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FOREWORD 

The Reactor Development P r o g r a m P r o g r e s s Report , i ssued 
monthly, is intended to be a means of repor t ing those 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 p ro jec t s 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 l ea res t , most 
logical over -a l l view of p r o g r e s s . The budget classif icat ion 
is followed only in broad outline, and no at tempt is made to 
r epo r t separa te ly on each sub-act ivi ty number . F u r t h e 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 mus t 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 r e su l t s and 
data p r e sen t ed should be unders tood to be p re l imina ry and 
subject to change unless other^wise stated. 

The i ssuance of these r epo r t s is not intended to constitute 
publication in any sense of the word. F ina l r e su l t s e i ther 
will be subnaitted for publication in regula r professional 
journa ls or will be published in the form of ANL topical 
r e p o r t s . 

The l a s t six r epo r t s issued 
in this s e r i e s a r e : 

June 1963 ANL-6749 
July 1963 ANL-6764 
August 1963 ANL-6780 
September 1963 ANL-6784 
October 1963 ANL-6801 
November 1963 ANL-6808 

11 



TABLE OF CONTENTS 

Page 

I. Boiling Water Reac tors 1 

A. BORAX-V 1 

1. Operations 1 
2. Modification and Maintenance 2 
3. Hot Cell Examination of Damaged Superheater Fue l 

Assembly C-3 2 

4. In -core Ins t rumentat ion Development 3 

II. Liquid-naetal-cooled Reactors 4 

A. General F a s t Reactor Phys ics 4 
1. ZPR-III 4 
2. ZPR-VI 7 
3. ZPR-IX 8 

B. General F a s t Reactor Fuel and P r o c e s s Development g 

1. Fuel Jacket Development 8 

2. P r o c e s s Development for F a s t Reactor Fue l s 9 

C. EBR-I , Mark IV 10 

D. EBR-II 11 
1. Reactor Plant 11 
2. Sodium Boiler Plant 13 
3. Power Plant 14 
4. Fuel Cycle Faci l i ty 14 

E. FARET 16 

1. Design Studies 16 
2. Safety Analysis 18 
3. Fuel Development 20 

III. Genera l Reactor Technology 22 

A. Applied Nuclear and Reactor Phys ics 22 

1. Time-of-fl ight Exper iments 22 
2. High-conversion Cr i t ica l Experinaents 26 

111 



TABLE OF CONTENTS 

B. Theore t ica l Nuclear Phys ics 26 

1. ZPR-VII Data Analysis 26 
2. Doppler Effect Studies 27 
3. Or thonormal Expansion of Neutron Spectra with 

Foi l -ac t iva t ion Measurements 27 
4. Excurs ion Analyses for F a s t Reac tors 30 

C. Reactor Fue l s Development 30 

1. (Th, U) Phosphides 30 
2. Uranium Monocarbide 31 

D. Reactor Mater ia l s Developnaent 31 

1. I r rad ia t ion Damage in SA212B P r e s s u r e Vessel 
Steel 31 

E. Reactor Components Development 33 

1. E l ec t r i c Mas te r -S lave Manipulator Mark E4 33 

F . Heat Engineering 35 

1. Boiling Sodiuiaa Heat Trans fe r Faci l i ty 35 
2. Two-phase Cr i t ica l Flow 35 

G. Chemical Separat ions 36 

1. Chenaistry of Liquid Metals 36 

2. Fluidizat ion and Volatility Separation P r o c e s s e s 37 

H. Plutonium Recycle P r o g r a m 40 

Advanced Systems Resea rch and Development 42 

A. Argonne Advanced Resea rch Reactor (AARR) 42 
1. Cr i t ica l Exper iment 42 
2. Reactor Control 42 
3. Heat Trans fe r 43 
4. Shielding 44 

B. Magnetohydrodynamics ( M H D ) 44 

1. MHD Power Generat ion - Je t Pump Cycle 44 

IV 



TABLE OF CONTENTS 

Page 

C. Di rec t Conversion 45 

1. Sodiuiaa Cell - Thermionic Conversion Exper iments 45 
2. Collector Work Function 47 
3. Excitat ion and Ionization 47 
4. Power Output and Voltage - Current Charac te r i s t i c s 47 

D. Regenerat ive EMF Ceils 47 

1. Bimetal l ic Cells 47 

Nuclear Safety 49 

A. Thermal Reactor Safety Studies 49 

1. Metal Oxidation and Ignition Studies 49 
2. Meta l -Water Reactions 52 

B. F a s t Reactor Safety Studies 53 

1. Calculations of Trans ien t P r e s s u r e s 53 
2. Meltdown of P r e - i r r a d i a t e d Metallic Elements 55 

Publicat ions 59 

V 



I. BOILING WATER REACTORS 

A. BORAX-V 

1. Operations 

The reac tor was not operated during the naonth of December 
pending outconae of the exanainations of the central superheater fuel 
a s sembl i e s . 

Underwater inspection of the 12 i r rad ia ted central superheater 
fuel a s sembl ies has been completed. This inspection included per iscope 
observation of: (l) light passed through the length of the centra l portion 
of the fuel assembly coolant channels, enabling viewing of a l4--in.-dia 
c i rc le which compr i se s about 15% of the coolant channel volume, and 
(2) the fuel plate bottom ends. 

P r i o r to cent ra l superheater operation at zero power, the leaks 
that had been detected in the superhea ter fuel assembl ies (see P r o g r e s s 
R,cport for Septenaber 1963, ANL-6784, p. 1) had been repa i red by fillet 
v/elds on the joints where the five fuel elenaents in each assembly are 
joined to the top and bottona flow vanes which naaintain naoderator gap 
spacing. All a s sembl i e s inspected showed sonae weld burn-through of 
these r epa i r welds through the insulating tubes to the bottom of adjacent 
fuel-plate dead ends; none showed cooling-channel distort ion or reduction 
of coolant-channel dimensions in the light tes t a rea or apparent bowing 
of the insulating tubes . One fuel assembly installed recently but not run 
at power showed no distort ion of the fuel-plate bottom ends. Eight a s s e m ­
blies showed minor fuel plate bottona distort ion, and three moderate d i s ­
tortion. Of the la t ter t h ree , one (assembly C-1) had several outward small 
bulges at the ends of the insulating tubes, one a s imi lar single bulge, and 
the third none. In fission product leak tes ts conducted previously, a s s e m ­
bly C-1 had shown a posit ive indication of such leakage. The other fuel 
assenably (C-4) found to be leaking fission products showed only laainor fuel-
plate distort ion. 

The cent ra l superhea ter fuel, including two renovated spare a s s e m ­
bl ies , has been reloaded into the r eac to r . The three fuel assembl ies known 
to be leaking fission products have been replaced. Cri t ical experinaents at 
room teiaaperature a re cur rent ly being performed in one quadrant of the 
boiler zone of centra l superheater core CSH-1 to deternaine the optiiaiuna 
water- to-fuel rat io and associa ted nuiaiber of poison rods required in the 
boiler . The water - to- fue l ra t io is being var ied by changing the nuiaiber and 
a r rangement of water- f i l led flow rods in the boiling fuel assembl ies . 
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2. Modification and Maintenance 

Repair and modification of two standard and one ins t rumented 
spare cent ra l superhea te r fuel a s sembl ie s has been conapleted. All of 
the burned- through r epa i r -welds which tacked the fuel plate bottonas to 
the insulating tubes were removed to p e r m i t expansion of the fuel e l e ­
ment as designed. To further a s s u r e open coolant channels , all were 
gaged, and three spacer combs were instal led in the channels at the top 
and bottom of each 4-plate fuel elenaent. The top r i s e r and bottom nozzle 
were rewelded on each assembly and the welds dye-checked. The r eno­
vated a s sembl i e s were s t raightened, l eak- tes ted , and inspected. 

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

F u r t h e r hot cell examination of the damaged BORAX-V superhea ter 
fuel e lement C-3 (see Monthly P r o g r e s s Report for November 1963, ANL-
6808, p. 1) confirmed that the fuel-plate damage was caused by uninten­
tional welding of the lower ends of some of the fuel p la tes to the insulating 
cans. One of these p la tes was -welded for i ts ent i re width, sealing the in­
sulating space between plate and can at this point. Imnaediately above the 
weld, the plate was bulged against its neighbors and the can bulged in the 
opposite direct ion. It is significant that the bulges extend the full width 
of the plate and can, but only 3.8 cm along the length of the element . This 
kind of fai lure suggests that the bulges were produced by longitudinal 
tensile and compress ive s t r e s s e s r a the r than by s t eam p r e s s u r e in the 
insulating space . 

A somewhat s imi l a r fai lure was found in another subassembly in 
which two of the four fuel p la tes were firnaly welded to the cans . In a 13-
cm-long a rea , the four-pla te assenably buckled as a unit , bringing the 
outer p la tes a l ternate ly in contact with the left and r ight s ides of the in­
sulating can. Dark spots on the surface of the p la tes were located at the 
points of contact. There ^vas no evidence of plate melt ing at the spots ; 
r a the r , they seemed to be spots with heavier than usua l oxide deposi ts . 

The c rack in the lower t rans i t ion cone was sect ioned and was found 
to be at the junction of the cone and a filler s t r ip . It provided a passage 
for leakage of modera to r water into the superheated s team. A s imi la r 
7.6-cra-long c rack had also occur red at the same location on the opposite 
side of the fuel e lement . It was not noticed in the init ial examination, 
probably because it was near ly closed. Iia both cases the re was incomplete 
fusion of the welds . 

The source of fission products r e l ea sed in the r eac to r appears to be 
froiai one of the two torn p la tes r epor t ed l a s t month. A naetallographic ex­
amination of a section through the t ea r showed that fuel pa r t i c l e s a re p r e sen t 
However, the tear does not extend up quite as far as the fully fueled port ion 



of the plate . Three other smal l b reaks were confined to the bottom 1.3 cm 
of the p la tes . F r o m radiographs taken during the manufacture of these 
pla tes it could be seen that these a re all below the fuel-containing portion. 

4. In -core Ins t rumentat ion Development 

The fue l - t empera tu re naeasurements obtained during boiling core 
B-2 operat ion (see Monthly P r o g r e s s Report for March 1963, ANL-6705, 
p. 88) indicated that the cal ibrat ion of the W-W/26% Re thermocouples 
employed may be affected by radiat ion damage, the rmal cycling, or other 
causes . An exper iment has been s tar ted to determine if any major ca l i ­
brat ion shifts occur in such thermocouples due to integrated fast neutron 
flux. 

A capsule containing t-wo chromel-alunael thermocouples and a 
W-W/26% Re thermocouple in an insulated s ta inless steel slug is being 
i r r ad ia ted in EBR-I . The t empera tu re of the samples is l imited to that 
attained by neutron and gamma heating, and is es t imated to be l e s s than 
600°F for the argon-f i l led thimble in which the thermocouples a re installed. 
P r e l i m i n a r y data a r e no-w being analyzed. 



II. LIQUID-METAL-COOLED REACTORS 

A. General F a s t Reac tor Phys ic s 

1. zpR-m 

Exper iments with the mock-up of the F rench reac to r RAPSODIE 
continued. F i s s ion ra t ios with both sealed and gas-flo-w fission counters 
were naeasured at the core center and radial edge. Reactivity -worth 
m e a s u r e m e n t s at the co re center were a lso completed. 

For the m e a s u r e m e n t s of the cent ra l f ission ra t io , the cent ra l 
drawer in Half No. 1 of the r eac to r -was modified to accommodate a fission 
chamber at the front. As the core is loaded with 8,03 in, (20.3 cm) of i ts 
total height of 14.06 in. (35.71 cm) in Half No. 1, the f issi le ma te r i a l in the 
counters is located at approximately 0.9 in. (2.3 ciai) froiai the midplane of 
the core . Both Kirn-type-'- and gas-flov/^ fission chambers were naeasured 
at this position. The data were normal ized by use of BF3 proport ional 
counters located outside of the blanket and of a Kirn- type , U^̂ ^ fission 
chamber at the core axial edge. With the counters loaded in the same man­
ner in a core drawer of Half No. 1, the fission r a t e s w e r e determined in the 
I -S - I6 m a t r i x posit ion for the core edge fission ra t ios .3 The calculated 
fission ra t ios obtained -with these fission ra t e s normal ized to one of the BF3 
proport ional counters a r e given in Table I, The fission ra t ios as obtained 
from data normal ized to the remaining counters a r e p resen t ly being 
calculated. 

Table I. Assembly 44, RAPSODIE, Centra l 
Ratios 

Edge 

Kirn Gas-flo-w 

0.06 
1.50 
0.37 
0.14 

0.34 

•"•F. S. Kirn, Neutroia Detection with an Absolute F i s s ion Counter, Pape r 
SM-36/"74, Symposium on Neutron Detection, Dosiiaietry and Standardi ­
zation, IAEA, Harwel l , England, Deceiaiber, I962, 

W. G, Davey, A Cri t ica l Compar ison of Measured and Calculated F i s ­
sion Ratios for ZPR-III Assembl i e s , ANL-6617 (Sept 1962). 

•^ANL-6801, Reactor Developnaent P r o g r a i n P r o g r e s s Report , October 
1963, F igure 1. Init ial Loading of Rapsodie Exper iment , Assembly 44, 

and Core Edge Fiss io i 

Ratio 

U238 7^235 

u"Vu"5 
u"yu"5 
u"yu"5 
Pu"yu235 
p^240/u235 

P U 2 ^ V P U " 9 

Centra l 

Kirn 

0,0756 
1.532 
0.433 
0,157 
1.186 
0.490 

„ 

Gas-flow 

0.0818 
™ 

0.445 
0.175 

„ 

-, 
_ 
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Measuremen t s of cen t ra l react iv i ty worth -were made by use of the 
two center columns of the l - P - 1 6 drawer . The samples , all 2 in, (5.08 cm) 
in length, r ep re sen t a smal l sample worth on the axis of the core , extend­
ing ±1 in, (2,54 ciaa) on ei ther side of the naidplane of the core. The worths 
of these m a t e r i a l s a r e given in Table II. 

Table II. Assembly 44, RAPSODIE, Centra l Reactivity 
Worths of Small Samples 

Mate r ia l Reactivity, Ih/kg 

Aluminum 28.0 
Stainless Steel (SS) 16,92 
Boron-10 -6,180 
Polymethylene 5,410 
Enr iched Uranium 478.9 
Pu (1 w/o Al) 853.6 (Corrected for SS cladding) 
U -̂'̂  905.3 (Corrected for aluminum cladding) 

The changing tenaperature dis tr ibut ion in the core due to opening and 
closing the halves (with the heating resul t ing from plutonium) has presen ted 
a p rob lem in comparing the per tu rba t ion due to each sample to the reference . 
These -worths have been co r r ec t ed for core t empera tu re change by means of 
a core t e m p e r a t u r e coefficient of react ivi ty and a mean tenaperature -which 
is considered to be p re l imina ry . Extended operat ion to at tempt to evaluate 
react iv i ty as a function of core t e m p e r a t u r e and /o r distr ibution is scheduled 
for ear ly January. 

After completion of the worth m e a s u r e m e n t s of small centra l sam­
p les , a remote react iv i ty sample changer for the l a rge 2 x 2 x 1-in. saiai-
ples was instal led in the r eac to r and init ial ly checked out. By means of 
this changer , the l - P - 1 6 dra-wer is remote ly r e t r ac t ed from the assembly 
-while the halves a r e closed; two of the sanaples a r e then automatical ly in­
se r t ed in the front 2 in, of the drawer . The drawer is then r e - i n s e r t e d 
renaotely into the r eac to r and the sample worth measured . 

Although the changer eliiaainates the e r r o r in half c losure and the 
p rob lem of the effect upon the core t e m p e r a t u r e of opening the halves be­
tween samples , it has introduced a new t empera tu re problem. F r o m the 
s t a r t of the removal of a sample to the finish of the inser t ion of the next 
sample approximate ly 40 nain e lapses . During this t ime the central ma t r i x 
l u t e of the reac tor is in a varying void condition which pe r tu rbs the axial 
cent ra l t e m p e r a t u r e s of the r eac to r . This effect and the effect of the over ­
all teiaiperature change of the core due to the extended per iods of t ime 
which the halves a r e closed during a s e r i e s of these worth determinat ions 
v/ill be examined during the t e m p e r a t u r e coefficient evaluations in January . 



Sample 

Pu239 

U235 

U235 

U238 

U238 

Stainless Steel 

B1°C 
B^^C + Lucite 

BlOc + Lucite 

Aluminum 

Aluminum 

AI2O3 

AI2O3 

Tungsten 

Tungsten 

Rhenium 

Rhenium 

BlO 

B4C 

Beryllium 

Bismuth 

Carbon 

Copper 

Chromium 

Hafnium 

Inconel 

Lithium 

Manganese 

•\lolybdenum 

Nickel 

Niobium 

Palladium 

Potassium 

Sodium 

Sulfur 

Silver 

Tantalum 

Vanadium 

Zirconium 

Number of Pieces 
and Size, in. 

1 - 1 / 4 x 2 x 2 

2 -1/16 X 2 X 2 

4 - 1/16 X 2 x 2 

4 - 1 / 8 x 2 x 2 

8 - 1 / 8 x 2 x 2 

4 - 1 / 4 x 2 x 2 

8 -1/4 X 1/2 X 2W' 

8- l /4xl /2x2 'e> 

8 -1/4 X 1/2 X 2«' 

2 - 1 / 4 x 2 x 2 

4 - 1 / 4 x 2 x 2 

4 - 1 / 8 x 2 x 2 

8 - 1 / 8 x 2 x 2 

4 - 1 / 8 x 2 x 2 

8 - 1 / 8 x 2 x 2 

1 - 1 / 2 x 2 x 2 

2 - 1 / 2 x 2 x 2 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

2 x 2 x 1 

Table m. Central 

Weight, 
gm 

87.87 

136.58 

272.95 

600.97 

1201.12 

510.06 

63.5 

63.5 

63.5 

86.77 

173.44 

78.9 

157.44 

580.23 

1163.7 

633.1 

1270.3 

29.20 

66.96 

120 

555.5 

103 

552.43 

220.73 

805.3 

519 

28.6 

209.6 

599 

545.98 

481.2 

643.2 

44.55 

51.38 

63.10 

642 

924.7 

183.67 

406 

Reactivity Coefficients 

Reactivity 
Change.fa' 

Ih 

38.1 

34.6 

74.0 

-7.7 

-15.0 

-7.5 

-121.6 

-153.3 

-172.2 

-1.7 

-3.1 

-1.9 

-2.9 

-13.9 

-28.7 

-41.6 

-82.2 

-84.9 

-21.? 

± 0.6<W 

± 0.6 

± 0.6 

± 0.6 

± 0.6 

± 0.6 

± 2.0tel 

± 2.3(c) 

± 2.2'c! 

± 0.6 

±0.6 

± 0.6 

± 0.6 

± 0.6 

±2.8 

±0.6 

± 2.0*' 

±0.3 

±0.3 

-3.06 ± 0.10 

-1.88 ± 0.10 

-2.86 ± 0.10 

-10.7 ± 0.10 

-3.35 ± 0.10 

-38.9 

-9.4 

± 0.3 

±0.3 

-3.68 ± 0.10 

-3.28 ± 0.10 

-14.7 

-10.34 

-14.9 

-29.7 

±0.3 

±0.10 

± 0.10 

3:0.2 

-0.92 ± 0.10 

-0.73 = 0.10 

-2.13 + 0.1 

-50.7 

-41.3 

±0.1 

± 0.1 

-3.08 ± 0.10 

-4.7 ±0.3 

ih/l<g 

433.5 = 6.8 

S3.3 ± 4.4 

271.1 ± 2.2 

-12.7 ± 1.0 

-12.5 + 0.5 

-14.7 ± 1.2 

-1915 ± 32 

-2414 ± 36 

-2712 ± 35 

-19.6 ± 6.9 

-17.9 ± 3.5 

-24.1 ± 7.6 

-18.4 ± 3.8 

-24.0 ± 1.0 

-24.6 ± 2.4 

-65.7 = 0.9 

-64.7 ± 1.6 

-2908 ± 10 

324.1 r 4.4 

-25.5 ± 0.8 

-3.38 ± 0.20 

-27.8 + 0.9 

-19.4 ± 0.17 

-15.2 I 0.5 

-48.3 ± 0.4 

-18.1 ± 0.6 

-128.7 ± 3.5 

-15.6 + 0.5 

-24.5 ± 0.5 

-18.94 ± 0.18 

-31.0 + 0.2 

-46.2 ± 0.3 

-20.7 ± 2.2 

-14.2 ± 2.0 

-33.8 ± 1.6 

-79.0 ± 0.2 

-44.7 ± 0.1 

-16.8 ± 0.54 

-11.6 ± 0.7 

ZPR-m 
Results, 

Ih/kg 

259.6 ± 2.1 

-12.3 ± 0.2 

-14.6 ± 0.5 

-1869.2 ± 16.1 

-16.8 ± 1.4 

-3036 ± 35 

-17.8 = 2.1 

-4.47+ 0.4 

-31.0 ± 2.7 

-73.7 ± 0.7 

-13.1 ± 0.6 

'3' An error of ±0.6 Ih mi assigned as a best estimate of the reproducibility of the measurements made after the tables had been sepa­
rated and closed and the control rods scrammed. When the sample changer was used, an error estimated at ±0.1 Ih was given to each 
of those measurements which were made through use of the linear portion of the control rod worth calibration curve. An error 
estimate of sO.3 Ih was given each of those measurements which were made by use of the nonlinear sections of the control rod 
calibration. These estimates assume that the differential worth of the control rod is 6.0 Ih/cm. 

ft' The Plutonium sample consisted of 94.5B Pu239, 5.11% Pu240_ and 0.38% Pu^^l. No correction was made for the effects of Pu^^O 
and Pu241. 

(ci Error includes uncertainty of total worth of calibrated rod No. 2 (±1.2?.) plus the uncertainty in differential worth of rod No. 9 (±2.5%i. 

W Total volume of B4C pieces was 2 in.3. 

*®' B4C sandwiched between eight Lucite pieces which formed two 1/4 x 2 x 2-in. layers. Total volume of B4C and Lucite was 4 in.3. 

*f' Eight B4C pieces (each 1/4 x 1/2 x 2 in.l and eight Lucite pieces teach 1/4 x 1/2 x 2 in.) homogeneously mixed. Total volume of B4C 
and Lucite was 4 in.3. 

file://�/lolybdenum


By means of the saiaiple changer, the worths of V, Ta, W, Nb, Zr, 
Mo, F e , Ph - I , Ph-II , Al, SS, O (AI2O3 and FeaOg), Na, and graphite have been 
measu red . These -worths will be repor ted after the t empera tu re coefficient 
effect is evaluated. 

