked and p rec i se ly aligned to form the complete mat r ix 
assembly . Each individual tube has been stamped with identifying numera l s 
to denote its posit ion in the ma t r ix . 

The coated ma t r i x d r a w e r s have been received from the vendor and 
have been stamped •with identifying n u m e r a l s corresponding to the position 
of the tube to which they will be ass igned. 

The final checkout of the facility as a complete sys tem, including 
the mechanical and e lec t r i ca l components and nuclear ins t rumentat ion, is 
cur ren t ly in p r o g r e s s . 

B. Genera l F a s t Reactor Fuel Development 

1. Metal Fue l s 

a. P r o p e r t i e s of U - P u - F z . The effects of the var iab les of heat 
t r ea tmen t and specimen posit ion in the casting on the niechanical p r o p e r ­
t ies m e a s u r e m e n t s of U - P u - F z al loys have been studied. The top and 
bottom of the 40 .5 -cm ( l6- in . ) long by 1-cm (0.4-in.) d iameter injection 
casting were given a homogenizing heat t r ea tmen t p r io r to tensi le test ing. 
At 655°C specimens from both the top and the bottom had about the same 
s t rength (6,000 ps i ) , but the elongation of the top was 22.5% compared with 
31.3% for the bottom. 

The t-wo spec imens from the center of the casting were tes ted 
at room temiperature , one in the quenched condition and the other in a 
t r ans fo rmed state corresponding to a 20-hr anneal at 500°C. Both were 
ex t remely b r i t t l e , with elongations of l e s s than 1%. The quenched speci ­
men had a s t rength of 84,000 ps i v/hereas the t r ans fo rmed one broke out­
side the gauge length at a much lower value. The t r ans fo rmed phase is so 
br i t t le and notch sensi t ive that i ts t rue s trength cannot be m e a s u r e d with 
this t ens i l e - tes t ing technique. 



U-Pu and U - P u - F z alloys a re being tes ted for compatibili ty 
with potential r e f rac to ry cladding meta l s to help in the select ion of a fuel 
and cladding m a t e r i a l for a poss ible second generat ion core for EBR-II . 
The fuel-cladding combinations that a re being studied a r e U-10 w/o Pu 
and U-20 w / o Pu-10 w / o Fz with niobium, and U-10 w / o Pu-10 w/o Fz with 
niobium, Nb-1 w / o Zr , molybdenum, vanadium, V-10 w / o Ti, V-20 w / o Ti, 
Type 304 s ta in less s tee l , and Hastel loy-X. These combinat ions a re being 
studied by annealing diffusion couples of the m a t e r i a l s at 550, 600, and 
650°C for 7, 17, and 42 days. 

P r e l i m i n a r y r e su l t s of compatibil i ty of U-10 w / o Pu-10 w/o Fz 
with Haste l loy-X at 600 and 650°C have been obtained. Owing to etching 
difficulties with U - P u - F z we have been unable as yet to br ing out a s a t i s ­
factory diffusion band on the fuel side of the couple. There a r e , however, 
indications that a •wide band is p r e s e n t in the fuel of these couples. These 
bands in the fuel indicate that the major i ty of the penet ra t ion is into the 
fuel. We exper ienced the same difficulty in the Type 304 s ta in less steel 
v e r s u s U-10 w/o Pu-10 w / o F z . A compar ison of the diffusion penetrat ion 
of this fuel into Haste l loy-X and Type 304 s ta in less s teel (see Table I) 
indicates that Type 304 s ta in less s teel suffers only about one-half the 
penet ra t ion by the fuel that Haste l loy-X does. 

Table I. Pene t ra t ion of U-10 w / o Pu-10 w / o Fz into 
Haste l loy-X and Type 304 Stainless Steel 

Pene t ra t ion (/i) 

17 days 42 days 
Temp 
(°c) 

600 
650 

Haste l loy-X 304 SS Haste l loy-X 304 SS 

10 7 18 10 
16 39 22 

2. Fuel Jacke t Development 

a. Alloy Development. The Nb-10 w / o Ti ment ioned in the Sep­
tember P r o g r e s s Repor t (ANL-6784, p . 12) was heat t r e a t e d for 2 hr at 
850°C in vacuo and then cold rol led 50% to a th ickness of 0.8 m m (0.031 in.). 
A Nb-15 -w/o Ti -6 -w/o V alloy which -was previous ly hot worked was cold 
reduced approximate ly 50% to 1.6 m m (0.062 in.) and is now awaiting heat 
t r ea tmen t before final rol l ing. 

b . Duplex Tubing. The Type 304 s ta in less s t ee l -vanad ium duplex 
tube mentioned in the October P r o g r e s s Repor t (ANL-6801, p . 12) was 
checked by u l t r a son ic s after i roning. Nonbonding was detected in approxi ­
mately 50% of the bond-contact a r e a , p re sumab ly a d i rec t r e su l t of the 
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pr io r ironing operation. The duplex tube was annealed at 850°C for 2 hr 
in vacuum and ul t rasonica l ly tes ted again. The nonbond area seemed to 
diminish slightly. The tube was then ironed and reduced to 0.919-cm 
(0.362-in.) O.D. x 0.792-cm (0.312-in.) I.D., yielding a o / t ra t io of 14.5; 
suitable for ductile core (copper) drawing to approximately 0.396-cm 
(0.156-in.) I.D. X 0.0381-cm (0.015-in.) wall. The duct i le-core drawing is 
in p r o c e s s . 

c. V-10 w / o Ti (TV-10) and V-20 w/o Ti (TV-20) Alloys. The 
1110°C extruded TV-10 and TV-20 mate r ia l has been dejacketed by ma­
chining. The rods showed severe longitudinal s t r ia t ions along the total 
extruded length in addition to the nonuniform diameter previously men­
tioned in the October P r o g r e s s Report (ANL-6801, p. 12). The as-ext ruded 
hardness of the TV-10 alloy measu red about 186 DPH (89 Rg); that of the 
TV-20 alloy was about 233 DPH (98 R-Q). For comparison, ha rdness read­
ings of Type 304 s ta inless steel ex t rudedat 1100°C measured 137-139 DPH 
(74 R B ) . 

Metallographic examination of the "as-extruded" mate r ia l 
revealed a f ine-grained s t ruc ture essent ial ly completely recrys ta l l ized . 
Heat t rea tment of the "as-ext ruded" mate r ia l showed gross grain growth 
accompanied by a minor dec rease in hardness after one hour at 1200°C. 

No difficulties have been experienced in cold working ei ther 
of these alloys. 

3. Corros ion of Fuel-cladding Mater ia l s 

A group of five niobium-base alloys in two conditions of heat t r ea t ­
ment has been tes ted in flowing (15 cm/ sec ) sodium for 150 hr at 650°C. 
Zirconium turnings in the sodium s t r eam were used to get ter oxygen dur­
ing exposure of the samples . The oxygen content of the sodium was 120ppm. 

The alloys tested and p re -exposure heat t rea tments are l is ted in 
Table II. 

Table II. Compos i t i ons and Heat T r e a t m e n t s of 
C o r r o s i o n - t e s t Spec imens 

S t r e s s - r e l i e f R e c r y s t a l l i z a t i o n 
Alloy* T e m p e r a t u r e , °C** T e m p e r a t u r e , °C** 

N b - 5 Mo 
Nb-10 T i - 5 Z r 
Nb-18 T i - 4 V 
Nb-3 M o - 9 Ti 
Nb-10 W - 2 . 5 Z r 

800 
600 
600 
600 
950 

1100 
1100 
1050 
1100 
1250 

• C o m p o s i t i o n s given in weight p e r c e n t . 
**Heat t r e a t e d at ind ica ted t e m p e r a t u r e in evacua ted 

(10"^ t o r r ) c a p s u l e s for 2 h r . 



The weight and thickness change data a re summar i zed in Table III. 

Table III. Cor ros ion of Niobium-base Alloys 
in Flowing Sodium 

Alloy** 

Nb-5 Mo (SR)^ 
Nb-5 Mo (RX) 
Nb-10 T i -5 Zr (SR) 
Nb-10 Ti -5 Zr (RX) 
Nb-18 Ti-4 V (SR) 
Nb-18 Ti-4 V 
Nb-3 Mo-9 Ti (SR) 
Nb-3 Mo-9 Ti (RX) 
Nb-10 W-2.5 Zr (SR) 
Nb-10 W-2.5 Zr (RX) 

Rate of 
Weight L o s s , 
m g / c m y mo* 

55.6 
43.4 
17.1 
80.7 
50.6 
66.0 
72.8 
63.7 
13.1 
38.6 

*Cleaned of sodium w^ith alcohol and 
water . Nonadherent oxide removed 
with soft b rush . 

**Compositions given in •weight pe rcen t . 

(SR) - S t r e s s Relieved; 
(RX) - Recrys ta l l ized . 

All samples showed varying degrees of in te rg ranu la r attack. The 
most ex t reme example was that of the Nb-10 w/o W-2.5 w/o Zr (RX) 
sample . The in te rg ranu la r at tack of the s t r e s s - r e l i e v e d samples (which 
exhibited highly worked s t ruc tu re s ) occu r r ed along the smea red -ou t grain 
boundar ies . The r ec rys t a l l i z ed samples were at tacked along the equiaxed 
grain boundar ies . 

There is a very l a rge difference in weight loss between s t r e s s -
re l ieved Nb-10 w / o T i -5 w / o Zr and Nb-10 w/o W-2.5 w/o Zr alloys and 
r ec rys t a l l i z ed alloys of the same composit ion. F r o m meta l lographic 
evidence it is bel ieved that the gra in boundaries of the r ec rys t a l l i z ed 
samples •were completely co r roded away, resul t ing in the physical loss of 
complete g r a in s . However, it should be noted that the effect of the r e c r y s -
tallizing heat t r ea tmen t is not uniformly severe for all alloys tes ted. 

Mic rohardness m e a s u r e m e n t s taken a c r o s s the t r a n s v e r s e sect ions 
of the samples sho^wed varying prof i les , ranging from a constant ha rdness 
inc rease in the case of the Nb-5 w / o Mo samples ( s imi la r to the behavior 
of this m a t e r i a l in low-oxygen sodium) to very steep ha rdnes s gradients at 



the s u r f a c e ( a p p r o x i m a t e l y 100-150ju th ick) for the Nb-10 w / o T i - 5 w / o Z r , 
N b - 1 8 w / o T i - 4 w / o V, and N b - 3 w / o M o - 9 w / o Ti s a m p l e s . The N b -
10 w / o W - 2 . 5 w / o Z r a l loy showed a m u c h m o r e sha l low h a r d n e s s g r a d i e n t 
f r o m edge to c e n t e r . T h e r e w e r e no d i s t i n c t d i f f e r ences b e t w e e n the 
h a r d n e s s p r o f i l e s of the s t r e s s - r e l i e v e d and r e c r y s t a l l i z e d s a m p l e s . 

An add i t iona l g r o u p of a l loys h a s been t e s t e d for 216 h r u n d e r the 
s a m e cond i t ions a s the p r e v i o u s g r o u p . A de t a i l ed m e t a l l o g r a p h i c e x a m ­
ina t ion i s in p r o g r e s s . The p r e l i m i n a r y we igh t change da ta a r e l i s t e d in 
Tab le IV. The r a t e s of w e i g h t l o s s of the v a n a d i u m - b a s e a l loys a r e l e s s 
by m o r e than an o r d e r of m a g n i t u d e than t hose for n i o b i u m - b a s e m a t e r i a l s 
t e s t e d u n d e r the s a m e c o n d i t i o n s . 

Table IV. Corrosion of Vanadium-Titanium Alloys 

Alloy** 

V-10 Ti (SR)'*' 
V-10 Ti (RX) 
V-20 Ti (SR) 

and of Niobium in Flowing Sodium 

Rate of 
Weight Loss , 
m g / c m y mo* 

3.23 
2.76 
3.33 

Alloy** 

V-20 Ti (RX)''' 
Nb (SR) 
Nb (RX) 

Rate of 
Weight Loss , 
m g / c m y m o * 

3.72 
41.6 
52.8 

*Cleaned of sodium with alcohol and water . Nonadherent oxide 
removed with brush. 

**Compositions given in weight percent . 
^(SR) - Stress Relieved; (RX) - Recrystal l ized. 

4. N o n d e s t r u c t i v e T e s t s of F a s t R e a c t o r Tubing 

E l e c t r o m a g n e t i c t e s t s on tubing be ing u s e d o r p r o d u c e d for gen­
e r a l f a s t r e a c t o r fuel d e v e l o p m e n t and the r e s u l t s of t h e s e t e s t s a r e 
s u m m a r i z e d in Table V. 

Table V. Electromagnet ic Tests on Tubing for 
F a s t Reactor Development 

Mater ia l Dimensions Quantity (m) Results 

D-43* 6.6-mm O.D. 
Hastelloy-X 7.14-mm O.D. x 0.38-mm wall 
Nb-1 w / o Z r 3.96-mm I.D. x 0.508-mm wall 
Nb-1 w / o Z r 3.96-mm I.D. x 0.381-mm wall 
Nb-1 w / o Z r 7.14-mm O.D. x 0.305-mm wall 
304 SS 4 .21-mm I.D. X 0.508-mm wall 
304 SS 4 .21-mm I.D. X 0.381-mm wall 

1.3 
10.98 
30.5 
20.3 

1.5 
34 
39 

No defects 
No defects 
10 defects 
7 defects 
1 defect 
2 defects 

No defects 

detected 
detected 
>10% 
^10% 

^10% 
detected 

*Nb-10 w/o W-1 w/o Zr -0 .1 w/o C 



Radiographic tes t s on tubing for fast r eac to r development a re l is ted 
in Table VI. The inner surfaces of the las t four tubes l is ted in Table VI 
contained a vapor-deposi ted tungsten layer of varying th ickness . The de­
fects found in these tubes were tungsten inclusions, deep s t r ia t ions and in 
some instances flaking of the tungsten coating. 

Table VI 

M a t e r i a l 

N b - 1 •w/o Z r 
(Heat No . 70302) 

N b - 1 w / o Z r 
(Heat No. 70086) 

N b - 1 w / o Z r 
(Heat No. 30305) 

N b - 1 w / o Z r 
(Heat No. 30018) 

H a s t e Hoy 

H a s t e l l o y 

R a d i o g r a p h i c T e s t s on Tubing for F a s t R e a c t o r D e v e l o p m e n t 

H a s t e l l o y 

H a s t e l l o y 

Z r - 2 

Z r - 2 

Z r - 2 

304 SS 

D i m e n s i o n s Quan t i ty (m) R e s u l t s 

3 . 9 6 - m m I .D. x 0 3 8 - m m wa l l 

3 . 9 6 - m m I .D. X 0 . 5 0 8 - m m wa l l 10.15 

20.31 I n c l u s i o n < 10% m 
1 tube 

7 . 1 4 - m m O.D. x 0 . 3 8 - m m wa l l 

4 . 2 1 - m m I.D x 0 . 2 5 4 - m m wa l l 

4 . 2 1 - m m I .D. x 0 . 3 8 - m m wa l l 

4 . 2 1 - m m I .D. x 0 . 5 0 8 - m m wal l 

5 . 5 9 - m m O.D. x 0 . 5 0 8 - m m wal l 

6 . 0 9 - m m O . D x 0 . 5 0 8 - m m w a l l 

3 . 9 6 - m m O.D x 0 . 4 0 8 - m m wal l 

4 . 2 1 - m m I .D. x 0 . 3 8 - m m w a l l 

No de fec t s 

3 . 9 6 - m m I .D. X 0 . 5 0 8 - m m wa l l 10.15 No de fec t s 

3 . 9 6 - m m I D. x 0 . 5 0 8 - m m wa l l 10.15 No de fec t s 

10.98 No de fec t s 

2 1 9 6.21 m d e f e c t i v e , 
0 . 0 9 1 - m m to 0 . 1 6 5 - m m 
v a r i a t i o n m t h i c k n e s s of 
t u n g s t e n d e p o s i t on 
i n n e r wa l l 

2.44 No d e f e c t s , 0 . 1 4 7 - m m to 
0 . 1 7 2 - m m v a r i a t i o n m 
t h i c k n e s s of t u n g s t e n 
d e p o s i t on i n n e r wal l 

3.66 0 588 m de fec t i ve , 
0 . 1 2 4 - m m to 0 . 1 7 0 - m m 
v a r i a t i o n m t h i c k n e s s 
of t u n g s t e n d e p o s i t on 
i n n e r wa l l 

0.91 C r a c k m 1 tube 

1.68 Lo'w d e n s i t y i n c l u s i o n s 
m 2 t ubes 

1.22 N u m e r o u s c r a c k s n o t e d 

19.5 1.96 m d e f e c t i v e , 
0 . 0 9 9 - m m to 0 . 1 5 7 - m m 
v a r i a t i o n in t h i c k n e s s 
of t u n g s t e n d e p o s i t on 
i n n e r wa l l 

The resu l t s of u l t rasonic tes ts on tubing for r eac to r development 
a re given in Table VII. 



Table VIl. Ultrasonic Tests on Tubing for Fas t Reactor Development 

Material Dinnensions Quantity- Results 

304 SS-jacketed 
vanadium tubing 

Hastelloy-X tubing 

Zircaloy-2 duplex tubing 

Vanadium rods 
10 w/o Ti and V-20 w/o Ti 

Nb-5 w/o V-1.5 w/o Zr 
Nb-10 w/o •W-Z.S w/o Zr 
Nb-33 w/o Ta-10 w/o W-1 w/o Zr 

1 04-cm O.D. X 0.85-cm I.D 1 piece 

1.27-cm O.D. X 0.10-cm wall 

3.73-cm O.D. x 3.12-cm I.D. 

0.75-cm to 
1.09-cm O.D. 

1.27-cm O.D 
1 40-cm O.D. 
1.40-cm O D. 

C. EBR-I , Mark IV 

6 pieces 

2 pieces 

163 cm 

92 cm 

Incomplete and variable 
mechanical bond 

2 longitudinal O.D seanas 

Variable mechanical bond 
but comparable to an 
acceptable standard 

No t ransverse or longi­
tudinal defects 

Longitudinal defect signals. 
Radiography revealed high-
density sl ivers (probably 
tungsten) 

1. Exper iments 

Exper iments were begun to de termine the effect of the core t ight­
ening and clamping devices on the react ivi ty changes observed with differ­
ent modes of operation. Initially, the tightening rods in the seven core 
subassembl ies were loosened, and the reactivity loss after operating at 
high power and low inlet t empera tu re was measured as 40 Ih. This loss 
was regained, however, at high inlet t empera tu re . The cycle was repeated 
four t imes with consistent resu l t s and was the same as the change ob­
served when the tightening rods were fully tightened (high power, low and 
high inlet t empera tu res ) . 

The seal plate shoes (six shoes around the full per iphery of the 
outer subassembl ies which l imit bypass leakage) were loosened one turn. 
This dec reased the flow through the core about 10%, due to increased by­
p a s s . To comply with the res t r i c t ion on the maximum fuel rod t empera ­
tu re , it was neces sa ry to reduce power from 970 to 930 kW. The reactivity 
changes observed between operation at high and low inlet t empera tu res 
dec reased to about 20 Ih, or one-half that observed before the seal plate 
shoes were loosened. This measu remen t was consistent over five cycles 
after an initial react ivi ty loss of about 10 Ih. The seal plate shoes have 
now been retightened, and the react ivi ty changes will be observed to see 
if they re tu rn to the former magnitude. 

One suggested mechanism for the react ivi ty loss associated with 
loosening of the seal plate shoes is a slight separation of the fuel slugs in 
the jackets due to the rmal differential expansion while at power. Physical 
and X- ray examination of three nonir radia ted rods showed the slugs to be 
perfect ly free to move in the jacket as the rods were turned. P o s t i r r a d i a -
tion examination of prototype rods i r r ad ia ted in Mark III to about 0.1% 



burnup showed no physical changes, such as surface roughening or bowing, 
that would cause the slugs to hang up inside the jacket . The prototype rods 
were near ly the same alloy composit ion as the Mark IV rods , but were 
8 in. long compared with the four 2-j^-in. slugs in Mark IV fuel rods . 

2. Breeding Gain Measu remen t s 

Breeding gain m e a s u r e m e n t s in EBR-I , Mark IV have been com­
pleted. P a t t e r n s of the Pu" ' ' f ission were es tabl ished throughout the core 
from m e a s u r e m e n t s of the fission product activity genera ted in a luminum-
clad foils of meta l l ic plutonium. In a s imi l a r manner , f ission pa t t e rns for 
U"^ and U"^ in the var ious blankets were es tabl ished from measurenaents 
of the fission product activity induced in enr iched and depleted u ran ium 
foils, respect ive ly . Capture profi les for U^̂ ^ were based on observat ions 
of the 106-keV Np^^^ photopeak with a Nal c rys ta l gamma spec t rome te r . 
In each set of t r a v e r s e m e a s u r e m e n t s (eight in all) , the activity of each 
foil was m e a s u r e d re la t ive to the activity of a monitor foil which, in turn , 
was i r r ad ia t ed simultaneously at a fixed reproducible monitoring location. 
To es tabl i sh a rel iable common base bet^ween the var ious runs , r ad io ­
chemical analyses -were conducted on monitor foils •which •were i r r ad ia t ed 
simultaneously at thei r respec t ive pos i t ions . 

The var ious profi les for fission and capture •were in tegrated both 
radial ly and axially throughout the core and breeding blankets . Conversion 
of re la t ive to absolute uni ts through the rad iochemica l analyses resu l ted 
in the f i s s ion-cap ture breakdo^wn s u m m a r i z e d in Table VIII. 

Table VIII. Summary of F i s s i ons and Captures 
in EBR-I , Mark IV 

Isotopic 
Species 

XJ235 

U238 

p ^ 2 3 9 

p ^ 2 4 0 

P u 2 4 1 

F i ss ions x 10 ^̂  

0.1429 

0.206 

0.9146 

0.0259 

0.0054 

Captures x 10"^ 

0.0362 

1.492 

0.0841 

0.0055 

0.0005 

E s t i m a t e s of the f iss ions and cap tures in Pu and Pu were ob­
tained from the total number of f iss ions in the plutonium monitor foil 
(from rad iochemica l analyses) and effective c r o s s - s e c t i o n values e s t a b ­
l ished by mult igroup methods . Values for capture in U"^ and Pu"^ were 
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es t imated from the fission r e su l t s and from values establ ished for ttjs 
and a49 in the EBR-I core by Kafalas e^ al. •'• 

The breeding ra t io is defined as 

Product ion of P u " ' and Pu^^^ 
BR = Dest ruc t ion of U"^, P u " ' , and Pu 249 

Substitution of values f rom Table VIII into this equation resu l t s in a b r eed ­
ing ra t io of 1.27 i 0.08, where the p rec i s ion l imi t s consider uncer ta in t ies 
inherent in the activity m e a s u r e m e n t s , fission and capture in tegrat ions , 
and the rad iochemica l ana lyses . 

The fast f ission bonus, defined as the ra t io of the number of f issions 
in fer t i le m a t e r i a l to the number of absorpt ions in fissionable ma te r i a l , 
was evaluated f rom the information of Table VIII as 0.20 + 0.02. 

D. EBR-II 

1. Reactor Plant 

a. Cr i t ica l i ty . Loading of the r eac to r for the approach to wet 
c r i t i ca l was s t a r t ed on October 30, 1963, with the t ransfe r of 17 enr iched 
u ran ium subassembl ies f rom the s torage basket to the r eac to r grid. Sub­
sequent loadings in i nc remen t s of 6, 6, 6, 6, 5, 4, 3, and 3 en r i cheduran ium 
subassembl ies were made for a total of 70 subassembl ies (including the 
12 control and 2 safety rods) . The loading continued without major m a l ­
functions for 12 days. Cr i t ica l i ty •was achieved on November 11, 1963, 
when the r e a c t o r was loaded with 184.3 kg of U"^ and was superc r i t i ca l 
by approximately 163 Ih (0.39% Ak/k) . Subsequent m e a s u r e m e n t s give the 
clean c r i t i ca l m a s s to be 181.2 kg U"^ at 600°F. 

The loading was then r e a r r a n g e d to reduce the source s t rength 
by a factor of 8 and to make the loading more symmet r i ca l . The new 
source gave counts on the s t a r t -up channels 1, 2, and 3 slightly in excess 
of 5 coun t s / s ec with control and safety rods down. 

b . P r e l i m i n a r y Power Cal ibrat ion. A p re l im ina ry cal ibrat ion of 
the ins t rumen t s was made by i r rad ia t ing U"^ foils at the b lanke t -core in ter­
face for a given length of t ime and at a given ins t rument reading level . 
These foils were analyzed radiochemical ly for total U"^ fission. By using 
the calculated fission ra te dis t r ibut ion cu rves , it should be possible to 
es t imate the total in tegra ted power of the r eac to r to within about 20%. The 
foil analys is was done both at Chicago and Idaho, and, at p r e sen t , there is 
a d i sc repancy between the t-wo r e su l t s by a factor of 0.7. The cause for 
this d i sag reemen t is being invest igated. A second foil cal ibrat ion was 

I p . Kafalas et a l . , Determinat ion of the Ratio of Capture to F i s s ion Cross 
Sections in EBR-I , Nuclear Sci. andEng.,_2_, 657 (1957). 
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m a d e a t 460°F in o r d e r to d e t e r m i n e w h e t h e r t h e r e i s any change in 
i n s t r u m e n t r e s p o n s e a s a funct ion of t e m p e r a t u r e . 

c . C o n t r o l Rod C a l i b r a t i o n . Two c o n t r o l r o d s . No. 7 on a c o r n e r 
and No. 2 on a f la t , w e r e c a l i b r a t e d f r o m 0 to 14 in. by p e r i o d m e a s u r e ­
m e n t s . The to t a l w o r t h of e a c h of the o t h e r r o d s w a s then m e a s u r e d by 
c o m p a r i s o n wi th t h e s e . I n t e r c o m p a r i s o n s w e r e a l w a y s m a d e b e t w e e n r o d s 
a c r o s s the c o r e f r o m e a c h o t h e r . T a b l e IX g i v e s the ind iv idua l w o r t h of 
the 12 r o d s . 

T a b l e IX. C o n t r o l Rod C a l i b r a t i o n s 

Rod No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

W o r t h (Ih) 

127 
158 
130 
158 
128 
157 
128 
156 
127 
161 
127 
157 

T o t a l 1714 = 4 . 1 3 % Ak 

The t o t a l w o r t h of the r o d s in s e v e r a l b a n k e d p o s i t i o n s w a s 
m e a s u r e d u s i n g s u b c r i t i c a l count t e c h n i q u e s . T a b l e X s h o w s the to t a l w o r t h 
o b t a i n e d f r o m t h e s e m e a s u r e m e n t s . 

T a b l e X. T o t a l W o r t h of C o n t r o l Rods 

B a n k e d Rod P o s 

14 

11.5 

9 

7 

4 

0 

2 s a f e t y r o d s 

iti( 

a t 

Dn 

0 

(in.) 

in . 

Re a c t i v i t y 

0 

-160 

- 4 7 5 

- 8 2 5 

- 1 3 1 5 

-1842 

- 2 3 6 5 

(Ih) %Ak 

0.0 

0.39 

1.15 

1.98 

3.17 

4 .44 

5.70 



d. S u b a s s e m b l y R e p l a c e r a e n t s . The w o r t h of an e n r i c h e d u r a n i u m 
s u b a s s e m b l y v e r s u s a n a t u r a l u r a n i u m s u b a s s e m b l y w a s m e a s u r e d at 
s e v e r a l c o r e l o c a t i o n s . L i k e w i s e , the w o r t h of an e n r i c h e d s u b a s s e m b l y 
v e r s u s a d e p l e t e d u r a n i u m s u b a s s e m b l y w a s m e a s u r e d a s a funct ion of 
i n n e r b l a n k e t l o c a t i o n . All of the c o r e m e a s u r e m e n t s w e r e s u b c r i t i c a l , 
and the -worths of i n n e r b l a n k e t s u b s t i t u t i o n s w e r e d e t e r m i n e d by c a l i b r a t e d 
c o n t r o l r o d c h a n g e s . T a b l e XI shows the r e s u l t s of t h e s e m e a s u r e m e n t s . 

