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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 s sued 
monthly, is intended to be a means of report ing those i tems 
of significant technical p rog re s s which have occur red in 
both the specific reac to r projects and the genera l engineer­
ing r e s e a r c h and development p r o g r a m s . The repor t is o r ­
ganized in a way which, it is hoped, gives the c lea res t , most 
logical 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 
repor t separate ly on each sub-act ivi ty number . Fur the r , 
since the intent is to repor 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 epor t as soon as possible after the end of the 
month edi torial work must necessa r i ly 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 presen ted should be understood to be p re l iminary and 
subject to change unless otherwise stated. 

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

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

March 1962 

April 1962 

May 1962 

June 1962 

July 1962 

August 1962 

ANL-6544 

ANL-6565 

ANL-6573 

ANL-6580 

ANL-6597 

ANL-6610 
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I. WATER COOLED REACTORS 

A. EBWR 

Additions and m.odifications to the EBWR plant have been com.pleted 
which permi t heat dissipation at power levels up to 100 Mwt. The plant has 
been authorized to operate at its full capacity and operational testing at the 
60 Mwt level has been reached. 

The composition of the cur ren t core fuel loading (Core lA) consis ts 
of the following: 

Subassembly Type Number 

Spike 32 
Natural Uranium, (thick plate) 8 
Natural Uranium (thin plate) 1 
1,44% Enriched (thick plate) 52 
1.44% Enriched (thin plate) 54 

Total Number of Subassemblies 147 

The nominal d iameter of the core is 5 ft and the inside diameter of 
the reac tor vesse l is 7 ft. There is approximately 8 ft of water above the 
core, 7 ft between the cold water level and the top of the reac tor vesse l . 
Thus, the downcomer flow ra te , s team separat ion cha rac t e r i s t i c s , and c a r r y -
under experienced in these tes ts a re in par t due to the geometr ica l a r r a n g e -
naent of the par t icu lar sys tem. Modifications to the sys tem are thus l imited 
in certain instances by the par t icu lar features of the conaponents in the s y s ­
tem and by the duration of the p rogram which is scheduled to be conapleted 
by Decennber, 1962. 

1. Reactor Operation 

a. Hydrodynamic Studies - A se r i e s of high power tes ts were 
performed in the EBWR at power levels up to 60 Mwt. Data recorded in­
cluded rec i rcula t ion flow r a t e s , void fractions in the downcomer and r i s e r , 
t rue interface height in the vesse l , subcooling, and vapor ca r ryunder . 

The measu red amount of subcooling in the water at the inlet to 
the core reached a peak of 2.6°F at 40 Mw and then dropped with i n c r e a s ­
ing power. At 60 Mw the subcooling decreased to 1.25°F. The calculations 
based upon the measured flow ra tes without ca r ryunder indicated that the 
subcooling should amount to 8.75°F at 60 Mw. 

The vapor ca r ryunder occurr ing in the reac tor was calculated 
frona a heat balance utilizing the measu red subcooling and flow r a t e s . The 
amount of ca r ryunder of s team in the rec i rcula t ing water in the down­
comer remained fairly constant as the power was inc reased and was of the 
order of 24% by weight at 40 Mw. Above 40 Mw the car ryunder began to 
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inc rease . At 60 Mw the data indicated that 32% of all the steanri generated 
in the core was ca r r i ed under. Complete loss of subcooling was est imated 
to occur with 34.6% car ryunder . 

b. Power Coefficient Measurements in EBWR Up to 60-MW Power 
Levels - The power coefficients of Ak/A(Mw) ~ 0 . 0 6 5 % / M W was repor ted 
in ANL-6610 (P rog re s s Report for August, 1962) for power levels from 
10 Mw to 40 Mw. 

Operation of the reac tor in the 40 Mw to 60 Mw range, however, 
resul ted in an inc rease in the power coefficient to:r0.1%/Mw. The excess 
react ivi ty in the void fractions at 60 Mw operation was 5%, and corresponds 
to an average s team void fraction in the core of about 20%; the la t ter amount 
was that calculated for the average void fraction at 100 Mw. The calcula­
tions indicate that for zero car ryunder at 60 Mw operation, the void fraction 
should be 15% and requi re 3.75% excess react ivi ty. 

Assuming that these reactivity losses resul t from the excess 
s team voids in the core , it will be necessa ry to add additional reactivity to 
achieve higher power. Additional reactivity is achieved by removing boron 
s t r ips from the spiked e lements . The nunaber of s t r ips that can be removed, 
however, is subject to the eight- and n ine-rod shutdown requirements stated 
in the hazards repor t (eight-rod shutdown with bor ic acid and n ine- rod shut­
down without the bor ic acid). 

c. EBWR Transfer Functions - The most recent t ransfer function 
measurement s made on the EBWR were performed under the following op­
erating conditions: 

(1) 40 Mw, equil ibrium xenon, 600 psig, with a boric acid con­
centrat ion of 2.73 gm/ga l . Control rods Nos. 1 through 8 at 48 in. and 
center rods at 30 in. 

(2) 60 Mw, equil ibrium xenon, 600 psig, with a boric acid con­
centrat ion of 0.46 gm/ga l . Control rods Nos. 1 through 8 at 48 in. and 
center rod at 30 in. 

The measu remen t s were made using the rod osci l lator at 
32 different frequencies ranging from 0.0012 to 9 cps. Data were recorded 
with the null analyzer, analog s ine-cosine c r o s s - c o r r e l a t o r and digital 
data sys tem. Analog recordings were made of noise and t ransient response . 
Root mean square ( rms) noise was measu red using an analog computer . 
The auto-corre la t ion function and power density spect rum were calculated 
from the digital noise record ings . Flux signals from two in -core ioniza­
tion chaiTibers, when compared with the out-of-core chamber, showed an 
additional two-degree phase lag from the in -core measurements at 
56 r a d i a n s / s e c . The conclusions result ing from the extrapolation of the 
data predic t stable operation of the reac tor up to 85 Mw of power, p r o ­
viding sufficient excess react ivi ty can be added. 



d. Interface Height - Data on the interface height show that a 
substantial difference exists between the t rue water interface level in the 
reactor and the level indicated by the water column and is caused by the 
presence of s team voids in the r eac to r . A l inear extrapolation of the data 
from. 60 Mw to 100 Mw indicates that the differential height would be about 
4-|- ft. Should the interface height continue to r i s e at the p resen t level, 
ser ious ca r ryover problems may occur at the very high power leve ls . 

e. P r i m a r y Water Leaks in EBWR - Two water leaks have 
occur red in the hot p r i m a r y water sys tem of EBWR, result ing in t em­
porary contamination of the plant air by radionuclides emanating from the 
reactor water . The f i r s t leak occur red on July 26, and Na^*, Mn^^, Mn̂ **, 
Co^®, and Co were detected in the a i r - f i l te r moni tors in the plant. The 
water leak occur red in a welded joint in the reac tor water level sight 
gauge and has been repa i red . 

The second leak occur red during the September 8-12 period 
and re leased the same radionuclides, plus a 9.5-minute half-life Mg^^ 
isotope. The p resence of this 9.5-minute half-life isotope indicated that 
the leak was in a flowing (non-stagnant) portion of the p r i m a r y water s y s -
temi. The leak was t r aced to a sample valve located on the main floor and 
it was repa i red . 

B. BORAX-V 

1. Operations and Exper iments 

High- tempera ture , p re-opera t iona l tes ts were completed; and high-
tempera tu re zero power tes ts on the boiling core were begun. The ze ro 
power tes ts were in ter rupted for the r epa i r s and modifications d iscussed 
below. 

Tes ts of the boron addition system showed that, by maintaining the 
boron addition tank at the same t empera tu re as the reac tor vesse l , the sys 
tem will operate sat isfactori ly (without excessive s team h a m m e r ) . The 
batch feed sys tem m,odification for heating the tank before adding the water 
to the reac tor was t e s t -ope ra ted and found to be sat isfactory. The p e r ­
formance of the superhea ter drain systena and of the source drive at 
p r e s s u r e was also sat isfactory. 

The h igh-pressure - s t eana safety valves were tes ted and adjusted 
for co r r ec t operating p r e s s u r e . The l ow-p re s su re safety valves could not 
be tested because the e lect r ic preheat sys tem does not have sufficient 
capacity to maintain p r e s s u r e in the low p r e s s u r e s team system. These 
valves will be tested during initial power operation. 

Deflection of the Belleville spring between the reac to r vesse l head 
gussets and core s t ruc tu re , due to differential expansion while heating to 
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relief valve operating p r e s s u r e (685 psig, 503°F), was found to be 0,1 in. 
compared to the calculated 0.143 in. Since this will provide ample hold-
down under natural circulat ion (for which this spring is designed) this de­
flection will be sat isfactory. 

The reac tor was made cr i t ica l at 600 psig, 489°F, to measure the 
react ivi ty effect of 128 void tubes in the center 16 fuel assembl ies . The 
bank control rod position was 21.03 in. at a bor ic acid concentration of 
about 11 g/gal . Gold flux wire i r radia t ions were naade in eleven locations 
along a diagonal and in four additional locations in the core . Flux wires 
were contained in p res su re - t igh t , •|--in. O.D. x 0.020-in. wall s tainless 
steel tubes. The power during the i r radia t ion is es t imated to have been 
300-500 kw. The maximum fuel rod center t empera tu re measured was 
510^F. 

Boiling fuel assembl ies were removed from the reac tor for the r e ­
covery of t emporary flux wire holders after the initial hot cr i t ica l opera­
tion and i r radia t ion. It was noted at this tinae that the twelve I--in. dia., 
X-8001 aluminum r ivets attaching the s tainless steel upper grid to the 
X-8001 aluminum fuel assembly box had sheared in some of the a s s e m ­
bl ies . There was no yielding of the holes in the aluminum box. P r e l i m i ­
nary microscopic examination of the failed r ivets showed no sign of yielding 
or elongation, but ra ther a br i t t le - type fai lure. Hardness tes ts on the 
sheared face of severa l r ivets gave a range frona too-soft- to-naeasure to 
Rockwell H-95, which corresponds to a H-18 tenaper. The hardness of an­
nealed X-8001 aluminum is in the range of Rockwell H-45 to H-65. 

The calculated shear s t r e s s on the r ive ts at zero power and oper ­
ating t empera tu re is 3000 psi . The calculated bearing s t r e s s on the side 
of the holes in the -^ - in . - th ick aluminum box is 4200 psi . ALCOA data 
(ANL-5927) give a tensi le yield strength of 6200 psi at 500°F after 100 hr 
at t empera tu re . Creep and shear strength data a re not available. The 
reason for the r ivet failure is not known, but could possibly be an unex­
pectedly low c reep s trength in shear for X-8001 aluminuna. 

Because this r ivet failure possibly pernaitted the movement of fuel, 
the resu l t s of the react ivi ty measurement s and flux wire i r radia t ions in 
the initial hot c r i t i ca l operation are of l imited value. 

Control rods and drives were checked, and control rod drop t imes 
were well within the maximum allowable. Fa i lu re due to overheating oc­
cu r red in five conabination guide bushing-wipers naade of Delrin plast ic . 
These bushings, located in the control rod drive sea ls , a re cooled with 
seal water which mus t be carefully controlled since, if an excessive 
amount of seal water flows up through the control rod drive nozzles into 
the reac tor vesse l , severe thermal gradients a re caused in the bottom 
head. After the damaged Delrin bushings were replaced with spares and 
the flow of the seal water was carefully monitored and controlled, 



operation of the control rod dr ives was sat isfactory and t empera tu re g r a ­
dients in the lower reac tor vesse l head were acceptable. The seal water 
differential p r e s s u r e control sys tem is being modified to danap the osc i l ­
lations of the control valve at low reac tor p r e s s u r e . 

Following the h igh- tempera ture i r radia t ion, difficulty was exper­
ienced in removing gold flux wi res inside cadmium tubing. The cadmium 
was not oxidized, but had a shiny, very rough surface appearance indicat­
ing that tenaperatures in the cadnaium, which m.ay be due to nuclear hea t ­
ing, were near the melting point. Pro tec t ive coatings for the cadmium 
tubing or the use of cadmium alloys a re being investigated. 

During the month, 34 bor ic acid determ.inations were perfornaed for 
BORAX-V operat ions; 24 were made on reac to r vesse l samples and 10 on 
the boron storage tank. Those reac tor vesse l samples taken during high-
t empera tu re runs were analyzed for chloride content. Most of these had a 
chloride content equal to l abo ra to ry -p repa red blanks, but eight samples 
taken had a range of chloride values from 0.05 to 0.13 ppna. The reac tor 
water deminera l izer could not be used with bor ic acid in the reac tor water . 

Investigation has revealed that the makeup water dem.ineralizer is 
not producing ra ted capacity because s i l ica is not being removed during 
regenerat ion. Exper iments using hot caustic and a 24-hour soak of the 
r e s in a re in p r o g r e s s in an attempt to remove the si l ica and r e s t o r e ra ted 
capacity. 

2. Modification and Maintenance 

The twelve-g--in.-dia. aluminum r ivets attaching each s ta in less 
steel upper and lower gr id to the aluminum boiling fuel assembly boxes 
are being replaced with twenty ^ - i n . - d i a . "A"-nickel r ive t s . This new 
design gives a calculated shear s t r e s s in each r ivet of 800 psi and a com­
press ive bearing s t r e s s on the side of the holes in the aluminum box of 
1400 psi . Riveting and drill ing f ixtures, r ive t s , special tools, e tc . , have 
been made; and, at naonth's end, 50 boiling fuel assembly boxes had been 
modified. 

The upper fuel grid on ins t rumented boiling fuel assembly No. 1-2 
was found to have sheared its r ive t s , and par t ia l d i sassembly of the fuel 
assembly was s ta r ted to allow replacenaent of r ive t s . The inlet flownaeter 
on this assembly has so far defied removal , apparently because of co r ­
rosion product buildup between the flowmeter body and the inlet nozzle. 

The four control rod extension shafts which were scra tched when 
the Delrin guide bushings failed will be replated; they a re being replaced 
with four new spare shafts. New guide bushings made of Teflon backed 
with s tainless steel , of a design previously used by EBWR, have been 
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fabricated and instal led in the seal housings. These will replace those made 
of Delrin. Seal water thermocouples have been relocated from the seal leak-
off line to the upper seal cavity, in o rder to monitor more accurately the 
t empera tu re of the guide bushing. 

The bellows in the osci l lator rod driveshaft rotating seal failed at 
high t empera tu re , due to a faulty weld. The bellows was re turned to the 
manufacturer , but r epa i r was not possible and a new bellows was fabr i ­
cated. A routine meta l lurgica l examination showed improper hea t - t rea tment 
of the new bellows, which is now being hea t - t rea ted again. 

Control rods No, 1 and No. 5 were removed for routine inspection 
and were found to be sat isfactory. The control rod channels in the core 
shroud were also gauged. A 0.475-in.-thick gauge block was successfully 
inser ted in all channels. 

3. Analysis 

A theoret ical naodel of the BORAX-V reac tor and associated s y s ­
tems has been derived. The l inear ized power feedback paths include the 
following phenomena: (l) r eac to r p r e s s u r e buildup; (2) subcooling of the 
reci rcula t ing water at the core inlet; (3) s team systena dynamics, includ­
ing reac tor p r e s s u r e and turbine inlet p r e s s u r e control sys tems; (4) feed-
water f low-rate dynamics, including the reac tor feedwater level, t h r e e -
element control system; (5) void reactivity dynamics in the core due to 
void formation by heat t ransfer , p r e s s u r e , subcooling, and reci rcula t ion 
flow ra te changes; and (6) Doppler reactivity dynanaics due to changes in 
the average boiler fuel t empera tu re . 

The major assumptions made in the analysis a r e : (l) that the r e ­
actor kinetics and all power feedbacks a re l inear ; (2) that the power d i s ­
tribution in the core is space-independent and can be represen ted in the 
axial direction by a chopped cosine wave; (3) that the axial void d is t r ibu­
tion is f i r s t -power flux weighted for deternaination of the effective void 
volunae changes (void react ivi ty importance function is assumed propor­
tional to the axial power distribution); (4) that the over -a l l boiler heat 
t ransfer coefficient in the subcooled region of the core is the same as that 
in the boiling region; and (5) that the modera tor t empera tu re reactivity 
changes can be neglected. 

The reac tor model will be used p r imar i ly to: (l) determine ana­
lytical power t ransfer functions (6n/no6 kg^) as a function of reac tor power 
level for var ious combinations of natural vs forced circulat ion, and boiler 
vs_ boiler plus cent ra l superhea ter configurations; and (2) to determine 
approximate optimized sett ings for the main s t eam- to -a tmosphere control 
valve control ler and the turbine s team bypass valve control ler . In addi­
tion, the effect of l a rge input react ivi ty amplitudes on the reac tor 
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response (describing function) due to the inherent non-l inear i ty in the neu­
tron kinetics naay be evaluated with the aid of the "High Power Reactor 
Describing Function P r o g r a m , " by L, E. Reese and A. A. Wassernaan. l 

4. Cri t ical Exper iments 

The p rog ram of naeasurements in a c r i t ica l assembly (ZPR-VII) 
composed of a centra l zone of the BORAX-V superheat elenaents surrounded 
by a lat t ice of Hi-C fuel has been completed. The final measu remen t s in­
cluded uranium foil activation in the voided superheater and the per iphera l 
boiling zone regions. Cadmiuna ra t ios and re la t ive activations were also 
deternained with gold, copper, dysprosium, indiuna, lutetium, and manganese 
foils at th i r teen locat ions. The data will be used to es t imate power d i s t r i ­
bution, spect ra l changes, and flux levels in various par t s of the core . 