All worth naeasurements were per formed at subcri t ical reactor 
power levels , 

2. ZPR-VI 

An investigation of the effects of fuel bunching concluded the exper­
iments -with Assembly No. 1, an a l l -me ta l assembly -with a U /U^^^ atom 
rat io of c, 7. The core was d i sas sembled and the facility was p repa red for 
Assembly No, 2, a 650-l i ter carbide system, 

A number of cent ra l reac t iv i ty coefficient m e a s u r e m e n t s were made 
-with Assenably No. 1 by inser t ing samples of var ious ma te r i a l s in a 1-in.-
deep void at the front of a cen t ra l d rawer . The void existed in the center 
of the core at the interface of the t-wo halves in the stat ionary half, Sonae of 
the m e a s u r e m e n t s were made by inser t ing the samples manually after sep­
ara t ing the ha lves . Others were laiade with a renaotely controlled sample 
changer . The la t te r gave g rea t e r p rec i s ion because it was not nece s sa ry to 
open and close the halves , nor to s c r a m the control and safety rods . The 
r e su l t s a r e repor ted in Table III, For comparison, the centra l react ivi ty 
coefficient measurenaents obtained with Assembly No. 22 of ZPR-III a r e 
a lso given in the table, 

a. Radial Edge Worths , Table IV contains the relat ive worth m e a s ­
urenaents of samples to void volume made in the front 1-in. of a core edge 
d rawer . The radial dis tance to the sample center was 27.62 cna. 

Table IV. Relative Worth Measu remen t s of Samples 
to Void Volume in a Core Edge Drawer 

Number of P i e c e s 
Sample and Size, in. Weight, gm Ih Ih/kg 

Rhenium 2 - ™ x 2 x 2 1270.3 7.7 ± 0 . 6 6,1 + 0.5 

Rhenium 1 - f x 2 x 2 635.4 3,7 ± 0 . 6 5,8 ± 0 . 9 

Tungsten 8 - 1 x 2 x 2 1163.71 1.1 ± 0 . 6 1.0 ± 0 . 5 

Tungsten 4 - i x 2 x 2 580.22 0.8 = 0.6 1 ,4=1 .0 



3, ZPR-IX 

The construct ion of the ZPR-IX facility has been completed, and the 
ent i re sys tem has been tested. Operation of the cr i t ica l facility now awaits 
the approval of the Safety Analysis Report , 

Miscel laneous equipiaient required to facilitate cer ta in experimental 
m e a s u r e m e n t s , such as a corner separat ion indicator for the assembly 
counter t r a v e r s e drive naechanism, is cur rent ly being fabricated and 
installed. 

B, General F a s t Reactor Fuel and P r o c e s s Development 

1, Fuel Jacke t Development 

a. Duplex Tubing. The duplex tube of Type 304 s ta inless steel 
and vanadium (see P r o g r e s s Report for October 1963, ANL-6801, p. 12) 
has been p rocessed to a final size of 0.442-cm (0. 174-in.) ID x 0.047-cm 
(0,018-in,) -wall. The tube was drawn-with a ductile core to a 0.572-cm 
(0.225-in.) OD x 0.485-cm (O. 191-in.) ID. After removal of the core and 
annealing of the tube the la t ter was sunk to the final size. Charac te r i s t i c s 
of the bond a r e being evaluated by nondestruct ive testing. 

b. V-10 w/o Ti (TV-10) and V-20 w/o Ti (TV-20) Alloys, Short 
lengths of 0 ,57-cm (O, 224-in, )-OD x 0.06-cm (0.025-in.)-wall tubing of 
TV-10 and TV-20 have been produced by dril l ing as -ex t ruded bar stock 
and ironing and drawing to final size. A piece of TV-10 tubing approxi­
mately 41 cm (l6-in.) long has been inspected by X- ray and ul t rasonic 
techniques and found to be defect free. An additional 41-cm ( l6- in . ) - long 
section of TV-10 and a 23-ciai (9-in. )-long piece of TV-20 tubing have been 
produced and a r e cur rent ly being inspected. 

Isochronal annealing studies of TV-10 and TV-20 mate r ia l have been 
completed. Diamond-pyramid-hardness measu remen t s have been taken, and 
naetallographic examination is in p r o c e s s to verify hardness data so that 
s t r e s s - r e l i ev ing and recrys ta l l iz ing t empera tu re s can be determined. P r e ­
l iminary data on the cold-working behavior and the s t r e s s - r e l i ev ing and 
recrys ta l l iz ing t empera tu re s for pure vanadiuiaa, TV-10, and TV-20 a r e p r e ­
sented in Tables V and VI. 

T a b l e V. D i a m o n d P y r a m i d H a r d n e s s a s a F u n c t i o n 
of P e r c e n t Cold W o r k * 

P e r c e n t Cold R e d u c t i o n 

M a t e r i a l 0 20 40 oO 80 

P u r e V a n a d i u m 15S - - 178 201 
T V - 1 0 17J Z?8 238 224 264 
TV-20 228 287 29^1 ^i^~ __;QQ 

Data t a k e n on long i tud ina l s a m p l e s . 



T a b l e VI. S t r e s s - r e l i e v i n g and R e c r y s t a l l i z a t i o n 
T e m p e r a tu r e s * 

S t r e s s R e l i e v i n g R e c r y s t a l l i z a t i o i i 
M a t e r i a l Tenap, °C Tenap, °C 

P u r e Vcinadium 400 800 
TV-IQ 600 900 
TV-20 600 900 

*Data t aken on l ong i t ud ina l s a m p l e s . 

2, P r o c e s s D e v e l o p m e n t for F a s t R e a c t o r F u e l s 

a. Skull Rec la ia ia t ion P r o c e s s . Work has cont inued on the d e v e l ­
o p m e n t of the s k u l l - r e c l a n a 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 n a a t e r i a l in n a 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 ) . 
T w e l v e w a s t e m e t a l i ngo t s f r om four e a r l i e r de ia ions t ra t ion r u n s in the 
l a r g e - s c a l e i n t e g r a t e d equipnaent w e r e ind iv idua l ly naelted and s a m p l e d 
for u ran iuna and f i s s ion p r o d u c t a n a l y s i s . A n a l y s i s of t h e s e saiaiples i s in 
p r o g r e s s . 

A t r a n s f e r t u b e , wh ich i s m a d e of g u n - d r i l l e d m o l y b d e n u m -
30 \\., o tuni^sten rod and is h e a t e d by five e l e c t r i c h e a t e r s , h a s been u s e d 
wi thou t diff icul ty in the l a r g e - s c a l e equipnaent for 18 t r a n s f e r s of m e t a l 
arid s a l t s o l u t i o n s by p r e s s u r e s iphoning . 

b. A d v a n c e d P r o c e s s e s . D e v e l o p m e n t w o r k has cont inued on the 
u s e of a t e r n a r y cac i ix i iuna-z inc-naagnes lum a l loy a s a p r o c e s s m e d i u m for 
the p roces s in .g of p l u t o n i u n a - b e a r i n g fas t r e a c t o r fue ls . Subs t i tu t ion of th i s 
t e r n a r y so lven t for m a g n e s i u n a - z i n c i s expec t ed to a l low o p e r a t i o n a t l o w e r 
t e m p e r a t u r e s , w h e r e a c c e p t a b l y low c o r r o s i o n r a t e s wil l a l low u s e of s t a i n ­
l e s s s t e e l ec |uipment . 

The s e p a r a t i o n s a r e b a s e d on d i f f e r e n c e s in the d i s t r i b u t i o n 
b e h a v i o r of u r a n i u m , p l u t o n i u m , and f i s s i on p r o d u c t s in l iqu id nae ta l -
m o l t e n sa l t s y s t e m s . D a t a have b e e n ob ta ined on the c o d i s t r i b u t i o n b e ­
h a v i o r at 600°C of p r a s e o d y n a i u m and u ran iuna be tween the C d - Z n - M g 
l iquid m e t a l and a flux conaposed of 30 m / o N a C l - 2 0 na/o KCl -50 m / o MgCl2. 
T h e s e da t a show a m a r k e d shift of the p r a s e o d y n a i u m d i s t r i b u t i o n t o w a r d 
the m e t a l p h a s e wi th i n c r e a s i n g zinc c o n c e n t r a t i o n . It a p p e a r s tha t s e p ­
a r a t i o n of r a r e e a r t h s froiaa u r a n i u n a and plutoniuna in the t e r n a r y l iquid 
m e t a l so lven t by m o l t e n sa l t e x t r a c t i o n wil l be f ea s ib l e . 

R e s u l t s have b e e n o b t a i n e d on the so lub i l i ty of u ran iuna a s a 
funct ion of t e m p e r a t u r e in the l iqu id c a d i a i i u m - z i n c - m a g n e s i u m a l l o y s , 
60 a / o C d - 3 0 a / o Zn-10 a / o Mg, 50 a / o Cd-30 a / o Zn-20 a / o Mg, and 
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74 a / o C d - 6 a / o Zn -20 a / o Mg. At 700°C, uraniuia i so lub i l i t y v a l u e s a s 
l a r g e a s 6 w / o w e r e ob t a ined in an a l l oy con ta in ing 30 a / o Zn, At 600^C, 
the laiaxinauiai u r an iuna so lub i l i t y o b s e r v e d w a s 3.8 w / o ( o b s e r v e d in an 
e a r l i e r r u n wi th C d - 2 0 a / o Zn-10 a / o Mg). S ince the a l l o y c o m p o s i t i o n 
r e g i o n of c u r r e n t p r o c e s s i n t e r e s t h a s b e e n c l a r i f i e d , the w o r k on u r a n i u m 
so lub i l i ty d e t e r n a i n a t i o n s h a s b e e n ejided. 

The iden t i f i ca t i on of so l id p h a s e s in e q u i l i b r i u m wi th the l iquid 
c a d m i u i a a - z i n c - m a g n a s i u n a - u r a n i u m s y s t e m s at v a r i o u s t e n a p e r a t u r e s h a s 
been con t inued . By n a e t a l l o g r a p h i c exaiai inat ion of q u e n c h e d sanap le s , i t 
w a s d e t e r n a i n e d tha t in the h i g h e r t e n a p e r a t u r e r e g i o n of r e t r o g r a d e s o l u ­
b i l i ty , uraniuiaa naetal w a s the only so l id p h a s e p r e s e n t . In the i n t e r n a e d i -
a t e t e n a p e r a t u r e r e g i o n , u r a n i u m - z i n c i n t e r n a e t a l l i c coiaapounds ( p r o b a b l y 
both d e l t a and eps i lon ) w e r e iden t i f i ed a s equil ibriuiaa so l id p h a s e s . 
U r a n i u n a - z i n c in t e r i a i e t a l l i c c o m p o u n d s and U C d u w e r e found in the l o w -
t e n a p e r a t u r e r eg ion . 

c. M a t e r i a l s and Equipiaient E \ a l u a t i o n s , Al though p r e s s e d - a n d -
s i n t e r e d t u n g s t e n c r u c i b l e s have b e e n v e r y s a t i s f a c t o r y for con ta in ing m o l ­
t en z inc a l l oy and ha l i de s a l t sys te ia i s , t h e i r s i z e i s p r e s e n t l y l inai ted by 
naanufac tu r ing c a p a b i l i t i e s to about 20 in. in d i anae t e r . A p o s s i b l e m e t h o d 
of overcoia i ing the s i z e l i m i t a t i o n s and of r e d u c i n g the e x p e n s e of t u n g s t e n 
c r u c i b l e s i s by coa t ing l e s s e x p e n s i v e n a a t e r i a l s -with t u n g s t e n . 

A t u n g s t e n - c o a t e d s i l i c o n c a r b i d e c r u c i b l e ( lOy in. in OD by 
15 in, high) h a s s u c c e s s f u l l y c o n t a i n e d t h r e e ind iv idua l c h a r g e s of 
50 w / o m a g n e s i u m - z i n c s o l u t i o n s , two of 5 w / o naagne s i u n a - z i n c - u r a n i u m , 
and one of a ha l ide s a l t systeiaa a t 800°C for p e r i o d s of one hour wi th m i x ­
ing. T h e r e w a s no i n d i c a t i o n of any d e l e t e r i o u s effect on the t u n g s t e n 
coa t ing . 

The t u n g s t e n coa t ing on a s t a i n l e s s s t e e l c r u c i b l e of siiaailar 
s i ze had begun to c r a c k and p e e l a f t e r being u s e d to c o n t a i n tv̂ ô c h a r g e s 
of the 50 ŵ  o n a a g n e s i u m - z i n c so lu t ion a t 800°C for 1 h r wi th naixing. 

C. E B R - I , MARK IV 

E x p e r i m e n t s w e r e con t inued to d e t e r n a i n e the effect of the c o r e 
t i gh ten ing and c l a m p i n g d e v i c e s on the r e a c t i v i t y c h a n g e s o b s e r v e d -vvdth 
d i f fe ren t laaodes of o p e r a t i o n . 

Sea l p l a t e s h o e s w e r e r e t i g h t e n e d , but the naagni tude of the r e a c t i v i t y 
change upon r e t i g h t e n i n g w a s not the sanae a s b e f o r e they had b e e n l o o s e n e d 
(irona the o r i g i n a l condi t ion) . The c h a n g e s o b s e r v e d w e r e abou t 30 Ih, o r 
naidway b e t w e e n the 20 Ih no ted wi th the s h o e s l o o s e and the 40- Ih c h a n g e 
n a e a s u r e d p r i o r to l o o s e n i n g ( see P r o g r e s s R e p o r t for N o v e m b e r 1963, 
A N L - 6 8 0 8 , p. 13). 



The c o r e c l a m p s at the c o r e c e n t e r l i n e w e r e then l o o s e n e d tAvo t u r n s , 
o r 0,026 in, a c r o s s the c o r e r a d i u s on t h e f la ts of the s u b a s s e m b l i e s , A l o s s 
of 50 Ih in r e a c t i v i t y w a s o b s e r v e d ; t h i s w a s r e g a i n e d when t h e y w e r e r e ­
t i gh t ened . The r e a c t i v i t y c h a n g e s o b s e r v e d a f t e r l o o s e n i n g the c o r e c lanaps 
i n c r e a s e d to about 55 Ih. Af te r the c o r e c l a m p s w e r e r e t i g h t e n e d , the c h a n g e s 
w e r e abou t 30 Ih, s i m i l a r to t h o s e p r i o r to l o o s e n i n g of the c o r e c lanaps . 
H o w e v e r , wi th no f u r t h e r c h a n g e s in the r e a c t o r c o n d i t i o n s , the m a g n i t u d e 
of the r e a c t i v i t y c h a n g e s i n c r e a s e d a f t e r about a w e e k of o p e r a t i o n to about 
45 Ih, about the sanae a s be fo re any c h a n g e s w e r e naade in the r e a c t o r cJanap-
ing d e v i c e s . 

D. E B R - I I 

1, R e a c t o r P l a n t 

The wet c r i t i c a l e x p e r i n a e n t s w e r e conaple ted on Decenabe r 5, 1963, 
D u r i n g the f inal p h a s e of the e x p e r i m e n t a l p r o g r a m , an i n n e r b l anke t foil 
s u b a s s e m b l y w a s i r r a d i a t e d for 4 iir a t a p o w e r l e v e l of about 1 kW a t a 
t e m p e r a t u r e of 460°F. The p r i m a r y t ank t e m p e r a t u r e w a s then i n c r e a s e d 
to 550°F, and a d d i t i o n a l t e m p e r a t u r e coef f ic ien t da ta w e r e obta ined , A 
l e a s t - s q u a r e s fit to the da ta c o l l e c t e d a t 600°F, 550°F. 500°F, and 460°F gave 
a t e m p e r a t u r e coef f ic ien t of 1.01 I h / ° F o v e r the t e m p e r a t u r e r a n g e . 

The d i s c r e p a n c y bet-ween f o i l - a n a l y s i s da ta ob ta ined in Idaho and at 
A r g o n n e , I l l i n o i s ( s ee P r o g r e s s R e p o r t for N o v e m b e r 19b3, A N L - 6 8 0 8 , p 1?) 
h a s been r e s o l v e d , and the d a t a a r e now in good ag reenaen t 

The w o r t h of a c o n t r o l rod con ta in ing a b o r o n po i son sec t ion , a s we l l 
a s an e n r i c h e d u ran iuna s e c t i o n , w a s n a e a s u r e d r e l a t i v e to a s t a n d a r d c o n ­
t r o l rod in a " c o r n e r " c o n t r o l rod p o s i t i o n a t 550°F. 

At the end of the e x p e r i n a e n t a l p r o g r a m , suff ic ient fuel w a s un loaded 
f r o m the r e a c t o r to a s s u r e s u b c r i t i c a l i t y by naore than Ifo Ak/lc even if the 
cont rcd and safe ty r o d s w e r e fully i n s e r t e d and the p r i m a r y tank coo led to 
200°F. 

E i g h t e n r i c h e d u r a n i u m i n n e r b l anke t s u b a s s e m b l i e s w e r e t r a n s ­
f e r r e d f r o m Row 6 of the r e a c t o r to the s t o r a g e b a s k e t ; they w e r e r e p l a c e d 
wi th d e p l e t e d u r an iuna s u b a s s e m b l i e s . One en r i c l i ed u r a n i u m c o r e s u b a s -
senably w a s t r a n s f e r r e d frona Row 4 to the s t o r a g e b a s k e t and r e p l a c e d wi th 
a n a t u r a l u r an iuna s u b a s s e m b l y . 

It h a s been c a l c u l a t e d tliat t h e r e a c t o r would be s u b c r i t i c a l by 
3.3fo A k / k wi th a l l c o n t r o l and safe ty r o d s up (fully i n s e r t e d ) a t 600°F. The 
e s t i m a t e d s u b c r i t i c a l i t y a t 200°F would be 2. 37o wi th a l l c o n t r o l and safe ty 
r o d s up; 6.4^o with a l l c o n t r o l r o d s do-w,'n (out of the c o r e ) and sa fe ty r o d s 
up; and 7.7-70 wi th a l l c o n t r o l and sa fe ty r o d s down. 



T h e b o r o n c o n t r o l rod w a s reiaioved f r o m the r e a c t o r . B e c a u s e of 
i-nalfunction of t h e fuel g r i p p e r d e s c r i b e d be low, it v/as not p o s s i b l e to r e ­
p l a c e it wi th a s t a n d a r d c o n t r o l rod 

The g r i p p e r shaft w a s s t i ck ing in the r e a c t o r v e s s e l c o v e r . The 
g r i p p e r w a s s u c c e s s f u l l y f r e e d by s l igh t m o t i o n of the r e a c t o r v e s s e l c o v e r , 
i nd i ca t i ng tha t the i n t e r f e r e n c e p r o b a b l y o c c u r s b e t w e e n the shaft and s o m e 
e l e m e n t of the c o v e r . I n v e s t i g a t i o n is p r o c e e d i n g to d e t e r n a i n e -whether the 
g r i p p e r should be naoved f r o m the p r i m a r y tank. 

Af t e r i n i t i a l a l i g n m e n t of the i n t e r b u i l d i n g coffin b e n e a t h the fue l -
un load ing naach ine , two dummy^ c o r e s u b a s s e m b l i e s and four n a t u r a l u r a n i u m 
c o r e s u b a s s e m b l i e s w e r e t r a n s f e r r e d f r o m the s t o r a g e b a s k e t to the F u e l 
Cyc le F a c i l i t y v i a the f u e l - u n l o a d i n g m a c h i n e and the i n t e r b u i l d i n g coffin. 
The s u b a s s e m b l i e s w e r e c l e a n e d in the coffin. Af t e r e a c h s u b a s s e m b l y t r a n s 
fer , e x c e p t the l a s t , the coffin w a s d r i e d and r e t u r n e d to the r e a c t o r bui lding. 

C o o l - d o w n of the p r i n a a r y t ank bulk sodiuna w a s begun on D e c e m b e r 6 
The f r e igh t d o o r w a s opened , and c o m p o n e n t s for r e m o v a l of the s e c o n d 
p r i n a a r y sodiuiaa p u m p -were b r o u g h t into the r e a c t o r bui ld ing . The s o d i u m 
t e n a p e r a t u r e -was l o w e r e d to 260°F and i s be ing naa in t a ined a r o u n d t h i s 
t e m p e r a t u r e . 

On Deceiaaber 17, p r i m a r y sodiuiaa p u m p No. 2 w a s r e m o v e d , b e c a u s e 
of f a i l u r e bŷ  a p r o c e d u r e siiaailar to t ha t d e s c r i b e d in the P r o g r e s s R e p o r t 
for J u n e 1963, A N L - 6 7 4 9 , p . 7. No tenaporary^ sh i e ld ing plug w a s p l a c e d in 
the t ank n o z z l e . Af te r the s i lo w a s r e m o v e d , a back ing s e a l p l a t e w a s 
s e c t i r e d to t h e t r a n s i t i o n p i e c e . 

T h e p u m p -was a l l o w e d to cool in the a r g o n a t m o s p h e r e of the s i lo 
( c y l i n d r i c a l she l l ) for 12 h r . D r y a i r w a s t hen a d d e d s lowly un t i l the oxygen 
c o n c e n t r a t i o n -was about 4%. The back ing p l a t e w a s s e c u r e d to the b o t t o m 
of the s i l o , and the p u m p and s i lo a s s e m b l y w e r e t r a n s f e r r e d f r o m the 
t r a n s i t i o n p i e c e to the o p e r a t i n g f loor , w h e r e m o r e d r y a i r -w,'as a d d e d for 
about 15 h r . T h e punap -was t h e n l o w e r e d out of the s i lo in to a polymethylene 
bag , and c l e a n i n g and d i s a s s e i a i b l y w a s s t a r t e d . 

P r e l i m i n a r y i n s p e c t i o n i n d i c a t e s t h a t the No, 2 punap f a i l u r e w a s 
s i ia i i lar to t h a t of the No, 1 p u m p , naiaiely, t h a t t he p u m p shaft g a l l e d wi th 
the l o w e r a l u m i n u m b r o n z e l a b y r i n t h . 

T h e new shaf t , w i th i m p e l l e r a s se i a ib l ed , w a s r e c e i v e d for p r i ­
naa ry s o d i u m puiaip No. 1, and t h i s p u m p i s be ing r e a s s e i a i b l e d . 