Tab le XI. W o r t h s of S u b a s s e m b l i e s 

ent P o s i t i o n 

1 O 0 
3 B 2 
4 B 2 
5 D 2 
5 C 2 
6 F 4 
6 D 1 
6 D 2 
6 C 2 

W o r t h (Ih) 

500 
4 1 7 
327 
2 3 8 

2 3 1 
145 
107 
141 

129 

%Ak 

1.2 
1.0 

0.79 
0.57 
0.55 
0.35 
0.26 
0.34 
0.31 

e. I s o t h e r m a l T e m p e r a t u r e Coef f ic ien t . The i s o t h e r m a l t e m p e r a ­
t u r e coef f ic ien t i s be ing d e t e r m i n e d by m e a s u r i n g the change in r e a c t i v i t y 
for a g iven change in r e a c t o r t e m p e r a t u r e . It is p l a n n e d to m e a s u r e the 
r e a c t i v i t y a t 600, 550, 500, and 4 6 0 ° F . A p r e l i m i n a r y m e a s u r e m e n t at a p ­
p r o x i m a t e l y 500°F i n d i c a t e s the t e m p e r a t u r e coef f ic ien t o v e r t h i s r a n g e 
to be 1.0 5 I h / ° F . 

f. F u e l Hand l ing . In g e n e r a l , the p e r f o r n n a n c e of the fue l -
hand l ing e q u i p m e n t du r ing the w e t c r i t i c a l e x p e r i n a e n t s h a s been s a t i s ­
f a c t o r y . H o w e v e r , s o m e d i f f i cu l t i e s h a v e been e x p e r i e n c e d wi th the r o t a t i n g 
p lug s e a l s and the F u e l Unload ing M a c h i n e . 

With r e s p e c t to the r o t a t i n g plug s e a l s , c o n t r o l of s e a l t e m ­
p e r a t u r e s h a s b e c o m e dif f icul t , r e s u l t i n g in e x c e s s i v e t i m e e x p e n d i t u r e 
for t e m p e r a t u r e s t a b i l i z a t i o n d u r i n g the p r e p a r a t i o n for u n r e s t r i c t e d fuel 
h a n d l i n g . It shou ld be n o t e d t h a t the e x i s t i n g c o n t r o l s y s t e m s wi l l be r e ­
p l a c e d w i th i m p r o v e d e q u i p m e n t a f t e r the we t c r i t i c a l e x p e r i m e n t s have 
b e e n c o m p l e t e d . One s e a l t r o u g h t h e r m o c o u p l e w a s found to be d e f e c t i v e , 
and i t w a s r e p l a c e d . The s e a l h e a t e r c i r c u i t s have b e e n c h e c k e d , and one 
h a s b e e n found to be open . 

With r e s p e c t to the F u e l Unloading M a c h i n e , an a c c u m u l a t i o n 
of s o d i u m and s o d i u m oxide in the s o d i u m v a p o r t r a p and a s s o c i a t e d p ip ing 
and the t r a n s f e r p o r t c a u s e d e x c e s s i v e p r e s s u r e d r o p s in the r e c i r c u l a t i n g 
a r g o n s y s t e m and e x c e s s i v e t o r q u e for r o t a t i o n of the F u e l Unloading 
M a c h i n e p o r t . The s y s t e m w a s d i s m a n t l e d and c l e a n e d . 
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2. Sodium Boiler Plant 

At the beginning of the month, the s team genera tor and the a s s o ­
ciated secondary sodium piping sys tems were at ambient t e m p e r a t u r e . The 
t empera tu re of the sodium in the dump tank was approximately 600°F and 
the plugging t empera tu re had been reduced to l ess than 300°F by cold t rap 
operat ion. 

The t empera tu re of the sodium in the storage tank was inc reased 
to 700°F. The plugging t empera tu re remained below 300°F, indicating 
lit t le or no further chemical reduction by the hot sodium of metal oxides 
p resumably c a r r i e d f rom the piping sys tem into the tank during c i r cu la t ­
ing and dumping of the sodium. 

Following this h igh - t empera tu re tes t , the sodium in the s torage 
tank was cooled to 370°F for the next filling of the sys tem. 

A sample of magnet ic ma te r i a l r ecove red from the s in tered s ta in­
l e s s s tee l f i l ter which had been removed from the plugging indicator loop 
(see P r o g r e s s Report for October 1963, ANL-6801, p. 16) was examined 
by chemical analys is and X- ray diffraction. Alpha- i ron, iron oxides, and 
si l ica -were found to be p resen t . The s i l ica was a minor constituent. The 
re la t ive pe rcen tages of iron and i ron oxides a re not known, nor can it be 
said that the m a t e r i a l r ecove red f rom the fil ter is n e c e s s a r i l y r e p r e s e n t a ­
tive of the bulk of the m a t e r i a l in the sys tem. 

After cleaning, the fil ter was re ins ta l led in the plugging-indicator 
loop. However, during subsequent operat ion of the sodium systenn, con­
tinuing difficulties were encountered in the operat ion of the plugging valve 
and the flov/-control valve. Apparently, a considerable amount of p a r t i c ­
ulate m a t e r i a l en te red the plugging loop vi^hile the fil ter was removed. 
The behavior of these valves became so e r r a t i c that it was n e c e s s a r y to 
remove them. The plugging valve vî as rep laced with a spa re . Since no 
spare control valve was avai lable , the plugging loop has been opera ted 
without a control valve. 

During the week of November 11, the secondary sodium sys tem was 
heated to approximate ly 360°F and filled. The sys tem was then heated to near 
operating t e m p e r a t u r e for the f i r s t t ime . The steana d rum p r e s s u r e was 
1260 psig and the sodium t e m p e r a t u r e was 570°F. 

The plugging t empe ra tu r e ro se rapidly during this hea t -up . When 
it reached 500°F, the sodium was dumped. The sys tem was then cooled to 
350°F while the sodium in the s torage tank was heated to 600°F. 



The co ld t r a p w a s o p e r a t e d w i th diff iculty b e c a u s e of e r r a t i c and 
o c c a s i o n a l l y h igh d i f f e r e n t i a l p r e s s u r e a c r o s s the c r y s t a l l i z e r t ank . Never . -
t h e l e s s , i t w a s p o s s i b l e to r e d u c e the p lugging t e m p e r a t u r e of the s o d i u m 
in the t ank be low 300°F. 

The s y s t e m w a s f i l l ed aga in and h e a t e d to o p e r a t i n g t e m p e r a t u r e . 
Once nnore , the p lugg ing t e m p e r a t u r e i n c r e a s e d r a p i d l y , r e a c h i n g 520°F 
abou t 48 h r a f t e r the s o d i u m t e m p e r a t u r e r e a c h e d 570°F. Since the t e m ­
p e r a t u r e s of s o m e d r a i n l i n e s w e r e l e s s than 520°F, the s o d i u m w a s 
d u m p e d to the s t o r a g e t ank to avo id p lugging of l i n e s wi th ox ide . 

It h a s b e e n i m p o s s i b l e to o p e r a t e the co ld t r a p a t a r a t e g r e a t e r 
than abou t 1 g p m for c l e a n - u p of the d u m p e d s o d i u m b e c a u s e of h igh 
p r e s s u r e d r o p a c r o s s the c r y s t a l l i z e r t ank . 

It i s b e l i e v e d t h a t the co ld t r a p c o n t a i n s a p p r o x i m a t e l y t w o - t h i r d s 
of i t s t h e o r e t i c a l c a p a c i t y of s o d i u m ox ide , and an unknown quan t i ty of 
i r o n and i r o n ox ide . T h e r e f o r e , it m a y have r e a c h e d the end of i t s use fu l 
l i fe . W o r k i s u n d e r w a y to r e p l a c e the co ld t r a p wi th a s p a r e , and a l s o to 
i n s t a l l the co ld t r a p p r e v i o u s l y u s e d in the t e m p o r a r y p r i m a r y p u r i f i c a t i o n 
s y s t e m . The l a t t e r co ld t r a p •will be i n s t a l l e d in the s t o r a g e t ank m i x i n g 
l i n e . P l a n s a l s o ca l l fo r i n s t a l l a t i o n of a m a g n e t i c s e p a r a t o r in t h i s s a m e 
l ine to t r a p p a r t i c l e s of m a g n e t i c i r o n oxide o r r e d u c e d i r o n . 

D u r i n g the f i r s t s y s t e m h e a t - u p d e s c r i b e d above , a t t e m p t e d o p e r a ­
t ion of the p u m p at 6000 g p m , the r a t e d m a x i m u m c a p a c i t y , w a s u n s u c c e s s ­
ful. The p u m p w a s shu t down a t 5000 g p m by the i n t e r l o c k which p r o t e c t s 
a g a i n s t l o s s of s u r g e t ank l e v e l . It w a s found tha t t u r b u l e n c e in the s u r g e 
t ank a f fec t s the b e h a v i o r of the u p p e r m o s t l e v e l i n d i c a t o r (with the 
a s s o c i a t e d s u r g e t ank l e v e l i n t e r l o c k for p u m p p r o t e c t i o n ) . 

I n a s m u c h a s the t u r b u l e n c e d o e s no t s e e m to affect the h y d r a u l i c 
b e h a v i o r of the s y s t e m , i t i s p l a n n e d to m o v e the i n t e r l o c k to a l o w e r 
l e v e l i n d i c a t o r . 

D u r i n g the s e c o n d h e a t - u p of the s e c o n d a r y s y s t e m , the i n t e r l o c k 
w a s b y p a s s e d and the p u m p w a s b r o u g h t to full p o w e r at a s y s t e m t e m ­
p e r a t u r e of 4 6 0 ° F . The p u m p b e h a v e d w e l l du r ing t h i s s h o r t t e s t , d e l i v e r ­
ing r a t e d flow of 6000 g p m . 

Af te r the s y s t e m t e m p e r a t u r e r e a c h e d 570°F, a s e c o n d t e s t r u n 
w a s m a d e and a g a i n the p u m p d e l i v e r e d full r a t e d flow. It w a s p l a n n e d to 
r u n the p u m p for 8 h r to d e t e r m i n e t h e r m a l e q u i l i b r i u m cond i t i ons in the 
p u m p and i t s m o t o r - g e n e r a t o r s e t . H o w e v e r , a p p r o x i m a t e l y 45 m i n a f t e r 
the s t a r t of the t e s t , the c i r c u i t b r e a k e r for the m o t o r - g e n e r a t o r t r i p p e d 
out. S ince the m o t o r w a s d r a w i n g only r a t e d c u r r e n t , the p r o t e c t i v e r e ­
l ay ing in the s w i t c h g e a r i s s u s p e c t . W o r k i s in p r o g r e s s to c o r r e c t the 
s i t u a t i o n . 



During the month, 8 samples of argon blanket gas from the s e c ­
ondary s torage tank were analyzed for apparent hydrogen concentration by 
gas chromatography. The concentrat ions ranged between 130 ppm (by 
volume) and 2500 ppm. The average of the 8 values is 750. No continuing 
t rend tow^ard increas ing concentrat ions v/as observed over the month. It 
must be borne in mind that these samples may contain some hel ium which 
the gas chromatograph cannot dist inguish from hydrogen (see P r o g r e s s 
Report for October 1963, ANL-6801, p . 17). 

Eight corresponding samples of blanket gas were taken from the 
surge tank. Analysis of one sample was invalid because of air contamina­
tion. The average of the remaining 7 repor ted values is 250 ppm (by vol­
ume) for a range betw^een 140 and 640 ppm. 

3. Pov/er P lant 

During November , act ivi t ies in the Power Plant were d i rec ted 
la rgely toward support of operat ions in the Sodium Boiler Plant . 

Ea r ly in the month the s team genera tor 'was in v/et lay-up, com­
pletely filled with wate r chemical ly t r ea ted for co r ros ion inhibition. On 
November 11, c irculat ing of wa te r through the s t eam genera to r was 
s tar ted , p r e p a r a t o r y to hea t -up and filling of the secondary sodium s y s ­
tem. During s t a r t -up of the Pov/er Plant s y s t e m s , the mo to r -d r iven 
feedwater pump was s t a r t ed to r ec i r cu la t e v/ater through the pump and 
the deae ra to r (Heater No. 2), thereby accelera t ing hea t -up . After a few 
minutes of operat ion, the oil t empe ra tu r e of the outboard th rus t bear ing 
was observed to be excess ive . The pump ^vas shut do'wn and the cause of 
the high t empera tu re of the bear ing oil was invest igated. 

A manually opera ted valve in the p r e s s u r e balance line between 
the pump and the deae ra to r was found to be closed. This condition had 
caused overloading of the th rus t bea r ings , with r e su l t an t damage to both 
the inboard and outboard bea r ings . During the examination and r epa i r of 
the damaged bea r ings , it was observed that axial movement of the pump 
rotor was l e s s than the des i rab le "floating" t r ave l , indicating possible 
in ternal damage to the pump. The pump manufac turer was contacted, and 
a r r a n g e m e n t s were made for a field represen ta t ive to supervise the in­
spection and r epa i r of the pump. 

Disassembly and inspection of the pump disc losed minor in ternal 
damage. The balancing device was found to be slightly damaged; r epa i r 
was accompl ished in the field. The impel le r and casing wear r ings in 
one pump stage were found to be scored . A new casing %vear ring w^as 
p r o c u r e d f rom the pump manufac tu re r . The impel le r was r epa i r ed at the 
factory. F ie ld repa i r was completed, and the pump v/as re tu rned to opera 
tive condition before the end of the month. 



The valve in the p r e s s u r e balance line had been closed during a 
previous shutdown of the mo to r -d r iven feedwater pump and had been over ­
looked during p repa ra t ions for the s ta r t -up in which damage was sustained 
as repor ted above. To preven t a r e c u r r e n c e of this incident, the valve 
has been locked in the open posit ion. 

The s team genera to r was heated frora ambient t empera tu re lay-up 
condition to 350°F by c i rcula t ion and heating of boi ler water . The evapora­
to r s and supe rhea te r s were maintained in flooded condition. F u r t h e r 
heat -up from 3 50°F to 570°F during circulat ing of sodium in the secondary 
sys tem was accomplished with the s team genera tor isolated by closing of 
the stop valves in the feedwater and blowdown l ines . S t eam-drum level 
was maintained by in te rmi t ten t addition of feedwater to replace l o s s e s . 
A water level was es tabl i shed slightly above the center l ine of the s team 
drum by draining boi ler wa te r . The superhea te r s and s team main were 
drained. 

Hydrazine and morphol ine t r ea tmen t was maintained in the c i r cu ­
lating boiler wa te r . P r i o r to isolat ion of the s team genera tor and es tab l i sh ­
ment of level in the s t eam drum, chemical feed r a t e s were inc reased to 
provide ample t r e a tmen t during stat ic hea t -up of the s team genera to r . 

During the las t week of the month, the s team genera tor was cooled 
to 350°F and then flooded. Boiler water was c i rculated by the s ta r t -up 
feedwater pump for completion of the cool-down to ambient. The s team 
genera tor was put into wet lay-up on November 27. The water is t r ea ted 
with morphol ine , hydraz ine , and sodium sulfite. 

4. Fuel Cycle Fac i l i ty 

Despite lo-w purif icat ion ca ta lys t activity, it has been possible to 
maintain the pur i ty of the Argon Cell a tmosphere at a very high level 
for a per iod of tv/o v/eeks, impur i t i e s being only about 5 ppm oxygen and 
2 ppm water vapor . Inleakage effects were el iminated by holding the cell 
p r e s s u r e slightly above a tmosphe r i c . This indicates the absence of major 
in-ce l l sources of oxygen and water vapor . A leak tes t at subatmospher ic 
p r e s s u r e indicated a ra te of a i r admiss ion of 0.005 scfm, in accord with 
e a r l i e r m e a s u r e m e n t s . Ins t rumenta t ion appears to be operable . 

Gea r s to double the lifting speed (and reduce potential s t r e s s due 
to torque produced by the dr ive motor) will be instal led on one of the 
Argon Cell c rane t ro l leys for tes t pu rposes . 

The Air Cell c rane t rol ley has been r epa i r ed and replaced. 



A study of the s h e a r e d , s l o t t e d , c y l i n d r i c a l s p r i n g p i n s ( see P r o g ­
r e s s R e p o r t s for A u g u s t and S e p t e m b e r 1963, A N L - 6 7 8 0 , p . 17, and 
A N L - 6 7 8 4 , p . 21) f r o m Ai r Ce l l and A r g o n Cel l o p e r a t i n g m a n i p u l a t o r s 
h a s b e e n nnade. T h e s e p i n s c o n n e c t the d r i v e n half of a j a w c lu t ch to the 
shaft of the b r i d g e d r i v e g e a r t r a i n on A i r Ce l l and A r g o n Cel l o p e r a t i n g 
m a n i p u l a t o r s . The c a u s e of the f a i l u r e of t h e s e p i n s h a s b e e n a t t r i b u t e d 
to m e t a l f a t i g u e . The s l o t t e d c y l i n d r i c a l s p r i n g p i n s w h i c h a r e r a t e d a t 
7700 lb in double s h e a r have b e e n t e m p o r a r i l y r e p l a c e d w i th so l id a l loy 
s t e e l p i n s ( D r i v - L o k * ) w h i c h a r e r a t e d at 14,000 lb in double s h e a r and 
a r e l e s s s u b j e c t to f lexing u n d e r l o a d t h a n the s l o t t e d c y l i n d r i c a l s p r i n g 
p i n s . 

C a l c u l a t i o n s of t e m p e r a t u r e p r o f i l e s t h r o u g h the g l a s s s l a b s in the 
6 0 - i n . - t h i c k sh i e ld ing w i n d o w s of the A r g o n Cel l h a v e b e e n p r e v i o u s l y 
r e p o r t e d ( see P r o g r e s s R e p o r t for J u l y 1963, A N L - 6 7 6 4 , p . 19). T e m ­
p e r a t u r e g r a d i e n t s o c c u r w i th in a g l a s s v/indow a s a r e s u l t of the a b ­
s o r p t i o n of the g a m m a e n e r g y to wh ich the windovA is e x p o s e d u n d e r p l a n t 
o p e r a t i n g c o n d i t i o n s . Add i t i ona l c a l c u l a t i o n s h a v e b e e n m a d e to show the 
effect on the t e m p e r a t u r e p r o f i l e of the i n s t a l l e d g l a s s c o v e r p l a t e s ( see 
P r o g r e s s R e p o r t for A u g u s t 1963, A N L - 6 7 8 0 , p . 16). The l / 4 - i n . - t h i c k 
g l a s s c o v e r p l a t e s s e r v e to p r o t e c t the i n n e r m o s t (A) s l a b s of the s h i e l d ­
ing w indows of the A r g o n Ce l l a g a i n s t m e c h a n i c a l s t r e s s w h i c h naight l e a d 
to an i n t e r n a l e l e c t r i c a l d i s c h a r g e in the s l a b ( s ee P r o g r e s s R e p o r t s for 
May and J u n e 1963. A N L - 6 7 3 9 , p . 4 5 , and A N L - 6 7 4 9 , p . 14). The fo l low­
ing c o n d i t i o n s d u r i n g c e l l o p e r a t i o n s w^ere a s s u m e d for the c a l c u l a t i o n s : 
a g a m m a r a d i a t i o n i n t e n s i t y of 3.5 x 10^ r a d / h r , a c e l l a m b i e n t t e m p e r a t u r e 
of 100°F, an o u t e r a n n u l u s t e m p e r a t u r e of 75°F , and a s t e a d y - s t a t e t e m ­
p e r a t u r e of 147°F (owing to g a m m a a b s o r p t i o n ) for the s t e e l sh i e ld ing 
window s h u t t e r s •which "were open for 8 h r and c l o s e d for 16 h r . The 
c a l c u l a t e d t e m p e r a t u r e p r o f i l e s show t h a t -with the s t e e l sh i e ld ing window 
s h u t t e r open , the m a x i m u m t e m p e r a t u r e a t e q u i l i b r i u m (215°F) of the 
g l a s s s h i e l d i n g windo^w s h o u l d o c c u r a t about 2 in . f r o m the ce l l s ide 
("within the A s lab ) i n s t e a d of the 4-i in. ( m a x i m u m t e m p e r a t u r e of 17 5°F) 
d e t e r m i n e d for s h i e l d i n g windo^ws "without g l a s s c o v e r p l a t e s . 

P e r f o r m a n c e t e s t s h a v e b e e n c a r r i e d out on the b a t t e r y tha t p r o ­
v i d e s the po"wer fo r the m o t o r - b l o " w e r a s s e m b l y "which r e c i r c u l a t e s the 
cool ing g a s in the A r g o n n e - f a b r i c a t e d i n t e r b u i l d i n g coffin ( see P r o g r e s s 
R e p o r t for O c t o b e r 1963, ANL, -6801 , p . 24). The r e s u l t s of t h e s e t e s t s 
sho"w tha t , "when the b a t t e r y i s fully c h a r g e d , it c an d r i v e the m o t o r - b l o w e r 
a s s e m b l y to p r o v i d e suf f i c ien t coo l ing c a p a c i t y for the coffin for 8 h r . 

The f u e l - r o d - b r e a k i n g d e v i c e for the d e c a n n e r o p e r a t e s wi th a 
flying b r e a k e r b a r . T h i s h a s b e e n found to p r o d u c e a s m a l l chip of 
u r a n i u m - f i s s i u m a l loy m o s t of the t i m e d u r i n g the b r e a k i n g of the r o d 

*A p r o d u c t of D r i v - L o k , S y c a m o r e , I l l i n o i s . 



into s h o r t s e c t i o n s . It i s diffucult to a s s u r e t ha t the ch ips wi l l be caugh t 
by the m e l t - r e f i n i n g - f u r n a c e c h a r g i n g t r a y and tha t they wi l l flow out of 
the t r a y in the p r e s e n c e of c l e a n s o d i u m . It h a s not been p o s s i b l e t hus 
fa r to b r e a k the r o d wi thou t chip f o r m a t i o n e x c e p t by a t r u e s h e a r i n g 
o p e r a t i o n . 

T h e r e a r e p r e l i m i n a r y i n d i c a t i o n s tha t the h igh p u r i t y of the ce l l 
a t m o s p h e r e m a y have i n t r o d u c e d p r o b l e m s of s o d i u m bonding of s c r a p 
and fuel to the d e c a n n e r c o m p o n e n t s . I n v e s t i g a t i o n s of the p h e n o m e n o n 
have s t a r t e d . 

The l a t e s t i n j e c t i o n - c a s t m e l t p r o d u c e d 90 fu l l - l eng th c a s t i n g s f r o m 
91 m o l d s c h a r g e d . The gaging s t a t i on w a s r e m o v e d f r o m the p i n - p r o c e s s i n 
m a c h i n e and r e a l i g n e d . T h i s c o r r e c t e d the feeding d i f f i cu l t i e s p r e v i o u s l y 
r e p o r t e d in t h i s s t a t i o n . The d a t a s y s t e m for the p i n - p r o c e s s i n g m a c h i n e 
w a s r e c a l i b r a t e d to i n d i c a t e f u e l - p i n •weight and l eng th . The s e c o n d fue l -
r o d w e l d e r w a s m a d e o p e r a t i o n a l and w a s s u c c e s s f u l l y t e s t e d . The e l e c ­
t r i c a l i n s u l a t i o n b r o k e do^wn in both w e l d e r f e e d - t h r o u g h s du r ing the t e s t s . 
The f e e d - t h r o u g h s have b e e n r e p a i r e d and r e i n s t a l l e d . C o n s i d e r a b l e e l e c ­
t r i c a l n o i s e "was i n d u c e d in to the b o n d - a n d - l e v e l i n s p e c t i o n - m a c h i n e 
t r a n s d u c e r s i g n a l s . T h i s w a s c o r r e c t e d by i s o l a t i o n of the t r a n s d u c e r 
s igna l l e a d s in one of the s p a r e f e e d - t h r o u g h s . 

Two m e l t - r e f i n i n g r u n s w e r e m a d e to b l end f i s s i u m a l loy for 
in j ec t ion c a s t i n g o p e r a t i o n s . P o u r i n g y i e l d s of 96.2 and 96.9% w e r e o b ­
t a i n e d . T"wo a d d i t i o n a l r u n s w e r e m a d e to c o m p a r e p o u r i n g y i e l d s wi th 
b r o k e n r o d s , v/ith and w i t h o u t about 3% of u r a n i u m ch ips p r o d u c e d in the 
f u e l - b r e a k i n g o p e r a t i o n . The y i e l d s in t h e s e two r u n s did no t a p p e a r to 
differ s i gn i f i c an t l y , be ing in the r a n g e of 93-94%. 

Weld ing of r e s t r a i n e r s to e m p t y fuel p m j a c k e t s "was c a r r i e d out in 
the A r g o n C e l l . Both d i s c h a r g e w e l d e r s "were e m p l o y e d , and both a p p e a r 
to funct ion s a t i s f a c t o r i l y "when u s i n g a l l five "A" m a g a z i n e s a v a i l a b l e at 
the p r e s e n t t i m e . 

An in j ec t i on c a s t i n g r u n "was m a d e in "which the c a s t i n g p r e s s u r e 
w a s r e d u c e d in an e f for t to r e d u c e the n u m b e r of ho l low c a s t i n g s . No 
ho l low c a s t i n g s w e r e o b t a i n e d , bu t the y i e l d of p i n s g r e a t e r t han 15 in. 
long w a s only 50%. 

W i r i n g and p ip ing of the m a c h i n e for the r e m o t e a s s e m b l y of fuel 
e l e m e n t s is in p r o g r e s s a t the A r g o n n e , I l l i no i s s i t e . M a g n e s i u m o x i d e -
i n s u l a t e d , c o p p e r - s h e a t h e d e l e c t r i c a l c a b l e i s be ing u s e d for r a d i a t i o n 
r e s i s t a n c e . The b u s h i n g s a r e be ing m a d e f r o m m a g n e s i u m a l u m i n u m 
s i l i c a t e ( L a v a ) . Dia l i n d i c a t o r s wi l l be u s e d to p o s i t i o n the e l e c t r i c a l 
gag ing e l e m e n t s about the r o t a t i o n a l c e n t e r of the m a c h i n e . Opt ica l 
a l i g n m e n t m e t h o d s wi l l be u s e d in the f inal i n s p e c t i o n of the m a c h i n e . 



5. P r o c e s s D e v e l o p m e n t 

a. M e l t Ref in ing of U r a n i u m - P l u t o n i u m - F i s s i u m F u e l s . P r e p a r a ­
t i o n s a r e be ing m a d e to i n v e s t i g a t e the r e c o v e r y of d i s c h a r g e d u r a n i u m -
p l u t o n i u m - f i s s i u m fue l s by an a l t e r n a t i v e m e l t - r e f i n i n g p r o c e s s p e r f o r m e d 
b e n e a t h a m o l t e n s a l t l a y e r . A d v a n t a g e s of t h i s p r o c e s s found in s m a l l -
s c a l e e x p e r i m e n t s a r e h i g h e r y i e l d s and l o w e r e d o p e r a t i n g t e n a p e r a t u r e s . 
It i s a n t i c i p a t e d tha t the r a r e e a r t h e l e m e n t s wi l l be p r e f e r e n t i a l l y o x i d i z e d 
in to the s a l t p h a s e w i thou t s ign i f i can t ox ida t ion and e x t r a c t i o n of the p l u -
t o n i u m . P r e l i m i n a r y e x p e r i m e n t s "with u r a n i u m and v a r i o u s s a l t c o m p o s i ­
t i o n s , in o r d e r to d e t e r m i n e a s a l t c o m p o s i t i o n w h i c h "would give m i n i m u m 
s a l t v a p o r i z a t i o n d u r i n g a run and good s a l t - m e t a l s e p a r a t i o n at the end of 
a r u n , "were p e r f o r m e d in a b e r y l l i a c r u c i b l e c o n t a i n e d in an a r g o n -
a t m o s p h e r e i n d u c t i o n - h e a t e d f u r n a c e . Mel t r e f in ing c o n s i s t e d of ho ld ing 
the c h a r g e a t 1150°C for one h o u r . 

