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F O R E W O R D 

The R e a c t o r D e v e l o p m e n t P r o g r a m P r o g r e s s R e p o r t , i s s u e d 
m o n t h l y , i s i n t ended to be a m e a n s of r e p o r t i n g t h o s e i t e m s 
of s ign i f i can t t e c h n i c a l p r o g r e s s which have o c c u r r e d in 
both the spec i f i c r e a c t o r p r o j e c t s and the g e n e r a l e n g i n e e r ­
ing r e s e a r c h and d e v e l o p m e n t p r o g r a m s . The r e p o r t i s o r ­
g a n i z e d in a way which , it i s hoped , g ives the c l e a r e s t , m o s t 
l og i ca l o v e r - a l l v iew of p r o g r e s s . The budge t c l a s s i f i c a t i o n 
i s fo l lowed only in b r o a d ou t l i ne , and no a t t e m p t i s m a d e to 
r e p o r t s e p a r a t e l y on e a c h s u b - a c t i v i t y n u m b e r . F u r t h e r , 
s i n c e the in t en t i s to r e p o r t only i t e m s of s ign i f i can t p r o ­
g r e s s , not a l l a c t i v i t i e s a r e r e p o r t e d e a c h m o n t h . In o r d e r 
to i s s u e t h i s r e p o r t a s soon a s p o s s i b l e a f t e r the end of t h e 
m o n t h e d i t o r i a l w o r k m u s t n e c e s s a r i l y be l i m i t e d . A l s o , 
s i n c e t h i s i s a n i n f o r m a l p r o g r e s s r e p o r t , the r e s u l t s and 
d a t a p r e s e n t e d should be u n d e r s t o o d to be p r e l i m i n a r y and 
sub jec t to change u n l e s s o t h e r w i s e s t a t e d . 

The i s s u a n c e of t h e s e r e p o r t s i s not i n t ended to c o n s t i t u t e 
p u b l i c a t i o n in any s e n s e of the w o r d . F i n a l r e s u l t s e i t h e r 
wi l l be s u b m i t t e d for p u b l i c a t i o n in r e g u l a r p r o f e s s i o n a l 
j o u r n a l s o r wi l l be p u b l i s h e d in the f o r m of A N L t o p i c a l 
r e p o r t s . 
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Reactor Development Prograin 
Highlights ol Project Activities for 

February, 1965 

EBR-II 

During the month of February, EBR-II was reloaded with addi­
tional fuel in preparation for resumption of power operation. Also, six 
subassemblies that had been in the reactor for a maximum o£ about 
0.25 a/o bttrnup, were removed lor disassembly and inspection in the 
Fuel Cycle Facility. 

A pinhole leak (from water to air) was discovered in ei/aporator 702 
and repairs were begun. It is expected that repair can be completed in 
early March. 

FARET 

An updated cost estimate prepared in February indicated only a 
slight increase, but still within the authorized limit. 

The A-E Title II design of the plant is about 90% complete. 

The cell design has been modified somewhat to incorporate a 
system which will make it possible to have ready manual access to the 
control rod drives and reactor vessel cover. 

ZPPR 

The Title I report on the ZPPR facility was issued on Febru­
ary 16, 1965, by the Architect-Engineer, Mason and Hanger, Silas Mason 
Co., Inc. Title II work was also started in February. 

The bid package for the reactor bed and tables was sent to pro­
spective bidders. 

AARR 

Authorization was received during February from the AEC to 
negotiate a contract with the architect engineering firm of Burns and Roe, 
Inc., New York. 

Plutonium Recycle Program (EBWR) 

Nondestructive examination of the primary equipment, piping, aux­
iliary equipment and vessel cladding of EBWR has been completed. This 
examination has indicated defects of various kinds in a large number of 
welds, none of which were radiographed originally. These welds will be re­
placed, along with some piping. The work will probably not be completed 
in less than about 3 months. Some cracking of the vessel cladding has been 
observed, but it is aot considered to be a safety problenn. 
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L LIQUID-METAL-COOLED REACTORS 

A. EBR-II 

1. Operat ions 

Fuel was reloaded into the reac to r in prepara t ion for the resumption 
of operat ion. Six subasseinbl ies (one inner blanket, one special core- type 
surve i l lance , one control rod, two 6th-row core , and one outer blanket) that 
had been in the r eac to r for a max imum of approximately 0.25 a /o burnup 
were t r a n s f e r r e d from reac to r grid posit ions to the s torage basket , and then 
to the Fuel Cycle Faci l i ty for d i sa s sembly and examination (see Section L A. 
6. d. below). Also, the six dummy subassembl ies which had been instal led to 
pe rmi t r emova l of control rod thimble No. 8 were replaced with s tandard, 
core - type and inner blanket s u b a s s e m b l i e s . 

The t empera tu re of the bulk sodium in the p r i m a r y tank was inc reased 
gradually for th ree days to 700°F. This was done to pe rmi t rep lacement of a 
number of subassembly outlet thermocouples located in the r eac to r vesse l 
cover . 

With the p r i m a r y sys tem in operat ion, the cold t r ap was used to r e ­
duce the plugging t empe ra tu r e from 320 to 250°F. The cold t r ap was then 
secured, but flow was maintained through the bypass . During the f irs t half 
of the month, the hydrogen content of the p r i m a r y cover gas inc reased from 
1900 ppm to about 16,000 ppm. This i n c r e a s e was at t r ibuted to the inevi ­
table admiss ion of mo i s tu re and a i r to the p r i m a r y tank during the removal 
of the osc i l la tor rod and thimble , and during other work involving movement 
of tools and coinponents through the p r i m a r y tank cover . The hydrogen con­
tent has been slowly reduced during the l a t t e r par t of the month. 

The secondary r ec i r cu la t ion sys tem was placed in operat ion with 
bypass of the cold t r ap to run sonae special e l ec t r i ca l t e s t s with the e l ec t ro -
inagnetic pumps . During this per iod, the plugging t e m p e r a t u r e of the sodiuin 
in the s torage tank was 280°F. Following the t e s t s , the sys tem was allowed 
to f reeze . Data a r e being analyzed, but it is apparent that the pumps have 
quite different e lec t r i ca l c h a r a c t e r i s t i c s . The composit ion of the secondary 
cover gas reinained s table , containing about 10 ppm of hydrogen and about 
6000 ppm of n i t rogen. The sys tem was purged and filled with f resh a rgon to 
reduce the n i t rogen content. 

During a s i te-wide power fa i lure , the 400-kWdiese l genera tor s ta r ted , 
loaded normal ly , and then stopped. This fai lure of the d iese l was accom­
panied by a loss of annunciation in the control room, for the c o n s t a n t - p r o c e s s -
power MG set was not ca r ry ing the p r o c e s s ins t rument load at the t ime of 
fa i lure . This combination of c i r c u m s t a n c e s prevented accura t e de t e rm i na ­
tion of the cause of the d iese l fa i lure . However, subsequent invest igat ion 



showed that the d iese l stopped because of lack of lubr ica t ion oil p r e s s u r e . 
Two steps have been taken to reduce the possibil i ty of r e c u r r e n c e . F i r s t , 
the oil t e m p e r a t u r e in the c rankcase is being maintained at 100°F or higher; 
second, the t ime-de lay re lay which bypasses the o i l - p r e s s u r e switch during 
s tar tup has been set for longer delay t ime . 

Investigation also revea led that the diesel cannot be r e s t a r t e d after 
a failure of this kind until the d iese l -con t ro l switch in the control room has 
been placed in "off" moinentar i ly and back to "standby." Lack of this infor­
mation prevented manual r e s t a r t i ng of the diesel during the power outage. 
This information will be incorpora ted in the operat ing ins t ruc t ions . 

F requen t t e s t s of the emergency power sys tem a r e being conducted 
to verify the rel iabi l i ty of the d iese l g e n e r a t o r s . A poss ible change in the 
location of the d iese l -con t ro l switch from the control room to the auxi l iary 
boi ler room (near the diesel engine) is being studied. 