A f t e r r e m o v a l of p r i n a a r y punap No. 2, the sodiuiaa s u r f a c e in the 
p r i m a r y t ank w a s viev^^ed t h r o u g h s p e c i a l w i ndows in the t r a n s i t i o n p i e c e 
t r a p doo r . The s u r f a c e -was v e r y s m o o t h , and l igh t a r e a s of sodiuna w e r e 
s e e n b e t w e e n d a r k e r a r e a s wh ich a p p e a r e d to be a v e r y th in ox ide f i lm. 



R e w o r k of the s t e e l f loor p l a t e s and b e a m s above the " d e p r e s s e d 
a r e a " -was begun. T h i s i s r e q u i r e d to m a k e r o o m for a h i g h e r s u r g e t ank 
in the p r i m a r y s o d i u m p u r i f i c a t i o n s y s t e m . 

2, Sod ium B o i l e r P l a n t 

A t the beg inn ing of the m o n t h , a l l the s e c o n d a r y sod ium w a s in the 
s t o r a g e t a n k at a t e m p e r a t u r e of 600°F; the p lugging t e m p e r a t u r e of the 
s o d i u m w a s a p p r o x i m a t e l y 500°F. The s e c o n d a r y s o d i u m and s t e a m s y s ­
t e m s w e r e a t a m b i e n t t e m p e r a t u r e . Al though t h e 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 of the co ld t r a p p r e v e n t e d o p e r a t i o n at a flow r a t e 
g r e a t e r t han an i n d i c a t e d 1 gpm, the co ld t r a p w a s kep t in s e r v i c e . The 
p lugg ing t e m p e r a t u r e of the s o d i u m in the s t o r a g e t ank w a s r e d u c e d to l e s s 
t han 300°F. D u r i n g t h i s o p e r a t i o n , a s o d i u m l e a k o c c u r r e d in the be l l ows 
of the c o l d - t r a p b y p a s s v a l v e , res-ult ing in a snaall f i r e . The bonnet and 
b e l l o w s a s s e m b l y -was r e p l a c e d and the va lve pu t b a c k in s e r v i c e . The 
d a m a g e d a s s e m b l y -was c l e a n e d and sen t to A r g o n n e , I l l i n o i s , for i n v e s t i ­
ga t ion of p r o b a b l e c a u s e of f a i l u r e . 

S t a r t i n g on D e c e m b e r 6, the s e c o n d a r y s o d i u m s y s t e m and the s t e a m 
s y s t e m -were h e a t e d to 350°F. The s e c o n d a r y s y s t e m w a s f i l led on D e c e m ­
b e r 11, and the t e m p e r a t u r e w a s s lowly r a i s e d to 567°F, w h e r e it h a s r e -
naained. D u r i n g t h i s h e a t - u p , t he p lugging t e m p e r a t u r e r o s e m o r e slo-wly 
than d u r i n g p r e v i o u s r u n s , t ak ing about a w e e k to r e a c h 500°F, w h e r e a s 
p r e v i o u s l y i t h a d t a k e n only abou t 2 d a y s . A l s o , the p lugg ing t e m p e r a t u r e 
h a s not r i s e n a b o v e a p p r o x i m a t e l y 500°F, w h e r e a s du r ing p r e v i o u s h e a t -
ups it con t i nued to r i s e . The c o l d - t r a p o p e r a t i o n h a s b e e n m a i n t a i n e d , but 
the 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 h a s l i m i t e d the flo-w^ to 
an i n d i c a t e d -^ gpna. The t e m p o r a r y cold t r a p in the y a r d p ip ing r e m a i n e d 
p lugged d u r i n g t h i s run . B e c a u s e s o m e of the d r a i n l ine t e m p e r a t u r e s a r e 
be low the p lugg ing t e m p e r a t u r e , the l i n e s have b e e n f lushed once e a c h shift 
to p r e v e n t ox ide p lugg ing . 

The cold 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 ion s y s t e m -was m o v e d f r o m the r e a c t o r bu i ld ing to the Sod ium B o i l e r P l a n t 
and i s be ing i n s t a l l e d in the m i x i n g l ine to the s t o r a g e tank. A m a g n e t i c 
t r a p , f a b r i c a t e d in A r g o n n e , I l l i n o i s , -was a l s o i n c l u d e d in t h i s i n s t a l l a t i o n . 
T h e s e c o m p o n e n t s have not b e e n put in s e r v i c e b e c a u s e of d i f f i cu l t i e s wi th 
the NaK cool ing s y s t e m for the co ld t r a p . 

A s e c o n d s m a l l sodiuna f i r e o c c u r r e d -when the be l lows of a s a m p l i n g 
v a l v e in the p lugg ing i iadica tor loop l e a k e d . R e p l a c i n g the be l l ows c o r r e c t e d 
the l eak . 

With the s y s t e m at 570°F , t h e r m a l p ipe de f l ec t ion m e a s u r e m e n t s 
w e r e c o m p l e t e d . 



A successful full load t e s t -was run on the secondary electronaagnetic 
pump to de te rmine t he rma l equi l ibr ium of the m o t o r - g e n e r a t o r set and pump 
windings. Additional work is requ i red before the flo-wmeters and other 
sodium instrunaentation a r e completely cal ibrated, 

3. Power P lan t 

In ear ly December the Po-wer Plant sys tems -were in shutdown con­
dition, and the s team genera tor was in wet lay-up, completely filled with 
•water chemical ly t r ea ted for co r ro s ion inhibition. On December 6, heat -
up of the s team genera tor and the secondary sodium sys tem was s tar ted , 
as descr ibed above. 

In conjunction with secondary sodium sys tem clean-up, s team drum 
level -was maintained by in te rmi t ten t addition of feedwater to rep lace losses . 

Some checkout, main tenance , and modification jobs -were accom­
plished during the month. Cooling tower fans were checked, and some minor 
difficulties in the control c i r cu i t s -were cor rec ted . It -was d iscovered that 
inadvertent s tar t ing of the m o t o r - d r i v e n feed-water punap, -with the s ta r t 
switch at the feed-water control panel locked out, was poss ib le by turning the 
se lec tor switch to the "automat ic" position. To provide t e m p o r a r y p r o t e c ­
tion against th i s , the dc supply to the b reaker has been in ter rupted; to 
afford peri-nanent protect ion, the se lec tor will be put under the control of 
a lock and key, as is the " s t a r t - s t o p " switch. 

Load testing of the auxi l iary heating boi le rs was per formed, utilizing 
the turbine condenser . Condenser vacuum was es tabl ished and the auxi l iary 
boiler was loaded by pass ing s t eam through the main turbine bypass line. 
This b-ypass systena contains the b a c k - p r e s s u r e regulating valves and the de-
superheating section of the condenser which -was used for the f i rs t t ime. 

This operat ion requ i red the use of the desuperheat ing sprays . Sub­
sequent inspect ion of the s t r a i n e r s u p s t r e a m of the spray nozzles revealed 
considerable debr i s in the s t r a i n e r s , which indicates that they a r e affording 
-worthwhile protec t ion to the nozzles . 

Work has been s ta r ted on the instal lat ion of the turbine lubricat ing 
oil t r ans fe r pump and the oil purif icat ion system. 

4, Fuel Cycle Faci l i ty 

The p rocedu re for the removal of sodium from reac to r fuel assena-
blies inside the interbuilding coffin by oxidation, hydro lys i s , and washing 
was init ial ly tested. T-wo dummy core a s sembl i e s and four na tura l u ran ium core 
a s s e m b l i e s -were p r o c e s s e d successful ly at the sod ium-remova l station in 



the F u e l Cyc le F a c i l i t y p a s s a g e w a y . No d i f f icu l t ies w e r e e n c o u n t e r e d d u r ­
ing the r u n s ; the c l ean ing a p p e a r e d to be adeciuate , a s judged by s u b s e q u e n t 
e x a m i n a t i o n . A n a l y s i s of the w a s h w a t e r showed tha t in i t i a l ly 30-41 g of 
s o d i u m w e r e p r e s e n t on each a s s e m b l y . 

The d i s m a n t l i n g m a c h i n e w a s u s e d to p r o c e s s f u r t h e r one of the 
n a t u r a l u r a n i u m a s s e m b l i e s f rom which s o d i u m had been r e m o v e d in the 
coffin. O p e r a t i o n w a s g e n e r a l l y s a t i s f a c t o r y , exc ept for an i m p r o p e r s e t ­
t ing of the c u t t e r a t the p o s i t i o n for s e p a r a t i o n of the l ower b lanke t f r om 
the l o w e r s t a i n l e s s s t e e l s e c t i o n , and diff icul ty in s h e a r i n g the t ie bo l t s in 
the b l a n k e t s ec t i on . The f i r s t p r o b l e m h a s s ince been rec t i f i ed . 

M o r e than 200 d e p l e t e d u r a n i u m a l loy fuel e l e m e n t s w e r e d e c a n n e d 
s u c c e s s f u l l y in f u r t h e r i n - c e l l t e s t i n g of the decann ing mac i i ine . I m p r o v e d 
o p e r a t i o n of the s c r a p c u t t e r r e s u l t e d f r o m the u s e of l ieat ing u n i t s to r a i s e 
the t e m p e r a t u r e of the m a c h i n e , a l t i iough s o m e diff iculty w a s e n c o u n t e r e d 
in feeding s c r a p to tiie c u t t e r . M o d i f i c a t i o n s to the s c r a p s e p a r a t o r tube 
and fuel c h o p p e r o r i f i c e a i m e d a t e l i m i n a t i n g j a m m i n g w e r e t e s t e d , but 
i m p r o v e m e n t w a s not c l e a r - c u t . S ince it a p p e a r e d tha t soc i ium-wet t ing 
d i f f i cu l t i e s w e r e m o r e of a p r o b l e m witli a h igh con ten t of w a t e r vapo r in 
the ce l l a t m o s p h e r e , t e s t s w e r e conduc t ed a t v a r i o u s l e v e l s of n a o i s t u r e up 
to abou t oO p p m , but m a r k e d i m p r o v e n a e n t w a s not o b s e r v e d . 

F o u r add i t i ona l m e l t - r e f i n i n g r u n s in the A r g o n Cel l w e r e m a d e to 
p r e p a r e ingo ts for subsecjuent o p e r a t i o n s . P o u r i n g y i e ld s of u r a n i u m -
f i s s i u m a l loy w e r e in the v i c i n i t y of 95'/o. A n u m b e r of in jec t ion cas t i t ig 
r u n s w e r e c o m p l e t e d in s t u d i e s to d e t e r m i n e opt imuna p r o c e s s cond i t i ons . 
Y ie ld s of c a s t i n g s m o r e than 15 in. loiig Vvcre i m p r o v e d a s the acc iu i i u l a to r 
p r e s s u r e w a s i n c r e i i s e d , and a m a x i m u m va lue of 99^0 w a s ac t i ieved. A 
second m e l t - r e f i n i n g furnaice h a s been i n s t a l l e d in the A r g o n Cull . 

B e c a u s e of tlie s t e p - t o - s t e p feeding d i f f icu l t i es a t the Window No. 7 
p i n - p r o c e s s i n g s t a t ion , one of the d e m o l d i n g un i t s w a s p r o v i d e d with a 
s e p a r a t e s tand which w a s i n s t a l l e d a t 1̂? indow No. 5 a long with the r e m a i n d e r 
of the seecjnd p i n - p r o c e s s i n g s t a t i on . At t h i s point , a Mode l A s e a l e d 
m a s t e r - s l a v e m a n i p u l a t o r w a s i n s t a l l e d to a s s i s t feeding o p e r a t i o n s . P r e ­
l i m i n a r y t e s t s i n d i c a t e tha t o p e r a b i l i t y h a s been i m p r o v e d c o n s i d e r a b l y . 
Gaging s t a t i o n s a r e being r e a l i g n e d and equ ipped with a m a g n e t i c clutcli 

T u b e s in an in i t i a l g r o u p of 19 fuel pin j a c k e t s w e r e c l a s s i f i e d a c ­
c o r d i n g to i n t e r n a l d i a m e t e r s , and each w a s loaded v,dth tiie p r o p e r quan t i ty 
of s o d i u m in tlie a r g o n a t m o s p h e r e g lovebox. Af te r t r a n s f e r r i n g the g roup 
into the A r g o n C e l l , d e p l e t e d u r a n i u m fuel p ins and r e s t r a i n e r s w e r e in ­
s e r t e d renao te ly , the u n i t s w e r e p r o c e s s e d a t the se t t l i ng s ta t ion , and 
a p p a r e n t l y s a t i s f a c t o r y we ld ing w a s ef fec ted in the ce l l . The canned e l e ­
m e n t s w e r e nex t r e t u r n e d to tile a i r c e l l for bonding, which w a s effected 
for 2— hr at 500°C. Tlie r o d s wi l l next be au to rad iog raphec i for l e v e l 
d e t e r n a i n a t i o n . T h e s t r o k e of the bonding naachine did not a p p e a r to be a s 



long o r a s r e p r o d u c i b l e a s i s d e s i r e d , and the a c t u a t i n g so l eno id o v e r h e a t e d 
in s u s t a i n e d o p e r a t i o n wi th a m a g a z i n e full of e l e m e n t s . To p r e v e n t s t i ck ing 
of e l enaen t s in the naagaz ine , a l a r g e r s o l e n o i d wi l l be ob ta ined , and the b o t ­
t o m f i t t ings of the naagaz ine wi l l be modi f i ed . 

The g e a r - r e d u c e r uni t in one of the i n - c e l l c r a n e s w a s e x t e n s i v e l y 
d a m a g e d when an u p - l i m i t s-\\'itch c i r c u i t fa i led , wh ich r e s u l t e d in the h o i s t 
b lock wedg ing bet-ween the h o i s t druna and the ec |ua l i ze r pulleys. The w e d g ­
ing ac t ion s u b j e c t e d the g e a r - r e d u c e r uni t and the h o i s t d r u m to the full 
s t a l l i n g t o r q u e of the ho i s t m o t o r and the inapact froxai the laaotor a r n a a t u r e 
t h r o u g h a g e a r r e d u c t i o n rjf 1700 to 1. 

C o r r e c t i v e m e a s u r e s for p r o t e c t i n g the i n - c e l l c r a n e s h a v e been 
t aken . A new l i m i t r e l a y wi th i m p r o v e d o p e r a t i n g c h a r a c t e r i s t i c s h a s r e ­
p l a c e d the o r i g i n a l relays in the u p - l i m i t sw i t ch sys tena . To p r e v e n t o v e r ­
load ing of the h o i s t l a i echan i sm should t h e r e be a fu tu re naalfunct ion in the 
u p - l i m i t swi t ch s y s t e m , a s l ip c lu t ch for the ho i s t d r i v e h a s been d e s i g n e d 
a t A r g o n n e . The c lu t ch i s d e s i g n e d so tha t only the c lu tch half of the d r i v e 
m o t o r wi l l have to be changed . T h e c lu t ch wi l l be s e t to s l ip a t a t o r q u e 
abou t 50% h i g h e r than t h a t r e q u i r e d for n o r m a l o p e r a t i o n of the h o i s t ( load 
a c c e l e r a t i o n i nc luded ) . T h i s -will p r e v e n t s l i p p a g e , and h e n c e w e a r , of the 
c lu tch d u r i n g noriaaal o p e r a t i o n s , and s t i l l p r o v i d e p r o t e c t i o n a g a i n s t o v e r ­
load ing of t h e h o i s t naechanisna . S l ip c l u t c h e s h a v e been o r d e r e d for the 
h o i s t d r i v e s of the t h r e e i n - c e l l c r a n e s . 

A f u r n a c e d e s i g n h a s b e e n p r o p o s e d for s k u l l - o x i d e p r o c e s s i n g in 
which the she l l ( a t m o s p h e r e e n c l o s u r e ) of the f u r n a c e would a c t a s the s u s -
c e p t o r for i nduc t i on h e a t i n g . The s h e l l would be s u r r o u n d e d by a l a y e r of 
i n s u l a t i o n w h i c h cou ld be renaoved. The i nduc t ion hea t i ng co i l would be 
l o c a t e d a r o u n d the i n s u l a t i o n . Th i s a r r a n g e m e n t would p r o v i d e for b e t t e r 
cool ing of t h e i nduc t ion coi l t han c o n v e n t i o n a l d e s i g n s (wtiere t h e coi l i s 
wi th in the a t n a o s p h e r e e n c l o s u r e ) . I t would a l s o a l low the c r u c i b l e to be 
r a p i d l y coo led by n a e c h a n i c a l l y renaoving the i n su l a t i on . A t e s t i s u n d e r ­
way to d e t e r m i n e the f e a s i b i l i t y of the d e s i g n . 

E. F A R E T 

1. D e s i g n S t u d i e s 

The p r e s e n t T i t l e II d e s i g n p l a n wi l l p r o v i d e for the i s s u a n c e of 
two naajor c o n s t r u c t i o n p a c k a g e s and one o r m o r e p r o c u r e n a e n t p a c k a g e s . 
The d e s i g n of P a c k a g e A, w h i c h wi l l be c o n a p r i s e d of the foUoAving m a j o r 
eleiaaents, i s in p r o g r e s s : 

a. a c c e s s r o a d , inc lud ing c u l v e r t s , b a s e c o u r s e , and s u i t a b l e c o n ­
s t r u c t i o n w e a r i n g c o u r s e ; 

b. w a t e r and e l e c t r i c a l p o w e r l i n e s f rom E B R - I I to t e r m i n a l po in t 
a t F A R E T s i t e ; 



c, e x c a v a t i o n for s u p p o r t wing and r e a c t o r bu i ld ing ; 

d, foundat ion p r e p a r a t i o n inc lud ing check d r i l l i n g , g rou t ing , and 
founda t ion p i e r s ; 

e, l i m i t e d s i t e g r a d i n g c o m p a t i b l e with s t r u c t u r a l excava t ion and 
d r a i n a g e r e q u i r e m e n t s ; 

f, a l l backf i l l -which can be conaple ted in t h i s A p a c k a g e ; 

g, l e v e l l i n g s l ab for b a s e m e n t f loo r s and foundat ions . 

The d e s i g n of the s e c o n d c o n s t r u c t i o n p a c k a g e is p l anned for c o m p l e ­
t ion in D e c e m b e r 1964 and -will c o m p r i s e the naajor c o n s t r u c t i o n p a c k a g e . 
P r o c u r e m e n t p a c k a g e s -will be d e v e l o p e d a s n e c e s s a r y in o r d e r to a s s u r e 
t ha t equipiaaent p r o c u r e m e n t wi l l be m a d e on a tinaely- b a s i s . 

A s i t e r o a d and w a t e r l ine s u r v e y h a s been c o m p l e t e d by the 
F , C, T o r k e l s o n Coiaapany^ The p u r p o s e of th i s s u r v e y w a s to e s t a b l i s n 
optinauna r o u t i n g s b a s e d on a c t u a l f ield cond i t ions and to p r o v i d e i n f o r m a ­
t ion for de s ign . E n g i n e e r i n g d r a w i n g s r e s u l t i n g f r o m th i s s tudy have been 
for-warded to the A r c h i t e c t for u s e in T i t l e II des ign , 

A N L and B e c h t e l e n g i n e e r s , c o n c e r n e d pr imar i ly^ wi th the e l e c t r i c 
pow"er and the c o n t r o l and in s t ru i a i en t a t i on a s p e c t s of F A R E T , ine t a t the 
E B R - I I s i t e . The pr i iaaary o b j e c t i v e s of the v i s i t w e r e to f ana i l i a r i ze t h e s e 
p e r s o n n e l wi th s i t e c o n d i t i o n s , t he d e s i g n f e a t u r e s of the E B R - I I , and 
Idaho D iv i s ion e x p e r i e n c e wh ich wi l l af fect o r could be useful in the 
T i t l e II de s ign . P a r t i c u l a r enaphas i s w a s p l aced on c o n s i d e r a t i o n s which 
wi l l a f fect s e l e c t i o n of equipi-nent, s y s t e m s d e s i g n and, to a c e r t a i n ex ten t , 
o p e r a t i n g cond i t i ons . 

G e n e r a l r e v i e w s and c o o r d i n a t i o n of the T i t l e II de s ign by the 
L a b o r a t o r y for the p a s t m o n t h c o v e r the fol lowing a r e a s : 

a. T h e f e a s i b i l i t y of u s ing o r d i n a r y c o n c r e t e for sh ie ld ing p u r ­
p o s e s w a s s u g g e s t e d . A s tudy i n d i c a t e d tha t i t s u s e w a s d e s i r a b l e . Con­
sequently?-, it i s e x p e c t e d tha t o r d i n a r y c o n c r e t e wi l l be u s e d for the ce l l 
c e i l i ng and c e r t a i n p o r t i o n s of the u p p e r ce l l w a l l s . Th i s wi l l r e s u l t in 
e c o n o m i e s in c o n s t r u c t i o n , but -will not unduly affect o v e r a l l p lan t 
o p e r a t i o n s . 

b. P r e l i m i n a r y i n f o r m a t i o n c o n c e r n i n g d r y fuel s t o r a g e c r i t i c a l -
ityr a n a l y s i s , wh ich wi l l affect s p a c e a r r a n g e m e n t a n d p e r h a p s c o n c r e t e 
d e s i g n , have been t r a n s m i t t e d to the A r c h i t e c t . The u s e of b o r a t e d con­
c r e t e in c e r t a i n p o r t i o n s of the r e a r ce l l a r e a r e l a t e d to fuel s t o r a g e i s 
be ing c o n s i d e r e d . 

c. R e f e r e n c e d i m e n s i o n s of the r e a c t o r v e s s e l -wdiich a r e r e ­
q u i r e d to deve lop c o n s t r u c t i o n P a c k a g e A have been de te rna ined . 



d. Sh ie ld ing da ta of a p r e l i m i n a r y n a t u r e c o n c e r n i n g a n t i c i p a t e d 
l e v e l s of r a d i a t i o n in v a r i o u s p a r t s of the p l an t u n d e r a n u m b e r of o p e r a t ­
ing cond i t i ons have b e e n deve loped , p r i m a r i l y for L a b o r a t o r y u s e . T h i s 
m a t e r i a l i n c l u d e s m u l t i g r o u p n e u t r o n - f l u x e s t i m a t e s b a s e d on a n t i c i p a t e d 
c o r e d e s i g n s and e s t i m a t e s of spec i f i c s o d i u m a c t i v a t i o n in the p r i m a r y 
coo l an t s y s t e m . T h e s e d a t a h a v e been t r a n s m i t t e d to B e c h t e l and should 
a s s i s t t h e m in the d e v e l o p m e n t of the sh i e ld ing d e s i g n and he lp to e x p e ­
di te T i t l e II w o r k . 

e, A n u m b e r of t y p i c a l s p e c i f i c a t i o n s have b e e n r e c e i v e d froim 
B e c h t e l for A N L c o n s i d e r a t i o n a s to f o r m a t , g e n e r a l l a n g u a g e , and a d e q u a c y 
of dep th of t e c h n i c a l con ten t . I t i s p l a n n e d to e v a l u a t e t h e s e s p e c i f i c a t i o n s 
f r o m the r e q u i r e m e n t s of both the L a b o r a t o r y and C o m m i s s i o n p r i o r to 
f ina l i z ing s p e c i f i c a t i o n f o r m a t "with B e c h t e l . 