The m o s t s a t i s f a c t o r y s a l t f lux thus f a r t e s t e d w a s 7 5 m / o b a r ­
i um c h l o r i d e - 2 5 m / o c a l c i u m c h l o r i d e to "which "was a d d e d m a g n e s i u m 
c h l o r i d e in 10 p e r c e n t e x c e s s of t h a t w h i c h wou ld h a v e been r e q u i r e d a s a 
r a r e e a r t h ox idan t . C o m p l e t e s e p a r a t i o n of t h i s s a l t f r o m a u r a n i u m ingot 
h a s b e e n o b t a i n e d in a t"wo-pour o p e r a t i o n in w h i c h the u r a n i u m "was f i r s t 
so l id i f i ed and the m o l t e n s a l t p o u r e d off at about 97 5°C. The u r a n i u m w a s 
s u b s e q u e n t l y p o u r e d a t 1300°C. U n d e r the s t a n d a r d m e l t - r e f i n i n g c o n d i ­
t i o n s , v o l a t i l i z a t i o n of the s a l t w a s n e g l i g i b l e . W o r k "with p l u t o n i u m a l l o y s 
h a s b e e n s t a r t e d . 

b . Skull R e c l a m a t i o n P r o c e s s . W o r k w a s c o n t i n u e d on the d e v e l ­
o p m e n t of the sku l l r e c l a m a t i o n p r o c e s s for r e c o v e r y and p u r i f i c a t i o n of 
f i s s i o n a b l e m a t e r i a l in m e l t - r e f i n i n g c r u c i b l e r e s i d u e s ( skul l m a t e r i a l ) . 
In the l a t e s t r u n p e r f o r m e d in the l a r g e - s c a l e (2 .5 kg of skul l oxide) 
i n t e g r a t e d e q u i p m e n t ( see P r o g r e s s R e p o r t s for A p r i l and J u l y 1963, 
A N L - 6 7 1 7 , p . 25; A N L - 6 7 6 4 , p . 21), the p r o c e s s w a s m o d i f i e d to a l low a 
s ing le s t a t i o n a r y t r a n s f e r tube to be u s e d . A s t a t i o n a r y t r a n s f e r l ine i s 
v e r y d e s i r a b l e for t h i s e q u i p m e n t , s i n c e i t i s to be o p e r a t e d r e n a o t e l y . 
The m o d i f i e d p r o c e s s c o n s i s t s of ( l ) s u s p e n d i n g o x i d i z e d skul l m a t e r i a l 
in a m o l t e n h a l i d e s a l t c o n t a i n e d in a p r i m a r y v e s s e l a n d s e l e c t i v e l y 
e x t r a c t i n g the r e l a t i v e l y nob l e f i s s i o n p r o d u c t e l e m e n t s in to z i n c , w h i c h 
i s d i s c a r d e d , (2) r e d u c i n g the u r a n i u m o x i d e s and d i s s o l v i n g the u r a n i u m 
in a m a g n e s i u m - z i n c s o l u t i o n , (3) t'wo p r e c i p i t a t i o n s of u r a n i u n a out of 
m a g n e s i u m - z i n c s o l u t i o n s , f i r s t a s U2Zn23 ( a p p r o x i m a t e c o m p o s i t i o n ) , and 
then a s u r a n i u m m e t a l , "with the s u p e r n a t a n t m a g n e s i u m - z i n c s o l u t i o n s 
be ing d i s c a r d e d a f t e r e a c h p r e c i p i t a t i o n , (4) r e m o v a l of the ha l i de s a l t 
a f t e r the f inal m a g n e s i u m - z i n c s u p e r n a t a n t i s d i s c a r d e d i n s t e a d of p r i o r 
to the t"wo p r e c i p i t a t i o n s t e p s , a s in p r e c e d i n g r u n s , and (5) t r a n s f e r of the 
u r a n i u m p r o d u c t ( d i s s o l v e d in a m a g n e s i u m - z i n c so lu t ion) to a s e c o n d 
v e s s e l and the r e t o r t i n g to y i e l d a u r a n i u m m e t a l p r o d u c t . In t h i s r u n 
89 p e r c e n t of the z i n c so lu t ion "was t r a n s f e r r e d fo l lowing the f i r s t s t e p , 
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77 p e r c e n t of the z i n c - m a g n e s i u m s u p e r n a t a n t w a s t r a n s f e r r e d fol lowing 
the f i r s t p r e c i p i t a t i o n , a t o t a l of 81 p e r c e n t of the z i n c - m a g n e s i u m s u p e r ­
n a t a n t f r o m the s e c o n d p r e c i p i t a t i o n w a s t r a n s f e r r e d , and only 60 p e r c e n t 
of the h a l i d e flux "was t r a n s f e r r e d p r i o r to d i s s o l u t i o n of the u r a n i u m in 
m a g n e s i u m - z i n c so lu t ion . An e x c e s s i v e a m o u n t of flux (15 p e r c e n t of the 
o r i g i n a l flux) w a s t r a n s f e r r e d to the r e t o r t i n g v e s s e l wi th the d i s s o l v e d 
u r a n i u m . It i s e x p e c t e d t h a t t h i s p r o b l e m can be r e a d i l y so lved , and 
f u r t h e r -work "with the naodified e q u i p m e n t i s p l a n n e d . 

In the skul l r e c l a m a t i o n p r o c e s s , a p r o b l e m i s c r e a t e d by the 
v a p o r i z a t i o n of s a l t s ( e s p e c i a l l y z inc c h l o r i d e ) u s e d a s p r o c e s s m e d i a and 
the d e p o s i t i o n of t h e s e s a l t v a p o r s t h r o u g h o u t the f u r n a c e . F o r v a p o r c o n ­
t r o l , a p r o c e d u r e "was i n v e s t i g a t e d in "which a l l v a p o r s f r o m a m i x t u r e of 
c a l c i u m c h l o r i d e , m a g n e s i u m c h l o r i d e , and z inc c h l o r i d e h e a t e d to 800°C 
"were p a s s e d t h r o u g h a b e d of m e t a l f i l i ngs . F o u r e x p e r i m e n t s w e r e p e r ­
f o r m e d , one e a c h "with u r a n i u m , c a l c i u m , m a g n e s i u m , and i r o n b e d s . Z i n c 
c h l o r i d e f u m e s "were conap le te ly r e m o v e d in the e x p e r i m e n t s wi th u r a n i u m , 
c a l c i u m , and m a g n e s i u m . 

An eddy c u r r e n t i nduc t ion p r o b e for the r e m o t e d e t e r m i n a t i o n 
of l i qu id m e t a l l e v e l s i s be ing t e s t e d in c a d m i u m . (A s i m i l a r p r o b e i s 
be ing e v a l u a t e d in a c a d m i u m s t i l l , a s i s d e s c r i b e d in t h i s r e p o r t in 
Sec t . I I I . E . l . d . ) The p r o b e c o n s i s t s of p r i m a r y and s e c o n d a r y n i c h r o m e 
c o i l s on a c e r a m i c c o r e . H i g h - f r e q u e n c y c u r r e n t i s supp l i ed to the p r i ­
m a r y . The output of the s e c o n d a r y i s a f fec ted by the p r e s e n c e of e x t e r n a l 
c o n d u c t o r s such a s a s u r r o u n d i n g l i qu id m e t a l p h a s e . As p r e s e n t l y c o n ­
s t r u c t e d , the p r o b e p r o v i d e s a l i n e a r change in output s igna l of about 
1 m V / i n . of c a d m i u m . The effect of t e m p e r a t u r e on the output vo l t age of 
the s e c o n d a r y co i l i s 0 .00047 m V / C / i n . of co i l . 

A s i l i c o n c a r b i d e c r u c i b l e and a Type 410 s t a i n l e s s s t e e l 
c r u c i b l e "which "were p l a s m a - s p r a y e d wi th t u n g s t e n a r e be ing e v a l u a t e d 
for the nob le m e t a l e x t r a c t i o n and r e d u c t i o n s t e p s of the E B R - I I skul l 
r e c l a m a t i o n p r o c e s s . The c r u c i b l e s , "which a r e r e l a t i v e l y l a r g e (of 
1 0 ^ - i n . O.D.) , have e a c h b e e n s u b j e c t e d to a s e r i e s of e ight t h e r m o c y c l e s 
in an a r g o n a t n a o s p h e r e . The t e m p e r a t u r e s "were a l t e r n a t e d b e t w e e n r o o m 
t e m p e r a t u r e and 900°C a n d b e t w e e n 300 and 900°C. At the c o n c l u s i o n of 
the t e m p e r a t u r e c y c l i n g , bo th c o a t i n g s w e r e i n t a c t and a p p a r e n t l y u n d a m ­
a g e d . In a d d i t i o n a l t e s t s , the c r u c i b l e s a r e be ing c o n t a c t e d "with m o l t e n 
z i n c - m a g n e s i u m - u r a n i u m and h a l i d e s a l t s y s t e m s to d e t e r m i n e t h e i r 
c o r r o s i o n r e s i s t a n c e to the sku l l r e c l a m a t i o n p r o c e s s s o l v e n t s . 

T"wo t h i x o t r o p i c a l l y c a s t , h i g h - d e n s i t y c r u c i b l e s ( m a n u f a c t u r e d 
by C o o r s P o r c e l a i n Co.) have b e e n t e s t e d a s fo l lows : 



(1) A 3-]^-in.-O.D. by 3-^--in.-high be ry l l i a crucible having a 
Y^-in. "wall "was contacted v/ith z inc -magnes ium at 700 to 800°C f o r 2 1 h r . 

(2) An alumina crucible of the same dimensions was con­
tacted f i r s t with a z inc-hal ide salt sys tem at 800°C for 8 hr and then with 
a magnes ium-ha l ide salt systena at 800°C for 4 h r . This t es t was repeated , 
using the same crucible . 

Slight wetting of the bery l l i a crucible occu r r ed nea r the a i r -
liquid meta l in ter face , and severa l long hair l ine c r a c k s formed above the 
mel t level . The alumina crucible "was not undercut or "wetted in the f i r s t 
tes t , but ha i r l ine c r acks formed in the base and extended up the walls of 
the cruc ib le . In the second tes t , slight penetra t ion by the molten salt oc ­
cu r red . Crucibles of lower density, "which a r e cur ren t ly being p repa red , 
a re expected to be l e s s subject to t h e r m a l shock than high-densi ty 
c ruc ib les . 

c. Removal of Nitrogen from Argon. The removal of ni t rogen 
from argon by get ter ing the ni t rogen on hot (900°C) t i tanium sponge is 
under study. This study was under taken because of the poss ible future 
need to remove ni t rogen from the argon a tmosphere of the Argon Cell in 
the EBR-II Fue l Cycle Fac i l i ty . Construct ion of a 10-cfm pilot plant for 
obtaining information on component re l iabi l i ty is essent ia l ly complete . 

d. Sodium Coolant Chemis t ry . The tr i ton activation method was 
studied for the de terminat ion of 10 to 100 ppm oxygen in sodium meta l . 
In this technique, the sodium is alloyed with a smal l amount of l i thium, 
and then Li^ (n, a)t and O^̂  (t,n)F^^ reac t ions a re induced by means of 
the rmal neu t rons . The f luor ine-18 activity is then sepa ra t ed and counted. 
A s tandardizat ion p rocedure for the i r rad ia t ion has been es tabl ished. 

Work to develop a method for the analys is of carbon in sodium 
and to produce sodium of lo"w carbon content has continued. A dry oxida­
tion method, in which the carbon is oxidized to carbon dioxide "with oxygen 
at 1100°C in a combustion t r a in and the carbon dioxide produced is m e a s ­
u r ed manomet r i ca l ly , is under development. A l inear re la t ionship has been 
demons t ra ted between the quantity of carbon found in sodium samples frona 
a single source and the sample "weights. Analytical r e s u l t s indicate that 
this sodium contained about 76 ppm of carbon. Sodium from the same 
source "which had been ge t t e red with z i rconium for 10 hr at 550°C had a 
carbon content of 25 ppm. 

6. Training 

The wet c r i t i ca l opera t ions (see Sect. D.l above) afforded excel lent 
opportunity for gaining exper ience in fuel handling, approaches to c r i t i ca l , 
m e a s u r e m e n t of r e a c t o r pe r iods , de terminat ion of c r i t i ca l posi t ions , bankin 



of c o n t r o l r o d s , s m a l l c h a n g e s of po"wer l e v e l , and s h u t d o w n s . T h i r t e e n 
p e r s o n s on the o p e r a t i n g g r o u p a r e now qua l i f i ed a s R e a c t o r O p e r a t o r s 
for w e t c r i t i c a l o p e r a t i o n s in a c c o r d a n c e wi th ANL p r o c e d u r e s . Six 
a d d i t i o n a l r e a c t o r p l a n t s p e c i a l i s t s who had m e t al l the r e q u i r e m e n t s for 
w e t c r i t i c a l qua l i f i c a t i on , e x c e p t a c t u a l n u c l e a r o p e r a t i o n , h a v e a c q u i r e d 
t h i s o p e r a t i n g e x p e r i e n c e . 

P a r t i c i p a t i o n of r e a c t o r o p e r a t o r t r a i n e e s du r ing w e t c r i t i c a l h a s 
b e e n b r o a d e n e d to inc lude s e v e r a l e l e c t r i c a l , coo lan t , and s t e a m s p e c i a l ­
i s t s . A t r a i n i n g log i s m a i n t a i n e d in the C o n t r o l R o o m to r e c o r d the 
ind iv idua l R e a c t o r O p e r a t o r ' s e x p e r i e n c e . 

A r e v i s e d s y s t e m s t r a i n i n g f o r m a t for new t e c h n i c i a n s h a s b e e n 
p r e p a r e d a s a gu ide for s u p e r v i s o r s in conduc t ing t r a i n i n g on a shift 
b a s i s . One h u n d r e d four l e s s o n p l a n s ou t l ine the t o p i c s , s c o p e , and e x ­
p e r i e n c e r e q u i r e d in p r e p a r a t i o n for qua l i f i ca t ion as r e a c t o r , e l e c t r i c a l , 
coo lan t , s t e a m , o r p o w e r p l a n t o p e r a t o r s . 

E . F A R E T 

1. D e s i g n 

The p r e l i m i n a r y s c h e d u l e a s g iven in the T i t l e I r e p o r t (now be ing 
r e v i e w e d by the A F C ) i n d i c a t e s s t a r t of e x c a v a t i o n in J u l y , 1964, and s t a r t 
of bu i ld ing s u b s t r u c t u r e s in M a r c h , 1965. C o n s t r u c t i o n i s s c h e d u l e d for 
c o m p l e t i o n in F e b r u a r y , 1967. 

B e c h t e l h a s s t a r t e d the de f in i t ive d e s i g n . An a l t e r n a t i v e bu i ld ing 
a r r a n g e m e n t and a def in i t ive d e s i g n of the r e a c t o r v e s s e l have b e e n s u b ­
m i t t e d for L a b o r a t o r y r e v i e w . B e c h t e l i s p r e s e n t l y r e v i e w i n g the a l t e r n a ­
t ive d e s i g n for c o s t , f a b r i c a b i l i t y , and c o m p a t i b i l i t y wi th e x i s t i n g d e s i g n 
c r i t e r i a . 

B e c h t e l is a l s o r e v i e w i n g the e n g i n e e r i n g and c o n s t r u c t i o n s c h e d u l e 
p r e s e n t e d in the T i t l e I r e p o r t , w h i c h "was p r e p a r e d by the P E R T c r i t i c a l 
p a t h t e c h n i q u e . M a n - p o w e r l e v e l i n g s t u d i e s of the B e c h t e l d e s i g n s c h e d u l e 
a r e in p r o g r e s s . 

The follo"wing key d e s i g n p r o b l e m s a r e u n d e r c o n s i d e r a t i o n at the 
L a b o r a t o r y : 

(a) Revie"w of the d e s i g n c o n c e p t of the a r g o n p r o c e s s g a s s y s t e m s , 
e s p e c i a l l y in r e g a r d to p u r i f i c a t i o n , s t o r a g e , and changing f r o m g a s to a i r 
in the c e l l , and v i c e v e r s a . C o n s i d e r a t i o n h a s been g iven to l i qu i f i ca t i on , 
g a s d i s p l a c e m e n t , and v a c u u m s y s t e m s . 



(b) Review of viewing and lighting considerat ions assoc ia ted with 
the cell . The use of remote viewing devices , such as television or p e r i ­
scopes , to supplement d i rec t viewing through shielding windows is being 
studied. The type, s ize , and location of the windows are being defined. 

(c) Study of cell and vault communicat ions within these a r e a s and 
between these a r e a s and the r e s t of the plant. It is cons idered highly 
des i rab le that continuous communicat ions be maintained between personnel 
within and without the cell . Communicat ions a re complicated by the use of 
breathing equipment for personne l who enter the cell when the a tmosphere 
is argon. 

A very simple working model of the cell has been completed 
and is in use . It will be used to a s s i s t Labora tory personnel to resolve 
design difficulties, such as viewing cons idera t ions , space allocation, and 
in te r re la t ionships between the movement of in-ce l l equipment. 

2. Safety Analysis 

The f i r s t draft of the P r e l i m i n a r y Safety Report , which is to be 
submitted to the Commiss ion ea r ly in 1964, has been p r e p a r e d . 

3. In -core Ins t rumentat ion 

a. In -vesse l Connectors . An in -ves se l connector t e s t r ig, con­
sisting of a flanged s ta in less s teel container , approximately 6 in. high and 
3 in. in d iamete r , f rom which leads can be brought out through the flanges, 
was made leak tight. One sample h igh - t empera tu re connector assembly 
was ins ta l led inside the tes t r ig . In o rde r to check out the initial ope ra ­
tion of the r ig and to minimize the poss ible p r o b l e m s , sodium was not 
added to the sys tem. The sys tem was , ho"wever, filled "with argon and 
slo"wly heated. Measuremen t s of the connector e l ec t r i ca l p rope r t i e s "were 
made at t e m p e r a t u r e s up to 500°C. At 400°C, the insulation r e s i s t ance 
bet"ween any one t e rmina l and the connector shell s t a r t ed to dec rea se very 
rapidly. This dec rease continued after the sys tem was brought up to 
500°C. The t e s t was discontinued "when a stable insulation r e s i s t ance had 
been reached. At this point, the insulation r e s i s t ance had dropped from 
g r e a t e r than 10^ megohms to l e s s than 100 ohms. 

After cooling to room t e m p e r a t u r e , the rig "was d i sassembled , 
and the connector and ves se l inspected. A black po"wdery substance r e ­
sembling powdered graphi te was found on the outer por t ions of the con­
nector body and inner sur faces of the tes t r ig . The connector "was 
d i sa s sembled and found to contain a cons iderable amount of this black 
carbon- l ike substance. The source of this substance was a coating on the 
meta l interfacial seal gasket "which evidently carbonized at roughly 400°C. 
This seal gasket had been supplied by the connector manufac turer for 
operat ion at t e m p e r a t u r e s above 650°C. 
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A s e c o n d s a m p l e c o n n e c t o r a s s e m b l y , which i s of a l l - w e l d e d 
c o n s t r u c t i o n and e l i m i n a t e s th i s g a s k e t , i s be ing m a d e . T e s t s wi th t h i s 
a s s e m b l y wi l l dup l i ca t e t h o s e wi th the f i r s t a s s e m b l y . 

b . F u e l P i n T h e r n a o c o u p l e s . When r e f r a c t o r y o x i d e - i n s u l a t e d 
t h e r m o c o u p l e s a r e u s e d to m e a s u r e t e m p e r a t u r e s in the r a n g e f r o m 1000 
to 2800°C, a p h e n o m e n o n known a s the " d i s t r i b u t e d Seebeck b a t t e r y " 2 
m u s t be c o n s i d e r e d ( see Monthly P r o g r e s s R e p o r t for June 1963, 
A N L - 6 7 4 9 , p . 23). T h e s e d i s t r i b u t e d vo l t age s o u r c e s coupled wi th a l eaky 
cab le u s u a l l y i n t r o d u c e e r r o r s in the m e a s u r e m e n t . 

T h e s e s o - c a l l e d "hot z o n e " e r r o r s can be d e t e r m i n e d when the 
t h e r m o c o u p l e i s t r e a t e d a s a dc t r a n s m i s s i o n l ine having a g e n e r a t o r (hot 
junc t ion) wi th s o m e i n t e r n a l r e s i s t a n c e a s a s o u r c e , d i s t r i b u t e d s e r i e s 

and shunt ing c o m p o n e n t s of r e s i s t ­
ance along i t s l ength , d i s t r i b u t e d 
vo l t age s o u r c e s (Seebeck b a t t e r i e s ) 
a long i t s l eng th , and an infinite i m ­
p e d a n c e load a c r o s s the r e c e i v i n g 
end at nul l b a l a n c e . F i g u r e 4 shows 
an e l e m e n t a r y equ iva len t c i r c u i t of 
t h i s t r a n s m i s s i o n l ine . The d i f fe r ­
en t i a l equa t ions for th i s c i r c u i t can 
be shown to be 

Figure 4. Thermocouple Equivalent Circuit 

dv „ / \. 
(1) 

a n d 

_ di_ ^ V - vg(x) 
dx s(x) 

C o m b i n a t i o n of E q s . ( l ) and (2) y i e l d s 

d^v dR(x) 1 dv R(x) ^ vg(x)R(x) 
^^z ~ dx R(x) dx S(x) ^ S(x) 

(2) 

(3) 

In t h e s e e q u a t i o n s , v is the vo l t age a t any poin t along the l i ne , R(x) the 
w i r e r e s i s t a n c e p e r un i t l eng th of l i n e , S(x) the in su la t ion r e s i s t a n c e of 
un i t l eng th of l i n e , and vg(x) the d i s t r i b u t e d vo l tage s o u r c e along the l i n e . 

^High T e m p e r a t u r e T h e r m o m e t r y S e m i n a r , TID-7 586, P a r t I, Oc to b e r 1 
and 2, 1959, pp . 5 3 - 6 8 , Oak Ridge Na t iona l L a b o r a t o r y . 
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E q u a t i o n (3) can n o w b e r e d u c e d to two f i r s t - o r d e r e q u a t i o n s . L e t 

and 

yi = V. (5) 

F r o m E q s . (3), (4), and (5) we ob ta in 

dyi 

d x = Yz - £i (6) 

a n d 

dyz _ dR(x) 1 , R(x) r ,.-, . ,„i 

^r--5r-RU) ^̂  """̂ w ^̂ "̂ "̂ "̂̂^ ^ ^'- ^^ 
E q u a t i o n s (6) and (7) h a v e b e e n p r o g r a m m e d for n u m e r i c a l so lu t ion on a 
d ig i t a l c o m p u t e r by the K u t t a - M e r s o n M e t h o d . 3 The q u a n t i t i e s R(x) , S(x), 
and vg(x) , d e t e r m i n e d by the t e m p e r a t u r e d i s t r i b u t i o n a long the l i n e , and 
the p h y s i c a l p r o p e r t i e s a n d d i m e n s i o n s of the t h e r m o c o u p l e m a t e r i a l s , 
can be of any f o r m . The only c o m p l i c a t i o n of t h i s a n a l y s i s i s t h a t it 
r e s u l t s in a t w o - p o i n t b o u n d a r y v a l u e p r o b l e m . The i n i t i a l (hot j unc t ion ) 
v a l u e of the v o l t a g e (v) i s g iven and the f inal v a l u e of the s lope d v / d x 
m u s t be m a d e z e r o . B e c a u s e of the t"wo-point b o u n d a r y v a l u e s , an i t e r a ­
t ion p r o c e s s m u s t be u s e d to f ind the f inal v a l u e of the v o l t a g e and, h e n c e , 
the i n d i c a t e d t e m p e r a t u r e . T h i s r e s u l t s in a c o m p u t a t i o n t i m e l o n g e r t han 
n o r m a l . 

S e v e r a l t y p e s of t h e r m o c o u p l e s and t e m p e r a t u r e d i s t r i b u t i o n s 
a r e be ing s tud i ed . The r e s u l t s of t h e s e s t u d i e s "will be r e p o r t e d in s u b ­
s e q u e n t m o n t h l y p r o g r e s s r e p o r t s . 

4. R e a c t o r V e s s e l 

The r e f e r e n c e r e a c t o r v e s s e l d e s i g n ^ c o n s i s t s of a h i g h - p r e s s u r e 
c y l i n d e r , t h e r m a l b a f f l e s , an i n n e r v e s s e l , an o u t e r v e s s e l , and a s u p p o r t 
s k i r t . The i n n e r v e s s e l c o n t a i n s the b o t t o m s u p p o r t s t r u c t u r e for s u p p o r t 
of the h i g h - p r e s s u r e c y l i n d e r , the c o r e s u p p o r t c y l i n d e r , and the c o r e 
a s s e m b l i e s . C o o l a n t i s d i r e c t e d bet"ween the h i g h - p r e s s u r e c y l i n d e r and 

•^N. L . F o x , N u m e r i c a l So lu t ions of O r d i n a r y and P a r t i a l D i f f e r e n t i a l 
E q u a t i o n s , P e r g a m o n P r e s s (1962) p . 24. 

4 F A R E T T i t l e I D e s i g n R e p o r t , B e c h t e l C o r p o r a t i o n . 



the i n n e r v e s s e l into the coo lan t p l e n u m c h a m b e r s . The h i g h - p r e s s u r e 
coo lan t i m p o s e s an u n d e s i r a b l e u p w a r d h y d r a u l i c fo r ce upon the c o r e 
s u p p o r t c y l i n d e r . The des ign of the r e f e r e n c e a s s e m b l y p r o v i d e s s e v e r a l 
bo l t ed p a r t s wh ich w e r e r a t h e r i n a c c e s s i b l e to hold do"wn and to a l ign the 
s u p p o r t c y l i n d e r . R e p l a c e m e n t of the c o r e s u p p o r t c y l i n d e r when changing 
f r o m one r e a c t o r c o r e type to a n o t h e r could be difficult u n d e r t h e s e 
c o n d i t i o n s . 

In an ef for t to s impl i fy the des ign and to e l i m i n a t e the b o l t s , an 
a l t e r n a t i v e r e a c t o r v e s s e l a r r a n g e m e n t w a s m a d e as shown in F i g u r e 5. 
The c o r e s u p p o r t c y l i n d e r i s self con t a ined so tha t h y d r a u l i c f o r c e s a r e 
c o m p l e t e l y b a l a n c e d i n t e r n a l l y , and bol t ing i s not r e q u i r e d . A doub le -
w a l l e d r e a c t o r v e s s e l con ta in s the c o r e s u p p o r t c y l i n d e r s . T h e r e i s only 
one f lange connec t ion to be m a d e which i s in the coo lan t in le t l ine and i s 
r e a d i l y a c c e s s i b l e f r o m the top of the v e s s e l . 
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Figure 5. FARET Reactor Vessel Arrangement 



Sodium enters the r eac to r ve s se l through a 14-in. pipe and is 
d i rec ted do"wn"ward through t"wo 10-in. p ipes . These pipes or downconaers 
a re connected to a toro ida l -shaped chamber at the gr id plate elevation 
from which sodium is dis t r ibuted to a lo"w- or h i g h - p r e s s u r e plenuna of 
the core gr id s t ruc tu re . Sodium flo"w through the l o w - p r e s s u r e plenum, 
core , and upper outlet plenum is s imi la r to that in previous sys t ems . Flow 
is then d i rec ted through the core subassembl ies or to the l o w - p r e s s u r e 
plenum and ref lector a s s e m b l i e s . 

Although a r eac to r vesse l of somewhat l a r g e r d iameter (11 ft vs . 
8 ft) is r equ i red , this inc rease in d iamete r may a lso be an advantage. 
F o r example , it may be adequate to compensate for sodium volunae ex­
pansion and contract ion due to t e m p e r a t u r e , thus suggesting the possible 
el imination of the surge tank. Final ly , hea t e r s may be accommodated 
more readi ly in the space between the inner and outer ves se l . The effect 
of the change is being studied by Bechtel Corporat ion. 