2. Exannination of Fai led Osci l la tor Rod and Thimble 

The osc i l la tor rod and thimble and control rod thimble No. 8 were 
examined in a shielded cel l . After d i sassembly , no debr i s was found except 
smal l ball bear ings from the lower guide bushing of the osc i l l a tor d r ive . 
The osc i l la tor guide thimble and the control rod guide thimble had seized 
because t h r ee bal ls j ammed above the upper piston of the osc i l l a tor rod 
guide th imble . The scoring m a r k s were compara t ive ly light. Four bal ls 
were found above the lower piston, but this sect ion had not se ized. One ball 
was found in the spring plunger cavity. 

The osc i l l a tor rod was j a m m e d by 19 bal ls in the lower port ion of the 
guide s leeve . Very heavy scor ing was observed in two of the th ree lower 
guides on the osc i l l a tor rod and in the corresponding guide slots of the guide 
tube. Sonne fair ly heavy scoring m a r k s were a lso observed on the osc i l la tor 
rod and lower guide tube above the lower osc i l la tor rod guide. A total of 
27 bal ls were found during d i s a s s e mb ly . 

The d i sa s sembly p rocedure and findings were as follows: One slitt ing 
cut in the lower adapter of the control rod was made on a mil l ing machine . 
All other cuts were made with a portable ab ras ive cutting saw. All pa r t s 
were subjected to close visual inspect ion and photographed with the var iab le 
power hot -ce l l pe r i scope . 

(i) A c i rcumferen t ia l cut was made in the hexagonal tube of the 
controd rod thimble 39|- in. f rom the bot tom. The hex can of the control rod 
thimble was free and was separa ted from the osc i l la tor guide th imble . The 
lower adapter of the control rod thimble remained in the osc i l l a tor rod guide 
th imble . 



(ii) A c i r c u m f e r e n t i a l cu t w a s inade at the in le t p a r t of the l ower 
a d a p t e r of the c o n t r o l rod t h i m b l e . The b o t t o m end of the c o n t r o l rod t h i m ­
b le w a s f r e e and w a s pu l led off t he o s c i l l a t o r guide t h i m b l e b o t t o m end . 
F o u r b a l l s fell out . One w a s d e f o r m e d . 

(iiij The o s c i l l a t o r guide tube w a s cut t r a n s v e r s e l y j u s t above the 
1 /2 - in . key b a r at the b o t t o m of t h e guide tube s e c t i o n . E a c h p i e c e w a s 
s u s p e n d e d , but no b a l l s c a m e out . 

(iv) The lower p a r t of the o s c i l l a t o r rod guide th i inb le and the 
c o n t r o l rod t h i m b l e l o w e r a d a p t e r s t i l l s e i z e d to it w e r e p l aced in the m i l l . 
The c o n t r o l r o d t h i m b l e l o w e r a d a p t e r w a s s l i t long i tud ina l ly and pul led f r ee 
of the o s c i l l a t o r rod u p p e r p i s t o n . T h r e e b a l l s w e r e found. S c o r e m a r k s on 
the p i s t on w e r e l igh t . 

(v) The l o w e r p i s t o n w a s cut off the o s c i l l a t o r guide t h i m b l e . The 
s p r i n g and p l u n g e r c a m e out . One ba l l w a s found in th i s c a v i t y . 

(vi) The o s c i l l a t o r r o d gu ide tube w a s cut t r a n s v e r s e l y 17 in . f r o m 
the top . The top s e c t i o n of the t ube pul led f r e e . No b a l l s c a m e out . 

(vii) The o s c i l l a t o r t h i m b l e was cut t r a n s v e r s e l y 36 in . f r om the top 
of the o s c i l l a t o r rod , j u s t be low the b o t t o m of the o s c i l l a t o r rod . 

(viii) The r e m a i n i n g guide tube s e c t i o n was s l i t long i tud ina l ly on one 
s ide ; it did not c o m e f r e e . It was t hen s l i t on the oppos i t e s ide opening it 
into two h a l v e s . The o s c i l l a t o r r o d has deep gouges in two of the t h r e e lower 
g u i d e s . Some s h o r t , p a r a l l e l s c o r e m a r k s w e r e found on the r o d above the 
g u i d e s . The c o r r e s p o n d i n g guide s l o t s in the tube a l s o showed hea\'\,' s c o r e 
m a r k s wi th e x t r u d e d m e t a l at one end (poss ib ly an i m b e d d e d b a l l ) . T h e r e 
w e r e s h o r t long i tud ina l s c o r e m a r k s in the w e a r s l eeve above the h e a v i e s t 
g o u g e s . N i n e t e e n b a l l s w e r e found in t h i s r eg ion . One was heav i ly d e f o r m e d 

3. Check of C o n t r o l and Safety Rods 

The safe ty rods w e r e c h e c k e d for p o s s i b l e binding by c o u n t e r w e i g h t i n g 
the weight of the d r i v e and s lowly l if t ing the r o d s to the fue l -hand l ing e l e v a ­
t ion . E a c h r o d w a s then r e m o v e d by m e a n s of g r i ppe r . A s p e c i a l tool w a s 
l o w e r e d into e a c h t h i m b l e to d e t e r m i n e if any d e b r i s could be found on the 
s h o u l d e r a r e a l o c a t e d at the top of the g u i d e - t u b e pos i t ion of the safe ty rod 
t h i m b l e . The tool con ta ined a flat a l u m i n u m d i sc and a p lunger a r r a n g e m e n t 
which w a s d e s i g n e d to d i s l o d g e any d e b r i s p r e s e n t on the s h o u l d e r . The 
a l u m i n u m d i s c w a s then b r o u g h t in c o n t a c t with the s h o u l d e r ; it w a s a s s u m e d 
tha t any d e b r i s p r e s e n t on the s h o u l d e r would m a r k the con tac t ing a l u m i n u m 
s u r f a c e . No e v i d e n c e of d e b r i s w a s found. After the safety rods w e r e r e i n ­
s t a l l ed , the d r i v e w a s m a n u a l l y l o w e r e d and r a i s e d t w i c e . No binding of the rods 
in the t h i m b l e s w a s o b s e r v e d . The c o u n t e r w e i g h t s and m a n u a l d r i \ e w e r e then 
r e m o v e d . 



The safety drive sys tem was then e lect r ica l ly checked. The rods 
were dr iven up and down e lec t r ica l ly . Then, with the rods up, a s imulated 
period t r ip s c r a m m e d the safety rods . The sys tem operated normal ly . 

Poss ib le binding of the eleven control rods in the r eac to r grid was 
checked by ra is ing each rod manually 51 in. All were ra i sed and lowered 
easily without indication of any binding. Control rod dr ives Nos. 7, 8, and 9 
were insta l led. Check of control rod dr ive gr ippers and sensing rod func­
tions for all twelve rods was then completed. 

Drop t imes of the control and safety rods were obtained, both for 
the "flow" and "no-flow" condit ions. The following table gives sat isfactory 
resu l t s of the tes t : 

Control Drop Tiine Drop Time 
Rod No. (without flow, msec) (with flow, misec) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

Safety rods 

225 
210 
230 
220 
215 
220 
220 
230 
225 
225 
230 
258 

998, 1000, 835, 950 

240, 250 
240, 242 
250, 257 
250, 246 
240, 240 
235, 250 
240, 240 
240, 250 
250, 250 
250, 245 
250, 250 
295, 285 
700, 680 

4. Inspection and Repair of Evaporator 702 

In prepara t ion for hydrosta t ic test ing of the EBR-II steain generator 
after instal lat ion of the new check valve in the feedwater line had been com­
pleted, ch roma te - t r ea t ed water (approximately 1400 ppm Cr04, pH about 9) 
was drained from the s team genera to r . This water had been in the eyapo-
r a to r s and superhea te r s for wet layup since November 21, 1964, while the 
s team drum was empty for inspection and for instal lat ion of the new check 
valve in the feedwater l ine . After draining, the entire s team generator was 
filled with deminera l ized feedwater and drained again for rennoval of most 
of the res idual chromate . Water drained from steam genera tor contained 
210 ppm Cr04. It was then filled with demineral ized feedwater containing 
approximately 2000 ppin of morpholine (pH around 10). 

Before hydrostat ic tes t ing, water was found in the a i r space between 
the water and sodium tube sheets of evaporator 702, indicating that a leak in 



the tube sheet or tubes exis ted. Testing with a hydrostat ic p r e s s u r e of 
2250 psig confirmed the leak but did not r e su l t in a d ras t ic inc rease in 
leak r a t e . 