Z, Safe ty A n a l y s i s 

T h e d r a f t of t h e P r e l i m i n a r y Safe ty A n a l y s i s R e p o r t h a s b e e n c o m ­
p l e t e d and i s be ing revie-wed p r i o r to s u b m i s s i o n to t h e C o m n i i s s i o n . 

A s p a r t of the F A R E T sa fe ty s tudy , a r e a c t o r m e l t d o w n p r o b l e m 
h a s b e e n coded for so lu t i on on the I B M - 7 0 4 conaputer and h a s b e e n d e s ­
i g n a t e d a s A N L - I 8 9 1 / R P . The code i s u s e d to i n v e s t i g a t e t h e d y n a m i c 
b e h a v i o r of a r e a c t o r for a p o s i t i v e r e a c t i v i t y i n s e r t i o n , and the c o r r e ­
sponding p o s i t i v e a n d / o r n e g a t i v e f e e d b a c k s a r i s i n g f r o m t e m p e r a t u r e -
d e p e n d e n t e f fec t s and f r o m the d e g r e e of c o r e c o l l a p s e a f t e r m e l t i n g h a s 
s t a r t e d . The p r o g r a m e s s e n t i a l l y c o u p l e s the d y n a m i c s of m e l t i n g and 
c o l l a p s i n g of the c o r e v^ îth the r e a c t o r k i n e t i c s equa t ion . 

T h e m o d e l s u s e d for the v a r i o u s c h a n g e s in r e a c t i v i t y a r e i n c o r ­
p o r a t e d in to t h r e e b a s i c t y p e s of r e a c t i v i t y i n s e r t i o n s o r f e e d b a c k s . 

F i r s t i s the e x t e r n a l l y a p p l i e d r e a c t i v i t y : s t r a i g h t ranap i n s e r t i o n s 
o r r a m p i n s e r t i o n s up to a t i m e to m a y be a l lowed . 

The s e c o n d type; of r e a c t i v i t y c h a n g e c o n s i d e r e d i s t ha t w h i c h i s a 
funct ion of d i s p l a c e m e n t , e .g . , t he c o l l a p s i n g of the c o r e . The r e a c t i v i t y 
of c o l l a p s e i s d e t e r m i n e d f r o m a s e r i e s of s t a t i c r e a c t o r c a l c u l a t i o n s a s 
a func t ion of r e a c t o r he igh t . T h e m o d e l u s e d in t h e s e c o m p u t a t i o n s a s s u m e s 
tha t t he m e l t e d s e g m e n t of the fuel i s u n i f o r m l y d i s t r i b u t e d o v e r the r e ­
m a i n i n g c o r e h e i g h t w i th an equa l v o l u m e d i s p l a c e m e n t of coo lan t . 

The t i m e d e p e n d e n c e of c o l l a p s e i s d e t e r n a i n e d t h r o u g h a m o d i f i e d 
g r a v i t a t i o n a l e q u a t i o n of m o t i o n , w h i c h allo 'ws the c o l l a p s e to o c c u r a t a n 
a c c e l e r a t i o n l e s s t han a " g . " A " d y n a m i c f r i c t i o n a l " t e r m i s i n c l u d e d to 
a c c o u n t for r e a c t o r d e s i g n s invo lv ing c l o s e l y p a c k e d fuel e l enaen t s . An 
a s s e m b l a g e of m e l t i n g fuel p i n s m a y b e h a v e qu i t e d i f f e ren t ly than an i s o ­
l a t e d p in . (The coef f ic ien t c a n be e s t i m a t e d by p e r f o r m i n g e x p e r i m e n t s in 
T R E A T on a c l u s t e r of p i n s . ) 



The t h i r d type of r e a c t i v i t y change c o n s i d e r e d i s one wh ich i s d e ­
p e n d e n t on the change of t e m p e r a t u r e , e .g . , fuel and coolan t expans ion and 
D o p p l e r e f fec t s . The code , at p r e s e n t , p r o v i d e s only the Dopple r effect. 
The t e m p e r a t u r e d e p e n d e n c e i s t a k e n f r o m a s e r i e s of s t a t i c c a l c u l a t i o n s 
: r.volving D o p p l e r - b r o a d e n e d c r o s s s e c t i o n s for s e v e r a l fuel t e m p e r a t u r e s . 

The code c o m p u t e s p o w e r and t e i n p e r a t u r e d i s t r i b u t i o n s at each 
t i m e i n t e r v a l . The t i m e d e p e n d e n c e of the r e a c t o r p o w e r , wi th one g roup 
of d e l a y e d n e u t r o n s , i s c o m p u t e d by the u s u a l n e u t r o n k i n e t i c s e q u a t i o n s . 
The poAver d i s t r i b u t i o n i s a s su imed to have a c o s i n e shape in the ax i a l 
d i r e c t i o n wi th a f lat r a d i a l d i s t r i b u t i o n . The c o r e i s divided a x i a l l / into 
fo r ty s e g m e n t s of equal s i z e . When a s e g m e n t m e l t s and c o l l a p s e o c c u r s , 
the code r e c a l c u l a t e s the t e m p e r a t u r e d i s t r i b u t i o n o v e r the new he igh t o b ­
t a i n e d by o m i t t i n g the m e l t e d s e g m e n t . The p o w e r and t e m p e r a t u r e a t 
e a c h tiiTie a r e u s e d to c o m p u t e the r e a c t i v i t y f eedback t h rough the equa t ions 
def ined above . The r e a c t i v i t y i n s e r t i o n s a r e then fed back into the n e u t r o n 
k i n e t i c s equa t ion . 

P r e l i m i n a r y coixiputat ions have b e e n m.ade for a s e r i e s of p o s i t i v e 
r e a c t i v i t y - i n s e r t i o n r a t e s r a n g i n g f r o m $ 3 / s e c to $ZO/sec . Of p a r t i c u l a r 
i n t e r e s t a r e the r e s u l t s for the $ 3 / s e c and $ 5 / s e c c a s e s , wi th and wi thout 
the D o p p l e r effect for the s m a l l c o r e load ing . 

When the n e g a t i v e f e e d b a c k of the D o p p l e r coeff ic ient i s n e g l e c t e d , 
the t i m e r e q u i r e d to m e l t 87 ,5% of the c o r e i s 1.7 and 3.Z m s for the 
$ 5 / s e c and $ 3 / s e c r a m p i n s e r t i o n s , r e s p e c t i v e l y . T h e s e a r e the s h o r t e s t 
m e l t i n g t i m e s invo lved and the ne t r e a c t i v i t y i n s e r t e d is the l a r g e s t . 

The r e s u l t s of the m e l t d o w n c o m p u t a t i o n i nd i ca t e tha t for r e a c t i v i t y 
i n s e r t i o n r a t e s be low $ 5 / s e c , the m e l t i n g p r o c e s s s t a r t s s o m e ZOO to 300 m s 
a f t e r s t a r t of the ex t e r i i a l i n s e r t i o n . The t i m e for 50% and 87.5% of the c o r e 
to m e l t r a n g e s f r o m 1 to 10 m s . 

I t t hus a p p e a r s t ha t the l o w e r r a t e s of e x t e r n a l r e a c t i v i t y i n s e r t i o n 
l e a d to h i g h e r r a t e s of i n s e r t i o n d u r i n g the m e l t i n g p r o c e s s b e c a u s e of the 
l o n g e r t i m e a v a i l a b l e for a c c e l e r a t i o n of the m o l t e n fuel be fo re s ign i f ican t 
p r e s s u r e g e n e r a t i o n o c c u r s . 

To s tudy t h i s effect a s e r i e s of c o m p u t a t i o n s w e r e m a d e with the 
i n t r o d u c t i o n of n e g a t i v e D o p p l e r coe f f i c i en t s of d i f fe ren t m a g n i t u d e s . The 
t e m p e r a t u r e - d e p e n d e n t n e g a t i v e f e e d b a c k w a s i n t r o d u c e d to coiTipromise 
the i n i t i a l p o s i t i v e i n s e r t i o n . The r e s u l t i n g r a t e of i n s e r t i o n found du r ing 
the m.elt ing p r o c e s s c o n f i r m s the c o n c l u s i o n s s t a t e d for the n o n - D o p p l e r 
c a s e , t ha t i s , in t h e s m a l l - c o r e c a s e , a n e g a t i v e Dopp le r f eedback would 
r e s u l t in a g r e a t e r r e a c t i v i t y c o n t r i b u t i o n froim the c o l l a p s i n g of the c o r e . 
The m a g n i t u d e of the Dopp le r i s not l a r g e enough to effect a r e a c t o r shu t ­
down. The effect of the n e g a t i v e f e e d b a c k in t h i s c a s e i s to i n c r e a s e the 
m e l t i n g t i m e and h e n c e a l low a g r e a t e r d e g r e e of c o r e c o l l a p s e to o c c u r . 



3, F u e l D e v e l o p m e n t 

The UO2 p e l l e t s for g a s - g a p fuel e l e m e n t s h a v e been found to c r a c k 
when s u b j e c t e d to h e a t f luxes of i n t e r e s t ( see P r o g r e s s R e p o r t for Septem.-
b e r 1963, A N L - 6 7 8 4 , p. 27), Such c r a c k i n g would l i k e l y l e a d to a d e c r e a s e 
in the gap b e t w e e n p e l l e t and c l a d and thus d e c r e a s e the d e s i r a b l e fuel 
t e m p e r a t u r e c o n d i t i o n s for the F A R E T Dopp le r e x p e r i m e n t . S ince UC h a s 
a m u c h h i g h e r t h e r m a l c o n d u c t i v i t y t han UO2, t h e t h e r m a l s t r e s s e s would 
be s u b s t a n t i a l l y s m a l l e r t han in the oxide b e c a u s e of a l o w e r t e m p e r a t u r e 
d i f f e r ence for a g iven h e a t flux. To d e t e r m i n e the p e r f o r i n a n c e of UC 
p e l l e t s for g a s - g a p fuel e l e m e n t s , p e l l e t s w e r e f a b r i c a t e d f r o m n e a r l y 
s t o i c h i o m e t r i c m a t e r i a l wh ich w a s w e t m i l l e d , p r e s s e d a t 20,000 p s i , and 
s i n t e r e d in v a c u u m (10~^ m i n Hg p r e s s u r e ) for 4 h r a t 1650°C. The c o m ­
p a c t s w e r e found to have d e n s i t i e s a r o u n d 90 p e r c e n t of t h e o r e t i c a l . An 
e l e c t r i c - d i s c h a r g e m a c h i n e w a s u s e d to d r i l l h o l e s and f in i sh e x t e r i o r 
s u r f a c e s to r e q u i r e d d i m e n s i o n s . The f in i shed s u r f a c e s a p p e a r e d p o o r 
due to f i s s u r e s p e r p e n d i c u l a r to the c y l i n d r i c a l a x i s . 

By m e a n s of a i ^ - i n . - O D t a n t a l u m r e s i s t a n c e h e a t e r , l o c a t e d in the 
c e n t r a l ax i a l ho le of e a c h of t h e p e l l e t s , t he p e l l e t s w e r e e x p o s e d t en t i m e s 
to a m i n i m u m and m a x i m u m h e a t flux of 2 and 20 w / c m . (The l a t t e r flux 
p r o d u c e s t h e r m a l s t r e s s e s equa l to t h o s e p r o d u c e d by a h e a t flux of about 
33 W / c m in the r e a c t o r . A h e a t flux e q u i v a l e n t to 10 w / c m in the r e a c t o r 

a p p e a r s to r e s u l t in c r a c k i n g of the 
T a b l e VII. T e s t C o n d i t i o n s for p e l l e t s w h e n f a b r i c a t e d of UOj m a -

U r a n i u m M o n o c a r b i d e t e r i a l . ) E a c h h e a t cyc l e l a s t e d a p ­
p r o x i m a t e l y one hour . 

H e a t flux ( w / c m ) * 2 20 
Clad T e m p (°C)* 200 580 The t e s t cond i t i ons a r e g iven 
C a r b i d e OD T e m p (°C)** 280 865 in T a b l e VII. 
C a r b i d e ID T e m p (°C)** 285 895 

D u r i n g the t e s t , e f for t s w e r e 
* M e a s u r e d * * C a l c u l a t e d m a d e to m a i n t a i n the a r g o n a t m o s ­

p h e r e a t a lovi^ oxygen l e v e l by p a s s ­
ing the a r g o n g a s t h r o u g h a h e a t e d m a n g a n o u s oxide bed b e f o r e i n t r o d u c t i o n 
to the t e s t s ec t i on . 

E x a m i n a t i o n of the c a r b i d e p e l l e t s a f t e r the t e s t ( s ee F i g u r e l ) 
showed tha t t h e y r e t a i n e d t h e i r c y l i n d r i c a l s h a p e . P e l l e t s 1 and 6 w e r e 
b r o k e n d u r i n g d i s a s s e m b l y of the t e s t a p p a r a t u s , p e l l e t 4 w a s b r o k e n b e ­
fo re a s s e n a b l y , and t h e c r a c k in p e l l e t 3 w a s thought to be the r e s u l t of 
h a m m e r b lows du r ing d i s a s s e m b l y . T h e r e w a s no a p p a r e n t i n d i c a t i o n of 
c r a c k s r e s u l t i n g f r o m the t h e r m a l cyc l ing . B e c a u s e of t h e s e e n c o u r a g i n g 
r e s u l t s , a d d i t i o n a l t e s t s wi l l be r a a d e to d e t e r m i n e the m a x i m u m h e a t flux 
tha t c a r b i d e p e l l e t s can w i t h s t a n d wi thou t c r a c k i n g . 
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Figure 1. Uraniuni Carbide Pellets after Thermal Cycling 
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III . G E N E R A L R E A C T O R TECHNOLOGY 

A. App l i ed N u c l e a r and R e a c t o r P h y s i c s 

1. T i m e - o f - f l i g h t E x p e r i m e n t s 

a. E l a s t i c N e u t r o n S c a t t e r i n g , The r e s u l t s of m e a s u r e m e n t s of 
d i f f e r en t i a l e l a s t i c n e u t r o n s c a t t e r i n g c r o s s s e c t i o n s of coba l t , z inc , and 
c o p p e r have been p r e p a r e d for p u b l i c a t i o n . The n a e a s u r e m e n t s ex tend 
f rom inc iden t n e u t r o n e n e r g i e s of 0.3 to 1.5 M e V , The e x p e r i m e n t a l r e ­
s u l t s a r e i nd i ca t ed in F i g u r e 2, w h e r e the d i f f e r e n t i a l c r o s s s ec t i on is 
e x p r e s s e d in the s e r i e s e x p a n s i o n 

4 

1 - Y ^- î • 
i = i 

The inc iden t n e u t r o n e n e r g y r e s o l u t i o n w a s a p p r o x i m a t e l y 
20 keV. P a r t i c u l a r l y in the c a s e of coba l t , t h i s e n e r g y s p r e a d w a s not 
suff ic ient to a v e r a g e o v e r t h e r e s o n a n c e s t r u c t u r e ; t h u s the m e a s u r e d 
v a l u e s t end to r e f l e c t the p o s i t i o n and s i z e of ind iv idua l r e s o n a n c e s ( th is 
is ev iden t f r o m the t o t a l c r o s s s e c t i o n shown) , 

b . I n e l a s t i c N e u t r o n S c a t t e r i n g . In con junc t ion with the above 
e l a s t i c n a e a s u r e m e n t s , t he i n e l a s t i c s c a t t e r i n g c r o s s s e c t i o n s of c o p p e r , 
coba l t , and z inc w e r e d e t e r m i n e d . The i n e l a s t i c e x c i t a t i o n s of l e v e l s in 
Cu^2 at 663 and 96 1 keV, in Cu^^ a t 770 and 1114 keV, in coba l t at 1097 and 
1189 keV, and m zinc at 990, 1040, and 1080 keV w a s o b s e r v e d . The r e ­
s u l t s a r c g iven in F i g u r e s 3 and 4 . T h e o r e t i c a l c a l c u l a t i o n s a r e i n d i c a t e d 
by the po in t s on e a c h of t h e s e f i g u r e s . The so l id c u r v e s r e f e r to H a u s e r -
F e s h b a c h c a l c u l a t i o n s b a s e d on the g e n e r a l o p t i c a l n rode l p a r a m e t e r s of 
Moldaue r , " i and the do t t ed l i n e s i n d i c a t e the r e s u l t of app ly ing c o r r e c t i o n s 
to the H a u s e r - F e s h b a c h c a l c u l a t i o n s to a c c o u n t for f l u c t u a t i o n s in r e s o ­
nance e f f e c t s . It i s not c l e a r f r o m t h e e x p e r i m e n t a l r e s u l t s t ha t such 
f luc tua t ion e f fec t s w e r e o b s e r v e d . 

c . T o t a l C r o s s S e c t i o n s . T o t a l c r o s s - s e c t i o n m e a s u r e m e n t s by 
t i m e - o f - f l i g h t h a v e been e x t e n d e d to the i nc iden t n e u t r o n e n e r g y r a n g e of 
3 50 to 500 k e V . R e s o l u t i o n s c h a r a c t e r i s t i c a l l y w e r e of t h e o r d e r of 1 keV 
T y p i c a l r e s u l t s for c o b a l t and i r o n a r e shown in F i g u r e 5. Si imilar h igh 
r e s o l u t i o n m e a s u r e m e n t s h a v e b e e n m a d e with f l u o r i n e , su l fu r , and a l u ­
m i n u m . T h e s e r e s u l t s w e r e o b t a i n e d wi th the u s e of an o n - l i n e d a t a 
a c q u i s i t i o n and p r o c e s s i n g which g r e a t l y e x p e d i t e d the r e s e a r c h ef for t . 

"^P. A . M o l d a u e r , O p t i c a l M o d e l of Low E n e r g y N e u t r o n I n t e r a c t i o n s 
wi th S p h e r i c a l N u c l e i , N u c l e a r P h y s i c s 4 7 ( l ) , 6 5 - 9 2 (1963) . 
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Figure 3 

The Measured Inelastic Scattering 
Cross Section of Copper, The curves 
represent theoretical predictions 
and the points represent the ex­
perimental measurements. 
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Figure 4 

The Inelastic Scattering Cross Sections of Co and Zn. 
Curves represent theoretical predictions and the points 
represent the experimental measurements. 
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2 . 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 s 

Add i t i ona l m e a s u r e m e n t s w e r e m a d e with 3% e n r i c h e d UOj fuel in 
a, v e r y h e a v i l y loaded l a t t i c e ( see P r o g r e s s R e p o r t for N o v e m b e r 1963, 
A N L - 6 8 0 8 , p . 33). A zoned c o r e hav ing a H:U^^^ a t o m r a t i o of 0 . 9 9 ( H 2 0 : U 0 2 

v o l u m e r a t i o ~0 .33) w a s l o a d e d in a 1.127-cna p i t ch t r i a n g u l a r g r i d . A 
1 0 - c m - r a d i u s c e n t r a l zone c o n t a i n s s t a i n l e s s s t e e l - c l a d fuel and is s u r ­
r o u n d e d with a 1 8 - c m - t h i c k a n n u l a r zone con ta in ing 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 which a l t e r n a t e r o w s w e r e left v a c a n t 
(halving the fuel dens i ty ) p r o v i d e s suff ic ient r e a c t i v i t y for c r i t i c a l i t y . 

An i n i t i a l c o n v e r s i o n r a t i o (ICR) of 0.9 'was i n e a s u r e d in the c e n t r a l 
zone . T h i s r e s u l t a g r e e s we l l wi th r e p o r t e d c a l c u l a t i o n s . 

It is e x p e c t e d tha t b e t t e r a c c u r a c y wil l be a c h i e v e d in fu ture m e a s ­
u r e m e n t s . The p r e c i s i o n , h o w e v e r , wi l l be l i m i t e d by m e c h a n i c a l t o l e r ­
a n c e s . The fuel i s so c l o s e l y s p a c e d t h a t the c l e a r a n c e b e t w e e n fuel p ins 
and g r i d open ings p e r i n i t s l o c a l i r r e g u l a r i t i e s in m o d e r a t o r con ten t which 
c a n affect r e s u l t s s i gn i f i can t ly . A n o t h e r p e r t u r b a t i o n is i n t r o d u c e d by the 
gap r e s u l t i n g f r o m t h e i n s e r t i o n of fo i ls b e t w e e n fuel p e l l e t s , 

R a d i o c h e n i i c a l s e p a r a t i o n wi th a b s o l u t e count ing of s e l e c t e d f i s s i o n 
p r o d u c t a c t i v i t i e s and n e p t u n i u m d e c a y a r e being c a r r i e d out wi th UO2 p e l ­
le t s a m p l e s . T h i s should ve r i f y the foil m e a s u r e m e n t s by an i n d e p e n d e n t 
n ie thod , 

T y p i c a l foil i n e a s u r e m e n t s gave t h e fol lowing r e s u l t s : c a d m i u m 
r a t i o (Cd R) of U " ^ in fuel , 2 .15 ± 0 .05 , and in t h e m o d e r a t o r , 2.3 ± 0 . 1 ; 
r a t i o of e p i - to s u b - c a d m i u m f i s s i o n s of U^^^ in fuel (Pf^), 0.87 ± 0 .04; 
the r a t i o of b a r e U ^ foil a c t i v a t i o n in n a o d e r a t o r v e r s u s fuel was 
1.05 T 0 . 0 1 , i nd ica t ing a t h e r n a a l d i s a d v a n t a g e f a c t o r n e a r 1.1. 

A t r i a n g u l a r g r i d of 1 .17 -cm p i t ch should b e c o m e a v a i l a b l e in 
J a n u a r y . T h i s wil l p e r m i t load ing a u n i f o r m l a t t i c e fuel zone having an 
a t o m i c r a t i o H:U^^^ of 1,3, which shou ld be c r i t i c a l when l o a d e d with the 
a v a i l a b l e a l u m i n u m - c l a d fuel ( n e a r l y 5,000 e l e n a e n t s ) . T h i s c o r e should 
p e r m i t v e r i f i c a t i o n of da t a t a k e n e a r l i e r wi th n o n u n i f o r m l o a d i n g s . 