The core has been removed frona the ZPR-VII systena and the super ­
heater elenaents a re undergoing final modifications and assembly requi red 
for installation in the BORAX-V reac tor . 

5. Procurenaent and Fabr icat ion 

a. Superheater Fuel - Brazing and welding of 13 cent ra l super ­
heater and 14 per iphera l superheater fuel subassembl ies has been completed. 
In addition, the vacuum brazing operation, using Coast Metals-60 alloy, has 
been finished on six s tandard fuel elements and one thermocouple elenaent 
for the instrunaented central superheater fuel a s sembl i e s . Attachment of 
r i s e r s and nozzles to the central superheater fuel subassembl ies was 
star ted, and one fuel assenably was completed. 

Inspection of the 26 superheater fuel plates furnished by 
Atomics International as replacements for previously re jected plates has 
been completed, and all plates except one were found acceptable. 

b. Exper imenta l Components - Development work on the brazing of 
fuel plate thermocouples into sanaple superhea ter fuel plates has continued, 
and Coast Metals-60 alloy appears to give the naost sat isfactory joint. The 
problem of voids between the thermocouple tip and bottom of the slot in the 
edge of fuel plates has been solved by the addition of a snaall quantity of 
s tainless steel filings to the brazing compound. Other brazing naaterials 
were not as sat isfactory in elinainating this problem. 

Modifications to the reconabiner t es t r ig a r e continuing. Knall-
gas f low-measuring equipment, using t h e r m i s t o r s , was t r ied, but proved 
to be quite unstable and has been discarded, A systena design for generating 
Knall-gas using relat ively pure water has been received from General 
E lec t r ic Company and is being considered for adaptation to the reconabiner 
equipment. 

IDO-16755, Appendix A-3 . 
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The low-water - leve l cutout on the reconabiner was modified to 
fail safe. A separate fail-safe device, which cuts out the hea te rs upon s ens ­
ing high boiler wall t empera tu re , has been ordered . This device uses 
thermocouples and will be provided with thermocouple burnout protection. 

6. Design 

Detailed design and checking of the "head-on" boiling fuel assenably 
handling tool to reload assenablies through nozzles in the reac tor vesse l 
head has been conapleted. Design of the boiling fuel rod manipulator and 
t ravers ing mechanism for the gamma-scanner , and design of a special 
osci l la tor rod fuel assembly containing a stator of 2 w/o boron-s ta in less 
steel in a 165° a rc , -j- in. thick with three fuel rods in each corner , have 
also been finished. After test-fi t t ing in the core , the design of the | - - in . -
dia. p r e s s u r e thimbles for miniature ion chambers was modified. 

It has been decided that the previous design of a step-function 
genera tor , consisting of a slug of poison operating in a Zircaloy-2 p r e s s u r e 
thimble, had inadequate react ivi ty worth to accomplish a satisfactory 
reac tor "ringing" experim.ent. Therefore, a new com.bination control rod 
dr ive/s tep-funct ion generator mechanism is being designed to actuate an 
intermediate control rod. 

7. Development and Testing 

a. Advanced Superheater Fuel - AISI Type 406 s tainless steel is 
being considered for t es t of superheat fuel elements in BORAX-V. 
Atomics International, which fabricated the initial superheat core , has 
conducted a p rog ram to demonst ra te the feasibility of fabricating cernaet 
type fuel plates using this type steel . Depleted plates of the half-central 
and ful l-central types were fabricated and evaluated. F r o m the resu l t s 
obtained, it appears that these plates can be fabricated to meet the speci ­
fications pertaining to core and plate dinaensions, f latness, squareness , 
oxide agglomeration, oxide s t r inger ing, and core homogeneity. 

Two requi rements of the specifications were not satisfied by 
the plates fabricated. Finished plates were covered with a uniform, 
tightly adherent, b lue-grey scale . Ei ther the formation of the scale m.ust 
be prevented in some way, or a descaling process would need to be i n t ro ­
duced to provide clean plates as specified. The grea tes t cause for concern, 
however, is the large number of inclusions which were found throughout the 
plate cores and, in a continuous line, at the c lad- to-c lad interfaces. If 
these plates a re to be used in reac tor e lements , the effects of these inclu­
sions will f i rs t have to be determined. However, rev ised fabrication 
p rocesses may eliminate or prevent their formation. 
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Clad core and end cladding samples from these fuel plates 
have been cor ros ion tested in anabient disti l led water and 650°C, 600 psi 
degassed s team for th ree days. Reddish-brown cor ros ion stains appeared 
on the surfaces of the sanaples in room tempera tu re water . The plates had 
been gr i t -b las ted with chilled iron shot between hot and cold rolling, and 
some par t ic les of g r i t were apparently embedded in the plate sur faces . 
The samples in s team were not significantly attacked. 

Brazing development work on Type 406 s ta inless s teel samples 
continues. Thus far, metal lographic examinations indicate that vacuuna 
brazing of de-sca led sanaples plated with 0.0002-in. thickness of nickel and 
using either Coast Metals-60 or Prenaabraze-128 alloys is sat isfactory. 
Specimens using these alloys a re being p repa red for cor ros ion t e s t s . 
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II. LIQUID METAL COOLED REACTORS 

A. General Research and Development 

1. ZPR-III 

a. Assembly 41 - Exper iments are under way on Assembly 41, a 
dilute naetal core sys tem in which the U to U rat io is about 5 to 1. 
Other core diluents a re aluminum and steel, and the rad ia l and axial blan­
kets consist of high-density, depleted uranium. The prograna of studies 
with this assembly includes exper iments in basic physics and with different 
radial and axial blankets . 

In the core , a four -drawer sequence, containing five columns 
of enriched (93.2%) uranium, is used to obtain the des i red fuel concentra­
tion. The diluents in the four d rawers a re 23 columns depleted uranium, 
32 columns 45% aluminum, and 4 colunans steel . The core length was set 
at 32 in.; and, in the initial loading, fuel was loaded into d rawers out to a 
radius giving about 36% of the expected cr i t ica l loading. The remaining 
outer radial d rawers in the expected core volume were loaded as core 
d r awer s , but with aluminum columns replacing the enriched uranium 
columns. Cri t ical i ty was approached by increasing the core volume r a ­
dially in stepwise substitution of enriched for alunainum columns. 

At a total loading of 493.8 kg U^^ ,̂ the r eac to r , with all rods in, 
was supercr i t ica l by 61.2 Ih. With a measured worth of fuel at the core 
edge of 18 Ih/kg, the jus t - c r i t i ca l m.ass would be 490.4 kg U^^ ;̂ and using 
the final composition, the cr i t ica l volume would be 439 l i t e r s . With this 
composition, a DSN calculation with empir ica l cor rec t ions gave a cr i t ical 
m a s s es t imate of about 505 kg. Dimensions and compositions of the c r i t i ­
cal loading are given in Table I. 

Central react ivi ty coefficients were measu red for numerous 
fissionable and nonfissionable m a t e r i a l s . Beside determining react ivi ty 
effects of usual fast reac tor construct ion ma te r i a l s , the effects of ma te ­
r i a l s with high neutron capture or scat ter ing proper t i es were determined. 
Some sanaple-size investigations were made, but with no conclusive r e ­
sul ts . Table II l i s t s the ma te r i a l s which were placed at the core center 
and the react ivi ty coefficients obtained. 

Measurements of fission ra t ios at the core center a re in 
p r o g r e s s . Some new natural and enriched uranium foils had been p r e ­
pared for the gas-flow absolute fission chambers , and these have been 
compared with older foils. Agreeaaient of count ra t ios with plating m a s s 
ra t ios is good. Foi ls a re present ly being p repared with U^̂ ^ and U^^^ 
plat ings, and these will be coiaapared with platings in the Kirn counters . 
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T a b l e I. Assenab ly 4 1 , L o a d i n g No. 16 

E x c e s s r e a c t i v i t y wi th a l l r o d s in, 61.2 Ih. 

D inaens ions : 

C o r e : Leng th 
A v e r a g e D i a m e t e r 
L/D 
Volume 

Axia l B lanke t T h i c k n e s s : 
R a d i a l B l a n k e t T h i c k n e s s : 

32 
32 

1 in. 
9 in. 

0.975 
442 l i t e r s 

12 
12 

in. 
6 in. 

C o m p o s i t i o n : 

C o r e Load ing : 

Volume % 

U " 5 
U238 

Type 304 S t a i n l e s s S tee l 
A l u m i n u m 
Void 

C o r e 

5.96 
29.1 
14.1 
17.9 
32.9 

493.8 kg U"^ 

B l a n k e t s 

0.17 
83.4 

9.0 
-

7.4 

T a b l e II. C e n t r a l R e a c t i v i t y Coef f i c ien t s in A s s e m b l y 41 

M a t e r i a l o r 
I so tope 

U235 

U238 

U233 

P u " 9 
Ag 
Al 
As 
Bio 
Ba 
Be 
Bi 
C 
C H 2 

C r 
F e 
Hf 

Wor th 
( Ih /g m o l e ) 

28.8 

-1 .29 
52.5 
50.3 
-4 .26 
-0 .12 
- 1 . 9 1 

-18 .2 
- 0 . 1 3 
+0.18 
- 0 . 2 8 
+0.02 

+ 10.2 
-0 .21 
- 0 . 2 4 
-3 .30 

M a t e r i a l 

Hg 
Mo 
Na 
Nb 
Ni 
Ru 
S 
Sn 

S tee l (Type 304) 
T a 
Th 
V 
W 
Y 
Z r 

Wor th 
( Ih /g m o l e ) 

- 1 . 0 8 
-0 .95 
- 0 . 0 6 
-1 .42 
- 0 . 3 8 
- 1 . 9 8 
-0 .62 
-0 .80 
- 0 . 2 7 
- 4 . 2 7 
- 2 . 7 4 
-0 .09 
- 1 . 8 4 
-0 .35 
- 0 . 3 6 
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b. M e a s u r e m e n t s of the R e s p o n s e T i m e of the P e r i o d M e t e r s -
B e c a u s e of s t a t i s t i c a l f l uc tua t ions at the low c u r r e n t l e v e l s of the p e r i o d 
m e t e r s u s e d in Z P R - I I I , s o m e damping i s r e q u i r e d to s m o o t h out n o r m a l 
s t a t i s t i c a l n o i s e in the f r e q u e n c y r a n g e g r e a t e r t han about 2 c p s . It h a s 
a l w a y s b e e n c a l c u l a t e d tha t the p e r i o d m e t e r s would r e s p o n d in a s h o r t e r 
p e r i o d of t i m e if suff ic ient ly o v e r d r i v e n ; no e x p e r i m e n t a l v e r i f i c a t i o n had 
b e e n naade of t h i s un t i l l a s t m o n t h . 

The p e r i o d channe l c o n s i s t s of a B F s - f i l l e d ion c h a m b e r , 
l o g a r i t h m i c p r e a m p l i f i e r , d i f f e ren t i a t ing and p o s t - a m p l i f y i n g c i r c u i t , i n ­
d ica t ing m e t e r s , and t r i p c i r c u i t , ending in e i t he r of two a l t e r n a t e r e l a y s 
in the m a i n s c r a m c i r c u i t of the r e a c t o r . One of t h e s e r e l a y s i s se t to 
t r i p at 15 s ec and the o t h e r at 5 s e c . 

The c i r c u i t r y f r o m the l o g a r i t h m i c p r e a m p l i f i e r , to and in­
c luding t h e s e r e l a y s , is iden t i f i ed a s Model No. C D - 7 1 . The t i m e r e q u i r e d 
to t r i p the e n t i r e C D - 7 1 c i r c u i t w a s n a e a s u r e d with an exponen t i a l g e n e r a t o r 
for input p e r i o d s of 15 to 0.10 s e c . Then , s tep funct ions of v a r i o u s m a g ­
n i t u d e s w e r e u s e d to s tudy even s h o r t e r r e s p o n s e t i m e s . The m e a s u r e ­
m e n t s w e r e m a d e with a wide r a n g e of s t a r t i n g s t e ady c u r r e n t s , IQ. 

The C D - 7 1 w a s f i r s t c a l i b r a t e d , as in ac tua l o p e r a t i o n , u s ing 
the i n t e r n a l ( s ta t i c ) c a l i b r a t i o n . The s t a t i c c u r r e n t l eve l i nd i ca t ed a s input 
w a s t hen c a l i b r a t e d a g a i n s t an e x t e r n a l c u r r e n t s o u r c e b e l i e v e d to be a c ­
c u r a t e wi th in a few p e r c e n t , wi th r e s u l t s shown be low: 

P e r i o d M e t e r 
C u r r e n t Ind ica t ion C u r r e n t S o u r c e 

1.5 x 10"^2 I X 10-12 

1.1 X 1 0 " " 1 x 1 0 " " 
1.0 X 10"^° 1 X 10"i° 
0.8 X 1 0 " ' 1 X 10-9 
0.7 X 1 0 ' ^ 1 X 10"^ 
0.55 X 1 0 " ' 1 X lO""^ 
0.45 X 10"^ 1 X 10"^ 

The e - fo ld ing t i m e m e a s u r e d on the l o g a r i t h m i c c u r r e n t c i r ­
cu i t of the C D - 7 1 , be fo re d i f f e ren t i a t ion , w a s found to be a c c u r a t e to 
wi th in ±10% ove r the r a n g e 0.10 to 15 s e c . The s l o w e r p e r i o d s w e r e t i m e d 
u s i n g a s top wa tch and the f a s t e r ones wi th an o s c i l l o s c o p e . In e a c h c a s e , 
an a c c u r a t e exponen t i a l s i gna l g e n e r a t o r suppl ied the input . 

To m e a s u r e the t r i p t i m e , a s t eady s t a r t i n g c u r r e n t , IQ, w a s 
app l i ed at the input to the l o g a r i t h m i c p r e a m p l i f i e r of the C D - 7 1 , and at 
t i m e tg the input c u r r e n t w a s c a u s e d to s t a r t i n c r e a s i n g exponen t i a l l y u s ing 



an exponential generator . Time was measu red from to until the re lay 
output of the CD-71 chass i s had tripped. These t imes a re recorded in 
Table III for the 15-sec re lay and in Table IV for the 5-sec re lay. It is 
encouraging to note that, even with periods as short as 0.10 sec , the 
15-sec t r ip responded before two e-foldings. 

Table III. 15-Second Tr ip Time 

Starting Per iod (sec) 
Current , 

, amps 

10-12 
1 0 - " 
10-1° 
10-9 
^0-8 
10-7 
10-6 

15.1 

10.3 
4.62 
3.16 
2.39 
1.82 
1.40 
1.03 

4.62 

2.35 
1.42 
0.937 
0.773 
0.664 
0.564 
0.467 

1.87 

1.09 
0.793 
0.533 
0.436 
0.383 
0.339 
0.289 

0.49 

0.452 
0.397 
0.296 
0.241 
0.217 
0.198 
0.176 

0.10 

0.197 
0.185 
0.160 
0.134 
0.122 
0.115 
0.106 

Table IV. 5-Second Tr ip Time 

Starting Per iod (sec) 
Current , ' ^ 

, amps 

10-12 
10-11 
10-1° 
10-9 
10-8 
10-7 
10-6 

4.62 

5.33 
3.50 
2.89 
2.30 
1.78 
1.37 
1.05 

1.87 

2.06 
1.41 
1.01 
0.851 
0.725 
0.605 
0.482 

0.49 

0.688 
0.574 
0.421 
0.356 
0.314 
0.278 
0.236 

0.10 

0.232 
0.218 
0.183 
0.157 
0.144 
0.133 
0.119 

The t ime response to a step increase in cur ren t was also 
measured . This i s , of course , a function of the magnitude of the step as 
well as the operating level of the instrument . Therefore , the measuremen t 
was made by applying a steady state s tar t ing cur ren t , IQ, al ter ing this 
within a microsecond to a new value Ij, and measur ing the t ime until the 
re lays tr ipped. The r e su l t s a re given in Tables V and VI, for the 15- and 
5-sec t r ip s , respect ively. The delay requi red for opening the re lay on 
the CD-71 chass is is about 10 m s e c , which is included in the t imes l is ted 
in Tables III through VI. 



14 

Tab le V. 15-Second T r i p T i m e f r o m Step Change 

Ii ( amps) 

j Q - l O j^Q-9 J Q . 8 ^ Q - 7 iQ~b 1 0 - 5 iQ~4 

0.145 0.076 0.053 0.044 0.041 0.043 0.040 
0.086 0.056 0.047 0.044 0.043 0.041 

0.063 0.051 0.047 0.043 

Tab le VI. 5 -Second T r i p T i m e frona Step Change 

II ( amps) 

10"i° 10"9 10"^ 10-7 10-6 10-5 10"* 

0.183 0.072 0.042 0.033 0.032 0.031 0.030 
0.087 0.051 0.037 0.034 0.031 0.030 

0.064 0.044 0.036 0.034 

It should be no ted tha t , in ac tua l o p e r a t i o n of a r e a c t o r s c r a m , 
the CD-71 r e l a y is fo l lowed by a n o t h e r r e l a y which r e q u i r e s about 15 m s e c 
to o p e r a t e ; and th i s i s what a c t u a l l y opens the dc c i r c u i t s to the r o d c lu t ch 
m a g n e t s . The t i m e r e q u i r e d f r o m i n t e r r u p t i o n of dc to in i t i a l m o v e m e n t 
(1- in . t r a v e l ) of the r o d s h a s been m e a s u r e d to be about 27 m s e c ; and the 
s u b s e q u e n t t i m e for the nex t 8 in. of rod t r a v e l is g e n e r a l l y about 125 m s e c . 