The s team genera tor was drained to permi t repa i r of evaporator 702. 
Following draining, evacuation was s ta r ted by means of the air e jec tors , as 
a means of drying the s team genera tor su r faces . After two days, the r i s e r 
pipe was cut and rigged away from the top of the evapora tor . Water was 
standing on the tube sheet to the level of the tube tops, about 3/8 in. above 
the tube sheet surface . There was a l a rge accumulation of mill scale on 
the tube sheet . It consisted of smal l thin pieces which apparent ly had 
flaked off pipe walls and, possibly, in terna l surfaces of the s team drum. 
At the rec i rcu la t ion ra te of boi ler water through the evapora to rs , t he re 
apparent ly is not sufficient velocity and turbulence to suspend these pieces 
and c a r r y them out of the evapora tor . This mill scale might have been on 
the tube sheet s ince chemical cleaning of the s team genera tor in August, 1962 
(having escaped dissolution by the cleaning reagent) . It might a lso have 
accumulated during se rv ice , being t r anspor t ed into the s team genera tor with 
feedwater from piping which was not cheinical ly cleaned, or migra t ing from 
the s team d r u m . 

A pinhole leak in a tube- to- tube sheet weld was located by soap 
bubble tes t ing of the tube sheet a r e a and confirmed by dye-penet ran t t e s t . 
The leak was welded shut. Helium leak test ing of the evaporator was in 
p r o g r e s s . 

Examinat ion of eight tubes in evapora tor 702 with a borescope showed 
them to be covered uniformly with a thin, loosely adherent film of black 
magnet ic oxide. The upper por t ions of some tubes also contained whitish, 
wa te r - so lub le " s ta ins" which looked like deposi ts of boi ler water sol ids . 

Six tubes Avere inspected to a depth of about 10^ ft f rom the tube 
top, the nnaximum depth at tainable with the borescope used. Two other 
tubes were inspected to a depth of about Z^ ft. 

There appear to be numerous shallow "pi ts" in all of the tubes 
inspected . Although it was very difficult to es t imate pit depth from the 
borescope image , the maximum depth was es t imated to be l e s s t h a n l O m i l s 
and, for the major i ty of the pi ts , l e s s than 1 mi l . In many c a s e s , the "pit" 
appeared to be a b reak or discontinuity in the adherent oxide film on the 
tube su r face . The l a rges t pit observed appeared to be about 1/8 in. in 
"effective" d i a m e t e r (being i r r e g u l a r but roughly c i r c u l a r ) . 

Many longitudinal surface i r r e g u l a r i t i e s were observed a l so . 
These may have resu l ted from the tube-forming opera t ions . 

More pits were observed in the f i r s t 3 ft of the tubes than fa r ther down. 
This m a y b e re la ted in some way to tube wall t e m p e r a t u r e s and s team bubble 
forinat ion. 



5. Maintenance and Modification 

The guide tube in the auxi l iary plug hole on the smal l rotat ing plug 
was removed, and the modified auxi l iary gr ipper plug was instal led in i ts 
p lace. This plug is now supported on spr ings which will be equipped with 
l imit switches to detect binding between the lower end of the plug and the 
r eac to r vesse l cover . The r eac to r vesse l cover dr ive was re ins ta l led 
after the control rod dr ives were in p lace . Cover -dr ive s c r ew- synchronizat ion 
devices were modified, re located, and instal led at the bottom ends of the 
lifting s c r e w s . 

Thir teen outlet thermocouples in the reac tor vesse l cover had been 
shorted by sodium leakage. Twelve were replaced with s ta in less s t ee l -c lad 
the rmocoup les . One cannot be instal led because of difficulties encountered 
in inse r t ion . 

Modification of the secondary sodium pump control was completed 
and checked. The sys tem is complete ly operab le . F u r t h e r changes to make 
it fa i l -safe a r e being studied. 

The secondary sodium plugging loop was rewired with heating cable, 
and the loop has been r e s to red to s e r v i c e . 

The e l ec t r i ca l work for the secondary sodium flow differential p r e s ­
su re cell modification is essen t ia l ly comple te . Heating of the cell and 
assoc ia ted piping will be control led from a t e m p o r a r y control panel located 
on the main floor of the boi ler wing. 

During t e s t s , it was noted that one coolant passage of the No. 2 
secondary rec i rcu la t ing pump was a lmos t completely plugged. The passage 
is being cleaned. 

An exper imenta l differential p r e s s u r e (dp) cell v/as ins ta l led in 
para l le l with the existing dp cell on the main secondary sodium f lowmeter . 
Valves were also instal led to p e r m i t zeroing these cel ls while the sys tem 
is in opera t ion . 

An a l a r m switch and a l imi t switch for the new manual vent valve 
were ins ta l led in the emergency a i r lock . The a i r lock a l a r m sys tem was 
modified to include these i t e m s . 

A check valve was ins ta l led in the s t e a m - g e n e r a t o r feedwater line 
in the Sodium Boi ler Building, The welds were inspected radiographica l ly 
and hydros ta t ica l ly tes ted at 2250 ps ig . The instal la t ion is ready for se rv ice 

New t r i m for the feedwater control valve, intended to improve control 
significantly at low plant loads , a r r i v e d , was r e a s s e m b l e d , and is ready for 
s e r v i c e . It is hoped that finer control of feedwater with the m o t o r - d r i v e n pump 
in se rv ice will r e su l t from this modificat ion. 



6. Fuel Cycle Faci l i ty 

a. Argon and Air Cells 

(i) Cell A tmosphe re . Since the las t entry into the Argon Cell, 
approximate ly one year of highly sat isfactory operat ion in the iner t a t m o s ­
phere has been exper ienced . At differential p r e s s u r e s of 2-3 in. of water 
below a tmospher i c , inleakage of a i r has typically been held to 0.2-0.3 cu f t /hr , 
and the puri ty of the a tomosphere has been maintained in the ranges of 
30-60 ppm oxygen, 25-50 ppm water vapor, and about 5% ni t rogen. The 
typical consumption of a rgon gas, including that requi red for purging of 
t r an s f e r locks, has been about 3500 cu ft/wk. 

(ii) Shutter Drive Units . Window-shutter dr ive units continue to 
cause difficulty by failing to open or close the shu t t e r s . It appears that the 
sliding shoe at the base of the shutter tends to gouge the nnetal wall s t r i p and 
the dr ive torque r e q u i r e m e n t becomes excess ive . It is proposed to ins ta l l 
ba l l -bea r ing r o l l e r s to reduce this p rob lem. 

(iii) Cor rec t ion of Manipulator Fa i l u r e . The fai lure of the 
EBR-II Argon Cell manipula tor No. 4, mentioned in the previous monthly 
repor t (see P r o g r e s s Repor t for January 1965, ANL-7003, p. 28), was a 
resu l t of a shor t in the 64-pin connector on the top end of the manipula tor 
feed cable . Examinat ion of the connector showed that a port ion of the insu­
lating m a t e r i a l was seve re ly carbonized, p resumably as a r e su l t of a rc ing 
between adjacent conductor p ins . This a rc ing is a t t r ibuted to the poor 
d ie l ec t r i c s t rength of a rgon . A s imi l a r failure^ occu r r ed about a year ago 
on an ident ical connector for Argon Cell manipula tor No, 2. 

The i n s e r t in th is connector has a National E lec t r ic Code 
(NEC) rat ing of 250 V ac or dc . The maximum voltage of any single c i rcu i t 
for the manipula tor i s 140 V dc, with higher voltages occur r ing as a r esu l t 
of switching t r a n s i e n t s . The nominal conductor spacing in the inse r t is 
1/16 in., and this spacing is apparent ly not adequate for application in an 
a rgon a t m o s p h e r e . 

To e l iminate the connector fa i lures , the connector i n s e r t s 
will be changed on all s ix manipula tor cables for the Argon Cell . The new 
i n s e r t s will have a conductor spacing of l / 8 in. and a NEC rat ing of 600 V. 
The r ev i sed connec tors will have only 22-pin conductors . The 54 w i r e s in 
the cable ( there a r e t h r ee or m o r e w i re s for each of 17 c i rcu i t sides) will 
be consol idated into 18 conductors and the 18 conductors will be so ldered to 
the new connector . The i n c r e a s e d conductor spacing in the new i n s e r t s 
should prevent a rc ing . 