B . T h e o r e t i c a l N u c l e a r P h y s i c s 

1. Z P R - V I I Da ta A n a l y s i s 

C a l c u l a t i o n s of t h e r a d i a l r e f l e c t o r s a v i n g s w e r e c a r r i e d out for 
the H i - C 1.24-ciTi s q u a r e l a t t i c e wi th aluminuixi o r 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-cn-i t r i a n g u l a r l a t t i c e wi th a l u m i n u m c l a d . Both t w o -
and f o u r - g r o u p c a l c u l a t i o n s w e r e done by m e a n s of the R E - 1 2 2 diffusion 
t h e o r y c o d e , wi th G A M - I c o n s t a n t s for the n o n - t h e r m a l g r o u p s and 



THERMOS c o n s t a n t s for the t h e r m a l g r o u p . C a l c u l a t e d v a l u e s of r e f l e c ­
t o r s a v i n g s , ?>-p>_, a g r e e d r a t h e r wel l wi th e x p e r i m e n t a l v a l u e s , the l a r g e s t 
d i f f e r e n c e be ing a r o u n d 3 m m . 

S u b s t i t u t i o n of M U F T - 4 c o n s t a n t s for G A M - I c o n s t a n t s in the f i r s t 
two g r o u p s of a c a l c u l a t i o n with t h r e e n o n - t h e r m a l g r o u p s for the H i - C 
1 .24 -cm a lu iTi inum-c lad l a t t i c e l ed to a l a r g e d e c r e a s e in r e a c t i v i t y 
(~5.7%). Much of th i s d e c r e a s e is due to the fact tha t M U F T - 4 c o n s t a n t s 
show l a r g e r c a p t u r e v a l u e s in oxygen in g r o u p ] and m U" in g r o u p 2, 
and in s m a l l e r v a l u e s of I 'Sf in both g r o u p s . It was m e n t i o n e d in A N L - 6 8 0 8 
( P r o g r e s s R e p o r t for N o v e m b e r , 1963) tha t G A M - I c o n s t a n t s led to r e a c ­
t i v i t i e s which w e r e 4 o r 5% high for the H i - C l a t t i c e s . 

2. D o p p l e r Effec t S tud ie s 

Ef fec t s of r e s o n a n c e o v e r l a p p i n g on the Dopp le r b r o a d e n i n g of 
f i s s ion and c a p t u r e r e s o n a n c e s of f i s s i l e i s o t o p e s have been s tud ied e x ­
t e n s i v e l y . A g e n e r a l e x p r e s s i o n , which inc ludes the o v e r l a p p i n g of n e i g h ­
bo r ing r e s o n a n c e s as we l l a s r e s o n a n c e s of o t h e r i s o t o p e s in t h e m i x t u r e , 
h a s been d e v e l o p e d . 

C a l c u l a t i o n s have been m a d e for both u^^s.^zas ^^^^ Pu239,u238 s y s ­
t e m s with v a r i o u s e n r i c h m e n t r a t i o s and p r o b a b l e s c a t t e r i n g c r o s s s e c t i o n s . 
With the g e n e r a l e x p r e s s i o n and a s l i gh t mod i f i ca t ion of the ex i s t ing code , 
it is p o s s i b l e to s tudy the following c a s e s s e p a r a t e l y : (1) f i s s i l e and f e r t i l e 
m a t e r i a l s a r e h o m o g e n e o u s l y m i x e d ; and (2) f i s s i l e and f e r t i l e m a t e r i a l s 
a r e phys ic t i l ly s e p a r a t e d so tha t only t h e f o r m e r is h e a t e d . 

In the f i r s t c a s e , a s ign i f i can t r e d u c t i o n m the Dopp le r b r o a d e n i n g 
is o b s e r v e d in a l l i n t e r m e d i a t e e n e r g y r e g i o n s of i n t e r e s t . The effect is 
p a r t i c u l a r l y i n a r k e d for the U^^ :̂U^^® s y s t e m . In fac t , the Dopple r b r o a d ­
ening of U^ ^ r e s o n a n c e s changcb i ts s ign b e t w e e n 0 .5 -15 keV due to the 
r e s o n a n c e o v e r l a p p i n g . In the s econd c a s e , h o w e v e r , a r e l a t i v e l y s m a l l 
r e d u c t i o n m the Dopp le r b r o a d e n i n g is o b s e r v e d m a i n l y due to the o v e r l a p 
of n e i g h b o r i n g r e s o n a n c e s . The effect f r o m the cold f e r t i l e i so tope is 
s m a l l . 

3 . O r t h o n o r m a l E x p a n s i o n of N e u t r o n S p e c t r a with F o i l - a c t i v a t i o n 
M e a s u r e m e n t s 

A c o m p u t e r p r o g r a m for i n v e s t i g a t i n g the o r t h o n o r m a l expansicjii 
m e t h o d h a s been d e v e l o p e d . 5 P r e l i m i n a r y r e s u l t s have been ob ta ined for a 
t e s t p r o b l e m in which an a t t e m p t was m a d e to fit a spec i f ic n e u t r o n s p e c t r u m 

R e a c t o r D e v e l o p m e n t P rogra iT i 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 . 4 1 . 
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from a given se t of activation m e a s u r e m e n t s , A modified form of the Watt 
fission spec t rum" was se lec ted for this tes t : 

0(e) = a e - ^ ^ s inh (ce )^ /^ (D 

The constants a, b, and c of Eq. (l) a r e 

a = 0.453; b := 1.035; c = 2.29. (2) 

Thereby 0(e) sat isf ies the normal iza t ion condition 

I 0(e) de = 1. (3) 

The ten activation c r o s s sect ions presen ted in Table VIII were 
uti l ized in this tes t p roblem. By use of the c r o s s sect ions for these r e ­
actions together with the spec t rum given in Eq. ( l ) , theore t ica l activations 
have been determiined by numierical integrat ion. With these act ivat ions, 
one can obtain approximations of the spec t rum in the form 

Hn(e) = f 7iUi(e). (4) 
i = l 

In this pa r t i cu la r investigation, the or thonormal set of functions {Ui(e)} 
were genera ted by the Gram-Schmid t p r o c e s s . Hence, it is appropr ia te to 
call this pa r t i cu la r o r thonormal approximation, the Gram-Schmid t method. 

Table VIII, Activation Reactions 

n n 

1 Li^(n,a) 6 S32(n,p) 
2 A l " ( n , a ) 7 K29(n,p) 
3 Al"(n,p) 8 In"5(n,n') 
4 Si2^(n.p) 9 N p " V , f ) 
5 P ' ' (n ,p) 10 U2^^(n,f) 

As a m e a s u r e of the e r r o r assoc ia ted with a given approximation 
Hn(€^)) it is convenient to introduce the res idual En, defined by 

/

oo 

iHn(e) - *(e) lde En = iHn(e) - * ( e ) i d e . (5) 

° L . Cranberg £ t a l . , F i s s ion Neutron Spectrum of U^^ ,̂ Phys . Rev, 103, 
662 (1956). 



In v i ew of the n o r m a l i z a t i o n cond i t ion , Eq . (S), one m a y a l s o ca l l Ej^ the 
r e l a t i v e e r r o r of the a p p r o x i m a t i o n . 

F i g u r e 6 p r e s e n t s the r e l a t i v e e r r o r E n as a function of n, ob ta ined 
f r o m the G r a m - S c h m i d t m e t h o d for th i s t e s t p r o b l e m . E x t r a p o l a t i o n in ­
d i c a t e s a l i m i t i n g a c c u r a c y ( i . e . , n -* co) of rough ly 2 5% is a v a i l a b l e with 
th i s p a r t i c u l a r m e t h o d . A c o m p a r i s o n of the a p p r o x i m a t i o n Ht^ie) with the 
o r i g i n a l s p e c t r u m 0(e) i s g iven in F i g u r e 7. 
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It should be s t r e s s e d that the accuracy presen ted above is definitely 
the best that can be attained for the Gram-Schmidt method, since exper i ­
mental e r r o r has not been included in the analys is . Fu r the r work will in­
clude an analysis of the effects introduced by exper imental e r r o r . The 
source of experimental e r r o r -which a r i s e s from uncer ta in t ies in the 
c ros s sections that a r e employed, may significantly affect the end r e su l t s . 
The conaputer p r o g r a m will be extended in an effort to investigate these 
effects. 

4. Excurs ion Analyses for Fas t Reactors 

A se r i e s of AX-I calculations were initiated to compare the energy 
r e l ea se from a homogeneous core with that froixi a power-flat tened core 
with a relat ively long (~15 /isec) initial prompt neutron l ifet ime. The 
sys tems a re modera tor reflected. The relat ively flat power distr ibution 
in the core was obtained by varying the rat io of fuel to strongly absorbing 
diluent as a function of rad ius . Actually, the rat io is held constant for 
radial she l l s , thus giving a "chopped" but relat ively constant overal l 
power distr ibution. Table IX sumnaarizes some significant excursion 
p a r a m e t e r s . It is to be noted that the "autocatalytic" behavior of these 
excursions (see Monthly P r o g r e s s Report for July 1963, ANL-6764, p. 40) 
appears to be somewhat aggravated by a sys tem with a relat ively flat 
power distr ibution. The prompt neutron lifetime of the power-flattened 
systenas is usually somewhat shor te r (by ~5 /asec) than the homogeneous 
core sys tem. Similar comparat ive analyses a re being initiated for s y s ­
tems with shor ter (<0.5 /is 

T a b l e IS 
( 3 0 0 - l i t e 

P e r i o d ( / i sec) 

C o r e T y p e In i t i a l M i n i m u m 

H o m o g e n e o u s 2 50 220 
F l a t t e n e d 345 263 
F l a t t e n e d 297 188 
F l a t t e n e d 168 129 

C. Reactor Fuels Development 

1. (Th,U) Phosphides 

As par t of a study of (Th,U) phosphides, thor ium monophosphide 
was synthesized by the react ion of phosphine (PH3) gas with finely divided 
thor ium obtained from the hydride. The surfaces of the thor ium chips 
used were cleaned in a 50% solution of HNO3 containing soine HF . Com­
minution of the thorium chips was somewhat more difficult than that of 

ec) prompt neutron l i fe t imes. 

[. C o m p a r a t i v e A X - I A n a l y s e s 
r , M o d e r a t o r - R e f l e c t e d C o r e s ) 

P e a k 

( m e g a b a r s ) 

0.15 
0,16 
0.19 
0.26 

T i m e of 
P e a k 

( u s e e ) 

1092 
1410 
1206 
894 

T i m e ( / i sec ) 
P e r i o d 

N e g a t i v e 

1188 
1467 
1240 

901 

E n e r g y R e l e a s e 
(10^^ e r g ) 

K in e t i c 

0.029 
0.10 
0.18 
0.54 

T o t a l 

4.6 
8.2 

10.8 
15.5 



u r a n i u n a c h i p s and g e n e r a l l y r e q u i r e d m o r e h y d r i d i n g c y c l e s . R e a c t i o n 
wi th p h o s p h i n e p r o c e e d e d m o s t s m o o t h l y a t a t e m p e r a t u r e of 550°C to g ive 
a b l a c k p o w d e r . X - r a y a n a l y s i s r e v e a l e d tha t Th3P4 was the m a j o r p h a s e , 
wi th s o m e T h P , T h O j , and t h o r i u m h y d r i d e as m i n o r p h a s e s . The m a t e r i a l 
was c a l c i n e d in v a c u u m at 1300°C to h o m o g e n i z e it and d r i v e off e x c e s s 
p h o s p h o r u s . C o n s i d e r a b l e o u t g a s s i n g o c c u r r e d b e t w e e n 1150 and 1200°C, 
ind ica t ing tha t Th3P4, l ike U3P4, d i s s o c i a t e s in v a c u u m in t h i s t e m p e r a t u r e 
r a n g e . The c a l c i n e d n a a t e r i a l was d a r k b lue and y i e l d e d a v e r y s h a r p 
X - r a y p o w d e r p a t t e r n . The l a t t i c e c o n s t a n t of 5.83 A c o r r e s p o n d e d to the 
l i t e r a t u r e v a l u e for the c o m p o u n d . In add i t ion , the X - r a y p a t t e r n showed 
only s m a l l a m o u n t s of ThOg c o n t a m i n a t i o n , c o r r e s p o n d i n g to about 0.3% 
of oxygen . 

T h P a p p e a r s to be m o r e r e s i s t a n t to ox ida t ion than U P . DTA s t u d i e s 
r e v e a l e d t h a t a m i n o r ox ida t ion e x o t h e r m o c c u r r e d at about 550°C and a 
m a j o r one a t 660°C. With U P two e x o t h e r m s of about equal s t r e n g t h o c ­
c u r r e d a t 450°C and 560°C. T h P a l s o a p p e a r e d to be m o r e r e s i s t a n t to 
ox ida t ion t h a n T h S . The r e t a r d a t i o n of oxygen a t t a c k is p r o b a b l y a r e s u l t 
of the f o r m a t i o n of a coa t ing of P2O5 on the g r a i n s . The p r o p e r t i e s of T h P 
wi l l be s t u d i e d , as wel l a s t h o s e of T h P - U P so l id so lu t ions which wil l be 
p r e p a r e d s h o r t l y , 

2. U r a n i u m M o n o c a r b i d e 

In c o n n e c t i o n with the m e t h o d of p r e p a r i n g u r a n i u m m o n o c a r b i d e 
by the r e a c t i o n of u r a n i u m h a l i d e s wi th c a r b i d e s in ino l t en sa l t s o l v e n t s , 
s e v e r a l e x p e r i m e n t s have been p e r f o r m e d to d e t e r m i n e w h e t h e r u r a n i u m 
m o n o c a r b i d e is so lub l e in m o l t e n c h l o r i d e s y s t e m s of i n t e r e s t and w h e t h e r 
the c a r b i d e r e a c t s wi th the c o n s t i t u e n t s of the s a l t . In p r e l i m i n a r y t e s t s 
in which u r a n i u m c a r b i d e was he ld in m o l t e n s a l t , t h e r e was no ev idence 
of a m e a s u r a b l e so lub i l i t y of u r a n i u m c a r b i d e in e i t h e r L i C l - K C l at 6 50°C 
or in L iC l -MgClg a t 600°C. 

D. R e a c t o r M a t e r i a l s D e v e l o p m e n t 

1. I r r a d i a t i o n D a m a g e in SA212B P r e s s u r e V e s s e l S tee l 

a. I r r a d i a t i o n s in E B W R . F i v e h e l i u m - f i l l e d c a p s u l e s con ta in ing 
round m u l t i - n o t c h i m p a c t s p e c i i n e n s and c o m b i n a t i o n m a g n e t i c - s o n i c b a r s 
p r e p a r e d f r o m u n s t r e s s e d 4 - i n . - t h i c k SA212B p la te w e r e exa in ined for 
c h a n g e s in p r o p e r t i e s a f t e r i r r a d i a t i o n at t e m p e r a t u r e in the EBWR. The 
following t ab l e s u m m a r i z e s the h i s t o r y of the i r r a d i a t i o n cyc l e of the s t e e l . 
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Group No. 

No. of Capsules 

Location 

Thimble I r rad ia t ion 
Exposure , MW/hr 

Exposure , hr 

Core 

1 

1 

I r rad ia t i 
Thimble 

8395 

530 

48-in. -diame 
20-MW Spike 

on 

t e r , 
d C o r e 

48 
20 

2 

3 

I r radiat ion 
ThiiTible 

75,755 

2298 

-in. -diame 
-MW, + 60 

t e r , 
-in. -

Centre 
for Th 

3 

1 

Steam 
Dome 

0 

2298 

1 Specimens 
e rmal Effects 

d iamete r , 100-MW 

Some capsules were i r rad ia ted in a normal i r rad ia t ion thimble 
while others were i r rad ia ted in a thimble surrounded by 2 w/o boron 
s ta inless s teel . There were no differences in proper t ies between the 
samples i r rad ia ted in the ba re thimble and those samples protected by 
boron s teel . 

The impact t rans i t ion t empe ra tu r e data obtained supported the 
following conclusions: 

(1) Control samples (outside the i r radia t ion damage region) 
showed a modera te t he rma l embr i t t lement ; the f rac tu re - t rans i t ion t e m ­
pera tu re curve was elevated 20-25°F at constant f racture energy. 

(2) I r radia t ion effects following 530-hr exposure were ei ther 
absent or masked by the meta l lurg ica l embri t t lement at the 488°F reac tor 
t e m p e r a t u r e . 

(3) The additional i r radia t ion during the 100-MW reac tor 
operations simultaneously shifted the t rans i t ion t empera tu re upward by 
100-125°F and reduced the f racture energy by about 25%. 

(4) No significant differences in res i s t ance to impact were 
found in the steel specimens i r rad ia ted in either the "bare" or "shielded" 
th imbles . 

Neither the dc coercive force and permeabi l i ty nor the 
60-cps ac magnetic p roper t i e s (which included saturat ion induction, 
coercive force, permeabi l i ty , remanence , and losses) were affected by the 
i r rad ia t ion . Pos t i r rad ia t ion t he rma l heat t rea tments at t empera tu re s as 
high as 1500°F affected the dc coercive force slightly. Complementary 
studies with cold-rol led s teel stock showed that the changes of magnetic 
p roper t i es following the rma l annealing (to ISOO'̂ F) were much g rea te r and 
totally unlike that of the i r rad ia ted SA212B s teel . 



R e s o n a n t and t h i r d - h a r m o n i c f r e q u e n c y m e a s u r e m e n t s for the 
t r a n s v e r s e v i b r a t i o n a l m o d e r e v e a l e d t h a t i r r a d i a t i o n did not affect t h e s e 
c h a r a c t e r i s t i c s . A c c o m p a n y i n g m e a s u r e m e n t s of the l o g a r i t h m i c d e c r e ­
m e n t w e r e a l s o found to be u n c h a n g e d . 

b . M T R - A N L - 2 6 I r r a d i a t i o n of SA212B EBWR H e a d S t e e l , A few 
iTiul t i -notch i r r a d i a t e d i m p a c t b a r s cut f r o m u n i r r a d i a t e d SA212B s tee l 
u s e d in the f a b r i c a t i o n of the l o w e r h e a d of EBWR w e r e a l s o e x a m i n e d for 
c h a n g e s of m a g n e t i c p r o p e r t i e s . T h i s s t e e l , an e n t i r e l y d i f fe ren t and 
h i s t o r i c a l l y e a r l i e r h e a t , was i r r a d i a t e d to d o s a g e s two o r d e r s of m a g n i ­
tude g r e a t e r t han tliat d e s c r i b e d in a. a b o v e . Both the a s - i r r a d i a t e d and 
the subseqxient ly t h e r m a l l y a n n e a l e d b a r s , a n n e a l e d at 1200 and 1500°F for 
holding t i m e s as long as 2 h r a t t e i n p e r a t u r e , w e r e found to be magne t i ca l J 
l ike the u n i r r a d i a t e d m a t e r i a l . T h e r e w e r e no c h a n g e s in the dc c o e r c i v . 
f o r c e and in the 6 0 - c p s ac fami ly of m i n o r h y s t e r e s i s p lo ts f r o m which 
s a t u r a t i o n induc t ion , r e m a n e n c e , ac c o e r c i v e f o r c e , p e r m e a b i l i t y , and 
h y s t e r e s i s l o s s e s w e r e d e r i v e d . 

c . EBWR V e s s e l M a t e r i a l in Use in E B W R , Both the dc and 
6 0 - c p s ac m a g n e t i c p r o p e r t i e s of the o p e r a t i n g EBWR p r e s s u r e v e s s e l 
m a t e r i a l w e r e v e r y s i m i l a r to u n s t r e s s e d head p la t e m a t e r i a l . R e s o n a n t 
and t h i r d - h a r m o n i c f r e q u e n c i e s of s t a n d a r d 0 . 2 0 4 - i n . - d i a by 3- | -- in.- long 
b a r s w e r e unchanged by f a b r i c a t i o n or by the a c c u m u l a t e d o p e r a t i o n a l 
h i s t o r y a t t e m p e r a t u r e . I n t e r n a l r e s i s t a n c e , as m e a s u r e d by the l o g a r i t h ­
m i c d e c r e m e n t , w a s i n c r e a s e d by a f ac to r of two by f a b r i c a t i o n a n d / o r 
s e r v i c e h i s t o r y at t e m p e r a t u r e . The o b s e r v e d r i s e in the t r a n s i t i o n t e m ­
p e r a t u r e of SAZ12B b a r s he ld at t e m p e r a t u r e in the E B W R i r r a d i a t i o n s 
a r e p r o b a b l y r e l a t e d to the i n c r e a s e in i n t e r n a l f r i c t ion . 

The m e a s u r e m e n t s of r e s o n a n t and h a r m o n i c f r e q u e n c i e s of 
EBWR v e s s e l s t e e l b e f o r e and a f te r i r r a d i a t i o n , and of v e s s e l m a t e r i a l 
with a knov.'n o p e r a t i o n a l h i s t o r y a r e s ign i f i can t in f r a c t u r e m e c h a n i c s 
a n a l y s e s . Young ' s m o d u l u s of e l a s t i c i t y was unchanged . I n c r e a s e s in i n ­
t e r n a l f r i c t i on a r e a l s o s ign i f i can t a s t h i s r e l a t e s tu the s t r e s s wa^ e 
e n e r g y c o n v e r s i o n m e c h a n i s m . 

S i m i l a r m e a s u r e m e n t s of a l i m i t e d n u m b e r of b a r s of SA212B 
m a t e r i a l f ro in the S L - 1 p r e s s u r e v e s s e l w e r e c o m p l e t e d . The da ta a r e 
be ing a n a l y z e d . 

E . R e a c t o r C o m p o n e n t s Deve lopmen t 

1, E l e c t r i c M a s t e r - S l a v e M a n i p u l a t o r M a r k E4 

The s l a v e a r m of t h i s manipxi la tor is c o n n e c t e d to the m a s t e r a r m 
wi th only a m u l t i c o n d u c t o r e l e c t r i c a l c a b l e and can , t h e r e f o r e , work 
t h r o u g h o u t a l a r g e v o l u m e . The r e f l e c t i o n of load f o r c e s to the m a s t e r 
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a r m and the low ine r t i a s , f r ic t ions, e tc . , enable the opera tor to ut i l ize his 
position and kinesthetic senses to pe r fo rm coinplex opera t ions . The slave 
a r m can be positioned by a support sys t em on the ceiling or walls of the 
cel l , or by a vehicle on the floor. The load capacity of this manipulator 
is 50 lb, the same as that of the E lec t r i c Mas te r -S lave Manipulator 
Model 3. However, t he re a r e a number of improvements ; i inproved de­
pendability, ability to be remote ly r epa i red , bet ter reach capabi l i t ies , and 
a lower reproduct ion cost . The e lec t r i ca l sys tem of this manipulator will 
pe rmi t m a s t e r and slave to be separa ted by up to 2,000 ft. 