III. G E N E R A L R E A C T O R TECHNOLOGY 

A. Appl ied N u c l e a r P h y s i c s 

1. H i g h - c o n v e r s i o n C r i t i c a l E x p e r i m e n t 

The e x p e r i m e n t a l p r o g r a m wi th the v e r y heav i ly l o a d e d w a t e r -
m o d e r a t e d and r e f l e c t e d a s s e m b l i e s fue led w i th 3% e n r i c h e d UO2 is 
con t inu ing . The a s s e m b l y u n d e r i n v e s t i g a t i o n is u n i f o r m l y loaded and 
h a s a 1 . 1 2 7 - c m - p i t c h t r i a n g u l a r g r i d . The a s s e m b l y did not r e a c h 
c r i t i c a l i t y b e c a u s e of l i m i t e d fuel supp ly . The r e a c t i v i t y , h o w e v e r , can 
be r a i s e d by i n c r e a s i n g the m o d e r a t o r con ten t of the c o r e . As m e n ­
t ioned in the P r o g r e s s R e p o r t for O c t o b e r 1963, A N L - 6 8 0 1 , p . 39, th i s 
c a n be done by r e m o v i n g one p in f r o m e a c h g r o u p of the 16, 12, 9, o r 
6 l a t t i c e c e l l s t h r o u g h o u t the c o r e , t hus i n c r e a s i n g r e a c t i v i t y t h r o u g h ­
out the fuel z o n e . A n o t h e r m e t h o d i s to i n c r e a s e the r e a c t i v i t y only in 
the p e r i p h e r y of the c o r e , t hus r e t a i n i n g the d e n s e l y l oaded c e n t r a l 
r e g i o n for e x p e r i m e n t a l m e a s u r e m e n t s . 

Data t a k e n w i t h a p a t t e r n of f i f teen a l u m i n u m - c l a d fuel e l e m e n t s 
l o a d e d p e r s i x t e e n g r i d o p e n i n g s a r e g iven be low. The a t o m r a t i o of h y d r o g e n to 
U^^^ w a s 1.31. The fuel b o u n d a r y w a s r e c t a n g u l a r r a t h e r t han c y l i n d r i c a l 
b e c a u s e of the l i m i t e d s i z e of the g r i d p l a t e . The c l e a n c r i t i c a l loading 
w a s 4937 ± 2.6 kg U "̂̂ .̂ The r e c t a n g u l a r d i m e n s i o n s r e q u i r e d for c r i t i ­
ca l i t y w e r e 75.1 x 77.1 c m . B u c k l i n g s for the r e c t a n g u l a r c o r e w e r e 
10 .7 , 10 .4 , and 4 .8 cm~^ x 10^ (ax ia l d i r e c t i o n ) for a t o t a l o f 2 5 . 9 c m ~ ^ x 10^. 
R e f l e c t o r s a v i n g s w e r e 20 .8 , 2 0 . 3 , and 21.8 c m (ax ia l d i r e c t i o n ) . The e s t i ­
m a t e d r a d i a l r e f l e c t o r s av ing (IO.8 c m ) for t h i s a t o m r a t i o l o a d e d in a 
c y l i n d r i c a l g e o m e t r y c o u p l e d w i t h the m e a s u r e d c r i t i c a l buck l ing v a l u e s 
for the r e c t a n g u l a r c o r e l e a d s to an e s t i m a t e d c r i t i c a l r a d i u s of 41.5 c m . 

M i c r o - p a r a m e t e r m e a s u r e m e n t s a r e now be ing done in a d e n s e l y 
l o a d e d c e n t r a l fuel zone of s t a i n l e s s s t e e l c l ad fuel (H:U^^® a t o m r a t i o 0.99) . 
The c e n t r a l zone of 1 0 - c m r a d i u s i s s u r r o u n d e d by an 1 8 - c m - t h i c k a n n u l a r 
zone of a l u m i n u m - c l a d fuel . An 8 - c m - t h i c k p e r i p h e r a l r e g i o n in w h i c h fuel 
d e n s i t y is h a l v e d ( a l t e r n a t e r o w s left v a c a n t ) p r o v i d e s suf f ic ient r e a c t i v i t y 
for c r i t i c a l i t y . U n c o r r e c t e d c a p t u r e c a d m i u m r a t i o m e a s u r e m e n t s for U ^ 
w e r e abou t 1.1 in the c e n t r a l z o n e . 

Study i n d i c a t e s t h a t a p p l i c a t i o n of a s t a n d a r d c o r r e c t i o n f a c t o r 
( F Q ^ ) ^ ° ^ t r a n s m i s s i o n of e p i c a d m i u m - and s u b c a d m i u m - c u t o f f e n e r g y 
n e u t r o n s by a c a d m i u m c o v e r m a y l e a d to s i gn i f i can t e r r o r in cadna ium 
r a t i o c o r r e c t i o n s for gold and i nd ium a c t i v a t i o n s . The c o r r e c t i o n for c a p ­
t u r e in U^^^ h a s no t b e e n o b t a i n e d a s y e t . The c a d m i u m r a t i o CdR(x , t ) , 
c o r r e c t e d for e p i c a d m i u m a b s o r p t i o n and s u b c a d m i u m t r a n s m i s s i o n by 
the c a d m i u m , for a foil of t h i c k n e s s x c o v e r e d by c a d m i u m of t h i c k n e s s 
t, i s g iven by 



CdR(x,t) = ^ ^ CdR', 

where CdR' is the observed, uncor rec ted cadmium ra t io . CdR(x,t) is the 
cadmium ra t io that would be observed for an ideal f i l ter which changes 
sharply from black to t r anspa ren t at the cutoff energy E(-;^(t) as calculated 
for a l / v foil. 

Initial values obtained for the factor F(x,t) differ appreciably from 
the factor FQ^J somet imes used for this purpose . Fu r the r exper imenta l 
work is needed, pa r t i cu la r ly in the case of gold, and also to verify the de­
pendence of F Q ( J on indium foil th ickness . The poss ible effect of the m i s u s e 
of FQ^ on the repor ted values of the resonance in tegra ls for gold and indium 
should be investigated. 

The evaluation of p r e sc r ip t i ons to be applied to activation m e a s u r e ­
ments for the densely loaded cores was undertaken because of doubt of 
their applicabil i ty in the hardened neu t ron-energy dis t r ibut ions encountered. 

2. The Angular Distr ibut ion of T h e r m a l Neutrons in JUGGERNAUT 

Gold foils and gold sphe res "were act ivated in the South Test Cave 
of JUGGERNAUT in different geomet r i e s in o rde r to m e a s u r e the influence 
of the angular neutron dis t r ibut ion on self-shielding and to investigate the 
possibi l i ty of measu r ing the angular dis t r ibut ion of t he rma l neutrons by 
an activation exper iment . 

Gold foils , 1 cm^ in a r e a , and gold sphe re s , of 1-cm d iamete r , 
were act ivated in the cen te r of cubic aluminum boxes inse r t ed into the 
graphi te of a t h e r m a l column. The boxes were lined on five s ides with 
cadmium; the open side faced towards the r eac to r co re . Cubes of the 
following dimensions and composit ion were used: 

Composit ion 
Cube 
No. 

1 

2 

3 

4 

S Lze -Edge Length 
(cm) 

20 

20 

10 

5 

in te r ior void 

in te r io r graphite filled 

in te r io r graphite filled 

in te r io r graphite filled 

Calculations of the angular d is t r ibut ion w e r e based on data from the void 
box and by making a s ca l e r flux plot with smal l gold foils in the g raph i te -
filled boxes. 



For the self-shielding m e a s u r e m e n t s , foils of different th icknesses 
were act ivated, some facing the open side and others with their edge toward 
the open side. The m e a s u r e d self-shielding factor agreed with calculated 
values within the o rder of 1%. For the case of the 20-cm void box and the 
5-cm graphi te-f i l led box, an at tempt was made to calculate the angular d i s ­
tr ibution from the self-shielding data. The resu l t s showed that a crude 
evaluation is poss ible , but that quantitative resu l t s depend upon ext remely 
accura te self-shielding m e a s u r e m e n t s . 

The activation of the spheres was m e a s u r e d by a region-wise 
scanning technique which was done by placing a lead shield with a smal l 
coUimating hole between the counter and the sample , and rotating the sphere 
into different posi t ions . This method, too, yielded an essent ia l ly qualitative 
resu l t for the angular dis tr ibut ion. 

3. AFSR 

Ross i -a lpha was m e a s u r e d by means of two high-sensi t ivi ty He^ 
neutron de tec to r s . The r e su l t s agreed , within exper imenta l e r r o r , with 
e a r l i e r rneasu remen t s made with conventional BF3 proport ional counters . 

Since the core was recanned e a r l i e r this year , an inc rease in in­
dicated a i r flow has been noted. This was due to a l a rge r annulus su r round­
ing the core p ieces , which were slightly reduced in size after recanning. 
To verify that the indicated coolant flow r ep re sen t ed an actual inc rease 
r a the r than a change in ins t rument ca l ibra t ion or in the bypass of a i r 
around the core , equi l ibr ium core t empera tu re m e a s u r e m e n t s were made 
at 500 and 1000 W. 

Tempera tu re (°C) 
Flow " ~" 

Power (indicated. Inner Outer 
(W) cfm) Air In Air Out Blanket Blanket Core 

500 81 22.2 36.0 27.0 24.2 67 

1000 80 24.5 51.6 34.0 29.0 110 

P r i o r to recanning the core , it had not been possible to run at 1000 W for 
extended per iods without exceeding the core t empera tu re s c r a m point of 
125°C. 

B. Theore t ica l Nuclear Phys ics 

1. EBWR Core Designs 

In previous r epo r t s (Monthly P r o g r e s s Reports for September 
1961, ANL-6433; and July 1962, ANL-6597), the feasibil i ty of designing a 



core for the EBWR to use depleted (0.2-0.4% enrichment) and slightly 
enriched (2.3-3% enriched) fuel e lements was shown. 

Using the Cycle 2 code, the react ivi ty ve r sus burnup c h a r a c t e r i s ­
t ics of a core having an EBWR latt ice (H2O/UO2 — 2.82) and a core having 
a more closely packed lat t ice ( s imi la r to that used in the Yankee reac to r ; 
H2O/UO2 — 1.29) were calculated. In both core designs the rat io of de ­
pleted to enriched fuel e lements was approximately 1 to 3. There were 
assumed to be no s team voids in the c o r e s . Three -group c ross sect ions, 
with Crowther-Weil p resc r ip t ion to allow for the high resonance capture 
in Pu^"*", were used. The data obtained a r e shown in Tables XII and XIII. 

Table XII. EBWR Lattice Core Design (H2O/UO2 = 2.82) 

keff 

Average burnup in 
enriched e lements , 
Mwd/tonne 

Initially 

1.0943 

0 

1st Per iod 2nd Per iod End Per iod 

1.1023 

1,700 

1.0974 

3,330 

1.0943 

4,030 

Table H E Compact Core Lattice Design (H2O/UO2 1 29) 

keff 

Average Burnup Mwd/tonne 
m enriched elements 
in depleted elements 

Initially 

0 9968 

0 
0 

1st 

10339 

2 075 
678 

2nd 

10427 

3 754 
1500 

3rd 

10420 

5 390 
2 437 

Periods 

4tfi 

10365 

7 033 
3 476 

5tfi 

10286 

8 700 
4 603 

6th 

10191 

10 400 
5 819 

7th 

10087 

12 146 
7 125 

8th 

0 9979 

13 9^n 
8 512 

Note Each period is roughly equivalent to 2500 Mwd/tonne (metric tonne) b j rnup in central enriched (2 7/1 element 

According to thctoC calculations the kgf£ of the EBWR core lat t ice, 
when operating with no s team voids, will re ta in a kg££ value equal to or 
g rea t e r than its initial value for a burnup of about 4000 Mwd/tonne. 

In the m o r e closely packed p r e s s u r i z e d reac to r type of core , the 
average burnup of the enr iched (2.7%) fuel e lements is seen (Table XIIl) 
to r each approximately 14,000 Mwd/tonne before kgff reaches its initial 
value. During this period a burnup of ~8500 Mwd/tonne is obtained in 
the depleted e lements . 

It is apparent that the EBWR latt ice core design will yield a burn-
up g rea t e r than 4000 Mwd/tonne, but the initial react ivi ty (kgff) will be 
lower than shown in Table XII, if the r eac to r were operated with steam 
voids. 
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2. Z P R - V I I A n a l y s i s 

A r e p o r t on the f o i l - a c t i v a t i o n p r o g r a m is being p r e p a r e d . The r e ­
p o r t d e s c r i b e s F o r t r a n p r o g r a m s u s e d to c a l c u l a t e q u a n t i t i e s invo lved in 
foil a c t i v a t i o n s . 

R e a c t i v i t i e s c a l c u l a t e d fo r the H i - C 1 .24-cm s q u a r e l a t t i c e s u s ing 
e i t h e r a l u m i n u m or s t a i n l e s s s t e e l c l a d and the H i - C 1.27-cm t r i a n g u l a r 
l a t t i c e w i th a l u m i n u m c l ad a r e found to be about 4 to 5% h i g h e r t han the 
e x p e r i m e n t a l da t a s u g g e s t e d . T h e s e c a l c u l a t i o n s a r e b a s e d on THERMOS 
p a r a m e t e r s for the t h e r m a l g r o u p and G A M - I p a r a m e t e r s for the f a s t 
g r o u p s . The p o s s i b l e s o u r c e s of the d i s a g r e e m e n t have b e e n s tud ied , 
and it is conc luded tha t m o s t of the d i s c r e p a n c y naust l ie in the GAM-I 
c r o s s - s e c t i o n l i b r a r y . 

3. T u n g s t e n C r o s s Sec t ions 

p^ 237 u235 

To da te ^r / Oj. r a t i o s , e f fec t ive t u n g s t e n c a p t u r e c r o s s s e c t i o n , 
p r o m p t - n e u t r o n l i f e t i m e s , and c e n t r a l b o r o n w o r t h s have been c o m p u t e d for 
t h r e e in i t i a l Z P R - I X a s s e m b l i e s e m p l o y i n g , in t u r n , t u n g s t e n c r o s s - s e c t i o n 
s e t s N o s . 30, 35, 37, 40 , and 4 3 . The s e a r c h for e x p e r i m e n t a l l y m e a s u r a b l e 
p a r a m e t e r s w h i c h would be s e n s i t i v e to the d i f f e r e n c e s in five t u n g s t e n 
c r o s s - s e c t i o n s e t s w a s con t inued . A m e a s u r a b l e (~5-15%) d i f f e rence for 
s o m e i n d i c e s b e t w e e n the old s e t No. 30^ and the o the r four m o r e r e c e n t 
s e t s can be d e m o n s t r a t e d . The c a l c u l a t i o n s a r e now being ex t ended to 
t u n g s t e n - r e f l e c t e d a s s e m b l i e s , and s p e c t r a l i nd i ce s a r e be ing c a l c u l a t e d 
in the a s y m p t o t i c r e f l e c t o r f lux. 

4 . W o r t h of B o r o n and B o r o n M i x t u r e s 

A s y s t e m a t i c e f for t i s be ing c o n d u c t e d to e v a l u a t e t h e o r e t i c a l l y the 
e n h a n c e m e n t of b o r o n w o r t h by the p rox ina i ty of o t h e r s p e c t r u m - l o w e r i n g 
m a t e r i a l s ( c a r b o n , a l u m i n u m , i r o n , and, e s p e c i a l l y , h y d r o g e n ) . R e s u l t s 
to da te a r e qu i te p r o m i s i n g in the s e n s e tha t l a r g e i n c r e a s e s in r e a c t i v i t y 
w o r t h for b o r o n m i x t u r e s w i t h m o d e r a t i n g m a t e r i a l s have been p r e d i c t e d . 

5. P r o m p t - n e u t r o n L i f e t i m e and Ef fec t ive D e l a y e d - n e u t r o n F r a c t i o n 

A c o m p a r i s o n of |Sgff /^T, ^ly diffusion t h e o r y and DSN t r a n s p o r t 
m e t h o d s of s o l u t i o n s have b e e n c a r r i e d out for Z P R - I I I f a s t a s s e m b l i e s 
No. 12 and No. 23 to d e t e r m i n e w h e t h e r o r not the two m e t h o d s of so lu t ion 
wou ld give suf f ic ien t ly d i f f e r en t r e s u l t s so as to c o n t r i b u t e in p a r t to the 
p r e s e n t l y g e n e r a l l y o b s e r v e d d i s c r e p a n c y b e t w e e n c a l c u l a t e d and e x p e r i ­
m e n t a l v a l u e s . No s u b s t a n t i a l d i f f e r e n c e w a s found, h o w e v e r , by the two 
d i f f e r en t m e t h o d s of c a l c u l a t i o n . 

^ C . Cohn e t a l . , B a s i c M a t e r i a l Resu l t i ng f r o m ANL Rocke t Study, 
ANL - 6 6 5'6' ("May 1963). 



C. R e a c t o r F u e l s D e v e l o p m e n t 

1. C o r r o s i o n S tudies 

a. F e r r o u s Al loys in S u p e r h e a t e d S t e a m . C o r r o s i o n t e s t i n g h a s 
i n d i c a t e d t h a t Type 406 s t a i n l e s s s t e e l h a s s a t i s f a c t o r y r e s i s t a n c e to 
s u p e r h e a t e d s t e a m a t 650°C and 42 k g / m m ^ (30 p p m O2). It a p p e a r s tha t 
the 4% a l u m i n u m c o n t a i n e d in th i s a l l oy is l a r g e l y r e s p o n s i b l e for i t s c o r ­
r o s i o n r e s i s t a n c e , a s shown by the p o o r r e s i s t a n c e of s i m i l a r a l l o y s w i t h ­
out a l u m i n u m . Type 406 s t a i n l e s s s t e e l i s not a s s a t i s f a c t o r y f r o m the 
f a b r i c a t i o n v i e w p o i n t , h o w e v e r , for it is v e r y diff icul t to we ld and g r a i n 
g r o w t h is v e r y p r o n o u n c e d d u r i n g h i g h - t e m p e r a t u r e b r a z i n g . 

A m o u n t s of a l u m i n u m , v a r y i n g f r o m 1 to 5 w / o , w e r e added to 
Type 304 s t a i n l e s s s t e e l in the s m a l l a r c m e l t i n g f u r n a c e and s a m p l e s of 
Incoloy 800 con ta in ing a l u m i n u m a d d i t i o n s w e r e o b t a i n e d f r o m the I n t e r ­
n a t i o n a l N icke l C o m p a n y . 

D a t a for o n e - w e e k e x p o s u r e to s t e a m at 650°C and 42 k g / c m ^ 
(30 p p m O2) a r e now a v a i l a b l e for the a l u m i n u m - m o d i f i e d 304. As l i t t l e a s 
2 w / o of a l u m i n u m i m p r o v e d the f i lm r e t e n t i o n , but about 4 w / o w a s r e ­
q u i r e d to r e d u c e the w e i g h t change to v e r y s m a l l p r o p o r t i o n s . 

b . Z i r c o n i u m Al loys for S u p e r h e a t e d S t e a m . C o m p a r i s o n is c o n ­
t inuing of the c o r r o s i o n b e h a v i o r of a s - c a s t s a m p l e s of r e s i s t a n t z i r c o n i u m 
a l l o y s w i t h tha t of h o t - r o l l e d s a m p l e s of the s a m e a l l o y s . In 4 2 . 4 - k g / c m 
s t e a m a t 540 and 650°C a l l but one of the a s - c a s t m a t e r i a l s w e r e m o r e 
s u s c e p t i b l e to b l i s t e r a t t a c k t h a n the h o t - r o l l e d s p e c i m e n s . The e x c e p t i o n 
w a s Z r - N i - F e , w h i c h a t 540°C d e v e l o p e d few b l i s t e r s and ga ined the l e a s t 
w e i g h t of a l l s a m p l e s . Af ter the f i r s t 100 days t h i s m a t e r i a l had ga ined 
4.2 m g / c m ^ , w h i c h is c o m p a r a b l e wi th the 100-day g a i n s of the m o s t r e ­
s i s t a n t z i r c o n i u m a l l o y s . The r e l a t i v e l y p o o r p e r f o r m a n c e of the o t h e r 
a s - c a s t s a m p l e s m a y be a s s o c i a t e d w i th b l i s t e r f o r m a t i o n . T h e s e r e s u l t s 
a r e c o n s i s t e n t w i th the v iew t h a t s p e c i m e n m i c r o s t r u c t u r e a s w e l l a s g r o s s 
c o m p o s i t i o n i n f l uences the c o r r o s i o n b e h a v i o r s i gn i f i can t ly . H o w e v e r , a l ­
though e f fo r t s to o p t i m i z e and s t a b i l i z e m i c r o s t r u c t u r e m a y r e s u l t in i m ­
p r o v e d a l l o y s for u s e a t 540°C, p r e s e n t i n t e r e s t i s in p e r f o r m a n c e a t h i g h e r 
t e m p e r a t u r e s , w h e r e a l loy m o d i f i c a t i o n to c o n t r o l oxygen diffusion a p p e a r s 
to be of p r i m a r y i m p o r t a n c e . 

C o m p a r i s o n of o x y g e n - a b s o r p t i o n b e h a v i o r wi th the c o r r o s i o n 
w e i g h t g a i n s of t h e s e m a t e r i a l s in 650°C s t e a m s u g g e s t s t ha t o x y g e n -
diffusion r a t e and c o r r o s i o n r a t e m a y not be d i r e c t l y r e l a t e d . Amoun t of 
oxygen a b s o r b e d did c o r r e l a t e w i th dep th of s u r f a c e h a r d e n i n g and p e r h a p s 
w i th o c c u r r e n c e of s u r f a c e b l e m i s h e s . 



L o n g - t e r m e x p o s u r e of Z r - 4 a / o Ni and Z r - 4 a / o Cu (as c a s t ) 
to s t e a m at 540°C and 42 .4 k g / c m ^ h a s con t inued . After 300 days the Z r - C u 
s a m p l e s con t inue to ga in we igh t a t a d e c r e a s i n g and r e l a t i v e l y low r a t e . 
T o t a l we igh t g a i n e d a v e r a g e d 5.6 m g / c m ^ . Two of t h r e e Z r - N i s a m p l e s 
d i s p l a y e d an i n c r e a s e d r a t e of w e i g h t ga in a f t e r 200 d a y s . 

A s a m p l e of A N L - 1 1 z i r c o n i u m b r a z i n g a l loy ( Z r - 8 w / o N i -
8 w / o C r : M . P . 950°C) w a s t e s t e d in 4 2 . 4 - k g / c m ^ , d e o x y g e n a t e d s t e a m a t 
540°C, a h i g h e r t e m p e r a t u r e than h e r e t o f o r e u s e d w i th th i s m a t e r i a l . The 
a s - c a s t s a m p l e b e f o r e t e s t c o n t a i n e d n u m e r o u s c r a c k s , wh ich m a y not 
n o r m a l l y be p r e s e n t in th in b r a z e d j u n c t i o n s . The m a t e r i a l deve loped 
s u r f a c e b l i s t e r s and d i s i n t e g r a t e d b e t w e e n 50- and 100-day o b s e r v a t i o n s . 
A n o t h e r s a m p l e w a s b l i s t e r e d b u t s t i l l i n t ac t a f t e r 49 days a t 650°C. 

c. L igh t Alloy Sui tab le for Use wi th M e r c u r y at E l e v a t e d T e m p e r a ­
t u r e s . The s tudy of inh ib i t ion of l i q u i d - m e t a l c o r r o s i o n w a s con t inued "with 
the t i t a n i u m - m e r c u r y s y s t e m . A t h e r m a l convec t ion loop, m a d e of 
1 .27 -cm ( 0 . 5 - i n . ) I .D. q u a r t z tub ing , w a s u sed . P u r e n i c k e l , in an a m o u n t 
c a l c u l a t e d to give a c o n c e n t r a t i o n of abou t 700 p p m , w a s i n s e r t e d in a co ld 
b r a n c h of the loop . The l o c a t i o n w a s c h o s e n to l i m i t the c o n c e n t r a t i o n of 
d i s s o l v e d n i c k e l to the so lub i l i t y a t the t e m p e r a t u r e of the c o l d e s t po in t in 
the s y s t e m and to i n s u r e a con t inuous supply of i n h i b i t o r . 

The loop w a s o p e r a t e d w i t h a m a x i m u m t e m p e r a t u r e of 454°C 
in the hot leg and 320°C ( c o l d e s t point) in the cold leg for a p e r i o d of 
90 d a y s . The a v e r a g e flow r a t e w a s abou t 5.3 c m / s e c (10.5 f t / m i n ) . 

V i s u a l e x a m i n a t i o n of the e x p o s e d t i t a n i u m s a m p l e s i n d i c a t e d 
t h a t no c o r r o s i o n had o c c u r r e d . M e t a l l o g r a p h i c e x a m i n a t i o n of a h o t - l e g 
s a m p l e showed the f o r m a t i o n of a u n i f o r m p r o t e c t i v e l a y e r , 8 ji th ick . A 
w e i g h t ga in of 1.86 n a g / c m ^ w a s r e c o r d e d . The s m a l l we igh t ga in 
(0,42 m g / c m ^ ) and even s u r f a c e on a c o l d - l e g s a m p l e i m p l i e d l i t t l e or no 
c o r r o s i o n a t 353°C ( a v e r a g e co ld l eg t e m p e r a t u r e ) . S p e c t r o c h e m i c a l a n a l ­
y s i s r e v e a l e d tha t t h e r e w a s v e r y l i t t l e n i cke l d e p o s i t i o n on the c o l d - l e g 
s a m p l e . H o w e v e r , n i c k e l c o n c e n t r a t i o n on the s u r f a c e of the h o t - l e g s a m p l e 
w a s h e a v y . T h i s o b s e r v a t i o n w i l l be c h e c k e d by X - r a y e x a m i n a t i o n . 

The p h e n o m e n o n of t h e r m a l m a s s t r a n s f e r to the hot leg is new 
and u n e x p e c t e d . R e l a t i v e l y l i t t l e s t u d y h a s been m a d e of the m e c h a n i s m s 
of the inh ib i t ing p r o c e s s . On the b a s i s of the l i m i t e d i n f o r m a t i o n a c c u m u ­
l a t ed , it m a y be t h a t the t h e r m a l m a s s t r a n s f e r o b s e r v e d h e r e c o n s i s t e d 
of the d i s s o l u t i o n of the so lub le i n h i b i t o r t r a n s f e r by diffusion and c o n v e c ­
t ion t h r o u g h the s y s t e m to the s u r f a c e of the so l id , and s u b s e q u e n t i n t e r -
diffusion. The t e m p e r a t u r e s a t w h i c h the p h e n o m e n o n o c c u r s m a y be qu i te 
c r i t i c a l . 



2. Ceramic Fuels 

a. I r radia t ions of Uranium Sulfide. Six specimens of 
6.42-mm (0.253-in.) d iameter , p r e s s e d and s intered US pel lets clad with 
0.30-mm (0.012-in.) Nb-1 w/o Zr alloy, with a 0.05-mm (0.002-in.) he l i ­
um annulus, have been examined after i r radia t ion in the MTR reac tor . 
Pel le ts of both 80 and 90% density were i r rad ia ted with half the specimens 
having an axial hole of 2 .0-mm (0.080-in.) d iameter through the entire 
length of the fuel section. P r e l im ina ry data were repor ted in the P r o g r e s s 
Report for May 1963, ANL-6739, p. 32. 

Isotopic burnup analyses indicated burnups ranged from 2.94 
to 8.21 X 102°f iss /cc (11,100 to 31,100 MWd/MT). Calculated cladding 
surface t empera tu re s ranged from 400 to 790°C. The i r radia t ion data 
based on the isotopic analyses a r e summar ized in Table XIV. 