Chemical Engineer ing Division Semiannual Report , J anua ry - June , 1964, 
ANL-6900, p. 109. 



decanned e lements will be passed through the p in -p rocess ing station 
for rede te rmina t ion of d iamete r , length, and weight. 

e. P r epa ra t i on of Additional Unir radia ted Fuel Elements 

(i) Melt Refining. Three additional 9- to-12-kg ingots of fuel 
alloy were cas t from sc r ap fully enr iched u ran ium plate, m a t e r i a l of 1.44% 
enrichment , and f iss ium e lemen t s . Pouring yields ranged from 89.0 to 
90.3%, the low yield being at t r ibuted to the highly oxidized condition of the 
fully enr iched s c r a p . Two skull oxidations were also completed. 

(ii) Injection Cast ing. Four injection casting runs were c a r r i e d 
out with 11.2- to-11.7-kg uni r rad ia ted alloy c h a r g e s . In th ree runs , the av­
erage weight cas t per mold ranged from 65 to 84 g (compared with a nominal 
weight of 68 g per 12.4-in. cast ing) . The low yield of 65 g /cas t ing probably 
resul ted from a heavy d r o s s layer accompanying the ingot, which had been 
p repared from highly oxidized s c r a p . Examinat ion of the nnold pallet indi­
cated that the d r o s s had resu l ted in meta l s ta rva t ion to c l u s t e r s of five and 
six molds . 

(iii) Pin P r o c e s s i n g . Cast ings from the f i rs t in ject ion-cas t ing 
run descr ibed above were passed through the p in -p rocess ing machine for 
demolding and m e a s u r e m e n t . Of 94 pins p roces sed , 69 were accepted. The 
principal cause for re ject ion was poros i ty as detected with the eddy c u r r e n t 
device. A recen t improvement in th is sys t em has resu l ted insignif icant ly 
increased sensi t ivi ty and s imple r in te rpre ta t ion . In the original design, 
only the coi l - impedance change was r ecorded , and surface and in te rna l 
defects could not be differentiated. By providing for s imul taneous r e c o r d ­
ing of phase angle, which differs for surface and in terna l defects , differ­
entiation is readi ly made by compar ing the two t r a c e s . 

(iv) Assembly and Welding. Thir ty- two un i r rad ia ted e lements 
were a s sembled and welded, and a r e awaiting leak detect ion. Alignment 
p rob lems resul t ing in high leak tes t re jec t ion r a t e s with the magazine- fed 
element welder have prompted the design and const ruct ion of a man ipu la to r -
fed s ing le-e lement we lder . Tes t s of th is unit a r e now being inade. Pin 
alignment and posit ioning, as well as e lec t rode gapping and rep lacement , 
appear to be much s imple r with the s ingle-uni t device . 

B. FARET 

1. General 

P r o g r e s s on the va r ious design packages of Title II beyond that r e ­
ported previous ly (see P r o g r e s s Repor t for January 1965, ANL-7003, 
pp. 32-33) is as follows: 



Package III - Liquid Metal Heat Exchangers - Signed drawings and 
specifications have been rece ived from the Arch i t ec t -Eng ineer . These a r e 
being reviewed for final detail checking pr ior to s ignature by ANL and the 
AEC, and r e tu rn to the Arch i t ec t -Eng inee r for reproduction and dis t r ibut ion. 

Package IV - Liquid Metal Pumps - Signed drawings and specifications 
for this package have been issued to the Labora to ry for s ignature by ANL and 
the AEC. 

Package V - Control and Instruinentat ion - This package is being 
reviewed by the Labora to ry . A significant number of comments have been 
re turned to the Arch i t ec t -Eng inee r . Review on a h igh-pr ior i ty bas i s 
continues. 

Package VI - Special Piping Mater ia l s and Valves - This package is 
in the same ca tegory as Package IV - Liquid Metal Pumps . 

Package VII - Special Ear ly P r o c u r e m e n t I tems - This package i s in 
the same category as Package IV - Liquid Metal Pumps . 

Package IX - Genera l Design - This package contains the bulk of the 
Arch i t ec t -Eng ineer Title II design work . Review is continuing on ina te r ia l 
which has been submit ted recent ly . The ent i re package is scheduled for 
final i s sue at the end of March, and the m a t e r i a l still not on hand is re la ted 
p r i m a r i l y to the liquid meta l sy s t ems , the cell , and the argon cooling sys t em. 
This package is being reviewed on a h igh-pr io r i ty b a s i s . 

Based on a review of the Title II design as of the initial i ssue of 
design Package IX, the following significant changes to the Title II design 
have been made : 

(a) The b lowers for the argon cooling sys tem a r e being re loca ted so 
that they will be in the vault . 

(b) Concrete for the cell wall has been changed from magnet i te to 
o rd inary concre te . 

(c) C r i t e r i a for the cavity seal design have been rev ised to allow 
use of a dust b a r r i e r ins tead of a total seal between the cavity and the vault . 

(d) All hot t r a p s and one p r i m a r y sys tem cold t rap , together with 
one plugging m e t e r and assoc ia ted equipment , have been defer red for future 
ins ta l la t ion. 

(e) Considerable s implif icat ion in the plant-control sys tem, including 
deletion of the six automat ic control modes , has been effected. 



(f) One of the two argon-puri f icat ion units has been deleted. 

(g) Considerable simplification in the a r range inen t and control of 
the pipe e lec t r ica l heating sys tem has been effected. 

(h) Fu r the r design simplification has been d i rec ted throughout the 
plant in connection with genera l s e r v i c e s and ut i l i t ies re la ted to such things 
as outside lighting, fences, heating and ventilating equipment, and equipment 
a s s i s t a n c e . 

The remaining ANL reviews of Bechte l ' s Title II design drawings 
and specifications a r e not expected to produce many additional significant 
design changes of th is type . They should r a the r be genera l ly confined to 
checking for follow-up deta i ls n e c e s s a r y for approvals to r e l ea se drawings 
and specif icat ions. 

2. Cell Modification 

Since it is thought essen t ia l that control d r ives be access ib le for 
inspect ion and adjustment "in p lace" and preferably without the necess i ty 
for personnel to wear a i r packs in an argon a tmosphe re , a thorough review 
of the in-ce l l r equ i r emen t s was made . There a r e a lso cer ta in difficulties 
to operat ing the d r ives in the cell such as the routing of control cables 
n e c e s s a r y for the d r i ve s ; this would be difficult to accornplish, and cable 
connections would be difficult to nnake and b reak within the cel l . F u r t h e r , 
the operat ion of the control dr ive would r equ i re development of e l ec t r i ca l 
components for sa t i s fac tory operat ion in argon a t m o s p h e r e . 

Efforts have been made to i so la te the control d r ives by means of 
var ious enc losures , so that a c c e s s would be possible while maintaining an 
argon a tmosphere in the cel l . The difficulty with these schemes is the lack 
of a solution for the movement of the enc losures within the cell , so that the 
r e a c t o r head and the control d r ives could be lifted frequently for the i n s t a l ­
lation and removal of fuel s u b a s s e m b l i e s . 

A sys tem has now been designed which will p e r m i t the control 
d r ives and the r e a c t o r ve s se l cover to be in an air a tmosphe re with 
manual a cces s for minor adjustment . The use of this sys tem has e l iminated 
the cable-connect ion prob lem and also p e r m i t s con t ro l -d r ive r ep lacement 
without having to enter the argon cel l . This is accomiplished by means of 
an imperv ious fabric bel lows, together with an upper cell s t ruc tu re (see 
F igure 1). The upper cell would normal ly contain a i r , while the main cell 
contains argon. Removal and r epa i r of control d r ives raay be made while 
the r e a c t o r cover is in the upper posit ion. The in -ce l l equipment can then 
be operated in a normal manner while the cover is in the upper posit ion to 
pe rmi t a cces s of fuel-handling equipment to the core for refueling. 
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Figure 1. Cell Modification for Control Rod Drives 



A manufacturer has been located who has the essent ia l exper ience 
for fabrication of the bel lows. Sample m a t e r i a l s have been received, and 
a sample bellows section has been fabr icated. A tes t setup is in p repara t ion 
to m e a s u r e permeabi l i ty of mois tu re and gases through the fabr ic . Mate r ia l s 
of in te res t a r e neoprene, rubber , and hypalon. Another tes t appara tus is 
being designed for the test ing of a full or sma l l e r scale section. 