The improved reach is achieved by providing a te lescopic lower 
a r m along with a counterweight sys t em which allows the upper a r m to 
rota te 360° about its ax i s . Thus, the a r m can approach and reach the 
work in most all d i rect ions . 

The f i rs t vers ion of the slave a r m is being designed so that it can 
be completely and remote ly r epa i red by a pair of s imi la r a r m s equipped 
with adequate too ls . Subassembl ies a r e designed so that they can be r e ­
motely removed, and the l a r g e r of these can then be remote ly repa i red . 
Individual pa r t s and smal l subassembl ies a r e designed so that they can be 
remote ly replaced. 

Each of the seven motions of the slave a r m has an e lec t r ica l ly 
operated b rake . These b rakes can be set or r e leased by the opera to r , or 
will be se t automatical ly by the fai l-safe c i rcui t in case of e lec t r i ca l 
malfunction. 

The position difference between the m a s t e r and slave a r m motions 
is m e a s u r e d by low-impedance phase shifters instead of the conventional 
synchro sys t em. This sys t em reduces the number of conductors needed 
in the e lec t r i ca l cable connecting m a s t e r and slave a r m s , and provides a 
reasonably good signal for operating the fai l-safe c i rcu i t . 

The maximum force capabil i t ies of the slave a r m in any direct ion 
is 50 lb,and the maximum force capabil i t ies in the m a s t e r a r m is 17 lb. 
The force at the m a s t e r a r m can be selected to be equal to the force at 
the slave a r m from 0 to 17 lb, or the slave a r m can be operated from 0 
to 50 lb with the feedback force of only -j- of the load at the slave a r m . The 
forces on the m a s t e r a r m a re l imited to avoid injuring the operator in 
case of e lec t r ica l malfunction and to dec rea se the work the operator must 
do in handling heavy loads . 

The design layout of the mechanical components of the remotely 
r epa i rab le slave a r m is approximately 75% complete , and about 45% of the 
detail drawings have been finished. The design and layout of the mechanical 
components for the m a s t e r a r m is approximately 40% completed. Approx­
imately 10% of the details have been drawn. Manufacturing of the detail 
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p a r t s and s u b a s s e m b l i e s for both the m a s t e r and s l a v e a r m s h a s b e e n 
s t a r t e d . A p r o t o t y p e of the s e r v o s y s t e m for one m o t i o n h a s b e e n bui l t 
and t e s t e d . M o s t of the e l e c t r i c a l c o m p o n e n t s for two c o m p l e t e inan ipu la -
t o r s a r e on h a n d . 

F . H e a t E n g i n e e r i n g 

1. Boi l ing S o d i u m Hea t T r a n s f e r F a c i l i t y 

P r e p a r a t i o n s for t e s t i n g the 150-kW power supply a r e con t inu ing . 
To avo id the e x p e n s e of a c o m p l e t e l y n e w (and expendab le ) bus b a r and 
c u r r e n t t r a n s f o r m e r i n s t a l l a t i o n , the p o w e r supply wil l be t e s t e d at about 
4000 Anip i n s t e a d of the m a x i m u m r a t e d va lue of 10,000 A m p . A w a t e r -
coo led load for t h i s u s e h a s b e e n d e s i g n e d and is be ing f a b r i c a t e d . The 
p o w e r - s u p p l y i n s t a l l a t i o n for t h i s e q u i p m e n t has been c o m p l e t e d , c h e c k e d 
out , and a c c e p t e d . A p r e c i s i o n w a t t n a e t e r , v o l t m e t e r and a m m e t e r , and a 
c u r r e n t t r a n s f o r m e r h a v e b e e n o b t a i n e d for th i s t e s t . Some jDrel iminary 
d e s i g n w o r k has b e e n a c c o m p l i s h e d on the v a c u u m c h a m b e r w o r k p l a t ­
f o r m , c o l u m b i u m a l loy p ipe f i t t i ngs , and s o d i u m d u m p tank s e a l s . 

2 . T w o - p h a s e C r i t i c a l F l o w 

T h i r t y blow-do^vn t e s t s h a v e b e e n c a r r i e d out at the p r e s e n t t i m e . 
Two s h a r p - e d g e d o r i f i c e s , -j- in . and -^ in. in ID, and tubes with length to 
d i a m e t e r r a t i o s of 40 , 32, 24, 16, 12, 8, and 6 have b e e n t e s t e d . In i t i a l 
cond i t i ons v a r i e d f r o m 200 to 1800 p s i a , and with s a t u r a t e d or s l igh t s u b -
coo led cond i t i ons p r e v a i l i n g a t t he t i m e of blow down. 

The m a j o r c o n c l u s i o n s f r o m the o r i f i c e t e s t s a r e : 

a. The fluid r e m a i n s c o m p l e t e l y m e t a s t a b l e . 

b. The ob ta ined flow r a t e s c a n be c a l c u l a t e d by the o r i f i ce 
equa t ion : 

G = A ( 0 . 6 l l ) V ^ 2 g p A P . 

The d a t a ob ta ined with the v a r i o u s tubes have not b e e n c o m p l e t e l y 
a n a l y z e d , but t h e following o b s e r v a t i o n s have b e e n m a d e . The uppe r l i m i t 
of exi t q u a l i t i e s is 10-15%, and c r i t i c a l exi t p r e s s u r e s up to 1000 p s i a 
w e r e ob t a ined . The c r i t i c a l p r e s s u r e r a t i o r e i n a i n s a p p r o x i m a t e l y c o n ­
s t a n t du r ing b low-down , s e e m s i ndependen t of in i t i a l p r e s s u r e , and v a r i e s 
only f r o m 0.55 to 0.6 as the L / D r a t i o v a r i e s f r o m 40 to 8. 

At an L / D r a t i o of 6, t h e s e c r i t e r i a s e e m to b r e a k down. The 
c r i t i c a l p r e s s u r e r a t i o d e c r e a s e s s h a r p l y at L / D = 6 and is dependen t on 
in i t i a l c o n d i t i o n s . F o r the tube t e s t s wi th L / D r a t i o of 8 and 6, s ign i f ican t 
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oscil lat ions of the p r e s s u r e profile in the tes t tubes were observed. The 
magnitudes of the oscil lat ions were l a rge r for L/D ra t io of 6 and inc reased 
for decreas ing initial p r e s s u r e . 

The es tabl ishment of these osc i l la tory flows is likely due to in­
c r e a s e d metas tabi l i ty for decreas ing L/D ra t ios . 

P repa ra t i ons a re now being made for studying d ischarge r a t e s in 
tubes of L /D ra t ios from 6 to approaching 0. Design c r i t e r i a will hope­
fully be derived that can predict the d i scharge ra te of sa tura ted water for 
any geomet ry given. 

Data a r e being taken in such a way that if initial conditions ( p r e s ­
su re and t empera tu re ) and geomet ry a r e given, flow discharges can readi ly 
be es t imated . The l imits at which var ious existing models can be util ized 
will be c r i t i ca l ly examined. 

G. Chemical Separat ions 

1. Chemis t ry of Liquid Metals 

a. Cer ium-Zinc Sys tem. The par t ia l p r e s s u r e of zinc over two-
phase mix tures of ce r ium-z inc in te rmeta l l ic coinpounds has been m e a s ­
ured as a function of t empe ra tu r e by the Knudsen effusion cell method. The 
two-phase mix tu res studied were CeZn-CeZnj , CeZn2-CeZn3, CeZn3-
CeZn3_5, CeZn3_5-CeZn4_3, CeZn4_3-CeZn5_25, CeZns^js-CeZny, CeZuY-CeZng^g, 
and CeZng,5-CeZnii. The resu l t s a r e in genera l ly good agreement with 
those repor ted by Chiotti and assoc ia tes ,'7 who used the dew point inethod. 

b . Lanthanum-Cadmium Galvanic Cell Studies . The thermody­
namic functions of the lan thanum-cadmium sys tem a re being evaluated by 
means of a galvanic cel l . Studies of the r a r e ea r th -cadmium s y s t e m s , t o ­
gether with para l le l studies of actinide me ta l - cadmium sys t ems , a r e of 
utility in the design of p rac t i ca l p roces se s for the separa t ion of thoriuna, 
u ran ium, and plutonium from r a r e ear th e l ements . 

A new cell of the form La /LaCl3 , KCl-LiCl (eutec t ic) /La-Cd 
(two-phase alloy) has been assembled , and the emf of the cel l has been 
m e a s u r e d as a function of t e m p e r a t u r e . The free energy of formation of 
LaCdji may be r ep resen ted by the equation 

AGf (cal /mole) = -72,890 + 44.39 T 

over the t e m p e r a t u r e range from 400 to 530°C. 

'Chiotti jet ^^., Annual Summary Report , Ames Laboratory , IS-700, 
1962-1963, p . M-23 . 



c . D i s t i l l a t i o n of L iqu id M e t a l s . The e f f ec t i venes s of a d e -
e n t r a i n i n e n t d e v i c e which was i n s t a l l e d in the l a r g e uni t for d i s t i l l a t i o n of 
c a d m i u i n h a s b e e n d e t e r m i n e d in five r u n s in which l ead was added to the 
c a d m i u m c h a r g e s as a n o n v o l a t i l e c o m p o n e n t . E n t r a i n m e n t of l iquid as 
m e a s u r e d by the c a r r y o v e r of l e a d du r ing d i s t i l l a t i o n was l o w e r by as 
m u c h a s a f a c t o r of s e v e n t h a n in the a b s e n c e of the d e v i c e , but s t i l l 
r a n g e d f r o m 0.9 to 2.3 p e r c e n t . Th i s g e n e r a l l e v e l of e n t r a i n m e n t is 
h i g h e r t h a n is d e s i r a b l e for an e v a p o r a t i o n o r r e t o r t i n g o p e r a t i o n in which 
uraniuiTi o r p l u t o n i u m is s e p a r a t e d f r o m a m e t a l so lven t such a c a d m i u m , 
z i n c , o r m a g n e s i u m . N e v e r t h e l e s s , a d e - e n t r a i n m e n t dev i ce c a n be u s e d 
in con junc t ion wi th an a p p r o j j r i a t e d i s t i l l a t i o n and r e t o r t i n g t e chn ique to 
r e d u c e e n t r a i n m e n t to s a t i s f a c t o r y l e v e l s . F o r an e v a p o r a t i o n o p e r a t i o n , 
e n t r a i n m e n t can be m i n i m i z e d by p rov id ing r e f lux within the c r u c i b l e . 
F o r a r e t o r t i n g o p e r a t i o n , the p r o b l e m can be c i r c u m v e n t e d by keeping 
the u r a n i u m in a p r e c i p i t a t e d f o r m d u r i n g r e t o r t i n g . 

S tud i e s of the v a p o r i z a t i o n of m e r c u r y f r o m a 1 - in . -d ia 
r e s i s t a n c e - h e a t e d l iquid pool wi thout t h e f o r m a t i o n of bubb les (non tu rbu -
l en t v a p o r i z a t i o n ) w e r e c o n t i n u e d . D u r i n g the mon th , the v a p o r - p h a s e 
p r e s s u r e w a s m e a s u r e d c l o s e r to the v a p o r i z i n g s u r f a c e than in p r e v i o u s 
r u n s . A l s o , v e r t i c a l t r a v e r s e s into the m e r c u r y pool w e r e m a d e at s e v e r a l 
r a d i a l d i s t a n c e s f r o m the pool c e n t e r l i n e with a new t h e r i n o c o u p l e having 
a 1 0 - m i l e x p o s e d hot j u n c t i o n . B a s e d on the p r e s s u r e ex i s t ing j u s t above 
the s u r f a c e of the pool , a v a l u e of 22°C was ob ta ined for the s u r f a c e s u p e r ­
h e a t t i i rough the m e r c u r y s u r f a c e at a v a p o r i z a t i o n r a t e of 115,000 Btu/ 
(h r ) ( sq ft). The r e s u l t s of t e m p e r a t u r e t r a v e r s e s t a k e n at d i f fe ren t r a d i a l 
d i s t a n c e s f r o m the pool c e n t e r l i n e showed tha t in the s h a l l o w s u r f a c e l a y e r 
( see P r o g r e s s R e p o r t for O c t o b e r 1Q63, A N L - 6 8 0 1 , p . 57) t e m p e r a t u r e 
g r a d i e n t s w e r e l6 5°C/ in . a t t he pool c e n t e r l i n e and 121°C/ in . n e a r the 
edge of the poo l . 

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 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 a c i l i t y for F l u i d - b e d F l u o r i n a t i o n s . 
W o r k is e s s e n t i a l l y c o m p l e t e d on the i n s t a l l a t i o n of a second l a b o r a t o r y -
s c a l e fac i l i ty for c a r r y i n g out f l u id -bed f luo r ina t ion p r o c e s s s t u d i e s in a 
2 - i n . - d i a m e t e r r e a c t o r . In t h i s f ac i l i ty , s t u d i e s of the f l uo r ina t ion of 
na ix tu res of U3O8 and p l u t o n i u m d ioxide wil l be con t inued ( see P r o g r e s s 
R e p o r t for N o v e m b e r 1963, A N L - 6 8 0 8 , p. 53). Th i s fac i l i ty wi l l p r o v i d e 
g r e a t e r f l ex ib i l i ty for p e r f o r i n i n g l a b o r a t o r y e x p e r i m e n t s than was p o s ­
s i b l e in the f ac i l i t y wi th the 1^-111.-diameter f lu id -bed f lxiorinator r e a c t o r 
( see P r o g r e s s R e p o r t s for J u n e 1963 and N o v e i n b e r 1963, A N L - 6 7 4 9 , 
p . 4 3 , and A N L - 6 8 0 8 , p . 53). Both f a c i l i t i e s wi l l be u s e d for c a r r y i n g out 
p r o g r a m m a t i c r e s e a r c h of p r o c e s s s t u d i e s . E q u i p m e n t has a l s o been i n ­
s t a l l e d in the n e w fac i l i ty for c a r r y i n g out the ox ida t ion o r h y d r o f l u o r i n a t i o n 



of l a rge amounts (up to one ki logram) of UO2-PUO2 solid solution powders 
or pel lets and for the prepara t ion of homogeneous powder mixtxires. 
Shakedown runs with U30g to tes t operationally the f luorinator reac to r and 
its assoc ia ted equipment a r e expected to begin in ear ly 1964. 

(ii) Plutonium Pilot Plant Faci l i ty . Work on the installation 
of an engineer ing-sca le plutonium-handling facility is continuing (see 
P r o g r e s s Report for December 1962, ANL-6672, p. 37). The facility, 
which consis ts of two large alpha-containinent gloveboxes of a modular 
type, will be used to study the var ious steps of the fluid-bed fluoride 
volatili ty p rocess for the recovery of uran ium and plutonium. from 
plutonium-uranium oxide fuels. The fluorination step of the p rocess will 
be studied init ial ly. Equipment and acces so r i e s needed for this study have 
been instal led. The instal la t ion of p rocess piping is essent ia l ly completed. 
Testing of p rocess components and ins t rumentat ion is under way. Testing 
was c a r r i e d out of the bag-out procedure for ver t ical ly removing or inser t 
ing l a rge equipment i tems through the 30- in . -d iamete r port atop each 
module of the alpha box. The tes t resu l t s were sat isfactory and indicated 
that no difficulties should be encountered in this bag-out p rocedure . 

b. Recovery of Uranium from Highly Enr iched Uranium-Alloy 
Fuels by Chlorination and Fluorinat ion Steps. An additional shakedown 
run has been completed in the pilot plant facility instal led to demons t ra te 
the recovery of uran ium from highly enriched uran ium-a l loy fuels by 
means of the fluid-bed fluoride volatili ty p rocess (see P r o g r e s s Report 
for November 1963, ANL-6808, p, 57). In this run, a mul t ipla te , welded 
subassembly which was fabricated from aluminum only was charged to 
the fluid-bed r eac to r . Since the subassembly did not contain uranium, 
only the hydrochlor inat ion and hydrofluorination react ion steps were 
c a r r i e d out. In future exper iments with subassembl ies containing u r a ­
nium, the fluorination step will be included in the react ion sequence. 
During the hydrochlor inat ion s tep, the fluid-bed pyrohydrolysis reac tor 
was in operat ion to convert the volatile aluminum t r i ch lo r ide (which 
r ep re sen t s a waste s t reain) to a solid oxide. 

The objectives of this run were to de te rmine the effect of the 
following on the ra te of the hydrochlorinat ion react ion: (l) hydrogen 
chloride input r a t e , (2) surface a r ea (number of plates) of the fuel charge , 
and (3) the r eac to r bed t e m p e r a t u r e . 

The charge consis ted of a 14-plate aluminum subassembly 
which was Zj- in. by 3 | - in. by 48 in. long and weighed 12.1 kg. The r e a c ­
tion bed contained 40 kg (static bed depth of 50 in.) of -28 +100 inesh 
aluinina;* the packed-bed filter contained 9 kg (bed depth of 6-|- in.) of 

*Tabular type T-61 s in tered gra in alumina, a product of Aluminum 
Company of A m e r i c a . 
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-14 +28 m e s h a l u m i n a . The s t a r t i n g b e d m a t e r i a l for the f lu id -bed p y r o -
h y d r o l y s e r was 21 .5 kg of a l u m i n u m oxide (+100 m e s h ) r e m a i n i n g f r o m the 
p y r o h y d r o l y s i s of a l u m i n u m t r i c h l o r i d e v a p o r in a p r e v i o u s r u n . 

The h y d r o c h l o r i n a t i o n s t e p was p e r f o r i n e d o v e r a p e r i o d of 
7.9 h r at r e a c t i o n bed t e m p e r a t u r e s which w e r e v a r i e d b e t w e e n 320°C and 
410°C. In t h i s s t e p , t he h y d r o g e n c h l o r i d e c o n c e n t r a t i o n was i n c r e a s e d 
s t e p w i s e , a s fo l lows: 55 v / o HCl in n i t r o g e n for the in i t i a l 1 5 - m i n feeding 
p e r i o d ; 65 v / o HCl in n i t r o g e n for the s e c o n d 1 5 - m i n feeding p e r i o d ; and 
79 v / o HCl in n i t r o g e n for the r e m a i n d e r of the h y d r o c h l o r i n a t i o n p e r i o d . 
The h y d r o f l u o r i n a t i o n s t e p (about 20 v / o H F in n i t r o g e n ) was conduc ted at 
a f l u i d - b e d t e m p e r a t u r e of 325°C o v e r a p e r i o d of 1.3 h r . The p a c k e d - b e d 
f i l t e r and the f l u i d - b e d p y r o h y d r o l y s e r w e r e o p e r a t e d at bed t e m p e r a t u r e s 
of 375°C and 320°C, r e s p e c t i v e l y . 

In g e n e r a l , o p e r a t i o n a l p e r f o r m a n c e was s a t i s f a c t o r y . The 
fuel c h a r g e w a s c o m p l e t e l y r e a c t e d in the h y d r o c h l o r i n a t i o n t i m e ind ica t ed 
a b o v e . A c o m p a r i s o n of the p r e l i m i n a r y r e s u l t s f r o m th i s r u n with the 
r e s u l t s of a p r e v i o u s r u n ( see P r o g r e s s R e p o r t for N o v e m b e r 1963, 
A N L - 6 8 0 8 , p . 57) in wh ich a 17 -p l a t e a l u m i n u m - o n l y s u b a s s e m b l y ( 2 ^ in. 
wide by 48 in. long) was c h a r g e d to the r e a c t o r i n d i c a t e s t ha t the h y d r o ­
c h l o r i n a t i o n r e a c t i o n r a t e i n c r e a s e s wi th i n c r e a s i n g h y d r o g e n c h l o r i d e 
feed r a t e and t h a t the u t i l i z a t i o n ef f ic iency for HCl a p p e a r s to be dependen t 
on the s u r f a c e a r e a a v a i l a b l e ( n u m b e r of p l a t e s ) for r e a c t i o n . In the c u r ­
r e n t r u n , du r ing t h e f i r s t 80% of the h y d r o c h l o r i n a t i o n r e a c t i o n p e r i o d (for 
the ex i s t i ng flow r a t e s ) , i n c r e a s i n g the r e a c t o r bed t e m p e r a t u r e f r o m 320°C 
to 410°C (in two s t e p s ) had no n o t i c e a b l e effect on r e a c t i o n r a t e or HCl 
u t i l i z a t i o n e f f ic iency . D u r i n g th i s p e r i o d , the r e a c t i o n r a t e was e s s e n t i a l l y 
c o n s t a n t a t 1.7 kg a l u i n i n u m / h r , and the HCl u t i l i z a t i o n eff ic iency was 60%. 
The o v e r a l l r e a c t i o n r a t e and HCl u t i l i z a t i o n eff ic iency for the r u n w e r e 
1,53 kg a l u m . i n u m / h r and 50.5%, r e s p e c t i v e l y . A m a x i m u m t e m p e r a t u r e of 
465°C was o b s e r v e d in t h e c h a n n e l s b e t w e e n the a l u m i n u m p l a t e s of the 
s u b a s s e m b l y d u r i n g the h y d r o c h l o r i n a t i o n . S ince t h i s t e m p e r a t u r e is we l l 
b e l o w the m e l t i n g point of a l u m i n u m (660°C), an i n c r e a s e in the r e a c t i o n 
r a t e c a n p r o b a b l y be a c h i e v e d wi thout e x c e e d i n g p r a c t i c a l o p e r a t i n g t e m ­
p e r a t u r e l inai ts . 