Tahle XIV Irradiation of Uranium Sulfide 

Spec 
No 

S-1 

S-3 

S-2 

S-4 

S-5 

S-6 

Density, 
% Theory 

90 

90 

90 

90 

80 

80 

Configuration 

Solid 

Cored 

Solid 

Cored 

Solid 

Cored 

MWd/MT 

11,000 

14,000 

22 000 

31,000 

22 000 

23,000 

Burnup 

Fiss/cc (X 10"^°) 

29 

38 

58 

82 

53 

54 

Clad 
Temp 

°C 

560 

400 

640 

790 

590 

540 

Cladding Surface 
Heat Flux 

W/cm2 

250 

170 

290 

360 

260 

230 

Max Dia 
Increase cm 

0 0025 

0 0025 

0 0025 

0 0051 

0 0204 

0 0051 

Vol Increase 
% 

0 17 

0 38 

0 26 

0 47 

10 

0 22 

Gas Release 
% Theory 

0 05 

0 03 

on 
0 21 

20 0 

120 

Fiss ion-gas r e l ea se from the 90%-density pel le ts was a max i ­
mum of 0.21%. One 80%-density specimen re leased 1.20% and the other 
20.0%. The difference in gas re lease is at t r ibuted to basical ly closed 
porosi ty in the denser pel lets and essent ia l ly interconnecting open p o r o s ­
ity in the less dense pel le ts . The 20% re lease from the one specimen, 
S-5, is at t r ibuted to an as yet unexplainable t empera tu re t ransient . This 
same specimen had a smal l c i rcumferent ia l bulge at the top of the fuel 
section. 

Metallographic examination of the 90%-density specimens 
showed no significant changes from unir radia ted samples . A Widman-
statten s t ruc ture of very fine needles was presen t in both. These needles 
tended to disappear toward the center of specimen S-4, which achieved the 
highest t empera tu re . The needles were only faintly p resen t in a few grains 
of the f iner -gra ined 80%-density pel lets which were originally s intered at 
1700°C. The 90%-density pel le ts were l iquid-phase s in tered at 1925°C; the 
80%-density pel lets were not. The composition of the needles is present ly 
unknown. 

Sections through the overheated specimen, S-5, showed exces ­
sive amounts of a second phase that has been identified as UOS. The center 



of the specimen contained an i r r egu la r ly shaped core of a coa r se r porosity 
that was devoid of the UOS phase . The core was about 35% of the pellet di­
ame te r . The equiaxed grain size in this region was 0.08 mm, which may be 
compared with 0.05 m m for the r e s t of the specimen and the unirradiated 
m a t e r i a l . 

A longitudinal section through the bulge in this specimen showed 
that the bulge was immediate ly adjacent to a centra l cavity. The cavity was 
surrounded by an a r ea of high porosi ty , some columnar grains of US, and 
mass ive a r e a s of UOS. The porous a r e a is believed to connect with the 
porous center core found in lower regions of the fuel. A tantalum spring 
at the top of the fuel, used to keep the pellets from separat ing, was half 
gone; the remaining half showed evidence of react ion with the sulfide. P a r ­
t ic les believed to be mel ted tantalum were also found in a r ea s of UOS at the 
base of the cavity and the pe r iphery of the pellet. 

A t empera tu re t rans ien t is the suggested cause of the center 
core and the melt ing at the top. The lack of significant grain growth or 
s inter ing in a r e a s adjacent to the core is the p r i m a r y evidence for this 
belief. The immediate cause of melt ing and formation of the cavity at the 
top would be the inability of the helium gas space to dissipate the heat gen­
era ted during the t rans ien t . The top fuel pellet was in immediate contact 
with the gas space. Since considerable fission gas was re leased , the t r a n ­
sient did not occur ear ly in the i r rad ia t ion period. Specimen S-6, i r rad ia ted 
under a lmos t identical conditions of heat generat ion and cladding t empera ­
ture in the same r eac to r position, showed none of the adverse conditions 
found in S-5. The only difference was the 2 .0 -mm-d iame te r axial hole in 
S-6. 

b. P r e p a r a t i o n of Uranium Monosulfide. P repa ra t ion of uranium 
monosulfide on a 100- to 300-g scale is continuing. Hydrided-dehydrided 
uranium powder is t r ea ted with hydrogen sulfide, and the sulfide product 
is homogenized by heating to about 1900°C. Examination of the resu l t s of 
nine runs per formed at su l fur - to-uran ium atom rat ios of 0.95 to 1.04 shows 
that the lat t ice p a r a m e t e r at su l fur - to-uranium rat ios of 0.99 to 1.02 r e ­
mained constant at the theore t ica l value of 5.489 to 5.490 A. At rat ios 
above and below these va lues , the lat t ice p a r a m e t e r s decreased . 

c. P r e p a r a t i o n of Uranium Monocarbide. An additional 400-g batch 
of uranium carbide has been p r epa red by adding activated charcoal to u r a ­
nium dissolved in z inc-14 to 18 w / o magnesium at 800°C and s t i r r ing at 
350 to 400 rpm for 8 h r . In this run, the oxygen content of the uranium 
monocarbide was reduced to 0.20 w / o . The main effort is being directed 
toward the p repara t ion of products having carbon contents near the theo­
re t ica l content of 4.80 w / o , low oxygen contents, and smal l par t ic le s ize, 
so that grinding p r io r to p re s s ing and sintering will not be necessa ry . 



d. P repa ra t i on of Plutonium Carbides . Studies a r e being per formed 
to invest igate var ious chemical p rocedures for the p repara t ion of plutonium 
carbide . A l abo ra to ry - sca l e exper iment was conducted in which Mg2C3 was 
reac ted with PuCljfor 0.5 hr in a 35 m / o l i thium chlor ide-65 m / o magnes ium 
chloride sal t sys tem at 650 to 675°C. The volati le components (mainly l i thium 
chloride and magnes ium chloride) were then dist i l led at 870°C and 0.03 t o r r in 
a per iod of about one hour. X- r ay diffraction analysis of the res idue showed 
the product to be p r i m a r i l y PU2C3, with minor amounts of PuOCl p re sen t as 
an impuri ty, 

3, Par t i cu la te Metal Fuel E lements 

a. Vibra tory Compaction, Since the las t repor t ing period, 20 ex­
pe r imen t s on the compaction of b inary shot mix tu res were c a r r i e d out with 
both spher ica l and i r r egu l a r l y shaped shot. Graphical represen ta t ion of the 
resu l t s showed that the packing of spheres within a m a t r i x of spheres fol­
lows a mathemat ica l re la t ionship which is very s imi la r to the packing of 
spheres within a tube. Although the r e su l t s mus t be analyzed further, it 
appears that the packing fraction may be expres sed in t e r m s of the follow­
ing genera l equation: 

Pf = A - B e - ^ ( ° A ) - Ce-^^^ /̂̂ ^) - Ee'^^^^/^^) 

where Pf is the total packing fraction, A the l imiting packed density, B, C, 
and E constants dependent upon par t i c le shape, k, i , and m constants 
whose dependency is yet unknown, D the d iamete r of the container , dj the 
dianaeter of the coa r se fraction, d2 the d iameter of the medium fraction, 
and d3 the d iamete r of the fine fraction. Work is continuing on the study 
of t e r n a r y sphere mix tu res and binary sys tems of i r r e g u l a r shaped 
pa r t i c l e s . 

P r e l i m i n a r y sodium-bonding exper iments have been run on the 
sodium-bonding of meta l shot. EBR-I I - s i zed Vycor molds were loaded 
with shot. Metall ic sodium was placed on top of the shot. The tubes were 
then evacuated to less than 20/i. The sodium was mel ted and then p r e s ­
sur ized with one a tmosphere of hel ium. Twenty- th ree -cm- long , 0 .368-cm-
diameter columns of 125-jU gr i t bonded full length. Seventy-f ive-micron 
gr i t columns of s imi la r size bonded for a length of 20 cm. Gri t l e ss than 
44|U also bonded over approximate ly 20 cm of the 23 -cm column. Addi­
tional work is in p r o g r e s s to de te rmine the c o r r e c t p a r a m e t e r s for bonding 
the finer gr i t . The effectiveness of the bond was de termined by sectioning 
and meta l lographic study of the bonded spec imens , 

4, The Thor ium-Uran ium-P lu ton ium System 

Thor ium-plutonium alloys with u ran ium additions a r e potential high-
t empera tu re nuclear fuels for fast b r e e d e r r e a c t o r s . The a lpha-phase 
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boundaries shown in Figure 6 a r e the resul t of metal lographic observa­
tions and l a t t i c e -pa r ame te r m e a s u r e m e n t s , and indicate the l imits below 
which no liquid phase occurs at 700 and 900°C. Some of these thor ium-
base alloys may actually be ex, + /3 or /3-phase alloys at the high t empera ­
ture . Room- tempera tu re metal lography offers no indication in that 
respect , since the beta phase is not retained at room tempera ture upon 
quenching. On the other hand, l a t t i ce -pa rame te r measu remen t s indicate 
that the beta phase perhaps does occur in this t empera ture range. How­
ever , more work is requ i red to cor robora te the evidence. 

e TWO PHASE AT TOCC 

O ONE PHASE AT TOCC 

X X-RAY DATA 

30 4 0 50 60 70 

ATOMIC PERCENT PLUTONIUM 

Figure 6. Thorium-Uranium-PlutoniuiTi Alloys, a ^=i a + L Solidus 

Investigations of the effect of heat t rea tment on the lattice spacing 
of high-purity c ry s t a l -ba r thorium reveal an increase in the lattice spac­
ing with t ime and t empera tu re of heat t rea tment (see Table XV). The ob­
served changes a r e not likely to be caused by contamination during heat 
t rea tment , since the heat t r ea tment was made with bulk mate r ia l that was 
protected by a tantalum-foil wrapper and sealed under vacuum in Vycor 

Table XV. Lattice Spacings of Crys ta l -bar Thorium 
(B794) before and after Heat Trea tment 

Heat Treatment 

Lattice P a r a m e t e r 
ag, A at 25 

5.0840 
5.0842 
5.0848 
5.0855 
5.0857 

°C 
Temp Time 
(°C) (hrs) 

As Received 
700 2 
700 2 
900 2 
900 2 

Cooling 

Furnace Cooled 
Oil Quenched 
Furnace Cooled 
Oil Quenched 
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tubes. Needle specimens were p repa red by grinding after the heat t r e a t ­
ment. The specimens were s t r e s s re l ieved under the same protect ive con-

o 

ditions. The lowest value of ag, 5.0840 A, is in excellent agreement with, 
but slightly lower than, the best l i t e ra tu re values . The slightly lower 
value of this investigation ref lects the higher puri ty of our ma te r i a l . Its 
theore t ica l density is 11.728 g/cm^. 

The c r y s t a l - b a r thor ium which we have used in these exper iments 
was analyzed by our Chemis t ry Division and the analyt ical resu l t s a re 
shown in Table XVI. 

Table XVI. Analysis of Crys t a l -ba r Thor ium 
(B794) (Data in ppm) 

Chemical 
Analysis 

H 
C 
N 
O 
Si 

2 
7 
5 

45 
10 

Sp ec t rochemica l 
Analysis** 

Al 
B 

F e 
Hf 
Ti 
Y 

Z r 

7 
High* 
30 
Low* 

0.5 
2 

10 

*Data for B and Hf a r e suspect and a r e being 
checked by other methods . 

**A11 other e lements below l imits of s p e c t r o ­
chemical detection. 

Limits of Spect rochemical Detection: 

Ag: 
Al : 
B: 

Ba: 
B e : 
Bi : 
Ca: 
Cd: 

1 
1 
1 
0.2 
0.002 
2 
2 
2 

Co: 
C r : 
Cu: 
Ga: 
Hf: 
F e : 

K: 
La: 

1 
0.5 
5 
0.5 
0.5 
5 
2 
0.2 

L i : 
Mg: 
Mn: 
Mo: 
Na: 
Ni: 
P b : 
Rb: 

0.005 
1 
0.1 
0.5 
1 
1 
1 
0.5 

Sb: 
Sn: 
S r : 
T i : 
V: 
Y: 

Zn: 
Z r : 

20 
2 
0.005 
0.2 
0.5 
0.02 
2 
0.2 

An alloy with the composit ion 60 w/o Th-20 w / o U-20 w/o Pu, as 
injection cas t and as heat t rea ted , is p resen t ly being encapsulated for 
i r rad ia t ion . 

Other potential fuel alloys of thorium with 10 and 20 w / o Pu with 
4 w /o U added appear to be a t t rac t ive because of thei r nuclear and also 



their meta l lu rg ica l p rope r t i e s . These alloys have a face-centered cubic 
ma t r ix . We a r e testing them for compatibility with Type 304 s tainless 
s teel at a t empera tu re of 650°C. Densit ies of homogenized castings of 
these and other Th-U-Pu alloys a r e given in Figures 7 and 8 and in 
Table XVII. The measu remen t s were made by the hydrostat ic weighing 
method with an accuracy of bet ter than ± 0.005 g/cm'' . The scat ter ing 
of the data with 40% plutonium and more is due to ingot segregation. 

14 0 

12 5 

BINARY Th Pu ALLOYS 

ALLOYS WITH 2 PERCENT U 

ALLOYS WITH 4 PERCENT U 

0 10 20 30 4 0 50 60 
WEIGHT PERCENT PLUTONIUM, nominol comDOSilion 

13 0 — 

II 5 

O BINARY Th Pu ALLOYS 

• ALLOYS WITH 2 PERCENT U 

D ALLOYS WITH 4 PERCENT U 
D / 

/ 

Th 10 20 30 40 50 60 
WEIGHT PERCENT PLUTONIUM, nominal composition 

Figure 7. Density of High-punty Th-Pu and 
Th-U-Pu Alloys Annealed 3 Weeks 
at 700°C and Water Quenched 

Figure 8. Density of High-purity Th-Pu and 
Th-U-Pu Alloys Annealed 3 Days 
at 900°C and Water Quenched 

The factors influencing the precis ion of density measurement s in 
gloveboxes were investigated. An important factor was found to be dif­
ferences between the t empera tu re of the glovebox atmosphere and of the 
liquid surrounding the specimen during weighing. A revised formula tak­
ing into account these t empera ture differences was derived." 

"B . Blumenthal, Density Measurements in Gloveboxes - with Density 
Data on Monobromobenzene, Cast Thorium, Thorium-Uranium and 
Thor ium-Plutonium Alloys, ANL-6671. 



Table XVII. Densi t ies of Binary and Te rna ry High-purity 
Thor ium-Uran ium-Plu ton ium Alloys 

c 

Th 

100 
90 
80 
75 
70 
65 
60 
50 
45 
40 

98 
88 
83 
78 
73 
68 
58 
48 
38 

96 
86 
76 
66 
56 
46 
36 

Nominal 
ompositioi 

(w/o) 

U 

_ 

-
-
-
-
-
-
-
-
-

2 
2 
2 
2 
2 
2 
2 
2 
2 

4 
4 
4 
4 
4 
4 
4 

1 

P u 

_ 

10 
20 
25 
30 
35 
40 
50 
55 
60 

-

10 
15 
20 
25 
30 
40 
50 
60 

-

10 
20 
30 
40 
50 
60 

Zero-power Reactor 

Anne 
at 

Densi 

aled 3 Weeks 
700°C and 

Water Quenched 

Fuel Mat 

11.699 
11.902 
12.108 
12.228 
12.347 
12.478 
12.613 
13.04 
13.77 
13.16 

11.788 
12.002 
12.114 
12.224 
12.345 
12.515 
12.81 
13.10 
14.05 

11.881 
12.111 
12.340 
12.614 
12.97 
13.28 
14.01 

e r i a l s 

ty (g/cm^) 

3 Annealed 3 Days 
at 900°C and 

Water Quenched 

11.712 
11.908 
12.115 
12.227 
12.352 
12.477 
12.618 
12.92 
12.99 
12.97 

11.793 
11.991 
12.103 
12.216 
12.345 
12.517 
12.79 
13.31 
13.39 

11.886 
12.081 
12.315 
12.656 
13.03 
13.49 
13.67 

The cas t specimens of 67 a /o U-27 a /o Pu and var ious additional 
alloying e lements , desc r ibed in the P r o g r e s s Report for September 1963, 
ANL-6784, p. 13, have been subjected to a one-month co r ros ion tes t in a i r . 
The specimens were placed in an a i r - a t m o s p h e r e glovebox through which 
room a i r at the ra te of 15 cfm was drawn. The t e m p e r a t u r e was near ly 
constant at 24°C. The re la t ive humidity var ied from a low of 25% to a high 
of 56%. Specimens of U, U-30 a /o Pu and U-20 w / o Pu-10 w/o Fz were 
also run for compar i son . Table XVIII s u m m a r i z e s the r e s u l t s . F igure 9 
shows the condition after 21 days . 



T a b l e XVIII. Ef fec t of R o o m A i r on U r a n i u m and U r a n i u m - P l u t o n i u m - b a s e Al loys 

Alloy* 

U-27 P u - 6 A l 

U-27 P u - 6 C 

U-30 P u 

U-27 P u - 6 Cu 

O r i g i n a l 
Weight 

(gm) 

6.87 

3.23 

6.85 

4.45 

Weight a f t e r 
1 Month 

(gm) 

7.78 

3.62 

7.50 

R e m a r k s 

4.79 

U-27 P u - 6 F e 

U - 2 7 P u - 6 Z r 

U-27 P u - 6 Mo 

U-20 P u - 1 0 Fz^ 

U r a n i u m 

2.95 

3.75 

3.49 

0.10 

3.20 

2.95 

3.75 

3.49 

0.10 

3.20 

B e g a n gain ing weight on 2nd day. C o m ­
p l e t e l y d i s i n t e g r a t e d by 6th day.** 

No ga in in weight f i r s t 5 d ay s . Gained 
0.03 g m 6th day . C o m p l e t e l y d i s i n t e g r a t e d 
by 6th day.** 

B e g a n gain ing weight on 2nd day. C o m ­
p l e t e l y d i s i n t e g r a t e d by 6th day.** 

Did not begin gaining weight un t i l 7th day. 
Al though showed s o m e s igns of swel l ing 
and in i t i a l d i s i n t e g r a t i o n on 6th day. C o m ­
p l e t e l y d i s i n t e g r a t e d on 21s t day.** 

No change in weight . Sl ight ly t a r n i s h e d . 

No change in weight . S l ight ly t a r n i s h e d . 

No change in weight . Sl ight ly t a r n i s h e d . 

No change in weight . S l ight ly t a r n i s h e d . 

No change in weight . Sl ight ly t a r n i s h e d . 

* C o m p o s i t i o n s g iven in weight p e r c e n t . 

** St i l l ga in ing weigh t a f t e r 30 d a y s . 

' ' ' u -20 P u - 1 0 F z in w / o . 

Top Row: U-27 a/o Pu-6 a/o Al, U-27 a/o Pu-6 a/o Fe, U-27 a/o Pu-6 a/o Zr, U-27 a/o Pu-6 a/o Cu 

Extreme Right: Uranium 
Bottom Row: U-27 a/o Pu-6 a/o Mo, U-27 a/o Pu-6 a/o C, U-30 a/o Pu, U-20 w/o Pu-10 w/o Fz. 

Figure 9. Pyrophoricity Samples after 21 Days in Air 



6. Nondestructive Testing 

a. Neutron Imaging. Fu r the r studies on the light emiss ion from 
seve ra l neutron sc in t i l la tors have indicated that the light output from the 
sc in t i l la tors appears to be sa tura ted at the neutron intensi t ies normal ly 
used with the Juggernaut neutron radiographic facility. As the neutron in­
tensity is dec reased by reducing r eac to r power, however, a reasonable 
change in light intensity is found. This indicates that it may be possible 
to obtain improved con t ras t sensi t ivi ty by means of sc int i l la tor- f i lm tech­
niques for neutron radiography if the neutron intensity is proper ly adjusted. 
Fi lm studies to verify this a re now in p r o g r e s s . 

The neutron facility has been used to inspect a number of heavy-
meta l objects including two tungsten cas t ings , 4 cm and 6.3 cm in d iameter . 
The neutron inspection of 280 cm of 2 .5 - cm-d i ame te r s tee l -molybdenum-
tungsten ext rus ions was also accomplished. 

Other neutron inspection work completed during this r epor t 
per iod includes the neutron inspection of two i r rad ia ted , r eac to r fuel cap­
sules , and seve ra l tes t rad iographs of Borax superhea te r fuel a s s e m b l i e s . 

b. Ultrasonic Imaging. Resolution studies on aluminum tes t plates 
containing f lat-bottomed holes have yielded resolut ion resu l t s s imi la r to 
those previously repor ted (see P r o g r e s s Report for October 1963, 
ANL-6801, p. 48) for t es t objects containing holes completely through the 
plate . Similar r e su l t s have a lso been found for nonbond tes t objects in 
which flat cover plates have been bonded over the f lat-bottomed hole 
samples . 

These studies have been made with the tes t object or iented 
perpendicular ly to the u l t rasonic beam direct ion. Since recent data have 
indicated that much improved visual detection of objects can be obtained 
if the sample is or iented at angles on the order of 15 to 20° from this p e r ­
pendicular , further resolut ion studies at var ious angular posit ions a r e now 
in p r o g r e s s . 

Initial evaluation studies of the sealed u l t rasonic c a m e r a tubes 
have been completed. These studies indicate that at l eas t two of these 
quartz t a rge t tubes show good response to ul t rasound. The studies a lso 
tended to confirm previously r epor t ed data^ that quartz showed improved 
sensit ivi ty and dec rea sed resolut ion p rope r t i e s as compared to bar ium 
ti tanate as a t a rge t m a t e r i a l . 

^J . E. Jacobs , H. Be rge r , and W. J. Collis, An Investigation of the Lim­
itations to the Maximum Attainable Sensitivity in Acoustical Image 
Conver te r s , IEEE T r a n s , on Ult rasonic Engineering, UE-10, 83-88 
(Sept 1963). 



c. Corre la t ion of Hea t -Trans fe r P rope r t i e s and Bond Quality. Two 
modifications were made in the flash-tube apparatus for determining the r ­
mal diffusivity. The d ischarge capaci tor was changed from 50 /if to 250 /if. 
This inc reased the energy output of the tube from 400 to 2000 Joules , and 
the back surface t empera tu re of a typical specimen from about 1.5°C to 
about 3°C. The f lash-tube t r igger pulse was increased from 10,000 to 
40,000 V; this insures the flashing of the tube with every t r igger pulse. 

The physical se t -up was made mechanically rigid, so that 
nei ther the sett ings of the optical sys tem for a condition of uniform i l lumi­
nation of the specimen nor the quantity of heat reaching the specimen will 
vary in the course of a s e r i e s of m e a s u r e m e n t s . 

The condition of uniform illumination was difficult to achieve 
with an optical sys tem. In the p roces s of establishing this condition, it 
was found that a piece of overexposed X-ray film placed in specimen holder 
showed any var ia t ions in light intensity occurr ing on the front surface of the 
specimen. This method is now used as a fast check for the illumination 
condition. 

The reproducibi l i ty of the sys tem was checked in two ways. In 
the f i rs t , the thermocouple contact position on the back surface of the spec­
imen was kept the s ame , and between measu remen t s the specimen was r e ­
moved from the holder and then r e inse r t ed . Each of ten measu remen t s 
made this way showed a t empera tu re r i se of 3.0°C. The ha l f - r i se t ime 
var ied by 3%. For copper this is a t ime difference of less than 0.1 m s , a 
difference easi ly at t r ibutable to the actual reading of time from the Polaroid 
print . 

In the second way, the copper specimen remained in the holder 
and the thermocouple position was changed so as to scan the whole back 
surface of the specimen. In the 24 measu remen t s made, the t empera tu re 
r i s e was 3.0°C, and the half t ime var ied by 3%. This is not true when any 
of the outer edges of the specimen a re scanned, as heat is lost much more 
rapidly here with the resu l t that the maximum tempera ture is l e s s . 

d. Application of Infrared Radiation to Nondestructive Testing. A 
focusing device has been instal led in the optical head of the mechanically 
scanned inf rared- imaging sys tem. A smal l lamp il luminates the detector 
and the detector image is projected on the object plane. The m i r r o r system 
can then be adjusted to form a sharp image. The a r e a on the object covered 
by the detector image exactly de te rmines the a r ea being inspected. A v a r ­
iable diaphragm has been placed in front of the detector to improve re so lu ­
tion for h ighe r - t empera tu r e objects . 
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D. Heat Engineering Research 

1. Two-phase Nozzle Flow 

The existing l i t e ra tu re on two-phase nozzle flow has been cr i t ical ly 
examined. Considerably m o r e information is available for two-component 
r a the r than s ingle-component two-phase flow in converging-diverging noz­
zles in the low-quality region. Although efficiencies and relat ive velocit ies 
between the phases in two-component sys tems have been repor ted , no d i rec t 
information can be found for one-component sys t ems . 

Two quantit ies which a r e important in evaluating the efficiency of 
nozzle per formance a r e : (a) the slip velocity of the mix tu re , and (b) the 
extent to which the flowing fluid at tains equil ibrium between the vapor and 
the liquid phase . 

Only one source of data was found for one-component, two-phase 
low-quality flow through nozz les . ° Two nozzles were employed in the above 
t e s t s . Nozzle I had a throat d iameter of 0.438 in. and an ex i t - to - throa t 
a r e a rat io of 5.6:1. Nozzle II had a throat d iameter of 0.250 in. and a rea 
rat io of 25:1. The th rus t of the leaving fluid s t r e a m was m e a s u r e d in addi­
tion to the usual m e a s u r e m e n t s of flow rate and p r e s s u r e profile through­
out the nozzles . Flow ra te ra t ios var ied from 0 to 0.2 lb. s team per lb 
mix tu re , and initial p r e s s u r e s va r i ed up to 1000 psia . No at tempt was made 
to m e a s u r e or calculate slip ra t io or the efficiency of the nozzle. 

These data were therefore examined in detai l for information on 
slip ra t io , nonequilibrium effects, and efficiencies of the nozzles . The ef­
ficiency as used here is defined as the rat io of the actual kinetic energy of 
a unit m a s s of the leaving liquid phase to the kinetic energy of a unit m a s s 
of fluid expanding ideally, assuming no slip and equil ibr ium between the 
phases . 

A set of equations was developed for the computer such that exit 
slip ra t ios of the nozzles could be calculated from the exper imenta l in­
formation provided thermodynamic equi l ibr ium prevai led . 

The following r e su l t s were obtained: The slip ra t io , k, var ied 
from 1 to 5 in Nozzle I, and from 0.6 to 2.0 for Nozzle II. Slip ra t ios l ess 
than 1.0 were obtained for Nozzle II when the flow was overexpanded in the 
diverging section. The sl ip ra t io seemed to be independent of total p r e s ­
sure drop, A p , a c r o s s the nozzle for a given flow ra te , and very definitely 
inc reased with increas ing flow ra t e . Since calculated sl ip ra t ios a r e found 
to be independent of AP, it is believed that the higher slip ra t ios obtained 

E. S. Starkman, Expansion of A Very Low Quality, Two-phase Fluid 
Through A Convergent-Divergent Nozzle, ASME Paper 63-AHGT-4. 



for N o z z l e I w e r e m a i n l y due to n o n e q u i l i b r i u m e f fec t s . The d e p a r t u r e 
f r o m e q u i l i b r i u m would be e x p e c t e d to be m u c h g r e a t e r in Nozz le I t han 
II, s i n c e Nozz le I had a m u c h s h o r t e r d i v e r g i n g s ec t i on , and h e n c e a 
s h o r t e r flow t i m e for a g iven flow r a t e . It w a s shown tha t a r e d u c t i o n in 
qua l i ty b e l o w the v a l u e ob t a ined f r o m a s s u m i n g t h e r m o d y n a m i c e q u i l i b r i u m 
r e s u l t e d in l o w e r c a l c u l a t e d s l i p r a t i o s wi th a l l o t h e r q u a n t i t i e s r e m a i n i n g 
the s a m e . It can , t h e r e f o r e , be c o n c l u d e d tha t the s l ip r a t i o c a l c u l a t e d 
r e p r e s e n t e d an u p p e r bond . 