The introduction of a rec tangular a i r cell on top of the heretofore 
rectangular FARET cell p laces additional r equ i remen t s on the FARET 
containment sys tem. The height of walls and s labs nnust be a lmost doubled. 
The existing wall th icknesses a r e not sufficient to absorb the increased 
moments and s t r e s s e s . In o rde r to avoid d ras t i c and expensive changes in 
the design at this late s tage, an approach of tying the base of the protruding 
air cell with a stiffening rec tangular box frame was devised. This box 
f rame, at approximate basel ine elevation of 140 ft, makes up for the conti­
nuity in the ceiling or iginal ly p resen t in the cell ; it provides a stiff base for 
the new a i r cell; it cuts by a lmost a factor of two the heights of the subject 
slabs and f r ames , thus resu l t ing in a s t r e s s reduction by a factor of a lmost 
four. Study is being made of the most effective way to provide this box 
f rame. A reinforced concre te section, a pos t - tens ioned beam section, a 
steel box section, and thei r respect ive combinations a r e being considered. 

3. Shielding Windows 

The hydraul ic p r e s s u r e tes t of a tes t slab (29 in, x 44 in. x 8|- in. 
thick, see P r o g r e s s Repor t for June 1964, ANL-6912, pp. 50-51) of g lass 
has been completed successful ly. Hydraulic p r e s s u r e s were attained up 
to 160 psi , corresponding to a maximum calculated bending s t r e s s of about 
900 psi . 

The maximum s t r e s s at the center of the glass slab, derived from 
s t ra in-gauge data, was in the range from 850 to 925 ps i . During the timie 
the tes t fixture was p r e s s u r i z e d , no liquid leak or l o s s of p r e s s u r e was 
noted. Also, an init ial leak tes t with compres sed air at 6 psig failed to 
indicate any detectable leakage over a 5-day per iod. A final leak tes t with 
helium gas to a p r e s s u r e of 6 psig (following the hydraul ic test) indicated 
an average leak r a t e of 0.03 scf /day over a 1 2 - - d a y per iod. 

The use of heavy g lass s labs of l a rge a r e a as a p r e s s u r e sealed 
m e m b r a n e appea r s to be p rac t i ca l when using machined steel surfaces and 
a g lass slab for gasket surfaces which a r e flat within 0.005 in. Gaskets of 
Koroseal 116, 1 in. wide x l /S in. thick, were found sa t i s fac tory . Since 
only s imple flat gasket sur faces were used for the high tes t p r e s s u r e of 
160 psi in the exper iment , no special ly machined grooves or channels a r e 
needed for the FARET application at 31 ps i . 



4. Reactor Vesse l 

The co re - suppor t s t ruc ture , which initially employed th ree supporting 
plates to subdivide the low- and h i g h - p r e s s u r e regions, has been redesigned 
to include two pla tes with dimensions s imi la r to those of the EBR-II . This 
change enables the use of s imi la r inlet flow adapters to the fuel subassem­
b l i e s . The l o w - p r e s s u r e region is sti l l maintained by means of a separate 
ell ipsoidal chamber below the lower support grid. This type of construction 
was found to reduce the complexity of the support grid and should resul t in 
a cost reduct ion. 

Another study has been made to include the graphite shielding nec ­
e s s a r y for neutron attenuation in the r eac to r vesse l to take advantage of 
cooling by the sodium. This a r r angemen t has necess i ta ted the placement 
of the inlet coolant downcomers close to the outside of the reac tor vesse l to 
enable four rows of EBR-I I - s ized graphite cans to be instal led. The a r r a n g e ­
ment of the shielding inside the r e a c t o r vesse l and the downcomers is shown 
in F igure 2. 

The new a r r angemen t has made it n e c e s s a r y that the temper ing coils 
and the auxi l iary dis t r ibut ion header be placed in the bottom portion of the 
reac tor ve s se l . 

5. Core Design 

Because the f i r s t core for FARET will now be a core for fuel inves ­
t igations r a t h e r than a zoned core for Doppler-broadening invest igat ions, a 
new re fe rence core has been designed to consist of 61 fuel a s sembl ie s with 
a core height of approximately 20 in. The bas ic core volume is 93 l i t e r s . 
Various subassembly des igns , util izing oxide, carbide , or metal fuel, can 
contain mainly 37 and 61 fuel pins per subassembly . The bas ic p a r a m e t e r s 
for this re fe rence core and a compar i son with r eac to r c r i t e r i a from 
1000-MWe studies a r e shown in Table I. (See i tem I.C.I for a discussion 
of the FARET Core I c r i t ica l being performed on ZPR-III). 

With this r e fe rence core the FARET facility should be par t i cu la r ly 
adapted to tes t ing the per formance capabili ty of fuels as the initial phase of 
the FARET p r o g r a m . The core support grid has been provided with 
301 places for loading e l emen t s . Thus, the number of e lements that a re 
available in the ref lector zone should pe rmi t var ious i r rad ia t ion poss ib i l i t ies , 
in addition to those of the core , so that i r rad ia t ion of s t ruc tura l m a t e r i a l s 
involving var ia t ions of power and flow conditions may be incorporated, and 
also the ut i l izat ion of planned loops. With loops, i r radia t ion and safety ex­
pe r imen t s leading to the r e l ea se of fission products or the de l ibera te 
failure of the fuel may be contemplated. 
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Table I. Comparison of Selected Reaftor Data 

P a r a m e t e r 

F u e l 

P i n s p e r S u b a s s e m b l y 
A c t i v e H e i g h t , i n . 
F u e l C l a d O D , i n . 
C l a d T h i c k n e s s , m i l s 
P o w e r D e n s i t y ( a v g ) , k W / i 
P o w e r D e n s i t y ( m a x ) , k W / f 
L i n e a r P o w e r ( m a x ) , k W / f t 
L i n e a r P o w e r ( a v g ) , kW, ' f t 
Sodiui-n V e l o c i t y ( m a x ) , f t / s e c 
S o d i u m hJ, ° F 

A C 

O x i d e 

-
4 8 

0 . 3 0 

Z8 
Z80 
4 ^ 0 

13 .1 
8 .6 

- 2 0 
2 5 0 

1 0 0 0 -

G E 

O x i d e 

~ 
24 

0 . 2 5 

15 
J 6 5 
7<»0 

2 2 . 7 
1 0 . 4 

1 3 . 6 
300 

M W e S t u d i e s 

C E 

C a r b i d e 

-
30 

u . '.u 

U 
690 

1060 

4 3 . 7 

2 8 . 1 
2 5.4 

2 5 0 

W E 

C a r b i d e 

-
75 

0 . 3 0 
10 

310 
710 

2 9 . 1 
12 .0 
3 1 . 8 

220 

E B R - I I 

M e t a l 
91 

14 
0 . 1 7 4 
q 
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A n o t h e r b a s i c p lan h a s b e e n inc luded in the p r o c e s s i n g o r t r a n s f e r 
of c o r e s u b a s s e m b l i e s . The c o r e s u b a s s e m b l i e s a r e c u r r e n t l y be ing r e ­
d e s i g n e d so tha t the E B R - I I m e t h o d of handl ing fuel into the F u e l Cycle 
F a c i l i t y c a n be u t i l i z e d in the F A R E T p r o c e s s . The handl ing of i t e m s 
such a s s c r a p c o n t a i n e r s wil l u t i l i z e equ ipmen t i den t i ca l wi th tha t u sed in 
the E B R - I I f ac i l i ty . 

6. C o n t r o l D r i v e s 

The r e s e r v o i r of s o d i u m for the be l lows s ea l ( see P r o g r e s s R e p o r t 
for J a n u a r y 1965, A N L - 7 0 0 3 , pp . 34-37) r e a c h e d the o p e r a t i n g t e m p e r a t u r e 
of 1150°F. To da te the b e l l o w s s e a l h a s s u c c e s s f u l l y c o m p l e t e d 1200 c y c l e s 
E a c h cyc l e c o n s i s t s of mov ing the d r i v e shaft wi th the be l lows up and down 
t h r o u g h a 3 6 - i n . s t r o k e at a s p e e d of 10 i n . / m i n . 