The a l u i n i n u m c h l o r i d e p r o d u c e d in the h y d r o c h l o r i n a t i o n w a s 
c o n v e r t e d to the oxide in 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 . A m a j o r 
f r a c t i o n (about 87%) of t h e a l u m i n u m oxide was found to be in the f o r m of 
f ines s m a l l e r t h a n 100 m e s h . H o w e v e r , t h e p r e s e n c e of t h e s e f ines did 
not affect t he o p e r a t i o n of the p y r o h y d r o l y s i s r e a c t o r . 

c . C o r r o s i o n T e s t s of N i c k e l . C o r r o s i o n s t u d i e s a r e being c a r r i e d 
out in s u p p o r t of t h e f l u id -bed f luor ide v o l a t i l i t y p r o g r a m . The su i t ab i l i t y 
of n i c k e l as a m a t e r i a l of c o n s t r u c t i o n in t h e s e p r o c e s s e s is being 
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i n v e s t i g a t e d . S a m p l e s p e c i m e n s of n i c k e l - 2 0 0 * (99.5% n icke l ) w e r e p r e ­
p a r e d for t e s t i n g : 4—in.- and ^^^- in . - th ick p l a t e (nonwelded) ; - j ^ - i n . - t h i c k 
p l a t e we lded** with e i t h e r n i c k e l - 2 0 0 f i l l e r m e t a l or n i c k e l f i l l e r m e t a l 61. ' ' 
Both t y p e s of s a m p l e s w e r e i n s e r t e d in h e a t e d f u r n a c e t u b e s and e x p o s e d 
to the following e n v i r o n m e n t s : ( l ) con t inuous flow of 50 v / o f luor ine in 
n i t r o g e n at 500°C, (2) a l t e r n a t i n g (each 24 h r ) s t r e a m s at 450*^0 of 50 v / o 
h y d r o g e n c h l o r i d e or 50 v / o f l u o r i n e in n i t r o g e n , and (3) a l t e r n a t i n g (each 
24 h r ) s t r e a m s at 500°C of 50 v / o oxygen o r 50 v / o f l u o r i n e in n i t r o g e n 

At the end of 240 h r of e x p o s u r e , the folio-wing p r e l i m i n a r y 
r e s u l t s of c o r r o s i o n r a t e s for the nonv^elded and w e l d e d s a m p l e s w e r e o b ­
s e r v e d . In g e n e r a l , for the n o n w e l d e d p l a t e s p e c i m e n s , lo-w a v e r a g e 
p e n e t r a t i o n s (based on w e i g h t - l o s s da ta ) w e r e no t ed . The r e s u l t s w e r e as 
fo l lows : in e n v i r o n m e n t ( l ) , about 1 m i l / y r ; in e n v i r o n m e n t (2), about 
2 m i l s / y r ; and , in e n v i r o n m e n t (3), about 2 m i l s / y r 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 t h e s e s p e c i m e n s for i n t e r g r a n u l a r a t t a c k is in p r o g r e s s . 

F o r the we lded s p e c i m e n s , c o r r o s i v e a t t a c k upon the n i c k e l 
weld d e p o s i t v a r i e d c o n s i d e r a b l y and d e p e n d e d upon t h e t ype of weld f i l l e r 
m e t a l u s e d . The c o r r o s i v e a t t a c k on n i c k e l weld d e p o s i t s m a d e with f i l l e r 
m e t a l 61 was c o n s i d e r a b l y h i g h e r t h a n t h o s e weld d e p o s i t s m a d e with 
n i c k e l - 2 0 0 f i l l e r nae ta l . H o w e v e r , a t t h e r o o t of the we ld , -where c o n s i d e r ­
ab le d i lu t ion of the f i l l e r m e t a l 61 with the p a r e n t m e t a l (n ickel ) o c c u r r e d 
du r ing the f i r s t welding p a s s , the r a t e of c o r r o s i v e a t t a c k was c o n s i d e r a b l y 
l e s s T i t a n i u m oxyf luor ide (TiOF2) has b e e n ident i f ied by X - r a y d i f f rac t ion 
a n a l y s i s a s a m a j o r c o m p o n e n t in c o n d e n s e d so l ids found in the exhaus t 
l ine of a t e s t f u r n a c e a f t e r m i x t u r e s of oxygen o r f l uo r ine in n i t r o g e n h a d 
been p a s s e d t h r o u g h the f u r n a c e . T h i s iden t i f i ca t ion of TiOFg would a l s o 
t end to ve r i fy the p r e f e r e n t i a l a t t a c k of n i c k e l weld d e p o s i t m a d e with 
f i l l e r m e t a l 6 1. 

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

C o n t r o l r o d -worth c a l c u l a t i o n s ( see P r o g r e s s R e p o r t for N o v e m ­
b e r 1963, A N L - 6 8 0 8 , p 60) have b e e n m a d e for p l u t o n i u m zone b u r n u p s of 
0.003 and 0 .006. At 0.003 b u r n u p , t h e n i n e - r o d w o r t h d e c r e a s e d f r o m the 
z e r o b u r n u p va lue of about 17% to about 15%, and at 0.006 b u r n u p the 
n ine r o d s a r e w o r t h s o m e w h a t ove r 14%. The c e n t r a l r o d -worth wi th the 
o t h e r e igh t r o d s in d r o p p e d f r o m an in i t i a l va lue of about 4 .5% to about 
0.6% at 0.003 b u r n u p and to about 0.2% at 0,006 b u r n u p . At the s a m e t i m e 

* N i c k e l - 2 0 0 ( f o r m e r l y d e s i g n a t e d as "A" n icke l ) is a comi -ne rc ia l ly 
p u r e , w r o u g h t n i c k e l p r o d u c t and h a s t h e fol lowing n o m i n a l c o m p o s i ­
t ion (in p e r c e n t ) : Ni , 99 .5 ; C, 0.06; Mn, 0 ,25; F e , 0 .15; S, 0 005; 
S i , 0 ,05; and Cu, 0 .05 . 

**Welded by t h e i n e r t gas t u n g s t e n a r c p r o c e s s . 
•A p r o d u c t of the I n t e r n a t i o n a l N i c k e l C o , , I nc . N i c k e l f i l l e r m e t a l 61 
h a s the fol lowing n o m i n a l c o m p o s i t i o n (in p e r c e n t ) : N i , 93 .0 ; T i , 2,00 
3.50; C, 0 ,15; Mn, 1.0; F e , 1,0; S, 0 . 0 1 ; Si, 0 75; Cu, 0 25; A l , 1.50; 
and o t h e r , 0 .50. 



the o f f - c e n t e r c o r n e r r o d s i n c r e a s e d in w o r t h f r o m about 6% in i t i a l ly to 
about 7,5% at 0.006 b u r n u p . The -worth of the o f f - c e n t e r , n o n - c o r n e r r o d s 
c h a n g e d v e r y l i t t l e a t 0.006 b u r n u p a s c o m p a r e d with z e r o b u r n u p . The 
changing rod -worth r e s u l t s in a co ld shu tdown r e a c t i v i t y m a r g i n of about 
2% in i t i a l ly , about 0.5% a t 0.003 b u r n u p , and e s s e n t i a l l y z e r o at 
0,006 b u r n u p . 

Re load ing of the shim, at 0.006 b u r n u p has l i t t l e in f luence on the 
r o d w o r t h . E x p e r i e n c e ga ined du r ing t h e c o u r s e of the i r r a d i a t i o n naay 
i n d i c a t e t ha t the r e a c t i v i t y and r o d w o r t h s v a r y with b u r n u p in such a way 
tha t r e l o a d i n g of t h e s h i m a s o r i g i n a l l y p lanned is not i n d i c a t e d . 

C a l c u l a t i o n s h a v e been p e r f o r m e d with the 2 0-GRAND code and a 
c o r r e c t f o u r - g r o u p s c a t t e r i n g m a t r i x . C o m p a r i s o n of t h e s e r e s u l t s with 
PDQ c a l c u l a t i o n s , which u s e an a p p r o x i m a t e s c a t t e r i n g m a t r i x , h a s v e r i ­
fied the accx i racy of the PDQ r e s u l t s for rod w o r t h , which inc lude c o r r e c ­
t i ons ob t a ined f r o m t h e R P - 1 2 2 c o d e . 

The P D Q code h a s b e e n u s e d to ob ta in the w o r t h of a c e n t r a l p l u ­
t o n i u m fuel e l e m e n t and of a c e n t r a l f i r s t s h i m r o w e l e m e n t for the co ld 
s y s t e m a t z e r o b u r n u p . T h e s e a r e w o r t h r e s p e c t i v e l y about 0.6% and 
0.3% r e l a t i v e to w a t e r . 

The b o r i c a c i d -worth h a s been ob ta ined for the cold s y s t e m at 
z e r o b u r n u p . An a d d i t i o n of 1 g m / g a l of w a t e r r e s u l t s in a r e a c t i v i t y 
r e d u c t i o n of about 1%. The void coef f ic ien t of r e a c t i v i t y for the cold z e r o 
b u r n u p s y s t e m is about -0 .1 for 6 k / 6 V and is e s s e n t i a l l y independen t of 
b o r i c a c i d con t en t xip to 10 g m / g a l of w a t e r . 

A C Y C L E 2 c a l c u l a t i o n h a s b e e n r u n for the s y s t e m having the 
void d i s t r i b u t i o n c o r r e s p o n d i n g to t ha t e x p e c t e d at 0,006 b u r n u p to e x ­
a m i n e the in f luence of vo ids on the i so top i c v a r i a t i o n in the p lu ton ium z o n e . 
C o i n p a r i s o n of the r e s u l t i n g i so top i c c o n c e n t r a t i o n s with the v a l u e s o b ­
t a i n e d us ing the vo id d i s t r i b u t i o n c o r r e s p o n d i n g to the z e r o b u r n u p c o n ­
f i g u r a t i o n r e v e a l c h a n g e s of l e s s t h a n 2%. Th is d i f f e r ence is of c o u r s e 
only an e s t i m a t e s i n c e t h e void d i s t r i b u t i o n c h a n g e s c o n t i n u o u s l y a s the 
b u r n u p p r o c e e d s w h e r e a s t h e C Y C L E c a l c u l a t i o n s ho lds the voids 
c o n s t a n t wi th b u r n u p . 
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IV. ADVANCED SYSTEMS RESEARCH AND DEVELOPMENT 

A, Argonne Advanced Resea rch Reactor (AARR) 

1. Cri t ical Exper iment 

A contract for the p rocu remen t of fuel foils for the AARR cr i t ica l 
exper iment has been signed. The cont rac t provides for an init ial 300 foils 
of ba re (unclad) u ran ium meta l to be del ivered in April 1964, and contains 
an option for the p rocu remen t of an additional 1018 foils at a stated fixed 
p r i ce . This option, exerc i sab le within 3 months, will be taken up after 
additional FY 1964 r e s e a r c h and development funds have been obtained 
for AARR. 

Assembly of be ry l l ium ref lec tor , as well as the cleaning of the 
dump tanks , p ipes , and the r eac to r ves se l , for the c r i t i ca l exper iment are 
p rog re s s ing . Much of the e lect ronic equipment is no-w in acceptable con­
dition for s tar tup. Interact ion between e lec t r ica l c i rcu i t s sti l l is so strong, 
however, that spurious s c r a m s occur not only in the AARR console but also 
in the adjacent ZPR-VII facility. No i se - suppress ion techniques a re ex­
pected to reduce this p rob l em significantly Channels III, IV, V, and VI 
operate quite sa t is factor i ly through the i r operating ranges with signals de­
rived f rom ZPR-VII operat ion Channels I and II a r e operable but t rouble­
some, being pa r t i cu la r ly sensi t ive to s-witching t r ans i en t s v^hen inter lock 
re lays and other switches opera te , 

A PERT study of the AARR cr i t i ca l exper iment p r o g r a m pred ic t s 
a duration of a lmost 2 y e a r s , beginning with initial c r i t ica l i ty in July 1964, 
This i s longer than had previous ly been anticipated. Some of the methods 
under evaluation to shorten the duration a r e : 

a. reduction of the t ime requi red for each exper imenta l run by 
reducing the number of control rods to be inse r t ed and withdrawn each 
tim.e, reduction of the volume of water drained rapidly upon shutdown, and 
increas ing the capacity of the filling pump; 

b . incorporat ion of automated techniques for data p rocess ing ; 

c. ass ignment of additional pe rsonne l , 

d. el imination or cur ta i lment of cer ta in exper iments , or postpone­
ment so that r e su l t s can be incorpora ted into l a te r AARR c o r e s , but not the 
f i rs t co re . 

2. Reactor Control 

Analog computations of the t r ans ien t behavior of the AARR (40-40) 
core with reference design conditions imposed for 240-MW operation have 
been completed. The core model used did not include a t r ea tmen t of hot 



channels; hence, coolant boiling was not incurred except for la rge changes 
f rom the steady s ta te . P r e l i m i n a r y examination of the resu l t s indicates 
the following: 

a. The core is inherently very stable. 

b. To avoid bulk boiling in the core during flow coastdown, a 
power setback inust be effected within one second after loss of p r i m a r y 
puiTip ing p ow e r . 

c. The core responds safely to substantial ramp ra tes in inlet 
water t empera tu re 

d. A la rge loss of sys tem p r e s s u r e resu l t s in power reduction 
due to feedback react ivi ty ar is ing from s team generat ion. Tempera tu re s 
re inain normal but a small power oscil lat ion is observed. 

e. With r e spec t to s h o r t - t e r m responses to step-input react ivi ty , 
power excurs ions a re l imited such that no bulk boiling occurs for i n s e r ­
tions up to $0,75. Maximum fuel t e m p e r a t u r e s approach the naelting point 
for a step inser t ion of react iv i ty of $1 05 

f . With r e spec t to l ong - t e rm responses to step-input react ivi ty , 
bulk boiling is incur red for an inser t ion of $0,75, i .e . , after a short per iod 
of bulk boiling during the initial power pulse , water t empera tu re s drop 
below saturat ion and then r i se to the boiling point approximately 4 sec after 
application of the step. Maximum fuel t empe ra tu r e s reach the melting point 
only for those cases wherein the melting point is exceeded in the shor t -
t e r m response . 

3. Heat Transfer 

The high heat fluxes and local boiling conditions which will be en­
countered in high-povfer operation of AA RR have necess i ta ted exper imental 
heat t r ans fe r studies The large D-1 1 heat t ransfer loop facility will be 
used for this t es t p r o g r a m . 

A modified technique for fabricating tes t sect ions for these exper i ­
ments has been developed and is expected to r e su l t in substantial r educ ­
tions in t e s t - s ec t i on cost. Design has been completed of an initial tes t 
section which is intended p r i m a r i l y to check the feasibility of the modified 
fabrication method and to serve in the loop during equipment and ins t ru ­
mentat ion checkout. The flow channel in this section is 1.25 in. wide, 
0.040 in. thick, and 22 in. long, v^ith an 18-in. heating length, and is designed 
to provide a uniform heat flux along the length. The section is being fab­
r icated of nickel "A." 



4. Shielding 

Studies have disc losed the need for shielding of coolant pipes in 
the control rod drive room and the spent - fue l - t ransfer sys tem in the 
fue l - t ransfer ca r t drive room. 

The coolant pipe shielding is needed because of severa l sources , 
the mos t intense of which is the contaminated coolant which would resu l t 
f rom a fuel meltdown accident. While the damaged core r ema ins in the 
circulat ing coolant sys tem, the poss ib i l i t ies for coolant cleanup are l i m ­
ited. Access to the control rod drive room is r equ i red p r i o r to core 
removal . 

Shielding in the fue l - t ransfer ca r t drive room is needed in the 
event the ca r t becomes inoperable while t r ans fe r r ing spent fuel. A s e c ­
ond shield function is to l imi t f lash-type radiat ion through the pipe tunnel. 

Shielding considera t ions suggest interchanging the degasifier and 
deionizer cubicles , and revis ing the entrance to the auxi l iary coolant s y s ­
t ems cubicle. 

B. Magnetohydrodynanaics ( M H D ) 

1. MHD Power Generat ion - Je t Punap Cycle 

The source of the high p r e s s u r e drop repor ted in the previous r e ­
por t (ANL-6808, p . 64) was t r aced to a clogged fil ter located before the 
f lowmeter . This clogged fi l ter was cleaned and p r e s s u r e drop t es t s con­
tinued. Subsequent t es t s with the sma l l -d i ame te r cons t r ic t ions showed that 
the p r e s s u r e drop inc reased parabol ica l ly as higher flow r a t e s were ap­
proached. This indicates seve re l imi ta t ions imposed on hydraul ic l o s se s 
at higher veloci t ies for this pa r t i cu la r configuration. 

Additional t e s t s were t r i ed with the new nozzle and combiner de ­
sign. The output ra te for the s team from the nozzle was found to be so 
high that pumping could not be es tabl i shed without s t eam blocking of the 
channel. An at tempt was made to locate a condition of dynamic stability 
in operat ion. This was t r i ed by, f i rs t , es tabl i shment of water flow by 
means of a centrifugal pump, followed with s imul taneous operat ion of 
the je t pump. Next, the centrifugal pump was cut out of the c i rcui t by 
opening a bypass valve and shutting down the pump. Up to the p resen t , a 
condition of good stabili ty has not been found. 



C. Direc t Conversion 

1. Sodium Cell - Thermionic Conversion Exper iments 

The exper imenta l apparatus previously used to investigate t h e r m i ­
onic energy conversion with ces ium and potass ium p lasmas has been tes ted 
with a sodium p lasma . The equipment, descr ibed in previous r epo r t s , is 
equipped with a tantalum emi t te r and molybdenum collector . 

An X-Y r e c o r d e r and VTVM were used to m e a s u r e the output data. 
The cell was operated with the collector at -6 to +8 V with respec t to the 
emi t t e r , which was grounded.* 

The following quanti t ies were measured : 

(1) dc voltage cu r ren t c h a r a c t e r i s t i c s ; 

(2) dc power output; 

(3) sodium ion cur ren t ; 

(4) rf output and r m s voltages. 

The following p a r a m e t e r s were var ied: 

(1) the en i i t t e r -co l lec to r dis tance; 

(2) the emi t t e r t e m p e r a t u r e ; 

(3) the sodium p r e s s u r e and density. 

F igure 8 and Table X show the r e su l t s of a typical experiment . 

A spect rochemical analysis of the sodium showed less than 300 ppm 
of po tass ium p r e s e n t and much l e s s of the other alkali me ta l s . These im­
pur i t i e s a re not believed to have any significant effect on the per formance 
of the cel l . However, sodium of still higher puri ty has been o rdered and 
will be tes ted. 

With a value of 5.12 V as the ionization voltage for sodium, the 
amount of ionization, as de termined by the Saha-Langmuir equation, will 
be smal l . Assuming the work function is 4.2 V for the bare tantalum 
emi t t e r , a(the ra t io of ions to ions plus neut ra l atoms) will vary from about 

*The maximum dc power occurs always at the knee of the c h a r a c t e r ­
i s t i c s . The max imum rf output is situated close to zero volt dc. The 
frequency and r m s voltage of the rf is shown at +1, ze ro , and -1 V dc 
applied to the col lector . 
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2.4 X 10 3 with an emi t t e r t empera tu re of 2000''K to 8.27 x 10"^ for an 
emi t t e r t empera tu re of 2600°K. The requi red sodium p r e s s u r e and density 
must , therefore , be about two o r d e r s of magnitude higher than that requi red 
for ces ium or potass ium to achieve space-charge neutra l izat ion. Fo r den­
si t ies of 5 X 10^^ to 1.6 X 10^* a t o m s / c c the calculated and exper imental 
values agree quite well. F o r lower sodium densit ies the measured value of 
(X appeared to be higher than that given by the Saha-Langmuir equation. 
This discrepancy may possibly be due to the effect of step ionization oc­
curr ing between the excited and the ionized state. 
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Fig. 8. Output Performance of a Thermionic Conversion Cell When a 
Sodium Plasma is Used to Neutralize the Space Charge, 

Table X. Performance of a Thermionic Conversion Cell with a Sodium Plasrna 
(at a Density of 1.6 x IQi'^ atoms/cc) to Neutralize the Soace Charqe 

Output Voltage and Frequency 

Graph 
No. 

A 
B 
C 
D 
E 

Emitter-

Collector 
Distance 

mm 

1 
2 
0.6 
2 
1 

Temp, 
Emitter 

2275 
2265 
2265 
2341 
2341 

Ion 
Current 

mA 

2.5 
1.2 
3.0 
3.5 
3.5 

Power 
r 

dc 

210 
180 
190 
252 
260 

M^yins 
w 

rf 

20 
-
40 
-

kc 

450 
? 

520 
800 

? 

+1 

rms-V 

0.95 
2.2 
1.0 
2.6 
0.6 

Collector Voltage 

kc 

7 
7 

510 
700 

? 

0 

rms-V 

0.4 
1.7 
0.3 
1.2 
0,5 

kc 

120 
? 

220 
600 

7 

-1 

rms-V 

0.6 
1.1 
0.2 

7 

0.5 

JE/Ji 
/Flort i-nn V,\rrar,\\ 
\ - Ion Current j 

44 
73 
30 
60 
65 



Collector Work Function 

The knee of the vol tage-cur rent cha rac t e r i s t i c s for d.ry emi t t e r s 
is observed to occur at about -2.4 V. If the emit ter work function is a s ­
sumed to be 4.2 V, the col lector work function Avill be 1.8 V. Comparison 
of these r e su l t s 'with values found for ces ium and po tass ium showed that 
the work function of the sodium-covered collector was only about 0.3 V 
higher than for ces ium. 

3. Excitat ion and Ionization 

Some factors affecting the excitation and ionization of the sodium 
atoms -were studied and m e a s u r e d as a function of a dc voltage applied to 
the col lector . Starting with about 4-5 V on the collector , a sodium density 
of 2 X 10^* a t o m s / c c , and emi t te r t e m p e r a t u r e s of 2300-2600°C, an intense 
yellow glow was observed in the cell , and the cu r ren t output reached a 
value of severa l anaperes . As the applied voltage was dec reased to ze ro , 
the yelloAVglow dec reased in intensity as the cur ren t output fell. 

4. Power Output and Voltage - Cur ren t Charac te r i s t i c s 

Dc power outputs of severa l watts were obtained with an emi t te r 
t empe ra tu r e of 2600°K. At the higher emi t te r t e m p e r a t u r e s , the cell 
c h a r a c t e r i s t i c s indicated a negative space charge was p re sen t in the cell . 
Rf osci l lat ions were also observed s imi l a r to those repor ted for ces ium 
and po tass ium p l a s m a s . The rf power outputs reached about 10% of the 
dc poA\̂ er maximum. 

D Regenerat ive EMF Cells 

1. Bimetal l ic Cells 

One of the b imeta l l ic cel ls under considerat ion in the p r o g r a m for 
the development of a the rmal ly regenera t ive emf cell is the l i thium-
bismuth cell (see P r o g r e s s Report for November 1963 ANL-6808, p. 66). 
Exper iments were c a r r i e d out to determine the reason for the observed 
i r r e v e r s i b l e t r ans fe r of both l i thium and bismuth metal from the anode 
and cathode molten metal e l ec t rodes . It is fairly well es tabl ished that 
l i thium meta l shows a low but increas ing solubility in the electrolyte with 
t e m p e r a t u r e . However, it was surpr is ing to find that re lat ively large 
concentrat ions of b ismuth were also found in the fused l i thium sal ts 
(LiCl -LiF eutectic) which served as the cell e lec t ro ly te . 