2. Z P R - V I 

a. Bu i ld ing - The i n s t a l l a t i o n of a l l m a j o r c o m p o n e n t s for the 
Z P R - V I fac i l i t y h a s b e e n c o m p l e t e d . The c o n t r o l w i r i n g inc luding the in­
t e r l o c k c i r c u i t r y h a s been c h e c k e d and b e e n found to be s a t i s f a c t o r y . The 
m o d i f i c a t i o n s to the c o n t r o l w i r i n g for the r e a c t o r ce l l v e n t i l a t i o n s y s t e m 
a r e e x p e c t e d to be c o m p l e t e d by Oc tobe r 15. The i n s t a l l a t i o n of the a r g o n 
gas s t o r a g e s y s t e m for u s e in the event of a u r a n i u m f i r e wil l be a c c o m ­
p l i s h e d by the end of O c t o b e r . 

b . A s s e m b l y - Al l of the t en r e q u i r e d d u a l - p u r p o s e c o n t r o l / s a f e t y 
r o d d r i v e m e c h a n i s m s have b e e n t e s t e d and i n s t a l l e d on the fac i l i ty . Minor 
m o d i f i c a t i o n s on the i n s e r t i o n safe ty r o d s , which wi l l be u s e d with l a r g e 
d i lu te c o r e s , a r e in p r o g r e s s . T h e s e mod i f i c a t i ons wil l be c o m p l e t e d by 
Oc tobe r 31 . 

The def lec t ion m e a s u r e m e n t s be ing m a d e on loaded m a t r i x 
t u b e s in the a s s e m b l y , which i s l og i ca l l y a p a r t of the e x p e r i m e n t a l p r o ­
g r a m , a r e con t inu ing . T h e s e da ta wi l l be u s e d to i m p r o v e the a c c u r a c y of 
the r e s u l t s to the e x p e r i m e n t a l p r o g r a m . 

lo 
a m p s 

10-12 
10-1° 
10-8 

lo 
a m p s 

10-12 

10-1° 
10~® 
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Based upon the cur ren t schedule, loading of the facility for the 
investigation of an all meta l core s imi lar in composition to Assembly 22 of 
ZPR-III could commence about the first of November subject to pr ior r e ­
ceipt of approval of the Hazards Summary Report . 

All of the enriched uranium fuel, depleted uranium, s ta in less 
steel , and other mockup elements are on hand to conduct the experiment . 

3. AFSR 

Work is continuing on the cr i t ica l i ty me te r . The equipnaent is com­
plete and installed at the beam hole. Plans a re to oscil late a 2-in. d iam­
eter X l-|--in. cylinder of steel through a I-- in. s troke at the inner end of 
the beam hole. This is expected to give a peak- to-peak react iv i ty effect 
of about 40 Ih, based on static react ivi ty measu remen t s naade previously. 
Meanwhile, the e lect ronics are being tes ted with a sinaulated neutron 
chamber signal. As a p re l iminary to actual test ing of the react ivi ty me te r , 
the reactivity effect of the plug position has been measured . 

The detection of neutrons in the presence of gamma by naeans of 
color discrinaination is being investigated, and a number of scinti l lator 
ma te r i a l s now on order will be del ivered next month. 

Resul ts on the in ter labora tory compar ison of foil-counting tech­
niques have been received from the par t ic ipants (Argonne, Los Alamos, 
and Hanford), except that Hanford still requi red one normal izat ion of 
counters which is to be supplied shortly. 

Work on the AFSR plant this month includes fabrication of a new 
gamma monitoring sys tem (which should be instal led in two or three weeks) 
and installation of additional l imit switches on the safety rod dr ives . These 
switches facilitate obtaining unambiguous rod drop t imes . P r e sen t indica­
tions are that actual rod drop t imes a re somewhat bet ter than those indi­
cated in the hazards repor t . 

B. EBR-I 

1. Mark III Operation and Prepara t ion for Operation on the Mark IV Core 

The i r radia t ion of var ious steel Izod impact specimens and nickel 
flux wi res , c a r r i ed out in connection with a study of the i r rad ia t ion damage 
to ma te r i a l s in a high quality fast flux, was completed. 

The CRL Model D manipulators have been instal led in the hot cell 
and it is now ready for use . 

A storage rack for the remaining Mark III fuel rods was installed 
in the EBR-I storage vault, and it is now ready for receipt of Mark IV fuel. 
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Calibration of new sheathed thermocouples was conapleted, and those 
found defective were re turned to the vendor for replacement . 

2. Core IV Fabr ica t ion 

a. Production of Blanket and Thermocouple Rods - Eight 
Zi rca loy-2 thermocouple well tubes were completed for assembly of the 
thermocouple elements for this loading. Since the thermocouple occupied 
the opening used for NaK filling and level adjustment, it was neces sa ry to 
load these elements with a measu red quantity of NaK before installation 
of the thermocouple well. After final assembly and closure weld the ther ­
mocouple rods were bonded, eddy-current tes ted and X-rayed. 

Bonds were sat isfactory on all rods , but X- rays showed only 
one rod with a sat isfactory NaK level. The unsat isfactory NaK levels were 
readjusted by cutting the filler tube just below the closure weld and r e ­
moving the thernaocouple well. A small quantity of NaK was added or r e -
3aioved, the rods reassembled , welded, bonded and inspected. NaK levels 
on the second attempt were found to be sat isfactory on six of the eight 
rods assembled. 

b. Compatibility of Pu-1.25 w/o Al with Zircaloy-2 - A se r i e s of 
heat t r ea tmen t s is being performed on Pu-1.25 w/o Al vs Z r - 2 diffusion 
couples to determine the degree of solid interact ion between the fuel and 
cladding of the EBR-I Mark IV loading. Tempera tu re s from 500°C to 650°C 
for up to six weeks a re included in the study. Shorter t ime specimens are 
now being examined metal lographical ly and the heat t rea tments a re being 
continued. 

c. Breeding Gain Specimens - The Zircaloy tubing and hardware 
were received for the four special Mark IV and special Mark III type 
breeding gain rods. These rods were assembled, filled with NaK, welded 
closed, and bonded using the technique developed for the Mark IV core . 
Although the eddy-current t r a c e s were difficult to in terpre t because of 
the large number of specimens in this rod, the bonding appeared to be ac ­
ceptable. Sodiuna levels were acceptable. The rods were leak tes ted and 
found tight. 

C. EBR-II 

1. Reactor Plant 

a. Rotating Plugs - In the Report for August, 1962 (ANL-6610) 
a complete descript ion of the rotating plug freeze seal difficulty was given, 
including the plans for correct ion. 

The large plug seal trough lower insulator plate has been in­
stalled, welded and leak tested. The thermocouple support ring has been 
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positioned and welded. The low flow purge gas l ines , thernaocouple tubes 
and tube clips were installed. The spring segments that form the seal with 
the "J" ring and pernait radial and ver t ica l naovenaent of the large trough 
and re ta iner s t r ips have been installed. The large trough cut off inner wall 
was lowered and positioned and is ready for welding. 

The secondary seal spring conaponents a re being instal led on 
both rotating plugs. The solid s ta inless r ings have been instal led and 
welded to the existing dip r ings on both plugs. The drill ing and reanaing 
of the heater holes in the new ring has been completed on the la rge plug. 
The leak test ing of the welds is completed. The heater hole drill ing and 
reaming in the small plug is in p r o g r e s s . The outside window holes in 
both plugs have been completed. The inside window hole on the la rge plug 
is being dri l led at the present t ime. The instal lat ion and rework of all 
the dampers in the large plug have been completed. The danaper actuating 
shaft holes have been dri l led and reamed in the small plug, and the ins ta l ­
lation of the danapers should s ta r t shortly. The wire-way to house the 
large plug heater leads is just about conapleted. The inner g rease r e ­
ta iner and lower race packing ring has been positioned and instal led on 
both plug bear ings . 

b. Transfer Arm Mechanism Modification - The t ransfe r a r m 
mechanism is par t of the fuel handling sys tem and provides the laieans for 
t rans fe r r ing fuel subassembl ies between the gripper mechanisna, the 
storage rack, and the t ransfer port . A view of the mechanism pr ior to 
modification is shown in ANL-6544 (P rog re s s Report for March, 1962). 

As par t of the future development p rog ram, it was planned to 
modify the t ransfer a rm mechan ism by incorporat ing a ver t ica l movement 
of approximately 12 in. which would give the t ransfe r a r m opera tor addi­
tional "feel" during the fuel handling sequence. Because of the delay in 
filling the p r i m a r y tank with sodiuna occasioned by the rotating plug seal 
difficulties, it was decided to c a r r y out the t ransfer a r m modifications 
concurrent ly with the rotat ing plug revis ions ra ther than wait for a la ter 
date. These modifications will not cause any delay in the reac tor con­
struction schedule and will make it possible to operate the modified 
t ransfer a r m naechanism during the dry fuel handling sys tem checkout. 

F igure 1 shows the modified design of the t rans fe r a r m mecha­
nisna. The principal changes consist of a new t ransfer a r m suspension and 
counterweight for the 12 in. ver t ica l movement and a counter-balance for 
the horizontal par t of the t ransfer a r m to a s su re more balanced loads on 
the ver t ica l shaft. 

The new t ransfer a r m suspension provides for a counterweight 
of approxinaately 1700 lb which is connected with a chain to the naovable 
par t of the t ransfer a r m mechanism. The chain is s t re tched ac ros s 
sprockets which are mounted on a T-shaped support s t ruc tu re . Thus, 
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when the operator r a i s e s the t ransfe r a rm , the counterweight moves down­
ward requir ing only enough force by the operator to overcome the friction 
of the system. Since the t ransfer a rm weight will vary depending on 
whether it is empty or supporting one of severa l types of fuel subassembly, 
two auxiliary counterweights, var iable between 10 to 140 lb, can be added 
at the proper t ime in each fuel handling sequence. 

The t ransfer a r m mechanism has been shipped to the DuPage 
site for rework. Several sections of the ver t ica l shaft have been re fabr i -
cated. The ver t ica l shaft seal components, the horizontal arxn counter 
balance, and the pedestal have been completed. A 20-ft support s t ruc ture 
has been adapted to serve as a p reassembly facility. 

Z. Power Plant 

All fan stacks were reinforced and ample fan tip c learance is now 
assured . Repair to the fan stack linings has been completed. St ructura l 
bolts throughout the tower have been tightened. The cooling tower basin 
was drained and cleaned while modifications were being made to plant 
cooling water piping in other pa r t s of the facility. Installation of an 
8-in. bypass line around the gate valve on the discharge side of con­
denser circulat ing pump No. 2 is now in p r o g r e s s . This will pe rmi t r e ­
duced circulat ion ra tes during cold weather operat ion of the cooling 
tower. Miscellaneous modifications and additions were made to gauges 
and drains associa ted with the turbine. 

3. Sodium Boiler Plant 

Work continued on the following i t ems : (1) fabrication and ins ta l ­
lation of flashing around piping and equipment; (2) insulating of piping and 
equipment; (3) installation of heater wire and thermocouples and their 
re la ted wiring; (4) painting of pipe and coating of misce l laneous fe r rous 
surfaces and s t ruc tura l s teel ; and (5) removal of all scaffolding from the 
upper port ions of the boiler wing of the building. 

4. Fuel Cycle Faci l i ty 

a. Construction and Installation - Test ing of the capacity and 
balancing of the Fuel Cycle Faci l i ty heating and ventilating sys tem was 
undertaken. Total air supply volume was found to be approximately equal 
to the design value, but the air distr ibution was incor rec t in some a r e a s . 
In adjusting dampers to c o r r e c t th is , it was found that they were poorly 
fitted and modifications a re required. 

The drying sys tem for the argon cell a tmosphere was placed 
in operation, and reasonable r a t e s of water removal were attained to dew-
points in the vicinity of +30-40°F. However, in regenera t ing the molecular 
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sieve drying agent with hot a i r , the des i red regenerant t empera tu re of 
660°F could not be achieved. Improper operation of freon expansion valves 
in the argon cooling sys tem presented further difficulty. 

The failure of the bridge drive gear reducer unit on one of the 
Argon Cell c ranes is being attr ibuted to the start ing torque of the motor , 
which exceeds the ra ted torque of the gear reducer unit. The gear reducer 
unit, which dr ives a large mass of equipment, raay have failed because of 
being subjected to the full s tar t ing torque of the motor . Replacement 
motors with suitable start ing torques a re being investigated. 

The c o m p r e s s o r s for rec i rcula t ing the Argon Cell a tmosphere 
a re being instal led on the service floor outside the subcells . An isolation 
wall has been e rec ted around the compres so r a rea , and a separate venti la­
tion system for this a rea will be installed. 

The design of the Fuel Transfer Coffin, which is being fabr i ­
cated at Argonne, is near ly complete. Fabr ica t ion of component par t s has 
been s tar ted. The vendor-suppl ied coffin is being given pre l iminary tes t s 
at the vendor ' s shops. 

The final inspection of all Fuel Cycle Faci l i ty shielding window 
units has been done. The light t ransmi t tance of the windows, tes ted with a 
light color t empera tu re 2848°K, was determined to be from 15 to 17 pe r ­
cent, which exceeds the guarantee of 9 percent . General viewing quality is 
excellent. 

Wide angle optical v iewers located in the roof of the Argon 
Cell will make it possible to view the inter ior of the cell from above. Three 
of the four v iewers planned have been installed. 

The Argon Cell manipulators have performed sat isfactori ly 
when used for the remote installation of cell equipment. 

Two injection casting furnaces have been instal led by remote 
methods in the Argon Cell . These furnaces recas t into fuel pins the pur i ­
fied metal ingots rece ived from the mel t refining furnaces. 

It is planned to evaluate the integri ty of the air and argon cell 
shielding walls by placing intense gamma sources at various locations 
inside the cel ls and surveying the ce l l ' s exter ior with scinti l lation probes . 
Ar rangements have been made for i r radia t ion of capsules of sodium at 
the MTR to provide approximately 5000-curie sources of sodium-24 to 
make the shielding survey about the end of October. 

b. Developixient of Remote Control Methods and Equipment for 
Fuel Fabr ica t ion - The fuel pin process ing machines , settling machines , 
sodium bonders and leak detectors for in-cel l installat ion have been 
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delivered by the vendors . These miachines a re being tes ted at Argonne, 
Illinois with their ANL-fabricated control components pr ior to shipment 
to the NRTS. 

The fuel pin p rocess machines were functionally inspected at 
Combustion Engineering, Inc. where major components were made in te r ­
changeable and the piping tes ted for leakage. In the short t ime , and with 
the l imited number of cast ings available, it was not possible to tune this 
equipment so that it would work on a moving s t r eam of fuel cast ings nor 
to perform the neces sa ry rel iabil i ty t e s t s . 

Finely lapped surfaces were used to seal the valves in the 
p r e s s u r e type leak detector heads . While these seals functioned sa t i s ­
factorily on the prototype leak detector , they were not tight on the produc­
tion leak detec tors . Lead and alunainum gasket washers were t r i ed but 
these extruded under the high p r e s s u r e s requi red . A si lver plated 
sealing surface was found to be sat isfactory on the valves and the four 
additional leak detector valves a re now being si lver plated. 

The drive and control c i rcui t s for the bonding and settling 
machines were designed, constructed and operated successfully. The 
machines are being modified to incorporate the actuator switches r e ­
quired for operation. 

The air cell piping drawings, e lec t r ica l schemat ics and in ter ­
connection d iagrams for leak de tec tors , bonders , bond t e s t e r s and fuel 
element assembly machine were completed during September. 

c. Fuel Element Decanner for the Fuel Cycle Faci l i ty - The 
principal mechanical subassembly of the Fuel Element Decanner , the 
spiral decanning unit, has been modified to improve its re l iabi l i ty . Tes t ­
ing had indicated that the spira l decanner did not always have sufficient 
driving force to s ta r t a cut when the sheared end of the s ta in less steel 
tubing was f lared over the end of the fuel. With the modified unit, the 
force on the drive ro l l s and the cutting tool is inc reased during the instant 
that the cut is s ta r ted and is then reduced to allow for var ia t ions in the 
diameter of the fuel e lements . The rigidity of the tool holder has also 
been increased . The modified decanner has decanned 400 e lements with 
varying degrees of tubing f la re -over and has repeatedly cut through these 
tubing ends, including those that were completely closed over the fuel. 

d. Development Studies - Development studies continued on the 
distil lation of magnes ium-z inc in the melt refining furnace (see P r o g r e s s 
Report , July 1962, ANL-6597, page 21). In a run in which 1,000 g r a m s of 
50 percent magnes ium-z inc was distil led from the graphite crucible , 
81 percent of the charge was collected in the graphite col lector , 6.9 p e r ­
cent was collected in the graphite condenser , 9-6 percent was collected on 



the Fiberf rax insulator , and 2.5 percent remained in the crucible . No 
magnesium-zinc was noted on the inter ior surfaces of the furnace. The 
collector had to be tapped slightly before separat ing it from the crucible 
at the end of the run. A few sm.all beads of metal caused this bonding 
between the two pieces . Modifications in the design of the condenser unit 
a re planned to overcome this problem. 