7. Fue l A s s e m b l y Sodium Flow T e s t Loop 

The c a s t i n g for the 8 0 0 - g p m pump volute has b e e n m a d e by the 
E s c o F o u n d r y of P o r t l a n d , O r e g o n . F ive i n c l u s i o n s , now be ing r e p a i r e d , 
w e r e found upon r a d i o g r a p h y . ANL and B y r o n - J a c k s o n i n s p e c t o r s m u s t 
a p p r o v e and a c c e p t the c a s t i n g . The B - J schedu le c a l l s for c a s t i n g 
d e l i v e r y the l a s t of M a r c h , 1965. 

About 10% of field we ld ing of p r e f a b r i c a t e d pipe l eng ths h a s been 
c o m p l e t e d . V e s s e l l agg ing is p r o g r e s s i n g . P o w e r e l e c t r i c a l w o r k is 
n e a r l y c o m p l e t e d . 

The p r e l i m i n a r y t e s t of the B a l d w i n - L i m a - H a m i l t o n h igh-
t e m p e r a t u r e f u l l - b r i d g e gauges i s n e a r i n g cornple t ion of five gauges 
i n i t i a l l y a v a i l a b l e , two w e r e l o s t in handl ing ox^erations; the l e a d s b r o k e 
off one gauge , and the c e m e n t c r a c k e d in the o t h e r . The t h i r d gauge 
fa i led a t 450°F, l eav ing two g a u g e s in OXDCration at the p r e s e n t t i m e . One 
of t h e s e a p p e a r s to be only xsartially t e m p e r a t u r e - c o m p e n s a t e d . I taxapears 
t ha t h i g h - t e m p e r a t u r e s t r a i n m e a s u r e m e n t s wil l r e q u i r e f u r t h e r a t t en t ion . 



8. FARET Subassembly Cutoff Machine 

General design requ i rement s for the fuel subassembly cutoff systena 
have been completed (see Table II). Basical ly , the core subassembl ies will 
be cut and separa ted so that the exist ing EBR-II components and faci l i t ies 
can be uti l ized to handle the cutoff por t ions . Conceptual design of the machine 
and i ts instal la t ion is near ing completion. This includes drawings covering 
the design of tubing c u t t e r s , ins t rument lead cu t t e r s , e lec t r ica l and pneuinatic 
serv ice connections and provisions for remote d i sassembly . 

Table II. Subassembly Cutoff C r i t e r i a 

Machine Orientat ion 

Viewing 

Control 

Subassembly Types Handled 

Cutting Method 

Cutter Actuation 

Cooling 

Posit ioning 

Posit ion Indication 

Cutting Debr i s 

Vert ical 

Through cell window and m i r r o r s 

F r o m control station oustide cell 

Fuel , ins t rumented , ref lector , control , 
source , and control rod tubes 

Rol ler tube cut ter type (EBR-II type) 

Pneumat ic , using co inpressed argon 

Fo rced argon (lOOO W) 

E l e c t r i c - m o t o r - d r i v e n change hoist device 

Mechanically coupled dials inside cell 
viewed through window 

Picked up by suction and fil ter a s pa r t of 
cooling sys tem 

The machine has the capabili ty of cutting the hexagonal tubing of 
a subassembly at designated points, cutting a number of ins t rument l eads , 
and removing 1000 W of decay heat . Handling of s c r ap and rep lacement 
of cu t te r s will be accoinplished by an in tegra l ly mounted t r ans fe r a r m . 
All major subassembl i e s of the machine will be designed as plug-in units 
to pe rmi t removal from the cell by means of the in-ce l l c r a n e . It is 
planned to make r e p a i r s and adjustments outside of the cel l . 



C. G e n e r a l F a s t R e a c t o r P h y s i c s 

1. Z P R - I I I 

The Z P R - I I I A s s e m b l y 46 i s i n t e n d e d to p r o v i d e c r i t i c a l da ta usefu l 
in the d e s i g n of the f i r s t c o r e load ing of F A R E T . The r a d i a l and a x i a l r e ­
f l e c to r r e g i o n s in the a s s e m b l y a p p r o x i m a t e in c o m p o s i t i o n and g e o m e t r y 
t hose i n t ended for F A R E T . F i g u r e 3 and Tab le III p r o v i d e the d e t a i l s of 
t h e s e r e f l e c t o r s . 
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Axial Schematic of ZPR-III Assembly 46 

T a b l e I I I . C o i n p o s i t i o n s of R e f l e c t o r R e g i o n s 
of Z P R - I I I A s s e m b l y 4 6 

M a t e r i a l 

F e 
C r 
Ni 
Na 
Al 
Mn 
C 

Axia l 
R e f l e c t o r 

3.115 
0.779 
0.433 
0.323 

-
-
-

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

F ine 
R a d i a l 

Ref lec to 

4 .388 
1.097 
0.610 
0.081 
0.137 

-
-

g / c c , 

r 

in Reg ion 

C o a r s e 
Rad i a l 

Re f l ec to r 

6.873 
0.103 
0.057 

-
-

0.052 
0.013 

P l e n u m 

0.413 
0.103 
1.874 

-
0.620 

-
_ 



The f i r s t c o r e l o a d e d in to the a s s e m b l y , d e s i g n a t e d c o r e 46A, s i m ­
u l a t e s a c a r b i d e - f u e l e d s y s t e m wi th a c o m p o s i t i o n of 36 v / o fuel ( P u C - U C ) , 
38 v / o sod ium, and 18 v / o s t e e l . In the fuel, the a t o m r a t i o of u r a n i u m to 
p l u t o n i u m is 5 . 5 : 1 , w i th the uran iumi e n r i c h e d to 45 .7% in U^^^. Tab le IV 
g ives the c o r e c o m p o s i t i o n . T h i s fuel c o m p o s i t i o n w a s l o a d e d in to the 
Z P R - I I I d r a w e r s to a dep th of 12 in. (30.5 cm) in e a c h half, miaking the 
c o r e l eng th 24 in. (61 c m ) . The j u s t - c r i t i c a l loading for t h i s c o r e 46A 
w a s found to be 60.3 fuel d r a w e r s wi th a v o l u m e of 56.4 l i t e r s . T h i s va lue 
p r o v i d e s the a v e r a g e c o r e r a d i u s of 6.76 in. (17.15 cm) and c r i t i c a l fuel 
load ing of 36.7 kg p l u t o n i u m p l u s 91.0 kg U^^^. The v o l u m e ob ta ined i s 
s m a l l e r than d e s i r e d for p r o p e r c o r r e l a t i o n with F A R E T d e s i g n , and no 
f u r t h e r e x p e r i m e n t s w e r e done . 

Tab le IV. C o m p o s i t i o n s of C a r b i d e - s i m u l a t i o n 
C o r e s in A s s e m b l y 46 

C o r e 46A C o r e 46B 

/laterial 

P u ^ 

U235 

U238 

C 

S tee l ^ 

Na 

g / c c 

0.651 

1.614 

1.939 

0.222 

1.361 

0.323 

v / o 

3.5 

8.6 

10.2 

13.4 

17.4 

38.5 

g / c c 

0.651 

1.318 

2.245 

0.222 

1.361 

0.323 

v / o 

3.5 

7.0 

11.8 

13.4 

17.4 

38.5 

^ I so top i c c o m p o s i t i o n 95.03 w / o Pu^^'', 4 .56 w / o 
p^24o+z42^ and 0.42 w / o Pu^^^. 

Type 304, non i ina l ly 72 w / o F e , 18 w / o Cr , and 
10 w / o N. 

The s e c o n d c o r e c o m p o s i t i o n loaded , d e s i g n a t e d 46B ( see Tab le IV) 
w a s ob ta ined by r e d u c i n g the u r a n i u m e n r i c h m e n t in the 46A c o r e des ign . 
The fuel ( equ iva len t to 36 v / o P u C - U C ) s t i l l con ta ined 5.5 a t o m s u r a n i u m 
p e r p l u t o n i u m a t o m , but the u r a n i u m e n r i c h m e n t w a s changed f r o m 45 7 to 
37 .3% U^^^. With the s a m e 12- in . c o r e length in e a c h Z P R - I I I half, the j u s t -
c r i t i c a l load ing for c o r e 4 6 B w a s found to be about 73 d r a w e r s , wi th a v o l ­
u m e of 68.3 l i t e r s . C o r r e s p o n d i n g l y , the a v e r a g e r a d i u s i s then 7.53 in, 
(19.1 c m ) , and the fuel load ing i s 44 .4 kg p lu ton ium p lus 90 0 kg U"̂ -*-. 