In the f i r s t exper iment , the solubili t ies of pure bismuth in inolten 
L iC l -L iF eutectic were deter inined over the t empera tu re range from 
873 to 1173°K. The solubil i t ies were found to vary from 0.9 x 10"^ w/o 
at 873°K to 1.8 x lO""̂  w / o at 1173°K. In the second exper iment , the 
solubil i t ies of a l i th ium-bismuth alloy (0.70 atom fraction l i thium in 



bismuth) in the same molten salt mixture were de te rmined over the same 
t empera tu re range The concentra t ions of bismuth in the molten salt 
mixture were about 0.31 w / o at 873°K and 3.74 w/o at 1173°K. The facts 
that the solubility of pure bismuth in the eutectic sal t mixture is very 
small and that the differences between the solubil i t ies of pure bismuth and 
those of the bismuth alloy a r e l a rge (a factor of about 300 at 873°K and 
820 at 1 1 7 3 ° K ) strongly indicate that the dissolution of bismuth from the 
l i th ium-bismuth alloy into the molten salt mixture cannot be due to the 
t rans fe r of individual b ismuth atoms from the alloy to the salt phase . 
Moreover , the amounts of l i thium meta l found in the sal t phase over the 
t empera tu re range studied gave an average l i th ium- to-b i smuth ra t io of 
3.0 + 1. These data strongly suggest that the dissolution of bismuth 
p roceeds via the dissolution of the L.i3Bi compound This is thought to be 
the f i rs t observat ion of solubility of an in te rmeta l l ic compound-type 
species in a fused salt 



V. NUCLEAR SAFETY 

A. Thermal Reactor Safety Studies 

1. Metal Oxidation and Ignition Studies 

a. Oxidation of Uranium-10 w / o Molybdenum Alloy. A u ran ium-
10 -w/o inolybdenuni alloy is being considered for use as core mate r ia l in 
a c r i t i ca l a s sembly , "Super Kukla/ ' at the Lawrence Radiation Labora tory 
To aid in the evaluation of poss ible haza rds that inight be associa ted with 
the use of this alloy, short s tudies of its oxidation and ignition behavior 
have been under taken. Alloy samples provided by the Lawrence Radiation 
Labora tory a re being used m the studies 

Bare samples , exposed to dry a i r (containing less than 5 ppm 
AA âter) or wet a i r (air sa tura ted with w-ater at room tenipera ture) were 
heated at a uniform ra te of 10 d e g r e e s / m i n to about 775°C and were then 
held at this t e m p e r a t u r e . The oxidation behavior of the alloy was found 
to be the same in both environments No weight gains , as measu red by a 
thermobalance , occur red below 350°C. At about 770°C, the oxidation ra te 
was about 0.4 mg 02/(cm'^)(min) m both dry and wet air 

A nickel-pla ted sample of the alloy showed negligible weight 
gain in wet a i r -while being heated to about 760°C. Above this t empera tu re 
the ra te of oxidation inc reased rapidly, and self-heating of the sainple to 
945°C was observed The ra te of the oxidation react ion was about 72 mg/ 
(cm^)(min) at 925°C. The nickel plating appeared to protec t the alloy 
t empora r i ly against oxidation, but once the react ion began, the plating ap­
pea red to have a de le ter ious effect as evidenced by the high ra te of 
react ion. 

b. Burning-curve Ignition Studies of Plutonium and Plutonium-
containing Alloys. The effect of mois tu re on the ignition t empera tu re of 
two samples of plutonium was de te rmined by means of the burning-curve 
method ° One sample was in the form of a 5-mm cube; the other was a 
0.1 l-iTim-thick foil. Both sainples were exposed to air sa tura ted with 
v^^ater at room t empera tu re (water content of the air \sfa.s g r e a t e r than 
20.000 ppm). Although the ignitions occur red in slightly shor te r per iods 
of t ime than those requi red for ignitions in dry a i r , the ignition t e m p e r a ­
tu re s in wet a i r for the tAvo types of samples were essent ia l ly identical 
with the ignition t e m p e r a t u r e s of corresponding samples in dry a i r . A 
s imi la r exper iment with a plutonium-2 a /o aluininum alloy (5-mm cube) 
yielded s imi la r r e s u l t s . The ignition t e m p e r a t u r e s of plutonium and the 
p lu tonium-aluminum alloy m dry and wet air a r e as follows: 

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



Sample 

Pu 

Pu 

Type 
of Sample 

5 -mm cube 

O . U - m m -
thick foil 

Ignition 

Dry Air 

524 

283 

Tempera tu re 
(°C) 

Wet Air 

522 

282 

P u - 2 a /o Al 5-mm cube 585,590 569 

Studies of the ignition t e m p e r a t u r e s of u r a m u m - 3 0 a /o plu­
tonium ternai-y alloys by the burning curve method were continued (see 
P r o g r e s s Report for November 1963 ANL-6808, p . 70) These studies 
a re being under taken in an effort to find an alloy of suitable composition 
for ze ro -power cr i t ica l exper iments . An alloy having an atomic rat io of 
U:Pu of about 2:1 is des i red . Binary alloys having this composition, or 
one nea r it, have a tendency to c rumble ; as a resul t , work with these 
alloys p r e s e n t s excess ive pyrophoric i ty haza rds . 

Two of the t e rna ry alloys studied previously (see P r o g r e s s 
Report for November 1963, ANL-6808, p 70) showed promis ing ignition 
cha rac t e r i s t i c s m dry a i r . These alloys had uran ium-to-p lu ton ium ra t ios 
of about 2.1 with about 6 a /o molybdenum or iron added. In the p resen t 
study, the effect of moi s tu re m the a i r (air sa tura ted with wate r at room 
tempera tu re ) on the ignition behavior of these two alloys was determined. 
The burning curve of the molybdenum alloy -̂ vas essent ia l ly the same in 
wet a i r as in dry a i r Hou^ever the effect of mois tu re on the i ron-
containing alloy w"as marked Whereas m dry air the i ron alloy did not 
Ignite when heated to 820°C and showed only modera te self-heating in the 
range from 300 to 450°C the allov, m wet air s ta r ted to undergo cons ider ­
able self-heating and react ion at about 300*^0 which resul ted in i ts ignition 
at about 480°C 

c I so thermal Oxidation of Plutonium. Prev ious studies of the 
isothernial oxidation of plutonium (see P r o g r e s s Report for March 1963 
ANL-6' '05, p 63) have shown that the mechan ism of the oxidation react ion 
changes betv/een 300 and 400°C so that there is a minimuna m the oxida­
tion ra t e at about 420°G. It has been proposed that a second protect ive 
oxide fllin fo rms at t e m p e r a t u r e s above 420°C. This film is a diphasic 
oxide Avith an oxygen-to-plutonium ra t io between 1 7 and 1.98.9 

It was of in te res t to de termine whether an oxide film formed 
at the higher t e inpe ra tu res (above 420°C) would afford protect ion during 
oxidations c a r r i e d out at lower t e m p e r a t u r e s . By increas ing the res i s t ance 

Chickalla. T D , HW-74802 (1962). 



of plutonium to r o o m - t e m p e r a t u r e oxidation, pre-oxidat ion of plutoniuin 
above 420°C might find uti l i ty in p repar ing plutonium for s torage. 

A high-pur i ty plutonium sample was oxidized with oxygen at 
438°C until 11,000 /ig 02/01x1^ was consumed; the oxidation ra te was 
63.0 /ig 02/(cm^)(min). While the specimen was maintained in the oxygen 
a tmosphere , the tenaperature was dec reased to about 150°C in a s e r i e s of 
s teps , the l inear oxidation ra te being de termined in each step. The r e ­
sults of the t e s t s showed that the oxidation ra t e s of the pre-oxid ized 
sample were lowered by a factor of f rom 9 to 50. 

d. Thermal Conductivity of Metal Powders . It is anticipated that 
the study of the effects of pa r t i c le s ize , t empera tu re , p r e s s u r e , and degree 
of oxidation on the the rma l conductivity of inetal powders will lead to a 
be t te r understanding of the mechan i sm of ignition of metal powders and 
may thereby lead to be t ter prevent ive m e a s u r e s against accidental 
ignitions. 

The method of study ut i l ized a line source of heat. The powders 
were composed of spher ica l u ran ium pa r t i c l e s . The the rmal conductivity of 
u ran ium powders of th ree size ranges (-16 -f20 mesh fraction, -70 -F80 mesh 
fraction, and -230 +325 mesh fraction) Avere determined in nitrogen a t m o s ­
phe re s at var ious p r e s s u r e s . The r e s u l t s , tabulated below, indicate that 
the conductivity i nc r ea se s with pa r t i c l e size and with p r e s s u r e . 

Thermal Conductivity. cal/(cm)(sec)(°C) x 10^ 
P r e s s u r e (N2) 

Mesh Size ' 
of P a r t i c l e s 10"'^ m m 10^ m m 10" 

1 
0 
0 

^ m m 

6 
25 
05 

-16 -h20 1.6 9.8 
-70 \ 80 0.25 8.0 

-230 +325 0.05 5 6 

The the rmal conductivity does not change with p r e s s u r e at very low absolute 
p r e s s u r e s ; in the region of very low p r e s s u r e s , conductivity is due to 
par t i c le contact. 

The effect of oxidation on the the rmal conductivity of the 
powders was investigated. The conductivity of uran ium powder was found 
to dec rease with the extent of oxidation. At 1000 m m p r e s s u r e and 24°C, 
the t he rma l conductivit ies of the -70 +80 mesh powder were 8.0 x 10"*, 
6.8 X 10"^, and 6.4 x 10"^ cal/(cm)(sec)(°C) for unoxidized, 1.36% oxidized, 
and 2.3% oxidized powders , respect ive ly . 

The effect of t empera tu re on the the rmal conductivities of both 
unoxidized and par t ia l ly (1.36%) oxidized powders was studied. At one at­
mosphe re , the the rmal conductivit ies of both types of powders were found 
to inc rease with t e m p e r a t u r e over the range from 24 to 280°C. 
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2. Meta l -Water Reactions 

a. L a s e r - b e a m Heating Applications. R e s e a r c h on the application 
of l a s e r - b e a m heating to me ta l -wa te r reac t ions was continued. The exper ­
imental p rocedure was modified, the main modification being the use of 
quartz optical flats in the react ion ce l l s . With the modified procedure it 
has been possible to obtain uniform, reproducible melt ing of small (l m m x 
1 m m X 5-mil- thick) samples of z i rconium foil. On nielting, the foil 
samples a re t r ans fo rmed to spher ica l pa r t i c l e s with fair ly uniform oxide 
l a y e r s . 

Fu tu re development of the method involves the use of high­
speed motion p ic tu res to de termine the growth ra te of the s team-hydrogen 
film surrounding a pa r t i c l e . Development of a two-color py romete r to 
t r ace the t e m p e r a t u r e - t i m e behavior of the par t i c le is continuing. These 
p rocedu re s , along with chemical and metal lographic analyses of the total 
extent of react ion, will provide a re la t ively complete determinat ion of the 
combined effects of heat t r ans fe r and chemical react ion of heated meta l 
pa r t i c l e s suddenly exposed to •water. These r e su l t s should provide a more 
r igorous bas i s for the p rac t i ca l analysis of r eac to r meltdown si tuat ions. 

b. Studies in TREAT. Four exper iments with 89-35 w/o 
z i rconium-10.65 w / o u ran ium (93% enriched) alloy pla tes were completed 
in TREAT. Two of the runs were c a r r i e d out in r o o m - t e m p e r a t u r e water 
and two in water which was initially heated to 285°C (1000 ps ia sa tura ted 
water p r e s s u r e ) . The objective of these exper iments was to obtain data 
on heat t r ans fe r f rom heated fuel p la tes to the water environment. This is 
to be accomplished by in terpre t ing the t e m p e r a t u r e - t i m e t r a c e s obtained 
by means of a h igh-speed osci l lograph used during the exper iments . The 
observed heating and cooling r a t e s and heat t ransfe r coefficients -will be 
applied to computer analyses in o rde r to obtain genera l ized information of 
Avide applicability to p rac t i ca l s i tuat ions. In addition, information on the 
extent of the me ta l -wa te r react ion caused by each of the four excurs ions 
was obtained. 

The alloy samples in room t empera tu re water rece ived 155 
and 270 ca l /g of nuclear energy. The energy input of 155 ca l /g was jus t 
enough to r a i se the t empera tu re of the sample to i ts melting t empera tu re , 
whereas the energy input of 270 ca l /g was sufficient to mel t the sample 
conapletely. The extent of the me ta l -wa te r react ion was 5.3% at the lower 
energy input and 6.3% at the higher energy input. The samples in heated 
water received 169 and 315 ca l /g of nuclear energy, which resu l ted in 
me ta l -wa te r reac t ions of 2.3% and 13.1%, respect ive ly . F o r completely 
mel ted samples , the extent of the react ion in heated water is someAvhat 
g r e a t e r than in room t e m p e r a t u r e wa te r . This is consis tent with previous 
out-of-pile studies of the z i rcon ium-wate r react ion. 
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The f i r s t m e l t d o w n in w a t e r of a p r e - i r r a d i a t e d 20% e n r i c h e d 
u r a n i u m - a l l o y fuel p in (93.5 w / o u r a n i u m - 5 w / o z i r c o n i u i n - 1 . 5 w / o n iob ium) 
w a s c o m p l e t e d in T R E A T ; the p in h a d a b u r n u p of 1.5% of the U^^^ and w a s 
coo led for 2 y r . The p in w a s s u b j e c t e d to a t r a n s i e n t having an e n e r g y input 
of 270 c a l / g in an 8 4 - m s p e r i o d . T h i s e n e r g y input r e s u l t e d in c o m p l e t e 
m e l t i n g of the fuel p in , wi th e x t e n s i v e f o r m a t i o n of p a r t i c l e s . The ex ten t 
of the m e t a l - w a t e r r e a c t i o n w a s 22.6%, Both the p h y s i c a l and c h e m i c a l 
c h a n g e s n o t e d w e r e s i m i l a r to t h o s e no t ed in p r e v i o u s e x p e r i m e n t s wi th 
co ld , c l e a n fuel of the s a m e type a t a s i m i l a r e n e r g y . The r e s u l t s of the 
t e s t wi th p r e - i r r a d i a t e d fuel i nd ica t e t e n t a t i v e l y tha t the p r e s e n c e of 
f i s s i o n p r o d u c t s does not m a r k e d l y inf luence the b e h a v i o r of u r a n i u m fuel 
du r ing meltdoAvn in w a t e r . 

B. F a s t R e a c t o r Safety Studies 

1. C a l c u l a t i o n s of T r a n s i e n t P r e s s u r e s 

The c o m p u t e r code for c a l c u l a t i n g t r a n s i e n t p r e s s u r e s and coolan t 
expu l s ion f r o m h e a t e d c h a n n e l s ( see R e a c t o r D e v e l o p m e n t Monthly P r o g r e s s 
R e p o r t s , A N L - 6 7 8 4 , p . 68 , S e p t e m b e r , 1963; and A N L - 6 8 0 1 , p . 73 , O c t o b e r , 
1963) h a s b e e n u s e d to c a l c u l a t e a s e r i e s of c a s e s r ang ing f r o m h y p o t h e t i ­
ca l a c c i d e n t cond i t i ons for s m a l l s o d i u m loop e x p e r i m e n t s in T R E A T to 
f u l l - s c a l e f a s t r e a c t o r g e o m e t r y . An a t t e m p t w a s m a d e , a s a t e s t for c o n ­
s i s t e n c y , to c o r r e l a t e c o m p u t e r r e s u l t s wi th the a p p r o x i m a t i o n s deve loped 
for s ca l ing p r e s s u r e and expu l s ion t i m e . P r e s s u r e P and d i s t a n c e of 
e x p u l s i o n , Z , w e r e t aken f r o m e a c h p r o b l e m at a t i m e equa l to 0.469 of 
the t i m e a t w h i c h m a x i m u m p r e s s u r e o c c u r r e d , t j ^ , in o r d e r to c o i n p a r e 
r e s u l t s a t the a p p r o x i m a t e m i d p o i n t of the p r i n c i p a l r a n g e of i n t e r e s t . I n ­
put cond i t ions a r e s u m m a r i z e d in Tab le XI. In the tab le A is the c r o s s -
s e c t i o n a l a r e a of the h e a t e d s e c t i o n , q, i s the p o w e r e n t e r i n g coolan t , and 
mo i s the i n i t i a l m a s s of coo lan t to be v a p o r i z e d and expe l l ed . One a d d i ­
t iona l p a r a m e t e r , c, is n e e d e d for the sca l ing r e l a t i o n s h i p s . The p a r a m ­
e t e r c is the change in h e a t con ten t of the coo lan t d iv ided by the change in 
v a p o r p r e s s u r e : i t is a funct ion of the r a t i o of h e a t e d coolan t m a s s to to ta l 
coo lan t m a s s a s w e l l a s m a t e r i a l p r o p e r t i e s . 

Table XI. Basic Input Conditions 

P r o b l e m A (cm^) mp (gm) q̂  (MW) 

1 
2 
3 
4 

13.67 
1.57 
0.886 
1.57 

43.1 

122.5 
34.8 
34.8 
34.8 

13,690 

30.27 
0.Z168 
0.1084 
0.1084 
0.0586 

P r o b l e m A (cm^) mo (gm) g^ (MW) 

43.1 
43.1 
43.1 
43.1 

13,860 
15,560 
14,510 
14,510 

0.194 
15.0 
23.3 
23.3 

Initial p r e s s u r e PQ is 1 a tm for all p rob lems except 9, for which PQ = 5 atin. 



54 

F i g u r e 9 i s a g r a p h of the c o m p u t e d t i m e a t 0 .469 t j ^ v e r s u s the 
quan t i ty 

1.74 
/mocZ 

Aqi ' 

the a p p r o x i m a t i o n equa t ion for e x p u l s i o n t i m e . The f a c t o r 1.74 i s a p r o ­
p o r t i o n a l i t y c o n s t a n t ob ta ined f r o m a r e f e r e n c e p r o b l e m . S i m i l a r l y , 
F i g u r e 10 i s a g r a p h of c o m p u t e d p r e s s u r e a t 0.469 t^^ a s a funct ion of 

the a p p r o x i m a t i o n equa t ion for m a x i m u m p r e s s u r e . As b e f o r e , 1.80 i s a 
p r o p o r t i o n a l i t y c o n s t a n t ob t a ined f r o m a r e f e r e n c e p r o b l e m . 
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Figure 9. Computed versus Approximated 
Expulsion Times. 

Figure 10. Computed versus Approximated 
Maximum Pressures. 

I t a p p e a r s f r o m t h e f i g u r e s t h a t t h e r e i s a r e a s o n a b l e d e g r e e of 
c o n s i s t e n c y f o r a w i d e r a n g e of i n p u t c o n d i t i o n s b e t w e e n t h e r e s u l t s o b ­
t a i n e d f r o m t h e c o m p u t e r c o d e a n d t h e a p p r o x i m a t i o n m e t h o d . 

F i g u r e 11 i s a g r a p h of t h e a x i a l d i s p l a c e m e n t of l i q u i d c o o l a n t 
v e r s u s t i m e . T h e g r a p h i n d i c a t e s t h e e x t e n t t o w h i c h Z i s p r o p o r t i o n a l 
t o t^. T h i s t^ d e p e n d e n c y w a s a n t i c i p a t e d f r o m p r e v i o u s l y d e r i v e d s c a l i n g 
r e l a t i o n s h i p s . 
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Axial Liquid Displacement versus Time. 

I 10 100 

TIME, ms 

2. Meltdown of P r e - i r r a d i a t e d Metallic Elements 

The effects of fission product accumulation on fuel meltdown mech­
anisms is being studied through a continuing p rog ram conducted in TREAT. 
The f i rs t s e r i e s of destruct ive exper iments in t ransparen t capsules on 
p r e - i r r a d i a t e d specimens has been run and awaits p o s t - m o r t e m examination 
(see Monthly P r o g r e s s Report for November 1963, ANL-6808, p . 73). 

Samples 1 and 2 of the se r i e s were p r e - i r r ad i a t ed , sodium-bonded, 
s ta inless s tee l -c lad , 6% enriched EBR-II fuel-pin prototypes. The high­
speed motion films taken during the reac to r t rans ients show fuel-pin 
fa i lures which are consistent with the resu l t s indicated by previous mel t ­
down of p r e - i r r a d i a t e d sainples in opaque capsules . F igure 12 i l lus t ra tes 
the sequence of failure of sample 2, in a s e r i e s of clipped single-frame 
photographs of the EBR-II fuel pin during the exposure. The successive 
f rames were selected for representa t ive clar i ty and visual resolution, 
ra ther than for t ime base indication. 

In clip 1, the EBR-II fuel pin is shown just p r io r to failure, with 
the cha rac te r i s t i c spi ra l warp of the element in response to the separa tor 
wire r e s t r a in t . Clips 2, 3, and 4 sho'w the multiple initial fai lures of the 
cladding, and the relat ively slow emission of thin je ts of opaque gas . The 
nature and origin of this gas is still unknown. Clips 5, 6, and 7 show the 
famil iar violent exnission of sodium vapor from the cladding, charac te r i s t i c 
of mass ive pin fai lure. 

Samples 3 and 4 were p r e - i r r ad i a t ed , Zircaloy-clad, 10% enriched, 
APD A F e r m i - A fuel pins . F igure 13 i l lus t ra tes the failure sequence of 
sample 4. As in the meltdown of the EBR-II fuel, the f i rs t indications of 
failure of the F e r m i elenaent were multiple thin jets of an opaque gas , as 
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Figure 12. Failure of Pre-irradiated, Sodium-bouded, Stainless Steel-clad 
EBR-II Fuel Pin, during Meltdown Transient in TREAT. 
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Fi.̂ iir<^ a. Failure ot Pre-iiradiatcd, Zircakiy-clad, APDA Ftrini Fuel Pm 
d inn Meltdown Trmsn^nt in TREAT. 



shown in clips 2 , 3 , and 4. The gaseous emiss ion coinpletely obscured the 
sample (see clip 5) but, apparently of l imited volume, the emiss ion s e e m ­
ingly thinned to pe rmi t viewing the mass ive failure and inovement of molten 
fuel and fuel f ragments , as shown in clips 7-10. 

The s imi la r i ty of the gas emit ted from the meta l lurg ica l ly bonded 
F e r m i fuel pin to the f i rs t vapor emit ted by the sodium-bonded EBR-II 
pin in color , v iscos i ty , and re la t ive density, suggests that the gas may be 
an accumulation of fission products , which p recedes the sodium vapor in 
escaping the breeched EBR-II fuel cladding. 
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