To determine what happens to r a r e earth fission products in 
mel t refining and re la ted p r o c e s s e s , analyses are usually made for cer ium 
as an indicator of r a r e earth behavior. To provide a means for confirm­
ing that behavior of r a r e ear ths is consistent, analytical methods have been 
developed for determination of several individual r a r e ear ths at very low 
concentrat ions in f i ss ium alloy by means of flame photometry. 

5. Fuel Development 

a. P rope r t i e s of Uran ium-F i s s ium Alloys - Coinpatibility studies 
a re being made to determine the interact ion by solid diffusion between the 
fuels and cladding of the Mark I loading in EBR-II. 

Heat t r ea tmen t s have been performed at 550°C, 600°C, and 
650°C for one, two and five weeks, and at 700°C for five weeks on diffusion 
couples of uraniumi-5 w/o f iss ium alloys with Type 304 s tainless s teel . 
All the heat t r ea tmen t s have been finished and the specimens have been 
inspected metal lographical ly . 

Good bonding was observed on all couples and measuremen t s 
of the total width of the diffusion band are given in Table VII. Only about 
5 percent of the diffusion penetrat ion is into the s ta inless steel . The 
balance of penetrat ion is into the uran ium-5 w/o fissium alloy. 

Table VII. Total Diffusion Band Widths (mils) Between 
Uranium-5 w / o F i s s i u m and 304 Stainless Steel 

Band Width (mils) 

1 emp rc) 
550 
600 
650 
700 

1 wk Anne 

0.75 
1.75 
3.9 

_ 

al 2 wk Anne 

1.0 
2.3 
5.3 

_ 

al 5 wk Anneal 

1.65 
3.75 
8.5 

21.0 

b. F a s t Reactor Fuel Jacket Development - Fur the r examination 
and evaluation of the niobium alloy tubes (see P r o g r e s s Report , July 1962, 
ANL-6597) received from the Wolverine Tube Co. has led to the conclu­
sion that these tubes a re not suitable for reac tor use . Eddy-cur ren t 
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inspection indicated that only 30-50 percent of the wall thickness was free 
of defects. This tubing is to be replaced and until the new tubing is r e ­
ceived no further evaluation of these alloys (Nb-5 w/o Zr and Nb-5 w/o Z r -
10 w/o Ti) will be made. 

Th i r ty - th ree feet of molybdenum tubing of random lengths 
measur ing 0.156 in. I.D. x 0.003 in. wall have been obtained for the pur ­
pose of fabricating duplex tubing. Evaluation of the tubing by eddy-cur ren t 
inspection indicates that all the tubes contain numerous defects penetrat ing 
at least 30 percent of the wall thickness . Work is in p r o g r e s s on the 
duplex tube, which will consist of the molybdenum tube bonded to an ex­
t e r io r tube of Type 304 s ta inless steel or a nickel base alloy. One of the 
main problems will be to avoid propagation of the existing defects; o ther­
wise the inater ia l will have l imited usefulness even for p rocess evaluation 
and i r radiat ion test purposes . 

6. P r o c e s s Development 

a. Melt Refining P r o c e s s Technology - An investigation was com­
pleted on the behavior of iodine during off-gas handling operat ions following 
melt refining of highly i r r ad ia ted EBR-II fuel. The gases r e l eased during 
mel t refining are to be pumped to an exter ior s torage tank, from which 
they are to be disposed of through a stack when meteorological conditions 
a re favorable. Since iodine has been noted to deposit on copper p r o c e s s 
l ines , it is des i rable to remove iodine-131 from the off-gas s t r e a m by 
equipment inside the Argon Cell to prevent p rocess l ines in working a r ea s 
from becoming radioact ive. A t r ap for this purpose consist ing of a bed of 
activated charcoal with an AEC filter at each end of the t r ap was tes ted. 
After an ingot from a high-activi ty melting exper iment (350-gram-uranium 
scale) was cast , volatile xenon-133, krypton-85, and iodine-131 presen t in 
the furnace a tmosphere were evacuated through the t r ap , which remioved 
from the gas s t rea in 250 mic rocu r i e s of iodine-131. Only one mic rocur i e 
of iodine-131 appeared in the effluent from the t rap during pumpdown. The 
t rap retained iodine well at the 8.5 m m (mercury) p r e s s u r e existing at the 
end of furnace pumpdown. 

b. Skull Reclamation P r o c e s s - Work on the demonstra t ion of the 
skull rec lamat ion p roces s is proceeding on a 130 g ram uran ium scale in 
an argon a tmosphere . Two noble meta l extract ion runs , each per formed 
with a salt flux coraposition (mole ratio) of 47.5 CaCl2, 47.5 MgCl2, 5 MgFj 
plus two percent zinc chloride, gave sat isfactory renaovals of ruthenium. 
In one of these runs , no water was added to the flux and ruthenium r e ­
covery was 90 percent . In the other run, absorpt ion of water to a 
0.7 weight percent concentrat ion in the flux was allowed and the ruthenium 
recovery was 100 percent . These may be compared with a rutheniuixi r e ­
covery of 63 percent for a flux containing one percent zinc chloride and 
recover i e s below 40 percent in the absence of zinc chlor ide . 
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The thixotropically cast beryl l ia crucible which was p r e ­
viously repor ted (see P r o g r e s s Report for August 1962, ANL-6610, 
page 34) to have withstood skull reclamat ion precipi tat ion and retor t ing 
steps of t empera tu re s above 450°C for 184 hours has now withstood these 
conditions for a total of 375 hours with no visible deter iorat ion. Testing 
of the crucible will continue in order to establ ish its useful life. 

Alundum crucibles fabricated by p ress ing are being evaluated 
as low-cost substi tutes for beryl l ia crucibles in the skull rec lamat ion 
p roces s . In a 100 gram uranium scale run, an Alundum crucible was sub­
jected to in termetal l ic precipi tat ion, uranium precipitat ion, and re tor t ing 
conditions. Some leakage of molten metal through the porous s t ruc ture 
of the crucible wall was noted. The application of ce ramic coatings as 
slips followed by firing, is being investigated as a means of preventing 
such leakage. 

In a separate experiment in which zinc-50 percent magnesium 
was held at 800°C for 48 hours in an Alundum crucible , there was some 
seepage of meta l into the crucible wall. Although up to 0.1 percent alu­
minum was introduced into the melt , this does not disqualify alumina as 
a ma te r i a l for this p r o c e s s , as aluminum can probably be removed in a 
waste metal s t r eam. 

c. Blanket P roces s ing Studies - Four additional runs on a four kilo­
gram uranium scale have been completed as par t of a p lant -scale demon­
stra t ion of the phase separat ion step which follows uranium precipitat ion 
in the blanket p r o c e s s . In these runs , magnes ium-z inc -u ran ium charges 
were s t i r r ed at 800°C, magnesium was added to precipi ta te uranium, and 
the mixture was cooled to 415° to 475°C pr ior to t ransfer of the plutonium-
bearing supernatant by p r e s s u r e siphoning. Techniques and equipment 
were improved during the course of these runs . The percent separat ions 
of supernatant phase were , in o rde r , 90, 94, 99, and 98 percent . A 95 pe r ­
cent phase separat ion is regarded as adequate. 

d. Plutonium Recovery P r o c e s s - The separat ion of r a r e ear ths 
from uranium and plutonium by selective extract ion into a molten halide 
flux has been studied fur ther . Distribution coefficients for praseodymium 
and plutonium between 30 m / o NaCl-20 m / o KCl-50 m / o MgCla and 
50 w/o zinc-50 w/o magnes ium have been determined. It was found that 
the plutonium-praseodymium separat ion factor can be increased from 
30 to 60 by decreas ing the t empera tu re from 850° to 425°C. These separa ­
tion factors may be compared with plutonium-praseodymium separat ion 
factors of 25 and 47 between 50 m / o LiCl-50 m / o MgCl2 and 50 w/o zinc-
50 w/o magnesium at 850°C and 620°C. 

The use of oxidat ion-reduction t i t ra t ion to separate zirconiuna 
from plu tonium-uranium-f iss ium EBR-II second core fuel was evaluated 
in an exploratory exper iment . A p rocess which would util ize this technique 
is the following: 
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(1) Dissolution of EBR-II fuel by zinc chloride oxidation in 
the presence of an iner t molten salt and liquid m^etal solvent. Noble e le ­
ments would be ei ther dissolved or precipi ta ted in the metal phase while 
uranium, plutonium, zirconium., and other e lements would be oxidized into 
the salt phase. 

(2) Ti t ra t ion of the oxidized zirconium with magnes ium meta l 
to t ransfer the zirconium into the metal phase for subsequent renaoval by 
phase separat ion. 

In the exper iment performed, i r rad ia ted zirconium (dissolved 
in cadmium) and uranium-plutonium alloy were converted to chlor ides 
when excess zinc chloride was added to the sys tem, 99% LiCl-KCl eutect ic-
1% L iF /cadmium. The t i t ra t ion curves obtained upon reduction with mag­
nesium at 550°C indicate that at leas t one-half percent of the uranium and 
plutonium would be t r ans f e r r ed to the meta l phase in a single-stage operation. 

e. Reduction of Thorium Dioxide - Additional l abora to ry - sca le 
exper iments have been perfornaed on the reduction of thor ium dioxide by 
zinc-5 w/o magnes ium alloy in the presence of a calcium chlor ide-
magnesium chlor ide-ca lc ium fluoride flux at 800°C. By adjustment of 
the magnesium chloride concentrat ion in the flux, complete reduction of 
7-gram to 70-gram thorium dioxide charges has been achieved at thorium 
loadings as high as 10 weight percent in the metal phase. The sludge 
fornaed upon reduction of thor ium dioxide was poured inore easi ly when 
the magnesium content of the alloy was increased to 10 weight percent , as 
a g rea te r proport ion of the thor ium remained in solution. 

f. Mater ia l s Evaluation - Tungsten and niolybdenuin-30 weight pe r ­
cent tungsten cor ros ion specimens subjected to noble metal extract ion 
conditions for 400 or 500 hours underwent no detectable changes in dimen­
sion, as was repor ted in P r o g r e s s Report for June, 1962, ANL-6580, 
page 25. Metallographic examination and physical test ing of these speci ­
mens has now been performed. No significant cor ros ion of p r e s s e d and 
s intered tungsten or of rol led tungsten specimens was found by meta l lo ­
graphic examination, and rupture strength of tungsten specimens was 
found to be li t t le affected by exposure to noble metal extract ion conditions. 
P r e s s e d and s in tered tungsten will probably be the crucible m a t e r i a l used 
in process ing the first EBR-II core loading. The molybdenum-30 weight per ­
cent tungsten specimens were attacked to a depth of two to eight mi l s and 
showed a slight dec rease in strength. This alloy is never the less considered 
sat isfactory for such applications as agi ta tors and t rans fe r l ines . 

Fu r the r work has been done in the development of m a t e r i a l s 
and techniques for fabricating l a rge crucibles by the ixiethod of concrete 
casting (see P r o g r e s s Report for August 1962, ANL-6610, page 36). It is 
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believed that very large ce ramic crucibles with good mechanical strength 
and the rmal shock res i s t ance can be fabricated from the mixes which have 
been developed, but that the porosity of such crucibles would be too high 
for containment of fluxes. A coating which was applied to small beryl l ia 
tes t specimens as a slip and which was bonded by firing at l600°C for 
three hours , sat isfactori ly prevented the penetrat ion of water and is ex­
pected to r e s i s t the penetrat ion of salt flux also. The coating is a methyl 
alcohol suspension of BeO, AI2O3, and MgO in the weight ra t io , 27.5 to 28.0 
to 44.5, to which a two percent solution of polyvinyl alcohol in water is 
added to improve the plast ici ty of the suspension. 

g. Special Pro jec t s - The diffusivity of uranium in liquid alumi­
num was found to range from 0.6 x 10" sq c m / s e c at 700°C to 
3.1 X 10"^ sq c m / s e c at 850°C with esti inated accurac ies of ±15 percent . 
No further diffusivity measu remen t s a re planned. 

D. FARET 

The general engineering and physics p a r a m e t e r s of an experimental 
facility to tes t the cha rac t e r i s t i c s of advanced fast r e a c t o r s a re being ex­
amined in detail . 

It has been proposed that Doppler coefficient measu remen t s be 
made in a mul t i - reg ion core consisting of dr iver , buffer, and tes t zones. 
The tes t zone is the cent ra l region and is surrounded by the buffer and 
dr iver regions . The tes t and buffer zones have the same composition as 
the core to be investigated. The buffer zone se rves to equil ibrate the 
spect rum, while the dr iver zone furnishes whatever additional react ivi ty 
is requi red to achieve cr i t ica l i ty . The t empera tu re of the tes t zone is 
changed during the measurement . 

Two sizes of dr iver-buffer sys tems (DBS) were investigated with 
one tes t zone as shown below: 

Core Tes t Zone Buffer Zone Driver Zone 
No. Identity Radius (in.) Thickness (in.) Thickness (in.) 

1 DBS-I 6 9 15 
2 DBS-II 6 6 12 

Both r eac to r s used the EBR-II composition for the dr iver zone with the 
fuel enr ichment ranging from 8% to 12% U^^ .̂ The tes t zone and the buffer 
were made up of the composit ion and fuel to be tes ted for the FARET sys­
t e m s . Calculations were done for the following composi t ions: 
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Composition, Vol-% 
Reactor 

Assembly 

a 
b 
c 
d 

Fuel 

PuC, UC 
PuC, UC 
PUO2-UO2 
PUO2-UO2 

Ratio, 
p^239/u238 

1:7 
1:9 
1:7 
1:9 

Fuel 

30 
30 
32 
32 

Sodium 

52 
52 
52 
52 

Steel 

18 
18 
16 
16 

The magnitude of the Doppler effect on react ivi ty on heating the 
tes t zone from 750°K to 1500°K (fuel t empe ra tu r e s ) , with the buffer zone 
kept at 750°K, is shown below: 

Reactor 
Assembly 

a 
b 
b 
c 
d 

Core 
Identity 

DBS-I 
DBS-I 
DBS-II 
DBS-I 
DBS-I 

Change in Reactivity, 
1500°K 

750°K 
Ak 

0.000458 
0.000341 
0.000345 
0.000475 
0.000359 

A few calculations on the magnitude of the Doppler effect were a lso 
done for heating full-sized cores having the composit ion of the tes t zone. 
The resu l t s a r e : 

Reactor 
Assembly 

a 
b 
c 

Change in Reactivity, 
1500°K 

750°K 
Ak 

0.003549 
0.005729 
0.005724 

It is seen that the react ivi ty changes on heating the 1 foot d iameter 
tes t zone a re of the o rder of one-tenth of those for heating a full co re , the 
exact rat io depending on the tes t zone environment. The final cal ibrat ion 
must , of cour se , depend on a c r i t i ca l exper iment . The t e m p e r a t u r e change 
of 750°K is represen ta t ive of what it is hoped to achieve. 

The re su l t s on the power generat ion in the tes t zone for a 50-Mw 
total power for the DB sys tems a r e : 
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Power Density, 
Average Mw/l i ter of Core 

0.057 
0.062 
0.032 
0.042 
0.037 
0.044 
0.023 
0.032 

It is believed that these power densi t ies will be adequate to p ro ­
vide sufficient fuel t empera tu re differences to c a r r y out the proposed t e s t s . 

Reactor 
Assembly 

a 
a 
b 
b 
c 
c 
d 
d 

Core 
Identity 

DBS-I 
DBS-II 
DBS-I 
DBS-II 
DBS-I 
DBS-II 
DBS-I 
DBS-II 



III. GENERAL REACTOR TECHNOLOGY 

A. Applied Reactor Physics 

1. High Conversion Cr i t ica l Experiment 

The ZPR-VII facility is now being reloaded with a uniform Hi-C 
core . This will consist of approximately 1,400 s ta inless s teel clad, 
3 wt-% enrichment UO2 fuel e lements in a 1.24-cm square la t t ice . C e r ­
tain maintenance and minor modifications of the facility a r e being done 
simultaneously. These include addition of a heater and a cooler to im­
prove t empera tu re control during both t empera tu re coefficient m e a s u r e ­
ments and normal operation. 

The infinite dilution cadmium rat ios given in Table VIII have been 
obtained for the center of the Hi-C 1.14-cm t r iangular co re . 

Table VIII. Infinite Dilution Cadmium Ratios 

Foil 

Dy 
In 
Au 
Mn 
Cu 

Lu"S 

Lu"6 

The quantity 

J 

z J 

Cd R 

7.4 ± 0.1 
1.061 ± 0.004 
1.061 ± 0.008 
1.57 ± 0.02 
1.53 ± 0.03 

' - :no 
4.0 ± 0.4 

Z is defined by 

red 
f vo/v 0(E)dE 

Eres ' ^ l^ res ) 

Z 

(1.12 ± 0.10) 
1.04 ± 0.10 
0.96 ± 0.13 
0.60 ± 0.04 
0.60 X 0.05 

-

-

RliCd R - 1) 

Re 
Eres» 

sonance Energy 

(bound) 
1.457 ev 
4.91 

337 
580 

2.61 

0.142 

where RI is the resonance activation integral , VQ - 2200 m / s e c , and OQ is 
the activation c ros s section for v = VQ. If the epicadmium flux is t ruly 1 / E , 
then Z for any element with a l / v subcadmium c ros s section is constant. It 
is observed, however, that indium and gold, while they agree with each other , 
differ markedly from manganese and copper . This indicates that the flux per 
unit lethargy in the 300 to 600-ev region is higher than in the 1.4 to 5-ev 
region by a factor of ( I .0/0 .6) «1.66. The difference is asc r ibed to resonance 
capture by the U^̂ ^ in the fuel. 
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Interpretat ion of the dysprosium data is made difficult by the fact 
that the bound energy level causes substantial deviation from l / v c r o s s -
section behavior at t he rma l energ ies . 