M e a s u r e m e n t s of s p e c t r a l i n d i c e s at the c e n t e r of c o r e 46B have 
been c a r r i e d out. Inc luded m the e x p e r i m e n t s w e r e the r e l a t i v e f i s s i o n 



r a t e s of V^^^, U^^^ 1]^^^, U^^^, Pu^^?, and Pn^^^. A l so , m e a s u r e m e n t s of the 
r a t i o of IJ^^^ c a p t u r e to U^^^ f i s s i o n w e r e m a d e . Con t ro l r o d c a l i b r a t i o n s 
and d e t e r m i n a t i o n s of fuel w o r t h a t the c o r e edge a r e in p r o g r e s s . 

2. Z P R - V I 

The s o d i u m - v o i d coef f ic ien t w a s m e a s u r e d in a s e c t o r r e p r e s e n t i n g 
o n e - e i g h t h of the to t a l c o r e in A s s e m b l y No. 3 of Z P R - V I . The m e a s u r e d 
r e a c t i v i t y change a f t e r voiding the s e c t o r w a s -2 .77 I l i /kg, in good a g r e e ­
m e n t w'ith the c a l c u l a t e d s o d i u m - v o i d coef f ic ien t for the t o t a l c o r e of 
-2 .86 I h - k g . 3 

Af ter t h i s m e a s u r e m e n t , the c o r e w a s modi f ied by i n t roduc ing a 
3 9 - c m - d i a d i lu te b l a n k e t zone in the c e n t e r of the ax ia l U^^^ r e f l e c t o r in 
bo th h a l v e s in o r d e r to d e t e r m i n e the inf luence of the r e f l e c t o r c o m p o s i ­
t ion on the s o d i u m - v o i d coeff ic ient and o the r r e a c t o r p a r a m e t e r s . The 
a t o m i c d e n s i t i e s in t h i s zone (in un i t s of 10^^ a t o m s / c c ) w e r e : U^^®, 1.232; 
U^^^, 0 .0025; s t a i n l e s s s t e e l , 1.475; c a r b o n , 1.29; sod ium, 0 .791 . The i n t r o 
duc t ion of the d i lu te r e f l e c t o r zone p r o d u c e d a r e a c t i v i t y i n c r e a s e of 
+ 13 ± 3 Ih. 

The r e a c t i v i t y change w a s c a l c u l a t e d to be +6l Ih if the e n t i r e ax ia l 
r e f l e c t o r c o m p o s i t i o n had b e e n changed to a d i lu te compos i t i on . T h i s c o r ­
r e s p o n d s to a r e d u c t i o n in c r i t i c a l i i i a s s f r o m 850 to 83 0 kg, u s ing the fuel 
w o r t h a t the r a d i a l edge . 

With the d i lu te b l a n k e t zone , the s o d i u m - v o i d coeff ic ient w a s m e a ­
s u r e d for s e v e r a l r e g i o n s on the c o r e a x i s , wi th d i f fe ren t ax ia l d i m e n s i o n s 
and a d i a m e t e r of 28 c m . The m e a s u r e m e n t s in the c o r e w e r e a l s o m a d e 
wi th a l l the s o d i u m r e m o v e d f r o m the d i lu te b l a n k e t behind the r e g i o n of 
m e a s u r e m e n t . The s o d i u m - v o i d coe f f i c i en t s b e c a m e m o r e nega t ive a s the 
b l anke t "was d i lu ted . The c a l c u l a t e d v a l u e s , which a r e g e n e r a l l y m o r e n e g ­
a t i ve t h a n the m e a s u r e d v a l u e s , i n d i c a t e d a s i m i l a r dependence on the 
b l a n k e t c o m p o s i t i o n ( s ee Table V). 

Table V. Sodium-void Coefficients for Different Blanl(et Compositions 

Measured Values ( I h / kg i Calcuiateo Values ( l i i / kg) 

Regions 

Inner^ 
Boundary 

0 
15.24 
0 

25,4 
25.4 

^Distance 

Outera 
Boundary 

7.02 
25.4 
25.4 

33.0 

55.8 

from midplane, 

Heavy 
U238 

Blanl<et 

-0.18 

-3.48 

in cm. 

Ligiit Blanlset 

Without 
With l̂ a Ha^ 

Core 

-0.3 
-6.38 
-3.57 

-4.54 
-2.90 

-0.6 
-6.82 
-3.92 

Blanl(et 

Estimateo 
Uncertalntv 

0.3 
0.2 
0.1 

0.2 
0.1 

Heavv 
U23S 

Blanket 

-1.6? 
(-6.3)C 
-4.03 

Light Blanket 

IVith ha 

-1.68 
-6.8 
4.37 

-5.44 

-2.9i 

Without 
Nab 

-1.99 
-7.66 
-4.98 

'For all measurements under th is heading the sodium m the blanket ivas removed perrionentK ,",ihile tlie sooium-ioio 
coefficient in the core vias measureo. 

•^These values were estimated from the results for tif.o smaller regions, extending from 15,24 to 20.32 en., and from 20.32 to 
25.4 cm. 

'.•\11 calculation? reported in ll;is section \<civ made with tlie one-diuieiisioucil diff.isiou code M.\IM-VI 
and cross-section set •2'2-l. 



T a b l e VI shows the r e s u l t s of a x i a l f i s s i o n t r a v e r s e s t a k e n wi th U^^^ 
and U ^̂  fo i l s . The r e f l e c t o r f l uxes a r e s ign i f ican t ly h i g h e r for the d i lu te 
b l anke t , and t h i s i s p r o b a b l y the c a u s e for the i n c r e a s e in r e a c t i v i t y . T h e r e 
i s no g r e a t d i f f e r ence in the u^^V^^^^ f i s s i o n r a t i o s . The m e a s u r e d and 
c a l c u l a t e d f i s s i o n r a t e s a r e in good a g r e e m e n t . 

Table VI . Axial Fission Traverses for Different Blanket Compositions 

Distance from 
Midplane (cm) 

0 meas 
calc 

14.6 meas 
calc 

24.8 meas 
calc 

29.2 meas 
calc 

32.4 meas 
calc 

Fission Rates in U2383 

Heavy 
Blanket 

1.000 
1.000 

0.845 
0.822 

0.457 
0.452 

0.178 
0.197 

0.105 
0.106 

Light 
Blanket 

1.000 
l.OOD 

0.844 
0.834 

0,475 
0.478 

0.262 
0.283 

0.172 
0.193 

Fission Rates it 

Heavy 
Blanket 

Core 

1.000 
1.000 

0.859 
0.856 

0.601 
0.603 

Blanket 

0.426 
0.423 

0.321 
0.322 

1 0235" 

Light 
Blanket 

1.000 
l.MB 

0.865 
0.868 

0.677 
0.687 

0.600 
0.612 

0.530 
0.545 

u238/u235 

Heavy 
Blanket 

0.0346 
0.0355 

0.0340 
0.0341 

0.0262 
0.0265 

0.0145 
0.0165 

0.0133 
0.0117 

Fission Ratiob 

Light 
Blanket 

0.0346 
0.0357 

0.0338 
0.0343 

0.0242 
0.0249 

0.0151 
0.0165 

0.0112 
0.0126 

^Normalized to unity in the core center. 
Î The fission ratios measured by foils viare calibrated to absolute Kirn-counter measurements which had been 
performed in the center of the core. 

After t h e s e e x p e r i m e n t s , A s s e m b l y No. 3 w a s shut down. The r e ­
a c t o r w a s un loaded . The fac i l i t y i s be ing p r e p a r e d for a 3 0 0 0 - l i t e r zoned-
c o r e c a r b i d e a s s e m b l y . 