The fo l lowing r a n g e s of e f f i c i enc i e s w e r e c a l c u l a t e d b a s e d on the 
ob t a ined s l i p r a t i o : N o z z l e I, 10 to 80 p e r c e n t ; Nozz le II, 35 to 95 p e r c e n t . 
T h e s e r e s u l t s i n d i c a t e t h a t a p r o p e r l y d e s i g n e d n o z z l e can give an ef f ic iency 
of a s h igh a s 90 p e r c e n t . 

E . C h e m i c a l S e p a r a t i o n s 

1. C h e m i s t r y of L iqu id M e t a l s 

a. So lub i l i ty of P l u t o n i u m in C a d m i u m . The so lub i l i ty of p lu ton ium 
in l iqu id c a d m i u m o v e r the t e m p e r a t u r e r a n g e f r o m 335 to 632°C m a y be 
r e p r e s e n t e d by two e m p i r i c a l e q u a t i o n s : 

(335 to 399°C): log ( a / o Pu) = 6.223 - 4282 T " ^ 

(399 to 632°C): log ( a / o Pu) = 5.148 - 5277 T"^ + 1.156 x lO^T '^ . 

b . The Y t t r i u m - Z i n c S y s t e m . X - r a y da t a for the y t t r i u m - z i n c 
s y s t e m c o n f i r m the e x i s t e n c e of the p h a s e YZni2. p r e v i o u s l y s u g g e s t e d by 
the r e s u l t s of effusion s t u d i e s ( see P r o g r e s s R e p o r t s for J a n u a r y and 
M a r c h 1963, A N L - 6 6 8 3 , p . 39, and A N L - 6 7 0 5 , p . 47) . Addi t iona l effusion 
d a t a on the y t t r i u m - z i n c s y s t e m w e r e u s e d to eva lua t e the e q u i l i b r i u m zinc 
v a p o r p r e s s u r e s of i n t e r m e d i a t e p h a s e s of t h i s s y s t e m at v a r i o u s t e m p e r a ­
t u r e s . The v a l u e s o b t a i n e d a g r e e d we l l wi th r e s u l t s 9 d e t e r m i n e d by m e a n s 
of the d e w - p o i n t m e t h o d . 

c . P r a s e o d y m i u m - C a d m i u m G a l v a n i c Ce l l S t u d i e s . The t h e r m o ­
d y n a m i c func t ions of the p r a s e o d y m i u m - c a d m i u m s y s t e m a r e be ing e v a l u ­
a t e d by m e a n s of a g a l v a n i c c e l l . A new ce l l of the f o r m P r / P r C l 3 , L i C l - K C l 
( e u t e c t i c ) / P r - C d ( t w o - p h a s e a l loy) h a s b e e n a s s e m b l e d , and the emf of t h e 
ce l l h a s b e e n m e a s u r e d a s a funct ion of t e m p e r a t u r e . The f r e e e n e r g y of 
f o r m a t i o n of P r C d j i m a y be r e p r e s e n t e d by the equa t ion 

AGf° = - 6 1 , 0 0 4 + 20.92 T - 1.77 x 10"^T^ 

o v e r the t e m p e r a t u r e r a n g e f r o m 360 to 540°C. 

P , Ch io t t i , J . T. M a s o n , and K. J . G r i l l , T r a n s . Met . Soc . AIME. 227, 
910 (1963) . 



d. Liquid Metal Disti l lation. In fuel - recovery p r o c e s s e s with 
liquid me ta l s and fluxes, a method is requi red for the remote determinat ion 
of liquid levels and interfaces between liquid meta l s and fluxes. An eddy 
cu r ren t induction probe (descr ibed in this r epor t in Sect. II.D.5.b) for con­
tinuously measur ing liquid levels has been evaluated in the large unit for 
dist i l lat ion of cadmium. The use of the probe led to re l iable values of the 
cadmium level in the sti l l pot during charging and dist i l lat ion. A probe of 
this type gives p romise of being an effective and accura te device for moni ­
toring the meta l liquid level in a remote ly operated dist i l lat ion unit. 

To obtain information on t empera tu re distr ibution in the 
cadmium-dis t i l la t ion unit, ve r t i ca l t empera tu re profi les have been obtained 
in the sti l l pot during dis t i l la t ions . The t empera tu re from the top to the 
bottom of the liquid region was constant, as was the t empera tu re in the 
vapor phase , although about 25°C lower than the t empera tu re in the liquid 
region. Comparison of m e a s u r e d liquid cadmium t empera tu re s with a 
calculated boiling point curve (assuming 22 mm Hg p r e s s u r e in the vapor 
phase) indicated that boiling could have occur red only within the top inch 
of liquid cadmium in the st i l l pot. 

With power inputs of 20 to 40 kW, the apparent dist i l lat ion 
ra tes in the cadmium dist i l lat ion unit (fitted with a de-en t ra inment device) 
were 39 to 92 kg /h r and the apparent power efficiency ranged from 32 to 
57 percent . The effectiveness of the de-en t ra inment device will be de ­
te rmined when analyt ical r e su l t s a r e obtained for five runs in which lead 
was used as a t r a c e r . 

Study of the nonturbulent vaporizat ion of m e r c u r y from a 
1- in . -d iameter , 12- in . -deep liquid pool was continued. In three runs , in 
which the ra te of vaporizat ion was about 115,000 Btu/(hr)(sq ft), surface 
superheating of m e r c u r y through the vaporizing surface averaged 28°C 
above the vapor space saturat ion t e m p e r a t u r e . A large superheat is be ­
lieved to be an important pa r t of the mechan ism for nonturbulent vapor i ­
zation at high r a t e s . The driving force for the vaporizat ion p r o c e s s 
depends upon the superheat at tainable before vapor bubble nucleation 
s t a r t s . 

e. Plutonium Recovery P r o c e s s . Development work was con­
tinued on the use of t e rna ry cadmium-z inc -magnes ium alloy as a p rocess 
medium for the recovery of plutonium-bear ing fuels. Such a medium may 
allow the use of lower p roces s t e m p e r a t u r e s and s ta in less steel equipment. 

The solubility of uranium in three additional alloys (Cd-20a /oZn 
20 a /o Mg, Cd-20 a /o Mg-13 a /o Zn, and Cd-20 a /o Zn-13 a /o Mg) has been 
m e a s u r e d at t e m p e r a t u r e s of about 375°C to 650°C or 700°C. For these a l ­
loys and alloy composit ions studied previously (see P r o g r e s s Report for 
October 1963, ANL-6801, p. 57), uranium solubility inc reased with i n c r e a s ­
ing zinc concentrat ion and d e c r e a s e d with increasing magnes ium concent ra­
tion as shown below: 



U r a n i u m Solubi l i ty 
Z n ( a / o ) M g ( a / o ) C d ( a / o ) a t 600°C (w/o) 

100 
74 
67 
70 
67 
60 
-

2.1 
3 
2.2 
4.4a 

3.5 
2.7 
0.2 

13 
13 
20 
20 
20 
100 

13 
20 
10 
13 
20 
-

^ M e a s u r e d a t 650°C. 

U r a n i u m - b e a r i n g so l id p h a s e s in e q u i l i b r i u m wi th the so lu t i ons 
u n d e r v a r i o u s cond i t i ons have b e e n ident i f ied by m e a n s of m e t a l l o g r a p h i c 
e x a m i n a t i o n a s a l p h a - u r a n i u m , the d e l t a u r a n i u m - z i n c i n t e r m e t a l l i c c o m ­
pound (~U2Zniy), and U C d u . 

f. D i s t r i b u t i o n of C a l i f o r n i u m b e t w e e n M a g n e s i u m C h l o r i d e and 
Z i n c - M a g n e s i u m . The d i s t r i b u t i o n of c a l i f o r n i u m - 2 5 2 b e t w e e n l iquid z i n c -
m a g n e s i u m a l loy and m a g n e s i u m c h l o r i d e is be ing d e t e r m i n e d a s p a r t of a 
s tudy of t r a n s p l u t o n i u m e l e m e n t s e p a r a t i o n s in l iquid m e t a l - s a l t s y s t e m s . 
P r e l i m i n a r y r e s u l t s i n d i c a t e tha t c a l i f o r n i u m s t r o n g l y f a v o r s the flux p h a s e 
a t m a g n e s i u m c o n c e n t r a t i o n s be low 20 w / o , but tha t it shows an i n c r e a s i n g 
t e n d e n c y to d i s t r i b u t e to the m e t a l p h a s e a s m a g n e s i u m c o n c e n t r a t i o n s w e r e 
i n c r e a s e d f r o m 20 to 84 w / o . T h i s b e h a v i o r h a s not been o b s e r v e d wi th any 
of the o t h e r e l e m e n t s i n v e s t i g a t e d thus f a r ( see P r o g r e s s R e p o r t for 
A p r i l 1962, A N L - 6 5 6 5 , p . 27). P r e l i m i n a r y r e s u l t s of e x p e r i m e n t s c a r r i e d 
out a t 750, 800, and 850°C i n d i c a t e t h a t the b e h a v i o r of c a l i f o r n i u m w a s a l s o 
d i f fe ren t f r o m tha t of the o t h e r e l e m e n t s i n a s m u c h a s c a l i f o r n i u m w a s found 
to d i s t r i b u t e i n c r e a s i n g l y to the m e t a l p h a s e ( z i n c - 1 4 % m a g n e s i u m a l loy o r 
m a g n e s i u m - 3 4 % z inc a l loy) w i th d e c r e a s i n g t e m p e r a t u r e . 

2. F l u i d i z a t i o n and Vo la t i l i t y S e p a r a t i o n s P r o c e s s e s 

a. R e c o v e r y of U r a n i u m f r o m L o w - e n r i c h m e n t C e r a m i c F u e l s . 

(i) L a b o r a t o r y - s c a l e F l u i d - b e d F l u o r i n a t i o n s . L a b o r a t o r y 
s u p p o r t w o r k h a s b e e n d i r e c t e d t o w a r d the e s t a b l i s h m e n t of o p t i m u m c o n ­
d i t ions for the f l u i d - b e d f l u o r i n a t i o n of m i x t u r e s of U3O8 and p l u t o n i u m 
dioxide ( see P r o g r e s s R e p o r t for S e p t e m b e r 1963, A N L - 6 7 8 4 , p . 50). 
Two a d d i t i o n a l f l u o r i n a t i o n r u n s have b e e n c a r r i e d out wi th U3O8-PUO2 
m i x t u r e s con ta in ing added f i s s i o n p r o d u c t o x i d e s . The c o n c e n t r a t i o n of 
p l u t o n i u m in the U308"Pu02 m i x t u r e s w a s about 0.4 w / o , and the c o n c e n ­
t r a t i o n of 11 f i s s i o n p r o d u c t o x i d e s (La203, Ce02 , Pr£,Oii, Nd203, SmjOs, 
EU2O3, Gd203, Y2O3, BaO, Z r 0 2 , and M0O3) w a s abou t 0.86 w / o . In t h e s e 
r u n s , a l u m i n a w a s a d d e d to the m i x t u r e p r i o r to be ing fed to the f l u i d - b e d 
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reac to r . The fluorination react ion sequence consisted of two s teps . The 
f i r s t step was a fluorination-feeding per iod during which the feed m a t e r i a l 
was continuously t r anspor t ed into a 1-|--in.-diameter fluidized bed of a lu­
mina and simultaneously reac ted with 20 v /o fluorine in nitrogen. The 
second fluorination step was c a r r i e d out with 100% fluorine which was r e ­
cycled through the fluid bed. 

In the f i r s t run, the fluorination-feeding period {Z— hr) was 
performed at 450°C and was followed by three success ive recycle-f luor inat ion 
per iods of 5 hr at 450°C, 5 hr at 500°C, and 10 hr at 550°C. After this s e r i e s 
of recycle f luorinat ions, the res idua l uranium and plutonium contents of the 
alumina bed were 0.015 w/o and 0.007 w / o , respect ively . 

In the second run, the fluorination of six batches of feed 
m a t e r i a l was c a r r i e d out -with one bed of alumina (initially unused). The 
following operating conditions ^vere us.ed. The fluorination-feeding per iod 
(l hr) was conducted at 500°C for six success ive batch additions of feed 
m a t e r i a l (U3O8, PuOz, fission product oxides, and alumina). After the sixth 
batch addition of the feed m a t e r i a l , the alumina bed was then fluorinated 
for two recycle- f luor inat ion per iods of 1 0 hr each at 500°C and 550°C, 
respect ive ly . Follo'wing each reac t ion period, the alumina was removed 
from the r eac to r , and a sample taken for uranium and plutonium ana lyses . 
The alumina was then replaced in the r eac to r for r e - u s e in a subsequent 
step in the run. 

Recycled alumina was also used to p r e p a r e the second 
through sixth batches of feed m a t e r i a l for the fluorination-feeding pe r iods . 
F r e s h alumina was only added to the f i r s t batch of feed m a t e r i a l . The r e ­
sults of this run showed that, during the fluorination-feeding pe r iods , the 
res idual plutonium concentrat ion of the alumina bed inc reased ra the r 
regular ly for the f i r s t four batch additions of feed m a t e r i a l , from 0.10 w / o 
to 0.42 w / o , and then dec reased to 0.23 w/o after the sixth batch addition 
of feed m a t e r i a l . After the recycle-f luor inat ion per iods at 500°C and 
550°C, the res idual plutonium concentra t ions of the alumina bed were 
0.19 w/o and 0.18 w / o , respec t ive ly . The final res idual plutonium concen­
t ra t ion of 0.18 w/o co r responds to a re tent ion on the alumina of 13% of the 
total plutonium (6.98 g) fed to the fluid-bed r eac to r . The final res idual 
uranium concentrat ion of the alumina was 0.01 w / o , which cor responds to 
about 0.003% of the total uranium (about 1510 g) feed. 

These r e su l t s tend to verify previous s m a l l - s c a l e , boat-
type exper iments (see P r o g r e s s Report for October 1962, ANL-6635, p. 44) 
in which re la t ively high retent ion of plutonium by alumina was observed 
when the initial fluorination t empe ra tu r e was 500°C. However, much lower 
plutonium retent ions were obtained in the f i rs t run and in previous boat ex­
pe r imen t s ^ ^ in which the initial f luorinations were c a r r i e d out at a lower 

l '^ANL-6648, Chemical Engineering Division Summary Report , October, 
November, December , 1962, p. 130. 



t e m p e r a t u r e (450°C). The r e s i d u a l p lu ton ium c o n c e n t r a t i o n of the a l u m i n a 
in t h e s e e x p e r i m e n t s v a r i e d f r o m 0.003 to 0.009 w / o . B e c a u s e of the m u c h 
l o w e r p l u t o n i u m r e t e n t i o n s o b t a i n e d at 450°C, the effect of the l o w e r t e m ­
p e r a t u r e wi l l be i n v e s t i g a t e d in the c u r r e n t s e r i e s of f lu id -bed e x p e r i m e n t s . 

(ii) E n g i n e e r i n g - s c a l e S tud ies of T w o - z o n e Ox ida t ion -
F l u o r i n a t i o n P r o c e s s i n g S c h e m e for Clad U r a n i u m Diox ide . The a l u m i n a 
bed f r o m a p r e v i o u s two zone o x i d a t i o n - f l u o r i n a t i o n run ( s ee P r o g r e s s R e ­
p o r t for Oc tobe r 1963, A N L - 6 8 0 1 , p . 60) was sub jec ted to a c l e a n u p f l u o r i ­
na t ion s t e p for f u r t h e r r e m o v a l of u r a n i u m . P r i o r to the f l uo r ina t i on s t e p , 
the UO2 s t a i n l e s s s t e e l c l add ing w a s r e m o v e d f r o m the r e a c t o r . D u r i n g 
the c l e a n u p s t e p , t he f l u o r i n e w a s i n t r o d u c e d at the bo t tom of the f lu id -bed 
r e a c t o r . The f l u o r i n a t i o n s t e p w a s c a r r i e d out at 500°C for a p e r i o d of 
4.5 h r of t o t a l o f f -gas r e c y c l e wi th f l u o r i n e added to a m a x i m u m c o n c e n t r a ­
t ion of 68 p e r c e n t . Th i s c l e a n u p s t e p r e s u l t e d in r e d u c i n g the r e s i d u a l 
u r a n i u m c o n c e n t r a t i o n in the a l u m i n a to 0.72 w / o , which i s g r e a t e r by a 
f a c t o r of 1 0 t han the u r a n i u m r e t a i n e d by the a l u m i n a in o the r r u n s . F u r t h e r 
s tudy i s p l anned to d e t e r m i n e if the r e t e n t i o n of u r a n i u m in the a l u m i n a i s 
i n c r e a s e d by r e - u s i n g a l u m i n a and by u s ing a l u m i n a of s m a l l e r p a r t i c l e 
s i z e (hence , i n c r e a s e d a v a i l a b l e a l u m i n a s u r f a c e a r e a ) . The a l u m i n a m 
t h i s run had b e e n u s e d in a p r e v i o u s run ( see P r o g r e s s R e p o r t for July 1963, 
A N L - 6 7 6 4 , p . 53), and c o n s i s t e d m a i n l y of s m a l l p a r t i c l e s , 86% of the p a r ­
t i c l e s b e i n g in the s i z e r a n g e of -120 +200 m e s h . 

b . R e c o v e r y of U r a n i u m f r o m Highly E n r i c h e d U r a n i u m - A l l o y F u e l s 
by C h l o r i n a t i o n and F l u o r i n a t i o n S teps 

(i) B e n c h - s c a l e S t u d i e s . S tud ies of the f ea s ib i l i t y of u s ing a 
f l u i d - b e d c h l o r i n a t i o n - f l u o r i n a t i o n s c h e m e for the r e c o v e r y of e n r i c h e d 
u r a n i u m f r o m u r a n i u m - a l l o y fuels w e r e con t inued . P r e s e n t l y , t e s t s a r e 
b e i n g c a r r i e d out wi th u r a n i u m - a l u m i n u m and u r a n i u m - Z i r c a l o y f u e l s . 
The w o r k i s be ing c o n d u c t e d in a 1 2 - i n . - d i a m e t e r f l u id -bed r e a c t o r wi th 
the a l loy s u b a s s e m b l y b e i n g s u b m e r g e d in an i n e r t bed . 

R e c e n t l y , a n o t h e r run u s ing a m u l t i p l a t e u r a n i u m - a l u m i n u m 
fuel s u b a s s e m b l y h a s b e e n c a r r i e d out ( s ee P r o g r e s s R e p o r t for S e p t e i n b e r 
1963, A N L - 6 7 8 4 , p . 52). The o b j e c t i v e s of t h i s run w e r e to d e t e r m i n e (a) 
t h e effect on the r e t e n t i o n of u r a n i u m by a l u m i n a of the add i t ion of simiu-
l a t e d f i s s i o n p r o d u c t s to the fluid bed , (b) the effect of i n t e r r u p t i o n s of feed 
g a s s t r e a m s (which would a l low the fluid bed to b e c o m e s t a t i c ) and of e l e ­
v a t e d bed t e m p e r a t u r e s (to 600°C) on the f l u i d - b e d b e h a v i o r of the a l u m i n a 
b e d , and (c) the d i s p o s i t i o n of the s i l i c o n f r o m the s i l i c o n - a l u m i n u m a l loy 
b r a z i n g rod u s e d in t h e f a b r i c a t i o n of the t e s t fuel s u b a s s e m b l i e s c h a r g e d 
in th i s t e s t . 

In t h i s r u n , the c h a r g e c o n s i s t e d of four u ran iunn-a lumi rnum 
s u b a s s e m b l i e s ( to ta l we igh t 176.7 g; -4 w / o n o r m a l u r a n i u m ) , each s u b ­
a s s e m b l y be ing 5 in . l o n g . In the f a b r i c a t i o n of t h e s e s u b a s s e m b l i e s , the 



uran ium-a luminum plates were brazed with a 12 w/o s i l icon-aluminum rod 
(Castolin*) instead of being welded with type aluminum-11 00 rod (greater 
than 99 w/o aluminum). In addition to the subassembl i e s , 13.7 g (4.1 w /o of 
the r eac to r bed) of 11 simulated fission products were also charged to the 
fluid-bed r eac to r . The eleven fission products were s t ront ium, y t t r ium, 
niobium, molybdenum, ruthenium, rhodium, antimony, te l lu r ium, ces ium, 
bar ium, and ce r ium. Sintered alumina grain (Tabular T - 6 l , Aluminum 
Company of Amer ica) was used as the iner t m a t e r i a l in both the fluid-bed 
r eac to r (320 g; -40 +120 mesh) and packed-bed fil ter (640 g; -14 +20 mesh) . 

The following reac t ion sequence was employed in the run: 
hydrochlorinat ion, hydrofluorination, and fluorination. The hydrochlor ina-
tion step was conducted at fluid-bed and f i l te r -bed t empe ra tu r e s of 280°C 
(average) and about 180°C, respect ive ly , for 6.4 h r . The hydrofluorination 
step (50 v /o hydrogen fluoride in nitrogen) was conducted at an average 
fluid-bed t empe ra tu r e of 350°C for 1 hr. This was then followed by two 
fluorination pe r iods , one of 4 hr at a fluid-bed t empera tu re of 250°C, and 
the other of 2 hr at a fluid-bed t empera tu re of 500°C. In both fluorination 
pe r iods , the fluorine concentrat ion was inc reased stepwise from 5 to 90 v /o 
( remainder ni trogen). The fi l ter bed was maintained at the same t e m p e r a ­
ture as the fluid bed during the hydrofluorination and fluorination react ion 
s teps. 

The planned in terrupt ions were c a r r i e d out during and 
after each reac t ion step of the p rocess ing cycle. During these i n t e r rup ­
tions, the feed gas s t r e a m was stopped, thus causing the alumina in the 
r eac to r to become s ta t ic , and the t e m p e r a t u r e of the r eac to r was cycled 
for varying per iods between room t empera tu re and 600°C. During the r e ­
action s teps , the in terrupt ions consis ted of stopping the gas flow and rapidly 
cooling the r e a c t o r from its operat ing t empera tu re to room t e m p e r a t u r e , 
maintaining the r e a c t o r at room t empe ra tu r e for 2 hr and then reheating 
the r eac to r to operating t e m p e r a t u r e . After each react ion step, the in te r ­
ruption involved stopping the gas flow and heating the r eac to r assembly 
(fluid-bed r eac to r and packed-bed fi l ter) to 600°C, maintaining the assembly 
at this t e m p e r a t u r e for 2 h r , and then cooling it from 600°C to its operat ing 
t e m p e r a t u r e s . 

The retent ion of uranium by the s in te red alumina in the 
fluid-bed reac to r was apparent ly unaffected by the p resence of re la t ively 
high res idua l concentra t ions (1.3 w / o of the fluid bed) of s imulated fission 
products . The final uranium concentrat ion in the bed was 0.01 w/o 
(0.5 w /o of the uranium initially charged) . This concentrat ion is the same 
as the low level achieved previously in a run made without added s imulated 
fission products (see P r o g r e s s Report for September 1963, ANL-6748, 
p. 52). The ra te of uranium loss (0.7 m g / h r ) through the packed-bed fi l ter 
during hydrochlor inat ion was the lowest achieved in the cu r ren t s e r i e s of 

*A product of Eutect ic Welding Alloys Corporat ion. 



r u n s in w h i c h the feed c h a r g e s w e r e e i t h e r u r a n i u m - a l u m i n u m a l loy ch ips 
o r u r a n i u m - a l u m i n u m s u b a s s e m b l i e s The to ta l uraniunri l o s s for the 
h y d r o c h l o r i n a t i o n p e r i o d a m o u n t e d to 0 1% of the u r a n i u m in i t i a l ly c h a r g e d . 
T h i s low u r a n i u m l o s s is be l i eved to be due to the i n c r e a s e d he igh t ( l 2 in.) 
of the f i l t e r bed. In p r e v i o u s r u n s ( s ee P r o g r e s s R e p o r t s for June 1963 
and S e p t e m b e r 1963; A N L - 6 7 4 9 , p 46 , and A N L - 6 7 8 4 , p . 52), f i l t e r bed 
h e i g h t s of 6 and 8 in. w e r e u s e d . A connpa r i son of the f i l t r a t i o n e f f i c iency* 
da t a for a l l r u n s wi th u r a n i u m - a l u m i n u m a l loy ch ips o r u r a n i u m - a l u m i n u m 
s u b a s s e m b l i e s i n d i c a t e s tha t the o p t i m u m f i l t e r bed he ight is about 8 to 
10 in. 

The s i n t e r e d a l u m i n a in the f l u id -bed r e a c t o r did not cake 
and w a s r e a d i l y r e f l u i d i z e d d e s p i t e the p l anned i n t e r r u p t i o n s . The p r e s e n c e 
of the s i m u l a t e d f i s s i o n p r o d u c t s a l s o did not affect the behav io r of the 
a l u m i n a bed. P r e l i m i n a r y r e s u l t s i nd i ca t e that about 90% of the s i m u l a t e d 
f i s s i o n p r o d u c t s tha t w e r e added to the f l u id -bed r e a c t o r w e r e r e t a i n e d by 
the a l u m i n a beds in the r e a c t o r and f i l t e r . The d i s t r i b u t i o n of the ind iv idua l 
f i s s i o n p r o d u c t e l e m e n t s a p p e a r s to be in c o n f o r m i t y wi th the d i s t r i b u t i o n s 
e s t i m a t e d f r o m the v o l a t i l i t i e s of t h e i r h i g h e r - v a l e n t c h l o r i d e s and f l u o r i d e s 

The s i l i con f r o m the b r a z i n g a l loy w a s r e t a i n e d p r i m a r i l y , 
and r a t h e r u n e x p e c t e d l y , by the a l u m i n a in the f l u id -bed r e a c t o r and the 
p a c k e d - b e d f i l t e r . The s i l i c o n c o n c e n t r a t i o n in the a l u m i n a w a s 0.6 w / o 

(ii) P i l o t P l a n t D e m o n s t r a t i o n Runs . Two a d d i t i o n a l shakedown 
r u n s have b e e n c o m p l e t e d in the p i lo t p l an t i n s t a l l e d to d e m o n s t r a t e the 
f l u i d - b e d f l u o r i d e v o l a t i l i t y p r o c e s s for r e c o v e r i n g u r a n i u m f r o m highly 
e n r i c h e d u r a n i u m - a l l o y fue l s . In e a c h run , a s u b a s s e m b l y c o m p o s e d only 
of Z i r c a l o y o r of a l u m i n u m w a s c h a r g e d to the f l u id -bed r e a c t o r . In t h e s e 
r u n s , only the h y d r o c h l o r i n a t i o n and h y d r o f l u o r i n a t i o n r e a c t i o n s t e p s w e r e 
c a r r i e d out . In fu tu re e x p e r i m e n t s w i t h s u b a s s e m b l i e s con ta in ing u r a n i u m , 
the f l u o r i n a t i o n r e a c t i o n s t e p w i l l a l s o be c a r r i e d out . Dur ing the h y d r o ­
c h l o r i n a t i o n s t e p , the f l u i d - b e d p y r o h y d r o l y s i s r e a c t o r w a s o p e r a t e d s i m u l ­
t a n e o u s l y for c o n v e r t i n g the vo l a t i l e z i r c o n i u m t e t r a c h l o r i d e * * o r a l u m i n u m 
t r i c h l o r i d e ( e a c h of w h i c h r e p r e s e n t s a w a s t e s t r e a m ) to t h e i r r e s p e c t i v e 
so l id o x i d e s . 

The o p e r a t i n g c o n d i t i o n s for the two r u n s a r e shown in 
T a b l e XIX. In both r u n s , o p e r a t i o n a l p e r f o r m a n c e w a s c o n s i d e r e d h ighly 
s a t i s f a c t o r y . F l u i d - b e d r e a c t o r t e m p e r a t u r e s w e r e s a t i s f a c t o r i l y con ­
t r o l l e d by m e a n s of the r e a c t o r c o o l a n t s y s t e m wh ich r e g u l a t e d the r e a c t o r 

* F i l t r a t i o n ef f ic iency is def ined a s the r a t i o of the quan t i ty of u r a n i u m 
w h i c h is p a s s e d t h r o u g h the f i l t e r to the quan t i ty of u r a n i u m w h i c h is 
l o a d e d on the f i l t e r . 