The cadmium difference for the Lu^''^ was too smal l to be determiined 
with useful accuracy . The Lu data a r e plagued by poor s t a t i s t i c s . An 
effort is being made to locate some lutet ium-aluminum alloy with a higher 
lutetium content. 

Work is continuing in an effort to extract the maximum spec t ra l 
information from the available data, for the BORAX-V cores as well as the 
Hi-C co re s . 

2. Theoret ical Phys ics 

a. Doppler Effect Calculations for U^^^-Fueled Cri t ical Assemblies -
The operation of c r i t i ca l assembl ies which have fissi le and fer t i le ma te r i a l 
physically separa ted poses a special problem if a significant Doppler effect 
is p resent because of t ime delay in heat flow from fissile to fert i le ma te r i a l . 
This problem has been examined for a U^^^-fueled assembly (having a 
5:1 u^3yu235 ratio) corresponding to 30 vol-% UC, 20 vol-% s teel , and 
50 vol-% sodium. 

The evaluation of U fission and capture c ross sections is un­
cer ta in because of lack of knowledge of resonance p a r a m e t e r s and because 
of the strong overlapping of the resonances in Doppler broadening. The 
validity of the one- level formiula is also questionable. A s ta r t has been 
made using two different sets of one-level p a r a m e t e r s for U^̂ ^ which p e r ­
haps i l lus t ra te the range of uncertainty. Because of the strong overlapping 
of resonances at higher energies the approach denoted by Nicholson-'- as 
"Method A" was used in the energy range down to 1 kev. Nicholson's 
"Method B" - which corresponds to isolated resonances - was used at lower 
energ ies . It is believed that this procedure will overes t imate the U^̂ ^ r e ­
activity effect corresponding to a given set of resonance p a r a m e t e r s . 

Calculation on heating of the U"^ from 300°K to 2500°K gave a 
posit ive react ivi ty effect of +0.2% k with one set of p a r a m e t e r s and +0.1% k 
with the other . Heating by Û ®̂ fissions gave a calculated effect slightly 
l ess than - 0 . 1 % k. A large positive effect from the U^̂ ^ thus seems unlikely. 

b. ZPR-III Theoret ical Studies - A theore t ica l design for a two-
zone loading for ZPR-III has been undertaken. The objective is to use an 
enriched outer zone to "dr ive" a cent ra l zone which has the composition of 

1R . B . Nicholson, "The Doppler Effect in Fas t Reac to r s , " APDA-139 
(1960). 
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a very large power b reeder r eac to r . The cent ra l zone is to have the 
proper t ies of the b reeder reactor over as large a region as possible . A 
2000-li ter carbide power b reeder was chosen as the reference sys tem. 

It has been shown to be possible , within the available fuel 
inventory at ZPR-III , to consider a centra l zone of 40-cm rad ius , a de ­
pleted uranium filter of 2.0 cm and a dr iver zone of 8.6 cm thickness . 
Very sat isfactory neutron spec t ra l cha rac te r i s t i c s a re found to exist 
out to approximately 36 cm. A tentative exper imental p rogram has been 
proposed. 

c. Calculation of Energy Yield from Maximum Accidents in a 
Zoned Zero-Power Reactor - In a continuation of studies of the safety 
behavior of zero-power r eac to r s during severe accidents , a sys tem having 
a two-zone core has been examined. The cent ra l zone had a composition 
of a 3000-liter power b reeder core and the outer region of the core was 
more heavily loaded with uranium fuel and acted as a d r iver . It was found 
that this sys tem has ra ther poor shutdown c h a r a c t e r i s t i c s . This is b e ­
cause initial p r e s s u r e s a r e generated at the zonal interface and strong 
negative veloci t ies , as well as positive veloci t ies , of core ma te r i a l occur . 
The consequence of this behavior is that react ivi ty is reduced at a much 
lower ra te during the in terval of peak energy generat ion. The total 
energy generated after the threshold for d i sassembly p r e s s u r e occurred 
was almost five t imes as large for this accident as it was for a single-
zone system of comiparable size and for which the same react ivi ty i n s e r ­
tion rate at prompt cr i t ica l was employed. 

In an attempt to reduce the potential yield of an accident for 
this type of sys tem another two-zone loading was chosen. The only change 
made was to adjust the relat ive void fractions of the two zones, which 
might be considered as replacing low density aluminum plates by sodium 
cans , to control the relat ive t imes during the burs t at which the p r e s s u r e 
threshold is reached in the cent ra l zone and in the dr iver zone. This de­
sign change, for the same initial accident conditions, resul ted in a de­
c rease of the integrated energy of the burs t above the dissociating p r e s s u r e 
threshold by a factor of 2.6 and a dec rease in the energy generation before 
the threshold was reached by a factor of four. 

d. Mathematical Numerical Methods Analysis - It is well known 
in one-dimensional numer ica l quadrature that it is frequently bet ter to 
subdivide the range, and to apply a relat ively low-order formula, such as 
the t rapezoidal formula or Simpson's rule to each region separa te ly , 
ra ther than to attempt to use a higher order formula of the Newton-Cotes 
or Gaussian type over the entire range. Ralston-^ has descr ibed a family 

•̂ A. Ralston, "A Family of Quadrature Formulas which" Achieve High 
Accuracy in Composite Rules ," J. Assoc . Comput. Mach. Vol. 6, 
pp. 384-394 (July, 1959). 
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of such formulas in which the values of the function at each end of the 
interval appear, but with opposite weights, so that when the formulas a re 
compounded, the contributions from the junctions between subintervals 
cancel . Thus, it is possible to obtain the effect of one additional point 
in each subinterval (i .e. , to use a formula which is accurate for poly­
nomials of one higher degree) at the ex t ra cost of computing the integrand 
at the two ends of the ent i re interval only. 

In multiple quadra tures , the advantages of this device a re 
even g rea te r . For these applications, a family of second-degree formulas 
have been derived for any number of dimensions which require only one 
point in the in ter ior of each sub-rec tangle , and one point in each face. The 
points in the faces cancel when the formula is compounded. 

In s dimensions, the formula for the hyper- rec tangle 

( r ( i ) - l ) h(i) <x{i) ( r ( i ) + l) h(i) i s : 

where 

(i) 
^2J-l 

x(i) 
2J 

h^i) 

h(i) 

yr ( i ) + ^ ( l - g - 5 . 
6 

'̂̂ ^ f-^-^ij)^^iJ 

and 

4i).. = hW(.w. 4 ) 

Here 6̂ ^ is the Kronecker delta, supersc r ip t s refer to the components of 
the vectors x , r and h , while subscr ipts refer to par t icular points . 

The two and three-d imens ional formulas may be used not only 
in s t r ic t numer ica l applications, but also in the design of experiments to 
es t imate the integral of physical quantities such as flux through a r e c ­
tangular fuel element. 



33 

B. Reactor Fuels Development 

1. Corrosion Studies 

a. Zirconium Alloys for Superheated Steam 

(1) Tests in Deoxygenated Steam at 540°C, 600 psi - Five sam­
ples of a group of ANL experimental alloys have survived 52 days ' exposure 
to these tes t conditions. The res i s tan t samples contain 1-3 w/o copper and 
i ron additions and confirm ea r l i e r r e s u l t s . 

Samples of Z r - N i - F e and Z r - C u - F e t e r n a r i e s manufactured 
for ANL by Carborundum Corporation have been in tes t 52 days . The be ­
havior is s imi lar to that of comparable alloys made he re . 

Eleven samples of Z r - N i - F e and Z r - C u - F e alloys have 
been tested for 260 days. All samples have developed relat ively thick f i lms. 
P r i o r to 220 days the Z r - C u - F e samples displayed generally smooth films 
with edge split t ing. The effect of p r io r cold rolling was smal l . Quenching 
from 900°C pr io r to tes t appeared to be de le te r ious . The Z r - N i - F e sample 
formed generally uniform films with edge split t ing. Weight gains were 
higher than in Z r - C u - F e , the eventual ra te of gain being, however, only 
slightly higher . Both cold rolling and quenching seemed to be de le te r ious . 

Powder products of Z r - N i - F e and Z r - C u - F e made by com­
pacting mixtures of the elemental powders displayed modera te cor ros ion 
res i s t ance during a 52-day tes t . A sample of compact made from powdered 
Z r - C u - F e alloy was severe ly attacked during a 20-day exposure . 

Edge splitting of the corros ion film has now occur red in 
all Zr alloy and powder compact samples exposed to this environment. A 
few samples exhibit surface b lemishes which a r e not yet understood. 

(2) Tes ts in Oxygenated Steam at 650°C) 600 psi - After 
33.5 days in s team containing about 30 ppm oxygen, Z r -1 w/o Cu-1 w/o Fe 
was super ior to Z r - 3 w/o Ni-0,5 w/o Fe . The best sample gained weight 
at about 10 mdd (linearly) after a week, but developed edge c racks in the 
film in less than one week. The corros ion behavior is s imi la r to that in 
deoxygenated conditions. 

(3) Tes ts in Deoxygenated Water at 360°C - Since superheat 
fuel elements and other s t ruc tu ra l m e m b e r s will be periodical ly exposed 
to high t empera tu re water , it is necessa ry to know the behavior of alloys 
of in teres t under these conditions. P re l imina ry resu l t s a re as follows. 
During near ly 2months ' exposure, a s - c a s t samples of Z r - N i - F e and 
Z r - C u - F e alloys showed good cor ros ion re s i s t ance , the la t te r gaining 
weight at a somewhat lower r a t e . Of hot rol led samples only the Z r - N i -
Fe sample from batch AE 10 was res i s tan t ; another sample from batch 
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AE 39 was not. Neither Z r - C u - F e sample was good. A sample compacted 
from powdered Z r - C u - F e alloy was destruct ively attacked during a short 
exposure. 

b . Lightweight Alloy for Use with Mercury - A loop tes t was 
made to study the effects of m e r c u r y velocity on corros ion and possible 
m a s s t ransfer of ni tr ided commercia l ly pure t i tanium. The loop is 
constructed of quartz and flow is produced by a t empera tu re differential 
( thermal convection). An average flow rate of 8.2 ft per minute and a 
t empera tu re differential of 96°C (371-275°C) was maintained. After 720 
hours of t empera tu re differential operation, mass t ransfer was not de­
tected. Metallographic examination indicated that there is an even nitrided 
layer over large recrys ta l l i zed g ra ins . The inner s t ruc ture consists of 
relat ively large equiaxed alpha grains with heavy precipi ta tes in both the 
grains and grain boundaries . There was no evidence of attack on samples 
in either the hot or cold legs . 

2. I rradiat ion Studies 

a. P r e i r r ad i a t i on Testing of Cobalt-Dysprosium Oxide Absorber 
Specimens - Rare ear th oxide dispers ions a r e being studied at Argonne for 
their utility as possible improved control rod ma te r i a l s . As a par t of this 
study, the s t ruc ture , ha rdness , compress ive strength, the rmal stability, 
and corros ion res i s t ance of p r e s sed and s intered pellets of cobalt and 
Co-30 w/o Dy203 were determined. X-ray diffraction analyses and me ta l ­
lography indicated that the cobalt in both compositions was fine grained 
alpha cobalt (hexagonal). The cobalt and Co-Dy203 saimples had R^ ha rd ­
ness values of 55 to 56 and 42 to 46 respect ively, A standard Rockwell 
hardness t e s t e r was used for all the hardness t e s t s . 

(1) Compress ion Tes ts - Four pel le ts , two containing cobalt 
of 99.8% purity and two containing Co-30 w/o Dy203 were used for com­
press ion tes t ing. A tensi le machine was used for these t e s t s , utilizing 
two machined blocks of low-carbon steel as contact surfaces and a feed 
ra te of 0,002 in. per minute. The small size of the samples , as well as 
the nature of the test itself, did not allow the determination of the yield 
strength of the m a t e r i a l s . Values for the ul t imate compress ive strength 
and corresponding changes in physical dimensions a re given in Table IX. 
The samples ruptured in a diagonal direct ion along the length of the 
samples . 

(2) Thermal Tests - The furnace used for the the rmal cycling 
and the rmal shock tes t s provided a helium atmosphere around the specimens 
during both types of tes t . Before the tes ts were conducted, a t empera tu re 
profile was determined for the furnace. The samples and recording 
thermocouple were placed at the point of maximum tempera ture during all 
t e s t s . 
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T a b l e IX. C o i n p r e s s i o n T e s t D a t a on P r e s s e d a.nd .S in te red P e l l e t s 
of C o b a l t a n c C o - 3 0 w o Dy^O? 
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-
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-

One pellet containing Co-30 w/o Dy203 was cycled between 
300°C and 700°C. The pellet was placed in the furnace, brought to t em­
pera tu re , and held for 20 to 25 minutes after which the furnace power was 
shut off and the sample was allowed to cool to between 280°C and 300''C. 
This allowed the sample to pass through the alpha to beta t ransformat ion 
tempera ture of 420°C to 480°C during each cycle. The pellet was cycled 
for 125 t imes . Macro examinations and dimensional checks were made at 
periodic intervals throughout the tes t . 

The dimensional changes were slight, being less than 1 pe r ­
cent in any given direction, and this change was par t ia l ly , if not wholly,' due 
to C03O4 which formed on the surface of the pellet . X-ray diffraction studies 
made at the end of the tes t indicated an alpha cobalt mat r ix and cubic Dy203. 
The metallographic examination indicated that very little grain growth had 
occurred, possibly because of the res t ra in t afforded by the DjiO^ pa r t i c l e s . 
No react ion zone was found in any of the samples examined in the a s -
polished condition. 

Two pel lets , one containing cobalt of 99.8% purity and the 
other containing s imilar cobalt with the addition of 30 w/o DyzOs, were 
subjected to the rmal shock t e s t s . The tes ts consisted of repeated quenching 
from tempera tu res between 400°C and lOOO'̂ C down to room t empera tu re . 
Initially, the pellets were placed in the furnace, brought to a t empera tu re 
of 400°C, and held at that t empera ture for ten nninutes to insure a uniform 
pellet t empera tu re , then quenched in cold running water . This cycle was 
repeated five t imes after which the samples were removed from the furnace 
so that a visual examination and dimensional measurements could be made . 
This process was repeated at lOO^C intervals until a t empera tu re of lOOO^C 
was reached. 

Cracks first began to appear in the Co-DyjOs pellet after 
quenching from 800°C and became more pronounced as the t empera tu re 
was increased. However, at no t ime during the tes t did the pellet shat ter 
or f rac ture . A possible explanation for the observed cracking lies in the 
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difference between the the rmal expansion coefficients of the oxide and the 
cobalt ma t r ix . A metal lographic examination of both specimens was made 
at the conclusion of the t e s t s . The cobalt sample showed extensive grain 
growth and some grain coarsening in a reas near the pellet surface. Grain 
growth was not evident in the Co-Dy203 specimen. X- ray diffraction analy­
ses indicated that the cobalt in both sainples was alpha and that the Dy^Os 
had remained cubic. 

{5) Corrosion Tests - Two pellets containing Co-30 w/oDygOs 
were cor ros ion tested in boiling dist i l led water . Sample 1 was in the a s -
s in tered condition and had been intentionally scored and s t ruck seve ra l 
t imes to s imulate the resu l t s of extremely rough handling. Sample 2 
was cen te r less ground to a d iameter of 0.208 in. The pellets were immersed 
in boiling dist i l led water for a total of 1012 hours and showed weight gains of 
0,30 and 0.47 percent . 

The only noticeable corros ion was a slight attack on some 
of the DyjOs located at the surface of Sample 2. The resu l t s a r e encouraging 
since the Dy203 used in the pellets was not stabilized and should not be pa r ­
t icu lar ly cor ros ion res i s tan t . Some of the pellets a re being tes ted in high 
teimperature s team where cor ros ive attack should be acce lera ted . 

3. Metallic Fuel Studies 

a. Thorium-Uraniumi-Plutonium Alloys - Three thor ium-uran ium-
plutonium alloys have been selected for the initial s e r i e s of proper ty de­
te rminat ions and i r rad ia t ion test ing with a view toward evaluating their 
potential as fast reac tor fuels. Their compositions in weight percent a r e : 

1. 60 Th-20 U-20 Pu 
2. 75 Th- 5 U-20 Pu 
3. 80 Th-10 U-10 Pu 

Alloy 1 was chosen as being represen ta t ive of a fuel suitable for an EBR-II 
s ize r eac to r ; Alloy 2 is a fuel composition which is potentially suitable for 
in te rmedia te size power r e a c t o r s ; Alloy 3 may satisfy the fuel requi rements 
of a very large power r eac to r . 

The alloys were p repa red from commerc ia l Th-(93% enr.)U and 
reac to r plutonium. Alloy 1, 60-20-20, which has a liquidus t empera tu re 
around 1250°C, was then injection cast in a new experinnental injection casting 
unit. Two good pins were obtained of 12 in. length, nominal 0.144 in. d iam­
eter and uniform density as observed by cobalt-60 rad iographs . 