**Tin c h l o r i d e ( f rom the Z i r c a l o y ) w a s p r o b a b l y a l s o p r e s e n t . 



58 

wall t empera tu re to within about five degrees of the set point. The fuel 
charges were completely reac ted in the hydrochlorination t imes indicated. 
The shor ter hydrochlorination react ion time in the run with the Zirca loy-
only subassembly (5 hr) than that in the run with the aluminum-only sub­
assembly (11.7 hr) resul ted from higher total gas flows, a sustained period 
of higher hydrogen chloride concentration, and higher bed t empera tu re . 
Maximum tempera tu res of 710°C and 335°C were observed in the channels 
between the plates of the Zircaloy-only and aluminum-only fuel subassem­
bl ies , respect ively. Since the t empera tu re s sustained in the aluminum run 
were so well controlled and were well below the melt ing point of aluminum 
(660°C), a significant increase in react ion rate can probably be achieved 
without exceeding prac t ica l operating tempera ture l imi t s . The present 
Zircaloy react ion ra te is considered sat isfactory. 

Table XIX. Opera t ing Condi t ions for F l u i d - b e d H y d r o c h l o r i n a t i o n and 
Hydrof luor ina t ion of Z i r c a l o y - o n l y and A l u m i n u m - o n l y 
Fue l S u b a s s e m b l i e s 

Fue l S u b a s s e m b l y C h a r g e : 

Equ ipmen t (all n icke l ) : 

Ine r t Bed M a t e r i a l : 

Reac t ion S teps : 

Z i r c a l o y only; 13.6 kg; 3 ft long 
Aluminum only; ~13.7 kg; ~ 4 ft long 

6 - i n . - d i a m e t e r f lu id-bed r e a c t o r 
9 . 5 - i n . - d i a m e t e r p a c k e d - b e d f i l te r 
6 - i n . - d i a m e t e r p y r o h y d r o l y s i s r e a c t o r 

A lumina . In the run with the Z i r c a l o y -
only s u b a s s e m b l y , sand was u s e d in the 
p y r o h y d r o l y s i s r e a c t o r . 

H y d r o c h l o r i n a t i o n and hydro f luo r ina t ion 
(f luor inat ion s t ep omi t t ed b e c a u s e no 
u r a n i u m was p r e s e n t in e i t he r sub ­
a s s e m b l y used) -

Run C h a r g e ( subas sembly ) Z i r c a l o y Only Aluminum Only 

H y d r o c h l o r i n a t i o n P e r i o d 

HCl , v / o in n i t r o g e n 
Reac t ion t i m e , h r 
T e m p e r a t u r e , °C 

R e a c t o r Bed, avg 
P a c k e d - b e d f i l te r 
P y r o h y d r o l y s e r 

Avg Ut i l i za t ion Eff ic iency, % 

Hydrof luor ina t ion P e r i o d 

H F , v / o 
Reac t ion t i m e , h r 
T e m p e r a t u r e , °C 

R e a c t o r bed 
P a c k e d - b e d f i l ter 

46 

400 

to 62 
5 

to 500 
390 
360 
43 

20 
1 

375 
390 

55 
11.7 

300 
275 
300 
55 

20 
1. 

330 
275 



P r e l i m i n a r y r e s u l t s ob ta ined du r ing the p y r o h y d r o l y s i s of 
the vo l a t i l e c h l o r i d e s f r o m the h y d r o c h l o r i n a t i o n of the s u b a s s e m b l i e s i n ­
d i c a t e t ha t s o m e p a r t i c l e g r o w t h did o c c u r in the r u n wi th the a l u m i n u m -
only fuel s u b a s s e m b l y . The p a r t i c l e g r o w t h r e s u l t s f r o m the d e p o s i t i o n of 
s o l i d s on the s t a r t i n g bed m a t e r i a l . H o w e v e r , the m a j o r f r a c t i o n of the a l ­
u m i n u m oxide w a s found to be in the f o r m of f ines s m a l l e r than 100 m e s h . 
The p y r o h y d r o l y s i s r e a c t o r o p e r a t e d s a t i s f a c t o r i l y , and bed t e m p e r a t u r e s 
w e r e u n i f o r m . In the two r u n s , the p r e s s u r e d r o p a c r o s s the s i n t e r e d m e t a l 
f i l t e r s r e m a i n e d a t a low l eve l . 

3, G e n e r a l C h e m i s t r y and C h e m i c a l E n g i n e e r i n g 

a H e a d - e n d T r e a t m e n t s for R e f r a c t o r y F u e l s . A p r o c e s s for d i s ­
so lv ing u r a n i u m m o n o c a r b i d e fue l s in m o l t e n c h l o r i d e s a l t s h a s b e e n f u r t h e r 
i n v e s t i g a t e d . The d i s s o l u t i o n p r o c e d u r e u s e d p r e v i o u s l y ( s ee P r o g r e s s R e ­
p o r t for O c t o b e r 1963, A N L - 6 8 0 1 , p 63), wh ich p r o d u c e d f r e e c a r b o n and 
(p robab ly ) a U ( T V ) s p e c i e s , w a s m o d i f i e d and w a s a s fo l lows : H y d r o g e n 
c h l o r i d e w a s bubbled t h r o u g h m o l t e n N a C l - K C l con ta in ing a UC p e l l e t a t 
750°C for 2 h r to b r e a k up the p e l l e t and d i s s o l v e the u r a n i u m , the t e m p e r a ­
t u r e w a s r a i s e d to 900°C, and c a r b o n d ioxide w a s p a s s e d t h r o u g h the m e l t 
for 1 "I h r , the t e m p e r a t u r e w a s d e c r e a s e d to 750°C, and the m e l t w a s s p a r g e 
w i th h y d r o g e n c h l o r i d e for a n o t h e r 45 m i n . After the m e l t w a s f i l t e r e d , only 
a s m a l l a m o u n t of c a r b o n r e s i d u e r e m a i n e d on the w a l l s of the t u b e , c a r b o n 
hav ing b e e n r e m o v e d by the r e a c t i o n of c a r b o n wi th c a r b o n dioxide to f o r m 
c a r b o n m o n o x i d e . The p r o d u c t w a s a g r e e n sa l t so lu t ion con ta in ing about 
10 w / o u r a n i u m , a s c a l c u l a t e d f r o m the w e i g h t s of the s t a r t i n g m a t e r i a l s . 

4. C a l o r i m e t r y 

A s e r i e s of s e v e n c o m b u s t i o n s of n iob ium d i b o r i d e in f luor ine h a s 
b e e n c o m p l e t e d . C a l c u l a t i o n s a r e in p r o g r e s s . 

S a t i s f a c t o r y t e c h n i q u e s for the c a l o r i m e t r i c c o m b u s t i o n of t h o r i u m 
in f l u o r i n e have been d e v e l o p e d . 

F . P l u t o n i u m R e c y c l e P r o g r a m 

1. P l u t o n i u m R e c y c l e F u e l 

The fol lowing fuel load ing is be ing f a b r i c a t e d for the P l u t o n i u m R e ­
cyc l e e x p e r i m e n t a l c o r e : 

(a) A c e n t r a l zone of m i x e d p l u t o n i u m o x i d e - u r a n i u m oxide fuel 
e l e m e n t s , to be s u p p l i e d by G e n e r a l E l e c t r i c , Hanford . Th i s zone co n t a in s 
36 e l e m e n t s fue led w i th 1.5 w / o p l u t o n i u m oxide and 98.5 w / o d e p l e t e d 
u r a n i u m ox ide . 



(b) An in termedia te shim zone fueled with enriched uranium, to be 
fabricated by United Nuclear Corporat ion. This zone contains 60 e lements 
fueled with UO2 enr iched to 6 w / o U"^. 

(c) A blanket zone of na tura l uranium, to be fabricated by United 
Nuclear Corporat ion. This zone contains 58 e lements fueled with na tura l 
UO2. 

The Pu02~U02 fuel for the cen t ra l zone is being p r epa red at Hanford 
by the Dynapak p r o c e s s descr ibed in the September P r o g r e s s Report , 
ANL-6784, p. 56. Approximately -i- of the fuel m a t e r i a l requi red for this 
cent ra l zone has been p repa red . Fac i l i t i es for p rocess ing the fuel loading 
at Hanford a r e completed. 

United Nuclear Corpora t ion ' s Chemical Division has converted al l 
the natura l UO3 to UO2 for the blanket fuel rods . This na tura l UO2 has been 
tested for composit ion and pellet density, and is repor ted to be sat isfactory. 
Faci l i t ies and equipment a r e being p r e p a r e d for fuel loading, welding, han­
dling, and inspection at United Nuclear Corpora t ion ' s Fuels Division. Sched­
ules a r e being es tabl ished for del ivery of subcontracted hardware components, 
including Zi rca loy-2 fuel cans , fuel jacket tubing, end plug stock, and fuel 
element gr ids and end fitt ings. 

2. Phys ics P r o g r a m 

The IBM 704 code 1 1 8 8 / R E has been used to calculate /3g££ and i5 for 
the hot voided sys tem at ze ro burnup, the cold sys tem at ze ro burnup, the 
cold sys tem at O.OO6 burnup, and the cold plutonium cr i t i ca l configuration 
at ze ro burnup. The respec t ive values for jSgff a r e : 0.00494, 0.00534, 
0.00660, and 0.00307. The corresponding values for the p rompt -neu t ron 
l ifet ime, //, a r e : 30.9, 25.5, 26 .1 , and 41.7 jisec. The values for the hot 
sys tem differ from those r epor t ed in P r o g r e s s Report for October 1963, 
ANL-6801, p. 67, owing to a computational e r r o r . 

As expected, the plutonium c r i t i ca l configuration has the sma l l e s t 
value for jSeff. The shift in /3eff to the l a rge r value at O.OO6 burnup is 
due to the power shifting out from the plutonium zone into the uranium 
zones of the sys tem. 

The above values have been used with the RP 130 code to calculate 
period v e r s u s react ivi ty , and with the RP-129 "J" code to evaluate in te­
grated energy ve r sus react ivi ty input. 

The cold sys tem at ze ro burnup r e l e a s e s an in tegrated power of 
1000 MW-sec for a step inser t ion of kgff = I.OI6. At O.OO6 burnup, 
1000 MW-sec is genera ted for kgff = 1.0147. For the plutonium cr i t i ca l 
configuration, 320 MW-sec a r e r e l eased with a kgff = 1.014. These 
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e n e r g y r e l e a s e s c o r r e s p o n d r o u g h l y to m e l t i n g of the oxide fuel a t the h o t t e s t 
poin t in the c o r e . The a s y m p t o t i c p e r i o d s c o r r e s p o n d i n g to the above r e a c t i v ­
i t i e s a r e 2 .4 , 3.2, and 3.8 m s e c , r e s p e c t i v e l y , for the cold s y s t e m at z e r o 
b u r n u p , a t 0.006 b u r n u p , and for the p lu ton ium c r i t i c a l conf igura t ion . T h e s e 
p e r i o d s a r e a l l long c o m p a r e d w i th the uppe r l i m i t of 1.2 m s e c for the t i m e 
de l ay c a l c u l a t e d ^ 1 for the h e a t t r a n s f e r f r o m the p lu ton ium to the u r a n i u m 
in the m i x e d oxide fuel . 

C a l c u l a t i o n s by m e a n s of the ARGUS code a r e be ing u s e d to e x a m i n e 
t h e r m a l s t r e s s e s in the Z i r c a l o y c l add ing a s w e l l a s c l add ing t e m p e r a t u r e s 
for the v a r i o u s s e v e r e r e a c t i v i t y i n s e r t i o n s c o n s i d e r e d above . P r e l i m i n ­
a r y r e s u l t s a r e in a g r e e m e n t w i t h S P E R T expe r imen t s -^^ and c a l c u l a t i o n s ! 3 
w h i c h i n d i c a t e t h e r e is only a s m a l l e n e r g y t r a n s f e r to the c l ad du r ing the 
s m a l l t i m e i n t e r v a l s invo lved in the e x c u r s i o n s being c o n s i d e r e d . 

Rod v /o r ths and r e a c t i v i t y coe f f i c i en t s a r e be ing c a l c u l a t e d by the 
P D Q - 3 and R E - 1 2 2 c o d e s . At z e r o b u r n u p , the n ine r o d s a r e w o r t h about 
17% and the c e n t r a l r o d about 4%. The r e a c t i v i t y swing f r o m hot o p e r a t i n g 
to the hot n o - v o i d cond i t ion i s abou t 8%. Th i s c o r r e s p o n d s to about 11% a f t e r 
a l lowing 3% fo r xenon and o t h e r u n c e r t a i n t i e s . F o r the cold s y s t e m but wi th 
the w a t e r a s s u m e d to be a t the hot n o - v o i d d e n s i t y condi t ion , keff is about 
1.12, w h e r e a s for the co ld s y s t e m kgff is about 1.15. 

F o r the p l u t o n i u m c r i t i c a l c o n f i g u r a t i o n a t z e r o b u r n u p , the nine 
r o d s a r e w o r t h about 16% and the c e n t r a l r o d i s w o r t h about 10%. 

•̂ •'•R. E . P e t e r s o n , T i m e De lay in the D o p p l e r Effect R e s u l t i n g f r o m 
I n h o m o g e n e i t i e s in Mixed PUO2-UO2 F u e l s , H W - 7 8 7 1 1 . 

^ ^ T . M. Qu ig ley and A. H. S p a n s , C a l c u l a t i o n and M e a s u r e m e n t of the 
T r a n s i e n t T e m p e r a t u r e in a Low E n r i c h m e n t UO2 F u e l Rod du r ing 
L a r g e P o w e r E x c u r s i o n s , IDO-16773 (May 18, 1962). 

1 3 T . R . B u m p and R. W. S e i d e n s t i c k e r , A n a l y s i s of T e m p e r a t u r e s 
and E x p a n s i o n s R e s u l t i n g f r o m E x p o n e n t i a l P o w e r Changes in a 
R e a c t o r , N u c l e a r Sci . and E n g . 4 , 44 (1958). 



IV. ADVANCED SYSTEMS RESEARCH AND DEVELOPMENT 

A. Argonne Advanced Resea rch Reactor ( A A R R ) 

1. Core Phys ics 

As a possible means for alleviating ser ious flux distort ion during 
the t ime of maximum inser t ion of control rods and as a possible means of 
extending core l ifet ime, a brief study of spec t ra l shift control as applied 
to AARR was made. The study showed that spec t ra l shift control can fur­
nish about 13% 6k swing; however, flux and power peaking problems are ag 
gravated by this type of control , and it was judged to have no advantage for 
AARR. 

All calculat ions for the AARR are now being conducted for a 
40-40 core (fuel plate and coolant channel th icknesses each equal to 
0.040 in.). The fluxes and adjoint fluxes have been de termined at 21°C and 
100°C with new c r o s s - s e c t i o n se t s , divided into eighteen energy groups . 
The c r o s s sections of plutonium-239 and z i rconium have been added to the 
se t s . The rma l upscat ter ing is included for three groups and downscat ter -
ing for five. The t he rma l flux in the core dec reases roughly by 10% from 
the values obtained using the old l6 -g roup c r o s s - s e c t i o n set with no up-
sca t te r ing . The p rompt -neu t ron l ifet ime, /3 rr, and the power distr ibution 
are being determined with the new fluxes and adjoint fluxes as input. 

2. Cr i t ica l Exper iment 

The contract for fuel r equ i r ed in the c r i t i ca l exper iment is sti l l 
under negotiation. Delivery depends upon the date of execution of the con­
t rac t . At p resen t it appears that delivery may not commence before April 
or May, and fuel loading into the c r i t i ca l facility is not likely to occur be ­
fore June or July, 1964. 

Unexpected difficulty was encountered during checkout of nuclear 
ins t rumenta t ion for the c r i t i ca l exper iment . Incompatibility was found be ­
tween var ious c i rcu i t s . The trouble was t r aced to osci l la t ion and noise 
originating in three separa te c h a s s e s . Although inconsequential at their 
or ig ins , the d is turbances were amplified and propagated by assoc ia ted 
equipment, and the low-flux c i r cu i t ry was ent i rely disabled when tes ted 
under operat ing condit ions. The individual chasses pe r fo rm sat isfactor i ly 
when isolated. 

The equipment had been purchased on an individual lowest-bid bas i 
and seve ra l brands and b idders had become involved. The resul t ing a s so r 
ment is difficult to se rv ice and opera te . In addition to the cost of inves t i ­
gating and modifying this equipment, there is a possibi l i ty that some 
components may have to be rep laced before sat isfactory operat ion is 
obtainable. 



T h i s w a s the f i r s t c o n s o l e o b t a i n e d by ANL t h r o u g h c o m p e t i t i v e b id ­
ding on ind iv idua l c o m p o n e n t s . O t h e r s have b e e n p u r c h a s e d s u b s e q u e n t l y 
on a p a c k a g e b a s i s . E i t h e r a p p r o a c h r e s u l t s even tua l ly in a c o n s i d e r a b l e 
d i v e r s i t y of e q u i p m e n t . O t h e r Na t iona l L a b o r a t o r i e s have c l a i m e d tha t 
s u b s t a n t i a l i m p r o v e m e n t w a s g a i n e d by speci fy ing s t a n d a r d i z e d c o m p o n e n t s 
r a t h e r than by s u b m i t t i n g r e a c t o r c o n s o l e s for c o m p e t i t i v e b i d s . 

3. R e a c t o r C o n t r o l 

A l t e r a t i o n s p e r m i t t i n g the u s e of the 100-MW t r a n s i e n t s tudy 
ana log p r o g r a m for t r a n s i e n t s t u d i e s a t 240 MW (confo rming to a 4 0 - 4 0 c o r e ) 
have b e e n c o m p l e t e d . P r o v i s i o n s for s tudying the ef fects of v a r i a t i o n s in 
s y s t e m p r e s s u r e and coo l an t flow ve loc i ty w e r e added to the p r o g r a m . 

A l i t e r a t u r e s u r v e y and a s tudy of F o r t r a n p r o g r a m m i n g m e t h o d s 
have b e e n c a r r i e d out p r e l i m i n a r y to the p r e p a r a t i o n of a c o m p r e h e n s i v e 
d ig i t a l code for u s e in fu tu re AARR t r a n s i e n t s t u d i e s . 

4. B e a m T u b e s for the E x p e r i m e n t a l F a c i l i t y 

P r i o r to bu i ld ing a t w o - d i m e n s i o n a l ana log s i m u l a t i o n m o d e l for 
d e t e r m i n a t i o n of t e m p e r a t u r e d i s t r i b u t i o n in the AARR b e a m tube t h i m b l e s , 
the F r a n k l i n I n s t i t u t e h a s c o m p l e t e d a p r e l i m i n a r y s e r i e s of t h e r m a l g r a ­
d ien t and s t r e s s s t u d i e s in o r d e r to s e t the bounds on the a l lowable wa l l 
t h i c k n e s s e s . T h e s e s t u d i e s b a s i c a l l y c o n s i s t e d of the fol lowing: ( l ) for a 
f ixed i n s i d e d i a m e t e r of the b e a m tube , the ou t s ide d i a m e t e r w a s c o n t i n ­
uous ly v a r i e d , and the t e m p e r a t u r e d i f f e rence b e t w e e n i n s i d e and ou t s i de 
w a l l and a v e r a g e t e m p e r a t u r e d i f f e rence w e r e d e t e r m i n e d as funct ions of 
h e a t g e n e r a t i o n r a t e s ; (2) for a f ixed i n s i d e d i a m e t e r of the b e a m tube , the 
o u t s i d e d i a m e t e r w a s c o n t i n u o u s l y v a r i e d and the t o t a l h e a t flux i n t e g r a t e d 
to d e t e r m i n e the t o t a l a m o u n t of h e a t to be r e m o v e d f r o m the b e a m tube 
wa l l ; (3) f r o m the i n f o r m a t i o n o b t a i n e d by the f i r s t g r o u p of c u r v e s , c o m ­
b i n e d s t r e s s e s w e r e o b t a i n e d as a funct ion of the ou t s ide d i a m e t e r for f ixed 
i n s i d e d i a m e t e r , v a r i o u s o u t s i d e p r e s s u r e s , and 100-MW and 240-MW power 
l e v e l s . 

T h e s e c a l c u l a t i o n s p r o v i d e the i n f o r m a t i o n r e q u i r e d for the p r e ­
l i m i n a r y s e l e c t i o n of the w a l l t h i c k n e s s for e a c h of the b e a m t u b e s . In 
add i t ion , the coo lan t flow r e q u i r e m e n t s c a n be e s t a b l i s h e d for any wal l 
t h i c k n e s s s e l e c t e d . The c a l c u l a t i o n s p e r f o r m e d by F r a n k l i n Ins t i tu te a p ­
p e a r to be c o n s i s t e n t wi th p r e l i m i n a r y c a l c u l a t i o n s p e r f o r m e d at A r g o n n e . 
T e n t a t i v e l y , the r e s u l t s a p p e a r e n c o u r a g i n g for d e s i g n p u r p o s e s . 

5. Shie ld ing 

Sh ie ld ing s t u d i e s a r e con t inu ing in o r d e r to e v a l u a t e o p e r a t i o n a l 
l i m i t a t i o n s of the p l an t and to deve lop m a t e r i a l and t h i c k n e s s s p e c i f i c a t i o n s 



u l t i m a t e l y to be t r a n s m i t t e d to the a r c h i t e c t - e n g i n e e r when d e t a i l e d d e s i g n 
w o r k b e g i n s . Sh ie ld ing w a l l s s u r r o u n d i n g the p r i m a r y coo lan t s y s t e m p i p ­
ing and c o m p o n e n t s have b e e n e v a l u a t e d , and a c c e s s i b i l i t y to v a r i o u s p o r ­
t ions of the p l an t have b e e n c o m p a r e d wi th o p e r a t i o n a l r e q u i r e m e n t s . 

A p r e l i m i n a r y c o s t s tudy w a s m a d e to a s s e s s the d e s i r a b i l i t y of 
u s i n g f e r r o p h o s p h o r u s in p l ace of m a g n e t i t e as a g g r e g a t e in heavy s h i e l d i n g 
c o n c r e t e . F e r r o p h o s p h o r u s a g g r e g a t e dens i ty r a n g e s f r o m 5.8 to 6.3 g r n / 
c c . The c o s t i s 3 to 5 t i m e s the 1956 quo ted p r i c e s for 4 . 5 - g m / c c m a g n e t i t e 
o r e in c a r l o a d l o t s . H e n c e , i t a p p e a r s m a g n e t i t e r e m a i n s the m o r e e c o n o m ­
i c a l sh i e ld ing a g g r e g a t e , e x c e p t p e r h a p s in spec i f i c a r e a s w h e r e s p a c e i s a t 
a p a r t i c u l a r p r e m i u m . 

B . M a g n e t o h y d r o d y n a m i c s ( M H D ) 

1. MHD G e n e r a t o r and Cyc le 

The e x p e r i m e n t a l w o r k on an MHD g e n e r a t o r wi th s i n g l e - p h a s e and 
t w o - p h a s e f lows w a s c o m p l e t e d in O c t o b e r . The da ta have b e e n a n a l y z e d 
and c o m p a r e d wi th H a r t m a n n flow. The da ta in the two c a s e s differ in t ha t 
the H a r t m a n n flow is the c a s e for two inf ini te p a r a l l e l p l a n e s , wi thou t end 
l o s s e s . In the p r e s e n t e x p e r i m e n t , the c h a n n e l a s p e c t r a t i o w a s s m a l l , and 
end l o s s e s had a b ig effect . By inc lud ing end l o s s e s , w a l l and e l e c t r o d e r e ­
s i s t a n c e s , e t c . , the e x p e r i m e n t a l da ta w e r e qui te c l o s e to the p r e d i c t e d 
v a l u e s . 

The w o r k on l i q u i d - m e t a l MHD cyc l e a n a l y s i s h a s con t inued . The 
cyc l e e f f i c i enc ie s of a t w o - c o m p o n e n t s y s t e m ( p o t a s s i u m - l i t h i u m ) have 
b e e n c a l c u l a t e d by v a r y i n g four p a r a m e t e r s i n d e p e n d e n t l y . 

2. MHD P o w e r G e n e r a t i o n - J e t P u m p Cycle 

The low o p e r a t i n g t e m p e r a t u r e of the i n j e c t o r j e t p u m p du r ing t e s t s 
p e r m i t t e d the s u b s t i t u t i o n of a t r a n s p a r e n t p l a s t i c body, c o m b i n e r , and dif-
f u s e r . T h i s s u b s t i t u t i o n m a d e p o s s i b l e the o b s e r v a t i o n of the i n t e r i o r b e ­
h a v i o r of the j e t p u m p du r ing o p e r a t i o n wi th 130 -ps i s t e a m . It w a s s e e n , 
du r ing t h e s e r u n s , t h a t the c o n d e n s i n g shock is qui te a b r u p t and t h a t v e r y 
l i t t l e t w o - p h a s e f low i s e n c o u n t e r e d in the c o n s t r i c t e d h i g h - v e l o c i t y r e g i o n 
( s e e P r o g r e s s R e p o r t fo r O c t o b e r 1963, A N L - 6 8 0 1 , p . 69). T h i s f ac t i n ­
d i c a t e s i m p r o v e d o p e r a t i o n . 

S u b s e q u e n t l y , a new d e s i g n of i n j e c t o r j e t and c o m b i n e r w a s m a d e to 
a l low a h igh s t e a m inflow and v e l o c i t y . The new c o m b i n e r wi l l o p t i m i z e the 
flow and p r e s s u r e - d r o p c o n d i t i o n s . T h e p a r t s a r e now be ing f a b r i c a t e d in 
the shop . 



3. MHD P o w e r G e n e r a t i o n - F l a s h i n g Cycle 

E x p e r i m e n t s have con t inued wi th the r o t a t i n g whee l g e n e r a t o r ( s e e 
P r o g r e s s R e p o r t for O c t o b e r , 1963, A N L - 6 8 0 1 , p. 69). It h a s b e e n shown 
tha t t h r e e p u l s e s c a n be put t o g e t h e r to f o r m an ac s igna l . A p o s i t i v e p u l s e 
i s fo l lowed by a n e g a t i v e p u l s e wh ich i s fo l lowed by a pos i t i ve p u l s e . By 
p r o p e r s p a c i n g of the c o p p e r s t r i p s on the r o t a t i n g whee l , t h e s e p u l s e s can 
be put t o g e t h e r to f o r m a f a i r l y good ac w a v e f o r m . T h e s e e x p e r i m e n t s 
show tha t if the f luid s lugs in a MHD p o w e r g e n e r a t o r can be p r o p e r l y 
s p a c e d and w e l l - d e f i n e d in the p u l s e d flow g e n e r a t o r , an ac w a v e f o r m can 
be p r o d u c e d . 

C. R e g e n e r a t i v e E M F Ce l l s 

T h e r m a l l y r e g e n e r a t i v e e l e c t r o c h e m i c a l c e l l s which , in a c l o s e d 
c y c l e , wou ld have the ne t ef fect of c o n v e r t i n g h e a t f r o m a n u c l e a r r e a c t o r 
o r f r o m s o m e o t h e r s o u r c e in to e l e c t r i c i t y a r e be ing i n v e s t i g a t e d . Two 
t y p e s of c e l l s a r e be ing s t ud i ed : ( l ) the l i t h i u m h y d r i d e ce l l and (2) b i ­
m e t a l l i c c e l l s . 

1. L i t h i u m H y d r i d e Ce l l 

In the o p e r a t i o n of a l i t h i u m h y d r i d e ce l l , - ' ^ it is i m p o r t a n t to k e e p 
the c e l l o p e r a t i n g t e m p e r a t u r e as low a s p o s s i b l e in o r d e r to ob ta in m a x i ­
m u m C a r n o t cyc l e e f f ic iency . T h u s , p h a s e s t u d i e s a r e be ing m a d e in an 
e f for t to ob t a in i n f o r m a t i o n on s y s t e m s tha t m i g h t y i e l d c e l l s of i m p r o v e d 
e f f i c iency . The p h a s e d i a g r a m of the L i H - L i C l system-^^ and t h a t of the 
L i H - L i B r s y s t e m h a v e b e e n d e t e r m i n e d . The p h a s e d i a g r a m of the 
L i H - L i B r s y s t e m i s shown in F i g u r e 10. A e u t e c t i c m e l t i n g a t 495.6°C w a s 
found in the L i H - L i C l s y s t e m . A l o w e r m e l t i n g e u t e c t i c (452.3°C) w a s 
found in the L i H - L i B r s y s t e m . The d e v i a t i o n s of bo th s y s t e m s f r o m i d e a l 
so lu t i on b e h a v i o r a r e s m a l l . 