The much higher melt ing Alloy 2, 75-5-20, could not be injection 
cas t into Vycor molds . The molds softened at the higher t e m p e r a t u r e . Mold 
m a t e r i a l s other than Vycor a re presen t ly being investigated. 
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4, Nondestructive Testing 

a. Inspection of Niobium Tubing - An attempt has been made to 
evaluate one —in. d iameter niobium tubing. Because none of the niobium 
tubing could be spared for prepara t ion of a s tandard, a substi tute meta l 
was needed. A sea rch of available l i t e ra tu re revealed that the ul t rasonic 
shear-wave velocity in niobium is almost matched by that in both copper 
or b r a s s . Therefore , a 6 in, piece of copper was fabricated for use as 
the s tandard. This copper s tandard contains two V-notches, one on the 
I.D, and the other on the O.D. Both notches a r e four mils deep and ^ in, long. 
The O.D. notch runs circuinferential ly while the I.D. notch is oriented along 
the longitudinal axis of the tube. Utilization of such a s tandard makes it 
impossible to judge the depth of a defect although one can be cer ta in of the 
sys tem ' s ability to detect I.D. flaws, 

b . Neutron Imaging - The neutron radiographic facility at the 
JUGGERNAUT reac tor has been used to per form inspections on three 
radioact ive, i r rad ia ted reac tor fuel capsu les . Previous inspections of 
these capsules had been completed using an autoradiographic, pinhole 
camera method (described in ANL-6533), but further improvements in 
image quality were des i red . 

Neutron radiographic inspection is useful in this case because 
the use of t ransfer exposure methods el iminates the in terference which 
the radioactive decay radiation from the capsules would produce on the 
X-ray film in a normal radiographic inspection. In a neutron t ransfer ex­
posure method, the only problem introduced by the radioactive nature of 
the inspection objects is the personnel hazard . A heavy-densi ty concrete 
block wall was employed in these p re l iminary t e s t s to reduce that problem. 

A t ransfer exposure technique employing a combination of a 
dysprosium meta l sc reen backed by a s i lver sc reen was used for most of 
the exposures . After the neutron exposure, the sc reens were t r ans fe r r ed 
to different ca s se t t e s . The si lver was t r ans fe r r ed to a fast film which 
could be developed within a few minutes to yield an immediately available 
picture to determine the alignment of the inspection object. 

The dysprosium was t r ans fe r r ed to a casse t te loaded with a 
finer grain film and required a severa l hour decay t ime before the film 
could be p rocessed . The use of this double t ransfe r sc reen technique was 
valuable because it was not neces sa ry to wait severa l hours for the finer 
grain film image to determine whether the inspection object was oriented 
cor rec t ly in the neutron imaging beam. This double sc reen t rans fe r ex­
posure technique will also prove useful in other applicat ions. 

The cont ras t and detail on the neutron radiographs of the fuel 
specimens have been ve ry good. A lead container is now being considered 
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to provide improved radiation shielding and to simplify soine exposure de­
ta i l s . With the availability of this container, neutron radiographic inspection 
of radioactive reac tor fuel capsules is expected to become routine prac t ice . 

c. Mass Absorption Coefficient Method for Measuring Uranium 
Content - A method of measur ing uranium content of samples by measur ing 
the m a s s absorption coefficient for a monochromatic X- ray beam is being 
studied. The reduction of intensity of an X-ray beam passing through an 
absorber is given by 

I = Ige -Mm Pt 

where jUĵ  is the m a s s absorption coefficient, p is the density and t is the 
th ickness . For a two component system the expression can be writ ten as 

l o 
In (-j) = Ml ptwj + jJ-z ptw2 

where Wj is the weight fraction of the component having mass absorption 
coefficient jUi and W2 is the weight fraction of the component having mass 
absorption coefficient jJ.2,. 

Since Wj = 1 - w^ the formula can be reduced to 

l n ( | - ) 
(Ml -M2) wi +M2 

The product pt can be replaced by the ratio W / A - pt where w is the total 
weight of the sample and A is the a rea . The mass absorption coefficient 
for the two coinponents can be measured . The weight and a rea of the sam­
ple a r e also measurab le quanti t ies . Therefore the above equation can be 
solved for Wj which, when multiplied by 100, gives the weight percent of 
component 1 in the sample . 

To determine the feasibility of the technique the m a s s absorp­
tion coefficients of 2 in. sq. clad samples from BORAX-V superheater 
plates were determined for an energy of 58 kev. The resul ts a re given 
below: 

w/o U (calculated from 
Sample No. w/o U (estimated) m a s s absorption coefficient) 

HCE 87 4.41 4.15 
HPE 227 6.61 6.86 
FCE 55 8.12 8.02 
F P E 255 12.52 12.64 
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d. Tests on Refractory Alloy Tubing - This tubing is intended for 
use in i r radia t ion and other type tes t s and is being tes ted nondestructively 
by pulsed-field equipment which is itself under development. Three dif­
ferent objects a re being accomplished by these t e s t s : 

(1) The quality of the tubing itself is revealed, knowledge of 
which can eliminate a previously unknown factor in some of the i r radia t ion 
exper iments . 

(2) Test experience is acquired on a considerable variety of 
ma te r i a l s , of which at least some will appear in future reac tor c o r e s . 

(3) The performance of the tes t equipment itself can be c a r e ­
fully studied under a wide variety of operating conditions. This is the best 
way to determine what improvements a r e needed in future tes t s y s t e m s . 

As a par t of this effort, 400 ft of niobium-1 w/o zirconium 
tubing of 0.156 in. I.D. x 0.010 in. wall was tes ted by developmental pulsed-
field equipment in lengths of about 4 ft. About half of these tubes contained 
localized defects extending between 10 and 60 percent of the wall th ickness . 
Since the tubing was to be used in lengths of l ess than 4 in., the defective 
a r ea s were marked and cut out. These amounted to about 50 separa te defects 
totaling about 16 ft, 

C. Reactor Components Development 

1. Development of Manipulators for Handling Radioactive Mater ia ls 

a. Model A Manipulator Seal Test - A motion seal of the type used 
in the sealed mechanical m a s t e r - s l a v e manipulator (CRL Model A) supplied 
by Central Research Laborator ies has been tes ted under simultaneous con­
ditions of a dry a tmosphere and intense i r rad ia t ion . The sea l was a —in. 
sea l . No. 1035, supplied by Chicago Rawhide. The sea l was turned at 
100 rpm during the period of leak testing and the torque was measured by 
the use of two autosyns mounted so that the deflection of a shaft driving 
the seal was determined. 

The seal was maintained in a dry nitrogen a tmosphere which 
varied from 12 to 30 ppm. During the course of the tes t the seal received 
a gamma exposure of 3 x lO'r from mixed fission products and it was 
turned 35,000 revolut ions. The torque remained 4 and 6 in . /oz during the 
tes t , with the average torque decreasing slightly. The nitrogen leakage, with 
a differential p r e s s u r e of 3 inches ac ross the seal , has remained near 0,1 cu 
in , /day. Although the sensitivity of the leakage tes t is close to the observed 
leak ra te there was some indication of a smal l increase in leakage as the 
tes t proceeded. The resu l t s seem to indicate that the seal could be used for 
higher exposures than 3 x lO'r and for m o r e than 35,000 revolutions with a 
dry nitrogen a tmosphere . 



2. Development of Viewing Systems 

a. E lec t r ica l P rope r t i e s of Glass - Studies on the e lec t r ica l 
p roper t i es of glass have been continued along two general l ines, namely, 
to achieve a be t ter understanding of the radiation induced coloration of 
g lass , and the phenomenon of radiation induced voltage build-up which 
has resul ted in the dielectr ic break-down and fracture of glass in a few 
shielding windows. The over -a l l objective is to achieve a prac t ica l 
shielding glass with improved res i s tance to radiation induced coloration 
and breakage. 

Most of the exper imental investigation has centered on ob­
serving the charge displacement that occurs when an i r rad ia ted glass 
sample is heated between electrodes in the absence of externally applied 
voltage, but with a the rmal gradient ac ross the glass sample. These 
so-cal led the rmo-e l ec t r i c measuremen t s were originally performed with 
t empera tu re gradients of 20 to 4 0 ° c / m m . A new apparatus has been de ­
veloped which allows measurement s at a considerably lower gradient of 
about 2°C/rnm. It was thought that at this lower gradient a more sensit ive 
tes t could be made for localized space charges that could contribute to 
die lect r ic break-down. 

It has been found that this test is very sensit ive to he te ro ­
geneities in the glass sample . Reproducible resu l t s have been obtained 
using a borosi l icate glass by bubbling oxygen through the glass melt 
to produce thorough homogenization. A useful feature of the new ap­
paratus is that the t empera tu re gradient can be reversed without d i s ­
turbing the sample . By this means it has been observed that the charge 
displacement r e v e r s e s completely with the gradient . This observation 
supports the previous interpretat ion that the charge displacements occur 
as a resul t of the the rma l gradient , 

D. Reactor Mater ia ls Development 

1, Radiation Damage to Reactor St ructura l Mater ia ls 

a. I r radiat ions of Steel in EBR-I - P re l imina ry impact tes t data 
fronn typical SA-212B carbon steel i r radia ted in EBR-I a re shown in 
Figure 2 and summar ized in Figure 3, The absc i s sa in Figure 3 is a 
m e a s u r e of exposure based on the energy-dependent model, and does not 
imply that such a number of defects actually survive after initial col l is ions. 
These points a re obtained from data which suffer from sufficient sca t te r 
so that one cannot confidently assign a slope value to the curve. Some 
duplicate i r radia t ions have been completed and the specimens will be tes ted . 

The samples for the last i r radiat ions to be performed in 
EBR-I a re being p repared . The ina ter ia l will consist of single c rys ta l s 
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of coppe r and s i l v e r con ta ined in l e a k - t i g h t s t e e l c a p s u l e s f i l led wi th 
sod ium as a t h e r m a l bond. The E B R - I is s c h e d u l e d for r e load ing with 
the M a r k - I V c o r e and f u r t h e r i r r a d i a t i o n t e s t i n g is not now con t e inp l a t ed . 

1 i r "1 r 
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Figure 2. Impact Properties of SA-212B; 
EBR-I Irradiations 
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Figure 3. Transition Temperature Shift As a Function of Exposure: EBR-I 

b . D o s i m e t r y - C h i p s w e r e t a k e n f r o m e a c h s t e e l s p e c i m e n 
i r r a d i a t e d i n E B R - I a n d t h e M n a c t i v i t y w a s c o u n t e d . T h i s n u c l i d e , w i t h 
i t s 3 1 4 - d a y h a l f - l i f e , a p p e a r s t o b e a v e r y p r o i n i s i n g m o n i t o r f o r l o n g -
t e r m n e u t r o n d a m a g e s t u d i e s . T h e c o r r e l a t i o n b e t w e e n e x p o s u r e t i m e 
a n d o b s e r v e d a c t i v i t y , w i t h c o r r e c t i o n s m a d e f o r d e c a y , i s s h o w n i n 
F i g u r e 4 . 
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80 

Typical gamma- ray spect ra from i r radia ted steel a re shown 
in Figure 5. The top curve is from an EBR-I i r radiat ion and clearly 
shows the Mn^* peak. The second t r ace comes from steel exposed in a 
CP-5 fuel tube. In a the rmal reac tor , Fe is produced by capture of 
t he rma l neutrons: Fe^^(n,7)Fe^''(46d). Here it is possible to cor rec t the 
Mn^* peak for the contribution due to Fe ' since the ratio of fas t - to - thermal 
flux is sufficiently high. However, in a CP-5 dummy element, this is not 
the case , as the third t r ace shows. To obtain Mn data, the radioactive 
manganese must be separated from the iron radiochemically, and yields 
a t race like that shown in the bottom (fourth) plot. In order to be of 
value this p rocess must be quantitative. 

P re l imina ry tes t s on the efficiency of the radiochemistry on 
EBR-I mate r ia l produce yields in the range of 80% to 90%. Current work 
is directed toward iinproving the procedure to make it more quantitative. 
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E. Heat Engineering 

1. Vapor Carryunder Studies 

The study of vapor car ryunder and associated problems in two-
phase sys tems has been completed and is summar ized in ANL-6581.1 
A simple model for the car ryunder phenomena is postulated and an 
analytical express ion for the ratio of the mixture quality d£ the down-
comer to r i s e r XJD/XJ^ is derived. The determining factor in this 
analysis is based on the definition of a specific a r ea in the r i s e r . Ex­
per imenta l data obtained on an a tmospher ic a i r -wa te r loop were com­
pared with the calculated weight percent car ryunder and found to be in 
good agreement . The range of p a r a m e t e r s studied a re mixture qualities 
[(0.2 X 10"^) < X < (2,0 X 10"^)] and downcomer velocities [(1 f t /sec) 
< V D < (2.5 f t / sec ) ] . 

A dimensional analysis of the pert inent p a r a m e t e r s affecting 
ca r ryunder was also made and a s e r i e s of dimensionless groupings 
were derived. These groupings were then used to develop empir ica l 
cor re la t ions for predict ing ca r ryunder . The following p a r a m e t e r s cover 
the range of p a r a m e t e r s ca r r i ed : void fract ions, 0.1 < aj^ < 0.5; down-
coiner velocity, 0.5 <V]o < 2.5 f t / sec ; p r e s s u r e , P = 600, 1000, 1500 ps i . 
An empi r ica l cor re la t ion was developed for the Xj)/Xj^ ra t io , and its 
predicted values compared well with the data from both the a tmospher ic 
a i r -wa t e r and h igh -p re s su re w a t e r - s t e a m loop. Fa i r agreement was also 
achieved when compared with p re l imina ry data obtained from EBWR 
opera t ions . 

Data have also been obtained on the associated problem a r e a s , 
namely: (1) bubble-s ize distr ibution; (2) bubble size versus bubble ve­
locity; (3) phase distr ibutions within a conduit; and (4) downflow slip 
r a t i o s . 

2. Two-Phase Cr i t ica l Flow Studies 

An exper imenta l study was made of the variat ion in d ischarge 
ra tes of sa tura ted and subcooled fluid Freon-11 through short tubes and 
a p e r t u r e s . A total of 120 exper iments were performed and covered a 
range of modified cavitation numbers between 1 and 500, length-diameter 
ra t io of smal l d iameter tubes between 2 and 55, and sharp-edge ape r tu res 
of nine different geomet r i e s . 

ANL-6581, A Study of Vapor Carryunder and Associated P r o b l e m s , 
Michael Pe t r i ck . 
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It was found that below the modified cavitation number of 10 the 
fluid exhibits completely metas table s ingle-phase flow. In the range of 
imodified cavitation numbers between 10 and 14, unstable t rans i t ional 
flow occur s . When the modified cavitation number exceeded 14, two-
phase cr i t ica l flow seemed likely to occur . 

The Euler number may be corre la ted with the modified cavitation 
number and length-diameter ra t io . Discharge ra t e s can thus be determined 
from the correlationso Euler numbers for the ape r tu res of various con­
figurations including square , rec tangular , and eye-shaped were found to 
be in the same order of magnitude as those of c i r cu la r shapes . Tr iangular 
and W-shaped orifices were found to possess lower Euler numbers than 
the c i rcu la r ones . 

3. Boiling Liquid Metal Studies 

An investigation of possible laboratory techniques to supply a heat 
flux in excess of 10^ Btu/(hr)(ft^) to flowing alkali me ta l was conducted. 
Elect ron beam heating techniques show p romise for this application. 
Basically the sys tem consis ts of two concentric tubes , with heat applied 
to the inside surface of the inner tube while the liquid meta l is passed in 
the annulus between the tubes . The heating is accomplished by placing an 
electron emi t te r (cathode) inside of the evacuated inner tube and direct ing 
the electrons to impinge upon the inside surface of this inner tube which 
se rves as the anode. The heat generated then flows through the tube wall 
to the flowing liquid meta l in the annulus. 

A smal l e lectron beam heating model was constructed and es tab­
lished the feasibility of the concept. A working model is being constructed 
to be used in developing the technology and for possible use in exper imenta l 
work. 

F . Chemical Separat ions 

1. Fluidization and Volatility Separations P r o c e s s e s 

a. Fluoride Separat ions - A proposed method for separat ing plu-
tonium hexafluoride from uranium hexafluoride depends upon the select ive 
the rmal decomposit ion of plutonium hexafluoride at Z50° to 300°C. Ex­
per iments which have been repor ted previously (see P r o g r e s s Report for 
July 1962, ANL-6597, page 41) were undertaken to de te rmine whether 
uranium hexafluoride undergoes decomposition at about 300°C. In the 
course of this investigation, it was found that a res idual gas , which was 
noncondensable at -196°C, was formed when uranium hexafluoride was 
heated for five hours at 330°C in a welded nickel vesse l in which the r e ­
action products were allowed to accumulate . When the react ion vesse l 
was opened, it was observed that the solid react ion product , uranium 
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te t raf luoride, was located only near the weld a r e a s , which strongly sug­
gested a corros ion type react ion. Mass spectrographic analysis showed 
the gas to contain 94,1 percent oxygen, 3.6 percent nitrogen, and 2.3 p e r ­
cent water . Fluorine was not found in the gas mixture . The sources of 
ni t rogen and water a r e not known with cer tainty, but a re believed to be 
a smal l air leak and the outgassing of the vacuum line associated with 
the mass spect rograph. The most likely source of oxygen is considered 
to be nickel oxide which was probably formed during the welding of the 
nickel ve s se l s . The formation of oxygen from the nickel oxide is at tr ibuted 
to the following react ion: 

UFfe + NiO -* NiFz + UF4 + -y O2 

In this react ion, the rat io of moles of gas produced to moles of uranium 
hexafluoride consumed is 0.5. This is in fairly good agreement with the 
ra t ios repor ted previously, which ranged from 0.35 to 0.61 for five-hour 
react ion periods at 330°C. On the basis of these findings, it has been con­
cluded that uranium hexafluoride did not undergo the rmal decomposition 
at 330°C. 