2. B i m e t a l l i c C e l l s 

R e g e n e r a t i v e b i m e t a l l i c c e l l s , 16 wh ich a r e in effect c o n c e n t r a t i o n 
c e l l s w i thou t t r a n s f e r e n c e , have two l iqu id m e t a l e l e c t r o d e s in c o n t a c t wi th 
an e l e c t r o l y t e w h i c h c o n s i s t s of a f u s e d s a l t m i x t u r e t ha t con t a i n s only the 
s a l t s of the m o r e ac t i ve m e t a l . L i t h i u m h a s b e e n u s e d a s the m o r e ac t i ve 
m e t a l in the b i m e t a l l i c c e l l s , b e c a u s e of the low dens i ty and s m a l l a t o m i c 
s i z e , w h i c h a l l ows l i t h i u m to f o r m v e r y non idea l a l l o y s wi th o t h e r , m o r e 
noble m e t a l s . The lov/ dens i t y of l i t h i u m p e r m i t s the p r o d u c t i o n of m o r e 

-^"^Chemical E n g i n e e r i n g D iv i s ion R e s e a r c h H i g h l i g h t s , May 1962-
A p r i l 1963, A N L - 6 7 6 6 , pp. 113 -7 . 

^ ^ C h e m i c a l E n g i n e e r i n g D i v i s i o n S u m m a r y R e p o r t , J a n u a r y , 
F e b r u a r y , M a r c h 1963, A N L - 6 6 8 7 , p. 195. 

^^See Ref. 14, pp . 1 1 7 - 1 2 1 . 



e lec t r i ca l cu r ren t per unit weight than that obtained with other meta l s ; the 
formation of nonideal alloys gives r i s e to cell potentials that a re substan­
tially g rea t e r than those predic ted for ideal concentrat ion ce l l s . Moreover , 
of the alkali meta l s , l i thium is leas t soluble in its fused sa l t s , thereby 
allowing operation of a cell containing a molten li thium anode and an e lec ­
trolyte of molten lithium sal ts at elevated t empera tu re s without apprec i ­
able solubility of li thium in the e lect rolyte . This low solubility is 
advantageous because a higher solubility would resu l t , at best , in the i r ­
r eve rs ib le t ransfer of l i thium to the cathode and, in the ex t reme case , in 
an in ternal e lec t r ica l sho r t - c i r cu i t of the cell . 

29 66% LI H 

0 01 02 03 04 0 5 06 07 0 8 09 10 
LiBr LiH 

LiH, Mole Fraction 

Figure 10. Phase Diagram for the LiH-LiBr System 

Metals which combine with lithium to form nonideal al loys, as 
evidencedby the formation of in te rmeta l l ic compounds whose melting 
points a re higher than the melting point of ei ther element, include Sn, Ga, 
In, Pb, Bi, Tl, Zn, Cd, and Hg. Of these combinations, the cell 

L i ( i ) /L iCl -LiF(^) /Bi (^ ) 

with X^j^ the atom fraction of l i thium, was the f i rs t to be investigated. 

In operat ion of this cell , the normal procedure was to contain 
either or both e lec t rodes in porous BeO cups which dipped into the molten 
e lectrolyte . The cell was operated in a furnace well which was connected 
to a dry box that contained a helium atmosphere of high purity. The atom 
fraction of bismuth in the cathode ranged from 0.40 to 0.95. At the lower 
concentrat ions of bismuth in the cathode, solid LisBi was present as a sep­
ara te phase. The cell potential was measuredfb r each composition at v a r i ­
ous t empera tu re s between 800 and 1080°K. The data a re shown inF igu re 11 
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Cell Potential as a Function of Tem­
perature and Cathode Composition. 
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A g e n e r a l i z e d l e a s t - s q u a r e s fit of the e x c e s s c h e m i c a l po ten t i a l of 
l i t h i u m was m a d e by m e a n s of the e m p i r i c a l f o r m u l a 

A^Ei = A + BX^i, 

w h e r e A and B a r e q u a d r a t i c func t ions of t e m p e r a t u r e a lone . O the r p a r t i a l 
m o l a r t h e r m o d y n a m i c p r o p e r t i e s of l i t h i u m w e r e c a l c u l a t e d d i r e c t l y f r o m 
th i s e x p r e s s i o n ; the G i b b s - D u h e m r e l a t i o n s h i p was u s e d to c a l c u l a t e the 
p a r t i a l m o l a r t h e r m o d y n a m i c p r o p e r t i e s of b i s m u t h . The e x c e s s c h e m i c a l 
p o t e n t i a l s of l i t h i u m and b i s m u t h a r e shown in F i g u r e 12 for a ce l l t e m p e r ­
a t u r e of 850°K. It shou ld be no ted tha t at th i s t e m p e r a t u r e the l iquid al loy 
b e c o m e s s a t u r a t e d wi th so l id Li3Bi a t 0.46 a t o m f r ac t i on l i t h ium, and no 
e x t r a p o l a t i o n beyond th i s c o n c e n t r a t i o n i s jus t i f i ed . 

When the ca thode is s a t u r a t e d wi th LisBi , the ce l l r e a c t i o n m a y be 
•written as 

L i ( i ) + 1/3 Bi (in ca thode al loy) :^ l / 3 Li3Bi(s) . 

T h u s , us ing the c e l l po t en t i a l and the c a l c u l a t e d va lue for the ac t iv i ty of 
b i s m u t h in the ca thode a l l o y , the s t a n d a r d f r ee e n e r g y of f o r m a t i o n of 
Li3Bi(s) m a y be c a l c u l a t e d and i s shown as a funct ion of t e m p e r a t u r e in 
F i g u r e 13. 
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The Excess Chemical Potential of the Lithium-
Bismuth System at 850°K 

Calculated directly from experi­
mental emf data 

Least-squares fit of lithium data 
to the equation 

A/x Li = A + BXLI 

Calculated from Gibbs-Duhem 
relationship 
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ATOM FRACTION OF BISMUTH IN LITHIUM 
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Through use of the calculated 
par t ia l molar thermodynamic prop­
er t ies for lithium and bismuth, it is 
possible to make an es t imate of the 
vapor p r e s s u r e of li thium over the 
alloy at higher t e m p e r a t u r e s . This 
es t imate shows that the par t ia l p r e s ­
sure of lithium over a 0.60 atom f rac ­
tion lithium alloy with bismuth at 
1273°K would be 0.24 mm Hg, while 
the par t ia l p r e s s u r e of bismuth would 
be 0.15 mm Hg. This indicates that 
the vapor p r e s s u r e of li thium is so 
low that the separat ion of a large a-
mount of lithium from the alloy would 
be difficult; further, the vapor would 
contain substantial amounts of b i s ­
muth. These facts a re a d i rec t r e ­
flection of the high cell potential expected by an extrapolation of the data in 
Figure 11. Thus, the relat ively high cell potential that is desi rable leads to 
a marg ina l regenera t ion of a temiperature which cu r r en t reac to r technology 
cannot attain. 

900 1000 

TEMPERATURE, °K 

Figure 13. The Standard Free Energy of Formation 
of Li3Bi(s) 

These considerat ions suggest that a system which has a slightly 
weaker interact ion between the alkali metal and the solvent metal is more 



desi rable and that a slightly lower cell potential must be tolerated (or a 
cell with a l a rge r t empera tu re coefficient of potential must be found). 

Two bimetal l ic sy s t ems , •which may prove to be eas ie r to r egene r ­
ate, a re being investigated. One is the l i thium-tin system, which not only 
has a la rge nonideal cha rac t e r , but which, owing to the higher boiling point 
of tin as compared with that of b ismuth (3003°K as compared with 1852°K), 
should pe rmi t a c lean separa t ion of l i thium vapor from the alloy at high 
t e m p e r a t u r e s . 

The other sys tem which is being studied is the sodium-bismuth sys ­
tem. Owing to the lower boiling point of sodium, separat ion of a relat ively 
pure sodium vapor from the alloy may be accomplished at t empera tu re s 
attainable in p resen t -day r e a c t o r s . Ho^wever, inc reased solubility of 
sodium in the e lec t rolyte and lower cell potential as a resu l t of less non-
ideal alloy formation a re factors which need further investigation. 

3. Regenerat ion of Bimetal l ic Cells 

The s imples t and probably the most prac t ica l means of r egene ra t ­
ing a b imeta l l ic cel l is the di rect t he rma l method. In this method the r e ­
generat ion depends upon the t he rma l decomposition of the cathodic binary 
alloy product and the separa t ion of the two components by distilling off the 
anodic component, which is col lected at the cell operating t empera tu re . 

Explora tory exper iments •were c a r r i e d out to a s s e s s semiquant i ta-
tively the degree of regenera t ion which might be expected in the alkali 
me ta l - t in sys tem. In these exper iments , alloy samples of 50-50 m / o Li-Sn 
and 50-50 m / o Na-Sn were placed in separa te tubes which were subjected 
to a t he rma l gradient in which the t empe ra tu r e s at the ex t remi t ies of the 
tubes were 950°C and 550°C. Each alloy was initially located in the hotter 
port ion of the tube. After heating, the tubes were quenched and opened. 
In both t e s t s , appreciable quantit ies of alkali metal had condensed in the 
cooler regions of the two tubes. In the tes t with Na-Sn alloy, 90% of the 
sodium originally introduced as alloy -was condensed at the cooler end of 
the tube. The concentrat ion of tin in sodium was found to be 40 ppm by 
spect rographic ana lys is . In the t e s t with the Li-Sn alloy, 16.7% of the 
l i thium meta l was separa ted from the alloy. 



V. NUCLEAR SAFETY 

A. The rma l Reactor Safety Studies 

1. Metal Oxidation and Ignition Studies 

a. Burn ing-curve Ignition Studies of Uranium, Plutonium, and 
Their Alloys. Alloys of u ran ium and plutonium at an atomic rat io of about 
2:1 a r e des i red for ze ro -power c r i t i ca l exper iments . Binary alloys of 
uranium and plutonium of this composition, however, have a tendency to 
crumble owing to the formation of the zeta phase (U-Pu). As a r esu l t of 
this crumbling tendency and the conconnitant pyrophorici ty of binary alloys 
having this atonnic ra t io , or one near it, work with these alloys involves 
excessive haza rds . A study of t e r n a r y alloys was undertaken in an effort 
to find an alloy of suitable composit ion and less hazardous p rope r t i e s for 
the c r i t i ca l exper iments . 

Ignition studies were conducted with t e rna ry alloys having 
atomic ra t ios of uran ium to plutonium of about 2 to 1 with about 6 a /o of 
a third component p resen t . Alloys* of uranium and plutonium with a lumi ­
num, copper, carbon, z i rconium, molybdenum, or z i rconium were 
investigated. 

The burn ing-curve method ' was used in these s tudies . In this 
nnethod the t e m p e r a t u r e of the alloy is measu red as the alloy is heated at 
a uniform ra te (10°C min"'') in a flowing s t r e a m of oxidant (in the p resen t 
s e r i e s dry a i r flowing at a r a t e of 1200 cm^ min" was used). As the r a t e 
of the oxidation i n c r e a s e s , the sample self-heats and finally igni tes . The 
t empera tu re at which the sample ignites is de termined by a graphica l 
method. 

The resu l t s of the exper iments a r e given in Table XX. The r e ­
sults indicate that the t e r n a r y alloys of uranium and plutonium with a lumi­
num and copper showed lit t le improvement over the alloy containing only 
uranium and plutonium. Both the carbon and z i rconium alloys showed 
considerable self-heating between 250 and about 550°C. The t e rna ry alloys 
containing i ron and molybdenum, however, showed pronaise. The molyb­
denum alloy ignited at 603°C; the i ron alloy did not ignite although heating 
was continued to 820°C, Both of these alloys showed some self-heating in 

"The t e rna ry alloys and the uranium-plutonium alloy used for com­
par i son in the ignition studies were p repa red by the Metallurgy 
Division (see P r o g r e s s Report for September 1963, ANL-6784, 
p. 13). 

Chemical Engineering Division Summary Report Apri l , May, 
June 1961, ANL-6379, p. 192. 



the r a n g e f r o m 300 to 450 C. The d e g r e e of s e l f - h e a t i n g was s o m e w h a t 
g r e a t e r than t h a t wh ich o c c u r s wi th p u r e p lu ton ium. The n a t u r e of the self-
h e a t i n g s u g g e s t s t h a t s p e c i m e n s hav ing h i g h e r spec i f i c a r e a s than t h o s e of 
the s a m p l e s t e s t e d m i g h t u n d e r g o ign i t ion in t h i s r a n g e ; t h i s , h o w e v e r , h a s 
not ye t been c o n f i r m e d e x p e r i m e n t a l l y . 

Tab le XX. Igni t ion C h a r a c t e r i s t i c s of U r a n i u m , 
P l u t o n i u m , and T h e i r Al loys 

( B u r n i n g - c u r v e m e t h o d u s e d with 6 - m m - d i a m e t e r 
by 6 - m m - l o n g r i g h t c y l i n d e r s hea t ed in s t r e a m of 
d r y a i r at r a t e of 10°C min"^) 

Alloy^ 

U 
Pu 
U-Pu 
U-Pu-Al 
U-Pu-Cu 
U-Pu-C 
U-Pu-Mo 
U - P u - Z r 

U - P u - F e 

Ignition Temp 
(°C) 

no 

no 

716 
524 
157 
213 
211 
674b 
603 

ignition 
820C 

ignition 
820d 

to 

to 

Maximum Burning Temp 
(°C) 

1400 
990 
820 
770 
890 
905 
950 

^ A t o m i c r a t i o of u r a n i u m to p lu ton ium in the b i n a r y 
a l loy w a s 2 to 1. C o m p o s i t i o n of the t e r n a r y a l loys 
w a s about 30 a / o P u , 6 a / o Al , Cu, C, Mo, Z r , o r F e , 
r e m a i n d e r u r a n i u m . (The a l l oys w e r e p r e p a r e d by 
the M e t a l l u r g y Div i s ion . ) 

bSe l f -hea t i ng f rom 250 to 550°C. 

cSe l f -hea t i ng f r o m 250 to 500°C. 

•^Slight s e l f - h e a t i n g f rom 350 to 450°C. 

Aluminum-U3O8 R e a c t i o n . S tudies of the a luminum-U3O8 
t h e r m i t e r e a c t i o n w e r e con t inued . The r e - e x a m i n a t i o n of t h i s r e a c t i o n 
w a s p r o m p t e d by a p u b l i c a t i o n ! 8 in which it was r e p o r t e d tha t a t h e r m i t e 
r e a c t i o n o c c u r r e d in a lu in inum-UaOg c e r m e t s . E x p e r i m e n t s w e r e c a r r i e d 
out at A r g o n n e in which c o l d - p r e s s e d c o m p a c t s of a l u m i n u m with 30, 45 , 
60, 75, and 90 w / o U3O8 w e r e u s e d ( see P r o g r e s s R e p o r t for Ju ly 1963, 
A N L - 6 7 6 4 , p . 65). The s a m p l e s w e r e sub jec t ed to two m o d e s of hea t i ng 

1 8 j . D. F l e m i n g and J . W. J o h n s o n , Nuc leon ics 21 (5), 84 (1963). 
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( see P r o g r e s s R e p o r t for Augus t 1963, A N L - 6 7 8 0 , p . 55). In one s e r i e s of 
t e s t s , t he s a m p l e s w e r e h e a t e d u n i f o r m l y at 25°C min"'^ to 1300°C. In the 
o the r s e r i e s , the s a m p l e s w e r e h e a t e d r a p i d l y , so tha t t h e t e m p e r a t u r e 
r e a c h e d 1300°C in 3 to 4 m i n . Al though s o m e s e l f - h e a t i n g of the s a m p l e s 
o c c u r r e d in bo th s e r i e s of e x p e r i m e n t s , t he m a x i m u m s e l f - h e a t i n g r e ­
c o r d e d w a s a t 400°C. G r e a t e s t s e l f - h e a t i n g o c c u r r e d wi th s a m p l e s c o n ­
ta in ing 60 and 75 w / o U3O8. 

R e s u l t s of c h e m i c a l a n a l y s e s of r e s i d u e s f r o m t h e s e e x p e r i ­
m e n t s i n d i c a t e the fol lowing s t o i c h i o m e t r y : 

U3O8 + 4 3 / 3 Al -> 8 /3 AI2O3 + 3 UAI3 

The s t o i c h i o m e t r i c c o n c e n t r a t i o n of U3O8 in the U3O8-AI m i x ­
t u r e c o r r e s p o n d s to 68.5 w / o U3O8. T h u s in t h e s e s t u d i e s , the i n i x t u r e s 
which c o n t a i n e d 30, 45 , and 60 w / o U3O8 had an e x c e s s of a l u m i n u m . In 
the t e s t s wi th the 30 and 45 w / o U3O8 m i x t u r e s , m o r e t h a n 99% of the U3O8 
w a s r e a c t e d . In t e s t s wi th 60 w / o U3O8 m i x t u r e s , the ex t en t of r e a c t i o n 
r a n g e d f r o m 96 to 99%. In e x p e r i m e n t s wi th the 75 w / o U3O8 s p e c i m e n s , 
which c o n t a i n e d an e x c e s s of U3O8, r e s u l t s of a n a l y s e s of the m e t a l l i c 
p h a s e s showed the o v e r a l l a l u m i n u m - t o - u r a n i u m r a t i o to be f r o m 2.6 to 
3.1 and s u g g e s t e d tha t UAI3 i s the t h e r m o d y n a m i c a l l y f a v o r e d p r o d u c t of 
the r e a c t i o n . The r e s i d u e f r o m the 90 w / o U3O8 s p e c i m e n w a s a h a r d , 
r e f r a c t o r y m a t e r i a l which w a s not a m e n a b l e to a n a l y s i s by the m e t h o d u s e d 
( see P r o g r e s s R e p o r t for Ju ly 1963, A N L - 6 7 6 4 , p . 65). 

2 . M e t a l - W a t e r R e a c t i o n s 

a. L a s e r - b e a m Hea t ing A p p l i c a t i o n s . R e s e a r c h i s con t inu ing on 
the a p p l i c a t i o n of l a s e r - b e a m h e a t i n g to m e t a l - w a t e r r e a c t i o n s . P r e l i m i ­
n a r y e x p e r i m e n t s have b e e n p e r f o r m e d wi th p a r t i c l e s of z i r c o n i u m , 
a l u m i n u m , s t a i n l e s s s t e e l , and u r a n i u m . The p a r t i c l e w a s s u b m e r g e d in 
w a t e r in a c l o s e d ce l l and w a s h e a t e d by focus ing a l a s e r b e a m on the p a r ­
t i c l e . The e x t e n t of r e a c t i o n w a s c a l c u l a t e d by d e t e r m i n i n g the a m o u n t of 
h y d r o g e n e v o l v e d . The r e s u l t s of t h e s e s c o u t i n g e x p e r i m e n t s h a v e not 
been r e p r o d u c i b l e ; for e x a m p l e , t he e x t e n t of the z i r c o n i u m - w a t e r r e a c t i o n 
v a r i e d f r o m 0.8 to 29%. In m o s t t e s t s , i t w a s found t h a t the p a r t i c l e s had 
not b e e n u n i f o r m l y m e l t e d ; s o m e p o r t i o n s of the p a r t i c l e a p p e a r e d to be 
d e s t r o y e d , o t h e r s a p p e a r e d to be unaf fec ted by t h e l a s e r b e a m . 

b . Me l tdown D y n a m i c s by the C o n d e n s e r - d i s c h a r g e Method . The 
d y n a m i c s of m e l t d o w n a r e b e i n g s tud i ed by m e a n s of the c o n d e n s e r -
d i s c h a r g e m e t h o d . 19 T h e s e s t u d i e s a r e be ing u n d e r t a k e n in an a t t e m p t to 
s c a l e - u p s i m i l a r s t u d i e s in wh ich l a s e r - b e a m hea t i ng and s ing l e p a r t i c l e s 
a r e be ing u s e d . In the p r e s e n t c o n d e n s e r - d i s c h a r g e t e s t s , z i r c o n i u m and 
p l a t i n u m w i r e s (of 3 0 - m i l d i a m e t e r by 1 in . long) w e r e h e a t e d n e a r l y 

^^See Ref. 17, p . 200. 



i n s t a n t a n e o u s l y to h igh t e m p e r a t u r e wh i l e s u b m e r g e d in w a t e r m a 2 - f t - long 
channe l hav ing a c r o s s s e c t i o n of 1 in . by 4- in . The he igh t of the w a t e r in 
t h e c h a n n e l w a s 15 o r 60 c m . The e n e r g i e s i m p a r t e d to the w i r e s v a r i e d 
f r o m 146 to 339 ca l g"'' in the c a s e of z i r c o n i u m and f rom 73 to 230 cal g"-* 
in the c a s e of p l a t i n u m . The t e m p e r a t u r e s a t t a i ned by the z i r c o n i u m w i r e s 
r a n g e d f r o m 1850°C (mp) to 3500°C, and the t e m p e r a t u r e s r e a c h e d by the 
p l a t i n u m w i r e s r a n g e d f r o m 1770°C (mp) to 4100°C. 

In t e s t s wi th z i r c o n i u m w i r e s , a void, c a u s e d by the r a p i d f o r ­
m a t i o n of h y d r o g e n , a p p e a r e d to f o r m a r o u n d the p a r t i c l e s t h a t w e r e p r o ­
duced a s a r e s u l t of the e l e c t r i c a l d i s c h a r g e . The p r o d u c t i o n of the h y d r o g e n 
r e s u l t e d in a r a p i d m o v e m e n t of the w a t e r in the c o l u m n . In the m o r e 
e n e r g e t i c t e s t s , s o m e of the w a t e r w a s expe l l ed f r o m the c o l u m n . No such 
vo ids w e r e o b s e r v e d in t e s t s wi th the c h e m i c a l l y i n e r t p l a t i n u m w i r e . It i s 
hoped tha t the t e s t s wi th r e a c t i v e and c h e m i c a l l y i n e r t s u b s t a n c e s wil l a l low 
the d e t e r m i n a t i o n of the p a r a m e t e r s n e c e s s a r y to a c h i e v e o s c i l l a t i o n of a 
w a t e r c o l u m n . The effect of o s c i l l a t i o n on the m e t a l - w a t e r r e a c t i o n and on 
the t r a n s i e n t h e a t t r a n s f e r wi l l then be s tud i ed . 

B . F a s t R e a c t o r Safety S tud ies 

One of the m o s t i m p o r t a n t d e s i g n f e a t u r e s affect ing the sa fe ty of 
f a s t p o w e r r e a c t o r s i s the l a r g e a m o u n t of fuel r e q u i r e d , an a m o u n t suf­
f ic ien t so tha t if the c o r e w e r e r e a r r a n g e d c o m p a c t l y enough a s u p e r -
p r o m p t - c r i t i c a l a s s e m b l y would r e s u l t . T h e r e f o r e , one c a n p o s t u l a t e a 
c l a s s of " m e l t d o w n " a c c i d e n t s c o n s i s t i n g , in p r i n c i p l e , of t h r e e s t a g e s : 
(1) s o m e o p e r a t i n g a b n o r m a l i t y in wh ich the fuel u n d e r g o e s f a i l u r e (or 
" m e l t d o w n " ) ; (2) the c o r e r e - f o r m s into a m o r e r e a c t i v e conf igura t ion ; 
(3) a d e s t r u c t i v e b u r s t of n u c l e a r e n e r g y o c c u r s , t e r m i n a t i n g the i n c i d e n t . 
The m e c h a n i s m s in f luenc ing f a i l u r e and m a t e r i a l m o v e m e n t a r e c o m p l e x 
and not we l l u n d e r s t o o d . They a r e be ing s tud ied in a p r o g r a m c e n t e r i n g on 
e x p e r i m e n t s be ing p e r f o r m e d in the T R E A T r e a c t o r . 

1. I n - p i l e E x p e r i m e n t s on Mel tdown of P r e - i r r a d i a t e d Me ta l l i c E l e m e n t s 

A con t inu ing p r o g r a m i s be ing conduc ted in T R E A T to s tudy the 
e f fec t s of f i s s i o n p r o d u c t a c c u m u l a t i o n on f u e l - m e l t d o w n m e c h a n i s m . The 
f i r s t four p r e - i r r a d i a t e d s p e c i m e n s have b e e n r u n in t r a n s p a r e n t c a p s u l e s 
( s e e Month ly R e p o r t for S e p t e m b e r 1963, A N L - 6 7 8 4 , p . 65) and a r e awa i t ing 
p o s t m o r t e m i n s p e c t i o n and a n a l y s i s . T R E A T i r r a d i a t i o n cond i t ions a r e 
s u m m a r i z e d in T a b l e XXI. 

The h i g h - s p e e d f i l m s t a k e n d u r i n g the e x p o s u r e i nd i ca t e t ha t the 
end r e s u l t s of t h e s e four e x p e r i m e n t s a r e c o n s i s t e n t with r e s u l t s ob ta ined 
wi th p r e v i o u s p r e - i r r a d i a t e d s a m p l e s t e s t e d to f a i l u r e in opaque c a p s u l e s . 
S a m p l e s 1 and 2 showed the o c c u r r e n c e of one o r m o r e p r e l i m i n a r y f a i l ­
u r e s which a r e i n d i c a t e d by the r e l e a s e of s m a l l a m o u n t s of opaque v a p o r 
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(presumed to be sodium escaping from the internal bond between fuel and 
cladding); the l a rge fai lure appeared with the cha rac t e r i s t i c h igh-speed 
r e l ease of sodiunn. Unirradiated specimens previously tes ted and photo­
graphed have not shown the multiple fa i lu res . Sample 3 received an 
energy input in the range between one initiating failure of fuel by swelling 
and clad splitting and one producing incipient fuel movement with solidified 
blobs of fuel at tached to the cladding. Sample 3 gave an in te rmedia te ap­
pearance between these two modes of behavior , with apparently no t ime 
delay occur r ing between the power t rans ien t and swelling. Upon fai lure, 
a thin opaque vapor appeared to be expelled from the sample; i ts origin 
is not known. Sample 4 produced appreciably more vapor when it failed; 
however, fuel movement was not completely obscured, and fuel could be 
seen moving in d i sc re t e pa r t i c l e s , with evidence for expulsion from the 
cladding by internal p r e s s u r e . 

Table XXI. TREAT Exposure of P r e - i r r a d i a t e d Samples 

1. 
2. 
3. 

4. 

2. 

Sample 

EBR-II 
EBR-II 
F e r m i - A 

F e r m i - A 

Niobium- clad 

Approx 
Burnup 

(a/o) 

1 
1 
0.3 

0.3 

Samples of 

TREAT Trans ient 
Energy Release 

(Mw-sec) 

76 
95 
35 

56 

Uranium Carbide 

Remarks 

Extensive failure 
Extensive failure 
Fa i lu re , but no 

dis integrat ion. 
Extensive failure 

fuel movement . 
and 

An order for 42 niobium-clad uranium carbide fuel e lements has 
been completed by the vendor and is being p repa red for shipment to ANL. 
The e lements a r e of an advanced design intended for application in high-
t empera tu re , high-power density, liquid meta l -cooled r e a c t o r s . The fuel 
is 10% enriched, based on requ i rement s for both s teady-s ta te i r rad ia t ions 
and t rans ien t i r rad ia t ions in TREAT. The uranium carbide fuel pel le ts , 
used in fabricating the e lements , were p r e s s e d and s in tered to approxi­
mately 90% density and a r e 0.648 cm in d iamete r . The e lements a r e clad 
with 0 .030-cm-thick niobium tubing and the fuel e lement length is 27.9 cm. 
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