The effect of gamma radiation on plutonium hexafluoride is 
being investigated as par t of a fundamental study of the radiation behavior 
of plutonium hexafluoride. Current exper iments a re designed to obtain 
information concerning the mechanism of the gamma ray induced decom­
position of plutonium hexafluoride. The variat ion of decomposition with 
dose, and the effect of the p resence of the diluent gases helium, krypton, 
and oxygen on the decomposition of plutonium hexafluoride under gamma 
radiat ion has been previously repor ted (see P r o g r e s s Report , June 1962, 
ANL-6580, page 42). Exper iments on the i r radia t ion of plutonium hexa­
fluoride samples containing helium at one and two a tmospheres helium 
p r e s s u r e with gamma doses of 10*, 2 x 10®, and 3 x 10^ rad confirm the 
previously repor ted negligible effect of helium on the gamma radiat ion 
decomposition of plutonium hexafluoride. Simiilar exper iments with k ryp ­
ton resul ted in a much smal le r G value at two a tmospheres krypton p r e s ­
sure than at one a tmosphere (4 vs 14). This apparent p r e s s u r e effect will 
be investigated fur ther . The p resence of oxygen appears to inhibit de ­
composition of plutonium hexafluoride by gamma radiat ion. The products 
of decomposition will be identified in order to determine if a chemical 
react ion is taking place between plutonium hexafluoride and oxygen. 

b . Direct Fluorinat ion of Uranium Dioxide Fuel - Labora tory 
work in the d i rec t fluorination p roces s has been directed toward inves t i ­
gating a p rocess modification which involves the oxidation of the uranium 
dioxide pellets to UsOg powder p r io r to the fluorination step (see P r o g r e s s 
Report , August 1962, ANL-6610, page 55). When the uranium oxide is in 
the form of a uniform, fine powder, complete fluorination of the plutoniuin 
to the hexafluoride is ea s i e r to c a r r y out. In previous exper iments , about 
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99.4 percent of the plutonium was removed from mixtures of uranium 
dioxide, plutonium dioxide and selected fission product eleinent oxides, 
after oxidizing the mixtures and subsequent fluorination. 

Current fluorination exper iments were conducted to de te r ­
mine the minimum fluorination t ime and t empera tu re needed to remove 
99 percent of the plutonium from the product of the oxidation s tep. This 
oxidation product is a nnixture of the oxides of uranium (UjOg) and plu­
tonium (PuOz) containing about 0.3 wt-% plutonium and about one wt-% 
of a mixture of 10 fission product element oxides (BaO, ZrOg, LajOs, CeOzj 
Y2O3, NdjOs, SmgOs, Pr^On, EU2O3, and GdgOs). It is mixed with Alundum 
pr ior to react ion with fluorine. In a s e r i e s of five exper iments per formed 
at 450°C utilizing a mixture of 10 percent fluorine, 25 percent oxygen and 
65 percent nitrogen, the fluorination t imes were from two to eight hou r s . 
After a react ion t ime of two hours , essent ia l ly all of the uranium and about 
90 percent of the plutonium were removed from the solid mix ture ; an in­
c r e a s e of the react ion t ime to eight hours produced no additional r emova l 
of plutonium. In the present study a second fluorination using 75 percent 
fluorine and 25 percent oxygen at 550°C for five hours was n e c e s s a r y to 
achieve 99 percent removal of the plutonium. 

The kinetics of the react ion between U3O8 and fluorine a r e of 
in teres t to the d i rec t fluorination p rocess in view of the ease of removal 
of plutonium from oxidized solid solutions of PuOz in UOg. P r e l i m i n a r y 
resu l t s have been obtained for the kinetics of the fluorination react ions of 
U3O8, UO2F2, and UO3 using a thermobalance . Data were obtained for the 
fluorination of UO2F2 and UO3 because these compounds may be in te r ­
mediates in the fluorination of UsOg. The kinetic t r ea tment used for the 
data obtained for these fluorinations is based on a diminishing sphere 
model . In this model , the react ion ra te is re lated to the fraction of the 
solid unreacted by the express ion ( l -F)^ '^ = 1 - k ' t . The ra te t e r m k' can 
be obtained from the slope of a plot of the function (l-F)'^ ve r sus t where 
F is the fraction of solid reacted in t ime t. Values of k' x 10 in inin 
obtained in this p re l imina ry work var ied froin 0.2 to 380 for the t e m p e r a t u r e 
range 240° to 300°C for UsOg, from 0.3 to 22 for the range 200° to 340°C for 
UO2F2, and from 1 to 8 for the range 290° to 340°C for UO3. Activation 
energies of 75, 17, and 27 ki localor ies per mole were calculated for the 
fluorination react ions of U3O8, IIO2F2, and UO3, respect ive ly . 

Engineer ing-sca le studies have continued on developing a two-
zone oxidation-fluorination scheme (see P r o g r e s s Report , August 1962, 
ANL-6610, page 55) for the production of uranium hexafluoride from 
uranium dioxide pe l le ts , the react ions being c a r r i e d out in a single r eac to r . 
In this proposed p rocess uranosic oxide (UsOg) fines a r e formed by oxida­
tion of uranium dioxide pel lets in a lower zone stat ic pellet bed, e lutr ia ted 
by a mixture of oxygen and nitrogen, and fluorinated with fluorine in an 
upper zone fluidized bed of Alundum. The oxygen-nitrogen mixture is 
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introduced at the bottom of the reac tor and the fluorine gas is introduced 
at the top of the uranium dioxide pellet bed. It is des i rable to equalize 
the ra tes of (1) fines formation, (2) removal by elutriation from the 
pellet bed, and (3) fluorination in the fluidized bed of Alundum. Equali­
zation of these r a t e s will avoid fines buildup in the uranium dioxide pellet 
bed and/or slugging of large quantities of fines to the fluorination zone. 
This will improve fluorine efficiency and minimize elutriat ion of fines 
from the upper zone. Three methods of achieving equalization have been 
investigated: (1) The use of gas back-diffusion to provide selective oxi­
dation of the uranium dioxide pellets at the top of the pellet bed ra ther 
than throughout the depth of the bed. This method would allow use of 
much higher oxygen concentrat ions, e.g., the use of a i r which is 21 p e r ­
cent oxygen ra ther than the 8 to 11 percent oxygen which is present ly 
considered the inaximum safe operating level with a pellet bed t empera tu re 
of 400° to 500°C. However, a tes t of this method produced no UsOg fines 
and therefore this approach does not appear to be feasible. (2) The main­
tenance of a t empera tu re gradient from top to bottom of the pellet bed so 
that the top is at 40 0° to 500°C and the bottom at a much lower and the re ­
fore unreact ive t e m p e r a t u r e . This method would also allow use of much 
higher oxygen concentrat ions because the miajority of the react ion would 
occur at the top of the pellet bed thus minimizing operat ional problems 
such as caking. P r e l i m i n a r y data from a run using this method indicate 
that the ra tes of fines formation and elutr iat ion a r e closely matched. High 
oxygen concentrat ions (17 and 30 percent) have been passed through the 
pellet bed successfully, with freedom from caking, and steady production 
of uranium hexafluoride at a ra te of 40 lb / (hr) (sq ft reac tor c ro s s section). 
(3) The pulsing of the gas going through the bottom of the column to control 
the elutr iat ion of fines from the pellet bed in the lower zone. P r e l im ina ry 
resu l t s of t e s t s in a 3-inch d iameter luc i te-glass column containing a 
6-inch bed of pel lets have shown that a momenta ry 12 percent inc rease in 
pellet bed void volume can be achieved with a pulse lasting less than 0.1 
second fronn a 20 psig supply. This pulse was sufficient to move the ent i re 
bed of pel lets one inch up the column. The pulse also r e - o r i e n t s the pel lets 
so that gas paths through the bed a r e changed after each pulse, thus min i ­
mizing fines holdup and helping to reduce channeling of gas through the 
bed. 

Measurement of effective the rma l conductivities (k) in the 
axial (longitudinal) direct ion of 4- in. d iameter fluidized-packed beds was 
c a r r i e d out at 50°C bed t empe ra tu r e and superf icial gas velocit ies from 
0.0 to 1.0 f t / sec for seve ra l packing shapes and fluidizing media . Typical 
r esu l t s for those fluidized-packed runs for 0.5 f t / sec gas velocity a re 
given in Table X. The data show that a reduction in fluidizing par t ic le 
s ize inc reases the heat t r ans fe r . Longitudinal hea t - t r ans fe r coefficients 
in a fluidized-packed bed inc rease with superficial air velocity to a max­
imum value between 0,4 and 0.7 f t / s ec . Above that velocity the the rma l 
conductivity r emains constant or d rops . These t e s t s also indicated that 
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longi tud ina l hea t t r a n s f e r is g r e a t e r t han r a d i a l hea t t r a n s f e r by a fac to r 
of a p p r o x i m a t e l y 10. F o r the c a s e of o p e n - t u b e f lu id iza t ion the h e a t t r a n s f e r 
w a s so r ap id tha t t h e r e was no d i s t i n g u i s h a b l e d i f f e rence in the longi tud ina l 
t e m p e r a t u r e s . F r o m t h e s e r e s u l t s it would a p p e a r m o r e eff icient to r e -
inove h e a t f r om a f lu id ized zone a t t he top o r bo t t om of a l a r g e d i a m e t e r 
r e a c t o r r a t h e r than r a d i a l l y t h r o u g h the wa l l s of the p a c k e d s e c t i o n . 

Tab le X. Effect ive T h e r m a l Conduc t iv i t i e s 

P a c k i n g 

d - F l u i d i z e d Bed 

F lu id i z ing 
Medium 

70 m e s h 
g l a s s b e a d s 

120 m e s h 
g l a s s b e a d s 

-56 + 100 m e s 
Alundum 

-56 + 100 m e s 
Alundum 

h 

h 

Value 
supe 

(Bt 

R e s u l t s 

5S of k at 0.5 f t / s e c 
r f i c i a l gas ve loc i ty 
u / ( h r ) ( s q f t ) ( F / f t ) ) 

91 

300 

109 

601 

•3 •S 

-g-- x -g - in . b r a s s c y l i n d e r s 

-3 -2 

•g- x-g--in. b r a s s c y l i n d e r s 

-g-- x.g--in. b r a s s c y l i n d e r s 

— - i n . s t e e l s p h e r e s 

c . S e p a r a t i o n of U r a n i u m f rom Z i r c o n i u m Alloy F u e l s 

(1) S tudies of the C h l o r i n a t i o n and F l u o r i n a t i o n S teps wi th 
D o w n - F l o w F i x e d - B e d F i l t e r s - S tudies con t inued on the d e v e l o p m e n t of a 
f lu id -bed vo la t i l i ty p r o c e s s for the r e c o v e r y of u r a n i u m f rom h igh ly e n ­
r i c h e d u r a n i u m - z i r c o n i u m a l loy fuels ( see P r o g r e s s R e p o r t , Ju ly 1962, 
A N L - 6 5 9 7 , page 43). A c h l o r i n a t i o n - f l u o r i n a t i o n r e a c t i o n s e q u e n c e c u r ­
r e n t l y be ing eva lua t ed inc ludes h y d r o c h l o r i n a t i o n followed by r e a c t i o n with 
p h o s g e n e , hyd ro f luo r ina t i on and a final f luo r ina t ion s t e p . A 12-hour run 
w a s m a d e us ing th is s e q u e n c e . Th i s run inc luded 5 h r of r e a c t i o n with 
h y d r o g e n c h l o r i d e at 400°C f lu id -bed t e m p e r a t u r e , 1 h r of r e a c t i o n with 
phosgene at 400°C, 2 h r of r e a c t i o n with h y d r o g e n f luor ide at 400°C, a 2 - h r 
f luor ina t ion with f luor ine at 400°C, fol lowed by a s e c o n d f luo r ina t ion with 
f luor ine for two h o u r s at 500°C. Dur ing the phosgene and h y d r o f l u o r i n a t i o n 
s t e p s the down-f low f i l t e r bed of Alunduin was m a i n t a i n e d at 370°C. F o r 
the remiaining p e r i o d s it was m a i n t a i n e d at the f lu id -bed t e m p e r a t u r e s . 
Of the in i t i a l c h a r g e (240 g of 5.1 wt-% u r a n i u m - Z i r c a l o y a l loy chips) 
0.7 p e r c e n t was r e t a i n e d by the Alunduin (Type RR) in the f lu id ized bed 
and 0.3 p e r c e n t by the Alundum (Type RR and Type 38 in weight r a t i o s 
9:7, r e s p e c t i v e l y ) in the f i l t e r bed . Other u r a n i u m l o s s e s inc luded 0.4 p e r ­
cen t t h rough the f i l t e r to the z i r c o n i u m t e t r a c h l o r i d e c o n d e n s e r du r ing 
c h l o r i n a t i o n and 0.3 p e r c e n t to the a l u m i n a f luor ine d i s p o s a l c o l u m n 
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downstream of the uranium hexafluoride collection cold t raps during 
fluorination. A m a t e r i a l balance showed the remaining uranium was 
ei ther collected in the cold t raps as hexafluoride (93.6 percent collection) 
or associated with samples of bed ma te r i a l taken during the run (5,6 p e r ­
cent). Results of analyses of samples taken at half-hour intervals 
throughout the run indicated it may be feasible to reduce the cycle t ime 
to about nine hours from the 12-hour cycle t ime actually used in this 
experiment by reducing the hydrofluorination, fluorination and ref luor i -
nation t imes from 2 hr each to 1 hr each. 

(2) Fluid-Bed Hydrolysis of Zirconium Tetrachlor ide - The 
hydrolysis of zirconium te t rachlor ide to zirconium dioxide by s team in a 
fluidized bed of Alundum was studied fur ther . The effects of the operating 
conditions of bed height, t empera tu re and start ing bed par t ic le s ize on the 
deposition (conversion) of the dioxide on the bed ma te r i a l were evaluated. 
Results evaluated on the bas is of the quantity of fines (-200 mesh mater ia l ) 
produced in a given run showed: (a) no effect of bed height, (b) a possible 
effect of t e m p e r a t u r e , a medium t empera tu re of 350°C being bet ter than 
250°C or 500°C and (c) no marked effect of s tar t ing bed par t ic le s ize . 

2. Chemical Metal lurgical P r o c e s s Studies 

a. Chemis t ry of Liquid Metals - The solubili t ies of technetium in 
liquid zinc were found to range from 2,0 x 10"^ wt-% at 470°C to 0.12 wt-% 
at 758°C. 

An exper iment to investigate the possibi l i ty of in termedia te 
phases existing in the tungsten-zinc sys tem has been per formed. Zinc-
tungsten compacts containing 12 to 81 percent zinc, which had been heated 
for about two weeks at 430°C and for 4-— weeks at 650°C, were examined by 
metal lography and X- ray diffraction. There was no evidence that an in te r ­
mediate phase ex i s t s . 

Data repor ted ea r l i e r (see P r o g r e s s Report forJanuary 1962, 
ANL-6509, page 43) for the solubility of beryl l ium in liquid zinc at 429" to 
6 l l °C have been extended to higher t e m p e r a t u r e s . The solubili t ies have 
been found to range from about 0.1 wt-% (a maximumi) at 690°C to about 
0.03 wt-% at 830°C. 

An exper iment was performed to de termine whether amounts 
of i ron up to about 0,2 wt-% in zinc solutions appreciably affect the solu­
bility of uranium. P r e l i m i n a r y analysis of data obtained at 655°C reveals 
that the re is no significant loss of uranium from solution. 

In further study of the uran ium-zinc binary sys tem, the melting 
point of the delta phase , UZng.s was determined by means of t he rma l 
ana lys i s . The melting point was found to be 938° ± 2°C, which may be com­
pared with the l i t e ra tu re value of 944° ± 5°C. 
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Emf data for the galvanic cell , Pu /PuCls , L iCl -KCl /Pu-Zn 
(two-phase alloy) have been obtained in a new cell over the t empera tu re 
range, 485° to 6l9°C. The new cell was s imi lar to the preceding one ex­
cept that an alumina thermocouple tube was used in place of a quartz 
tube. The emf values, which were lower than those obtained in the p r e ­
ceding cell (see P r o g r e s s Report for August 1962, ANL-6610, page 58), 
may be represen ted by the equation 

E (volts) = 1.142 - 7.5, X 10"^ T 

The calc ium-zinc phase diagram has been re -examined by 
differential t he rma l analysis , X- ray diffraction analys is , and vapor 
effusion m e a s u r e m e n t s . The resu l t s indicate that the compounds, 
CaZn2, CaZn5, and CaZnn, melt congruently at 704°, 695°, and 724°C, 
respect ively; the compounds, Ca3Zn, CaYZn4, CaZn, CayZnjo. and CaZn^s, 
mel t incongruently at 394°, 414°, 439°, 642°, and 669°C, respect ively . 

b . Ca lor imet ry - The final value for the heat of formation of 
aluminum fluoride is -356.5 ± 0.7 kca l /mole . This may be compared 
with the p re l iminary value of -359 kca l /mole (P rog re s s Report for 
July 1962, ANL-6597, page 45) and with recent l i t e ra tu re values of 
-356.3 kca l /mole , -357.0 ± 2 kca l /mole , and -358.2 ± 1.4 kca l /mo le . 

A final se r i e s of combustions of uranium in fluorine has been 
completed. Calculation of the enthalpy of formation of uranium hexafluo­
ride gas is proceeding. 
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IV. PLUTONIUM RECYCLE 

The EBWR Core 2 design will be used in the plutonium recycle 
study. The core will consist of the centra l ( 6 x 6 = 36 fuel subassemblies) 
zone loaded with PUO2-UO2 fuel and the remainder of the core will be fueled 
with slightly enriched UO2. Various central zone enrichments will be ex­
amined and par t icular attention will be given to the control charac te r i s t i c s 
of the various configurations. 

An extensive se r i e s of GAM-I, MUFT-4, and Sofocate calculations 
have been made to establ ish the seven-group c ross sections required for 
studying the two-zone loadingfor the EBWR. The GAM-I resu l t s will be 
used for the fast c ros s sections with the exception of the Pu^ resonance 
c ro s s section which will be obtained from MUFT-4. Resonance self-
shielding factors for the uranium and plutonium isotopes a re also being 
obtained from MUFT calculations. The the rmal c ross sections a re being 
obtained from the Sofocate code. 
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V, ADVANCED SYSTEMS RESEARCH AND DEVELOPMENT 

A. Argonne Advanced R e s e a r c h Reactor ( A A R R ) 

1. Core Physics Calculations 

The sensitivity of core react iv i ty to possible var ia t ions in the meta l 
c ross sections was checked by varying the nickel c ros s sections in Group 2 
[where the (njp) c ros s section is important] and in Group 7 where the well-
known nickel resonance is prominent . It was found that var iat ions up to the 
ext reme l imits of the est imated c ros s section values resul ted in a react iv i ty 
change of less than |- % in keff. Thus^ the final react ivi ty values will not 
be severely affected by correc t ions in c ros s section values made within 
these l imits in the course of performing and analyzing the resu l t s of c r i t i ca l 
exper iments . 

Transpor t theory calculations using a l inear anisotropic scat ter ing 
t e r m for hydrogen show a higher react ivi ty than do s imilar diffusion theory 
calculations. The source of the d iscrepancy is not known at this t ime. 

2. Cri t ical Exper iment 

A--- in. diameter ball- type antimony source has been selected for 
the AARR cr i t i ca l experiment. This will make it possible to use an exis t ­
ing source drive with suitable modifications. 

An initial at tempt at e lectron beam welding of exper imental low-cost 
c r i t i ca l exper iment fuel elements was unsuccessful. Howeverj the method 
sti l l appears promising, and further at tempts will be considered using 
equipment more specifically designed for the AARR cr i t ica l fuel p la tes . 
Tests on a res i s t ance welding technique have also been madcs but r e su l t s 
have not yet been evaluated. Samples of fuel plates assembled with rubbe r -
base glue have withstood an additional four weeks in room tempera tu re water 
with no sign of seal failure. 

The design of supports for the core and control rod dr ives for the 
cr i t ica l experiment has been completed. 

The experimental s teppmg-motor control rod drive unit (see 
P r o g r e s s Report for August^ 1962, ANL-6610i, p. 63) has been cycled 8,600 
t imes without fai lure. This tes t is continuing, 

B. Conduction-cooled Reactor as a Substitute for Isotope Heat Sources 

The limited supply of re la t ively long half-life isotopes having a 
reasonably high power density, and the low conversion efficiencies attainable 
with the rmoelec t r i c devices, has so far l imited the power output of isotope-
fueled power sources to severa l tens of watts . In addition., the high cost of 
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the available isotopes r e su l t s in a very large expense for isotope-fueled 
genera tors producing severa l hundred watts . It is proposed that a small 
minimum-weight reac to r cooled by conduction would be an at t ract ive 
a l ternate to the isotope power supplies in the severa l hundred watt size 
range. Accordingly^ this study is directed toward the selection of a fuel 
and modera tor for such a reac tor system and the pre l iminary design of 
the e lec t r ica l converter and radia tor (the la t ter for a space environment). 
The nominal size of the power plant is 200 watts e lec t r ic . With a the rmo­
elec t r ic conversion efficiency of 4%, this requ i res a reac tor thermal out­
put of 5000 watts . 

1. Phys ics 

On the bas is of the physics work done thus far, a plutonium-fueled, 
beryl l iuna-moderated, and reflected system appears a t t ract ive . A system 
with a Be:Pu rat io of about 5, and a cr i t ica l m a s s of about 18 kg of plu­
tonium has a much higher the rmal rat ing than a solid core of pure pluto­
nium (fast system) since the plutoniumrberyll ium alloy of this composition 
has a melting point of about 1600®C. This value is higher than the melting 
points of either of the pure components. Fur the r , the size of this system 
(i.e.s outer radius of about 10 cm) gives a heat flux at the surface of the 
the rmoelec t r i c elements of about 4 w/cm^ which is within the design range 
of cur ren t thermoelec t r ic conversion units, 

2. Thermoelec t r ic Converter Optimization 

The thermoelec t r ic converter uti l izes n and p doped lead- te l lur ide 
e lements . The thermoelec t r ic converter is optimized for maximum power 
output r a the r than maximum efficiency. The following is a sunamary of the 
cha rac te r i s t i c s of a thermoelec t r ic converter for producing 200 watts of 
e lec t r ic power. 

Table XI, Lead-Tel lur ide Thermopile Converter 
Design P a r a m e t e r s 

Power Output, watts 
Output Voltage, volts 
Hot Junction Tempera ture , °C 
Cold Junction Tem.perature, '°C 
Thermal Efficiency, % 
Number of Couples 
Length of Couple ArmSj cm 
Diameter of n-Couplej cm 
Diameter of p-Couple, cm 
Total Weight of Converter , kg 

200 
12 
593 
343 
4.0 
207 
1.0 
1.45 
1.92 
8.5 
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3. Radiator Design 

The radiator is in close the rmal contact with the thermoelement 
cold junctions. The radia tor m a t e r i a l is beryl l ium. Since the heat flux 
at the outside surface of the spher ica l heat source and converter is 
l a rger than can be discharged by radiation to maintain the des i red cold 
junction t empera tu re , it is nece s sa ry to add fins to the surface. The 
configuration chosen for analysis is a single large fin attached along an 
equator of the sphere . The equations, which a re non-l inear , a r e being 
programmed for solution on the analog computer . P re l imina ry analytic 
solutions of l inearized vers ions of the equations indicate that a sat isfac­
tory radia tor will weigh about 10 kg, 

4. Complete Power Plant 

Using the plutonium-beryll ium moderated and reflected reac to r , 
the thermoelec t r ic converter described, and a beryl l ium radia tor , the 
weight breakdown for the power plant is as follows: 

Reactor 26 kg 

Thermoelec t r ic Converter 8.5 kg 

Radiator 10 kg 

Total Power Supply 44.5 kg 

This excludes the weight of a control system, but it is believed that this 
will not add more than a few additional k i lograms. 
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VI. NUCLEAR SAFETY 

A. Thermal Reactor Safety Studies 

1 . Metal Oxidation and Ignition Studies 

Ignition studies of spherical zirconium powder a re continuing. 
Studies a re being made in -7~iiich, -|-~inch, and |--inch diameter crucibles 

4 8 ^ 

of ignition t empera ture as a function of part icle size and sample depth. A 
completed se r i e s of experiments with -140 +170 mesh powder show that 
the ignition t empera ture dec reases with increasing sample depth. Attempts 
will be made to account mathematical ly for the effect of the depth of the 
powder bed. A s imilar se r ies of experiments is underway using -325 
+400 mesh powder. 

Some measurements have been ca r r i ed out on the effects of 
dibromotetrafluoromethane (Freon 114B2) on the combustion of uranium 
and zirconium foil s t r i p s . Burning propagation veloci t ies , burning t e m ­
pe ra tu re s , and ignition t empera tu res were measured in air containing two 
and four percent of this compound. The values obtained a re compared with 
some previously repor ted resul ts in Table XII. Freon 114B2 is one of the 

Table XII. Effects of Various Contaminants on Combustion of U and Zr Foils 

Contaminant 

Burning Curve 
Ignition Tempera tu re 

(For Contaminant 
Concentration in Air 

=2%) 

Velocity and Maximum Tempera tu re 
of Burning Propagation 

Contaminant Concentration in Air 

2 % 4% 

V, c m / s e c T, C v, c m / s e c T, C 

I. U Foil (0.013 X 

None 

CF2Br-CF2Br 
(Freon 114B2) 

CH3CHF2 

CFjBr 

CHaBrCl 

II. Zr Foil (0.002 

_£_ 

X 

3 

0 

c m ) 

3 er r 

380 

320 

350 

285 

320 

1 

0.52 1375 

0.36 1110 

Propagation did not 

0.39 1205 

0.39 1210 

0.52 

0.24 

occur. 

0.38 

0.31 

1375 

1025 

1150 

1150 

None 

CFzBr-CFzBr 
(Freon 114B2) 

CH3CHF2 

CFjBr 

CHjBrCl 

2.20 1595 2.20 1595 

Propagation did not occur . 

1.47 1235 1.40 1265 

Propagation did not occur. 

1.61 1425 Propagation did 
not occur . 

At the suggestion of Mr. R. B. Smith, AEC (Washington). 
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most effective compounds tes ted although it is not as effective as CH3CHF2 
on uranium. The burning curve ignition t empera tu re was reduced by 
Freon 1 14B2 by about the same amount as by many of the other halogenated 
agents . This substance has the advantage over CH3CHF2 of being non­
f lammable. In the zirconium case , Freon 114B2 prevented propagation as 
did a number of other compounds tested. 

Some interest ing differences have been found between the X-ray dif­
fraction pat terns of the oxides formed on uranium at 300° and at 600°C. The 
high t empera tu re oxide yielded a sharp, well developed UOg pat tern while 
the lines of the 300®C sample , although like those of UOg, were broad and 
a s y m m e t r i c . A relat ionship between this finding and the observed change in 
oxidation kinetics at 450°C (see P r o g r e s s Report , June 1962, ANL-6580, 
page 5 2 ) i s being sought. 

2. Metal-Water Reaction Studies 

Studies of the react ion of solid uranium with s team by the volumetr ic 
method a re continuing. In these studies, s team at 1 atm is passed over 
metal cubes supported on an insulated thermocouple . Steam is condensed 
and the hydrogen generated by meta l -water react ion is measu red vo lumet r i -
cally. Results were repor ted previously for react ion of s team with pure 
uranium up to 1200°C (see P r o g r e s s Report , May 1962, ANL-6573, pages 51 
and 52). Exper iments have now been comipleted in which s team was reac ted 
with pure uranium at t empera tu re s up to 1500°C and uranium - 1% aluminum 
alloy at t empera tu res up to 1400°C. P re l iminary resu l t s indicate that a lu­
minum has a negligible effect on the react ion. Results for pure uranium at 
1400° and 1500°C do not appear to be consistent with r e su l t s at lower t e m p e r ­
a tu re s . The parabolic ra te constants a re 50 to 100 percent higher than 
expected from previous r e s u l t s . For example, at I400°C the parabolic ra te 
constant was 1360 (ml S T P / s q cm)Ymin: previous data would ha^^e suggested 
a value of about 700 (ml S T P / s q cm)Ymin. There is either a change in the 
ra te law or a spurious ra te effect. Confirmatory studies a re in p r o g r e s s . 

A p rogram has been prepared for use with the IBM-704 computer to 
complete the analysis of uranium-water react ion data obtained by the con­
denser discharge method and the in-pile studies in TREAT. The parabolic 
ra te law obtained by the volumetr ic method, d iscussed above, was used in 
the p rogram. P re l imina ry resu l t s indicated that the condenser discharge 
studies with uranium wires in room tempera tu re water could be descr ibed 
accurate ly by the computations, provided a somewhat l a rge r activation 
energy (25 instead of 18.6 kca l /mole) was inser ted into the ra te law. Ex­
per imental r esu l t s of runs in heated water were 50 to 100 percent higher 
than computed values . 



B. Fas t Reactor Safety Studies 

1 . Experimental Meltdown Prograaxi 

In-pile exper iments a r e being performed in the TREAT reac tor in 
order to study the cha rac te r i s t i c s of failure in fast reactor fuel e lements , 
and to study the mechanisras of fuel movement. 

a. P r e - I r r a d i a t e d Meltdown Samples - The burnup analysis has 
been made on seven of the samples i r rad ia ted in the MTR. Three of the 
elements were the EBR-II spec imens , which were tes ted to failure in the 
f i rs t se r i e s of meltdown t e s t s , and burnup was determined from sample 
res idue . The other four elements were Fe rmi -A specimens , and burnup 
was determined from measu remen t s on the monitor w i re s . The analyses 
indicated that the burnups were about 50% (or less) of the specified level 
and were consistent with the resu l t s found by gamma- ray counting of 
sample activity. 

Because of the relat ively low burnup of the three EBR-II 
specimens tested in TREAT (about 0.3%, 0.3% and 0.1% for maximum r e ­
corded t empera tu res of 840°C, 9I0°C, and 1120°C, respect ively) it has been 
decided to re run the se r i e s using elements having appreciably higher burnup. 
The new se r i e s will duplicate the three previous tes ts and will include a 
fourth one in which the sample will be exposed to a slow t ransient until a 
t empera ture corresponding to sample failure is reached. 

2. Theoret ical Analysis 

a. Transient Heat Transfer Code ARGUS - The ARGUS (RE-248) 
t ransient heat t ransfer code (ANL-6409, P r o g r e s s Report , August, 1961) is 
an IBM-704 For t r an program for calculating t empera tu res in a cylindrical 
geometry as a function of t ime , rad ius , and axial position. It is a more 
versa t i le vers ion of the ea r l i e r CYCLOPS code (RE-147) which has been 
used for calculating TREAT sample t empe ra tu r e s . Two major revis ions 
have been made in ARGUS during the last two months in order to eliminate 
cer ta in instabil i t ies and inaccuracies discovered in previous use . The r e ­
visions were : 

(l ) Replacement of the algori thm for calculating the t e m ­
pera tu res at boundary node points of "thick" (number of node points a3 ) 
regions in order to use the method of Back. 

(2) Replacement of the algori thm for calculating the t e m p e r a ­
tu res at all node points of "thin" (three node points, provision for an inner 
i terat ion scheme with separate t ime interval less than that of thick regions, 
so that convergence of thin regions does not force a uniform and too small 
tinae interval for all regions) reg ions . 

L. H. Back, J . Heat Transfer , ASME, p. 89 (February, 1962). 
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An extensive se r i e s of tes t problems has been run to tes t the 
new code, both against CYCLOPS and analytical calculat ions. As a resu l t 
of an evaluation of the checks, the p rogram is now considered to have 
reached production s ta tus . For problems which a re identical on ARGUS 
and CYCLOPS, the former is slower because it r equ i re s additional ca lcu­
lations in process ing input data. However, for problems in which the time 
interval for computing is l imited by either a high surface conductance, or 
convergence requi rements for a thin region like the z i rconium cladding on 
a F e r m i A element, ARGUS running t ime can be considerably shor ter due 
to the l a rge r time in terval . In one tes t problem, for example, this feature 
resul ted in an increase in time interval from 0.001 sec to 0.004, with a 
result ing decrease in running time by near ly a factor of four. 

Additional features of ARGUS include the following: 

(l ) Provis ion for up to twenty-five concentric reg ions . 

(Z) Any region may be ei ther "solid" with space - and t i m e -
dependent heat generation, or "coolant" either static or flowing. 

(3) Solid mater ia l p roper t ies a r e approximated as constants 
over input tenaperature ranges , with provision for phase changes. 

(4) Coolant proper t ies a re approximated by second-order 
polynomials in t empera tu re . 

(5) Heat t ransfer from surfaces by conduction, convection, 
radiation, and by boiling is provided. 

(6) Coolant flow may be specified as a function of t ime . 

b . Calculation of Thermal S t r e s ses in Cylinders - One of the 
problems encountered in the use of ce ramic reac tor fuel is the tendency 
to crack under the rmal s t r e s s . Uranium dioxide, especial ly, has a com­
bination of unfavorable physical p rope r t i e s , including low ductility, a high 
coefficient of the rmal expansion of about 1 0 " Y ° C , a low ult imate strength 
of about 10,000-20,000 psi , and poor the rmal conductivity of about 
0.02 wat ts /cm°C at elevated t e m p e r a t u r e s . In order to study resu l t s of 
smal l - sca le TREAT testing in a thermal reac tor to re la te those resu l t s 
to possibly different s t r e s s conditions ar i s ing in testing of actual fast 
reac tor co re s , and to point out potential problem a r e a s for such l a r g e r -
scale test ing, calculations of therrnal s t r e s s e s resul t ing from t rans ient 
t empera ture distr ibutions a re neces sa ry . 

A For t r an code 1 5 6 O / R E was writ ten for the IBM-704 to ca lcu­
late thermal s t r e s s e s in a right c i rcu lar cylinder with constant values of 
elastic modulus and the rmal expansion, for an a r b i t r a r y radia l t empera tu re 
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distr ibution. Pr in t -out includes radia l , polar and axial s t r e s s e s and radial 
displacements at the given radia l node points, as well as the stored mechani ­
cal energy per unit length (calculated on the basis that the s tored energy per 
unit volume is one-half the product of s t r e s s and s t ra in) . The equations used 
a r e valid except near the ends of the cylinder, i .e . , within about one diameter 
from each end. This condition is not met proper ly for typical p ressed and 
s intered pellets with length- to-diameter rat ios £ 2 . However it is s a t i s ­
factory for longer extruded oxide cyl inders , and can give qualitative indica­
tion of conditions near the radia l mid-plane of short pe l le ts . 
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