3. Z P R - I X 

Work h a s b e e n c o m p l e t e d on Z P R - I X , A s s e m b l y No. 6. The m e a ­
s u r e d w o r t h of edge fuel w a s found to be 17.6 I h / k g U^''^, to be c o m p a r e d 
wi th the c a l c u l a t e d va lue 15.9 I h / k g . The e x p e r i m e n t a l c y l i n d r i c a l c r i t i c a l 
m a s s w a s found to be 453 .5 kg. The c o r e length -was 61.26 c m , the c r i t i c a l 
r a d i u s 36.62 c m ( L / D = 0.836), and the c r i t i c a l v o l u m e 258.1 l i t e r s . In 
o r d e r to c o m p a r e c a l c u l a t e d and m e a s u r e d v a l u e s of c r i t i c a l m a s s and v o l ­
u m e in s p h e r i c a l g e o m e t r y , the m e a s u r e d v a l u e s -were ad ju s t ed a c c o r d i n g l y . 
A ne t add i t ion of 6,8 kg U^^^ w a s m a d e to a l low for h e t e r o g e n e i t y , c y l i n d r i c a 
b o u n d a r y i r r e g u l a r i t y , and c e n t r a l gap , i n c r e a s i n g the c r i t i c a l m a s s to 
460 .3 kg of U^^^. If a shape f a c t o r of 0.931 i s used , the equ iva l en t s p h e r i c a l 
c r i t i c a l m a s s i s r e d u c e d to 428 .6 kg and the vo lume to 243.9 l i t e r s , which 
m a y be c o m p a r e d with v a l u e s of 444 .6 kg and 253.2 l i t e r s c a l c u l a t e d f r o m 
a s i x t e e n - g r o u p o n e - d i m e n s i o n a l s p h e r i c a l diffusion c a l c u l a t i o n . F r o m a 
R o s s i - a l p h a m e a s u r e m e n t , the p ronap t l i f e t ime w a s e s t i m a t e d to be 
154 n s e c , a s c o m p a r e d wi th a c a l c u l a t e d va lue of 122.0 n s e c . 

The c e n t r a l r e a c t i v i t y w o r t h s of a n u m b e r of m a t e r i a l s w e r e m e a ­
s u r e d and c a l c u l a t e d ( see Tab le VIl). The c e n t r a l U^^Vu^^^ f i s s i o n r a t i o 
w a s r a d i o c h e m i c a l l y m e a s u r e d a s 0 .0443, to be c o m p a r e d wi th a c a l c u l a t e d 
va lue of 0 .0488. 



Tab le VII. C e n t r a l R e a c t i v i t y 
W o r t h s ( Ih /kg) 

Mater ia l 

U235 

p u 2 3 9 

U233 

U238 

g l O 

w 
Re 

Al 

C 

Au 

O b s e r v e d 

148 

252 

266 

-3 .4 

-2065 

-10 .6 

-39 .1 

-3 .0 

8.6 

-20 .1 

Ca lcu l a t ed 

141.0 

234.4 

245.0 

-3 .2 

-1920.0 

-11 .0 

-54 .7 

4.2 

31.4 

-

C e n t r a l w o r t h m e a s u r e m e n t s w e r e a l s o m a d e of s o m e s a m p l e s of 
po lye thy l ene (14.3 w / o h y d r o g e n ) . The r e s u l t s ( s ee F i g u r e 4) v a r i e d b e ­
tween 2.6 and 3.75 I h / g of h y d r o g e n , and a r e to be c o m p a r e d wi th c a l c u l a t e d 
w o r t h s of 2.50 I h / g u s ing f i s s i o n - s p e c t r u m - w e i g h t e d c r o s s s e c t i o n s , and 
2.93 I h / g u s ing l / E - w e i g h t e d c r o s s s e c t i o n s for inf ini te ly h y d r o g e n - d i l u t e d 
s a m p l e s . S a m p l e s s m a l l e r t h a n a to t a l we igh t of 15 g w e r e c o m p o s e d of 
po lye thy l ene s t r i p s e n c l o s e d in a l u m i n u m cans i l a r g e r s a m p l e s w e r e so l id 
po lye thy l ene b l o c k s d r i l l e d out to the r e q u i r e d weight . 

6RA>1S OF POLYETHYLENt 

Figure 4. Central Worth Values for Polyethylene Samples of Various Weights. 
Samples smaller than 15-g total weight wtre composed of poly­
ethylene strips enclosed in aluminum cans; larger samples were 
solid polyethylene blocks drilled out to the required weight. 



C e n t r a l w o r t h m e a s u r e m e n t s w e r e a l s o m a d e of s a m p l e s c o n s i s t i n g 
of m i x t u r e s of n a t u r a l b o r o n and Luc i t e p o w d e r s . The w o r t h of e a c h s a m ­
ple p e r g r a m of b o r o n ( r e l a t i v e to 100% b o r o n ) i s shown in F i g u r e 5. 
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PERCENT LUCITE BY WEIGHT 

Figure 5. Plot of Central Reactivity Worths for Boron in Mixed Powders 
of Lucite and Boron vs. Fraction of Lucite Present 

T h e g a p w o r t h w a s r e m e a s u r e d w i t h t h e c o u n t e r l o c a t e d i n s i d e 
( w h e r e t h e R o s s i - a l p h a m e a s u r e m e n t w a s m a d e ) a n d b e h i n d t h e c o r e . T h e 
r e s u l t s of t h e f o r m e r m e a s u r e m e n t a r e s h o w n i n F i g u r e 6 a s p l o t t e d o u t 
b y t h e D D P - 2 4 c o m p u t e r . N o s i g n i f i c a n t d i f f e r e n c e s •were s e e n b e t w e e n 
t h e s e m e a s u r e m e n t s a n d t h o s e p r e v i o u s l y r e p o r t e d . I t i s t h e r e f o r e c o n ­
c l u d e d t h a t t h i s a s s e m b l y h a s a m u c h l o w e r g a p w o r t h t h a n A s s e m b l y N o . 4 

Figure 6 

Change in Reactivity i\'ith Change in Gap 
in the ZPR-IX Assembly No. 0 as Plotted 
by the DDP-24 Computer Based on Data 
Furnished by a Counter Located inside 
the Core 
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4. ZPPR 

The Title I r epor t of the ZPPR Facil i ty has been completed by the 
a rch i t ec t -eng ineer , Mason-Hanger , Si las-Mason Co., Inc., and was i ssued 
on Februa ry 16. 

a. Reactor Bed and Tables . The bid package for the reac tor bed 
and tables has been sent to prospect ive b idders . The due date on the bids 
is March 15. 

b. Matr ix Assemtbly. The detai ls of the m a t r i x tubes and d rawer s 
a r e being fixed. The inside dimiensions of the ma t r ix tubes have been fixed 
at 2.093 ± 0.004 x 2.193 ± 0.004 in. with a 0.040 ± 0.001-in. thickness . The 
ma t r i x tubes will be 48 +1/16, -0 in. long. 

The nominal lengths of both fuel and blanket d rawer s have been 
set at 23 in. The exact length will be determined by the space requi red for 
the spring to hold the core-miockup m a t e r i a l s in place. 

c. Reactor Fuel Design. One of the des i rab le cha rac te r i s t i c s in a 
c r i t i ca l facility is that the fuel expands upon heating and that the propagation 
of expansion along the fuel column act as a shutdown mechanism. Any fuel 
cladding, therefore , should be designed to avoid r e s t r a i n t of the expansion 
c h a r a c t e r i s t i c s of the fuel. 

Three types of fuel p la tes have been subjected to t rans ient t e s t s 
in TREAT to explore the expansion c h a r a c t e r i s t i c s of some zero-power r e ­
ac tor fuel claddings. In all c a s e s , the fuel was of depleted uranium 
(0.2% enriched) . 

One set of p la tes consis ted of unclad, Kel -F-coa ted , uranium 
pieces from ZPR-III . 

A second set of p la tes was made up of s imulated SEFOR cr i t i ca l 
fuel p la tes , containing depleted uran ium instead of the actual U:Pu:Mo alloy 
(see Table XI , p. 20, in Reactor Development P r o g r a m P r o g r e s s Report 
for January 1965, ANL-7003). Although m e a s u r e m e n t s of the core mea t and 
j acke t s of the two e lements used in the exper iment indicate a c learance of 
0.007 in. before canning, X- r ays of the finished fuel e lements showed no 
c l ea rances between the ends of the fuel and the cans. 

The thi rd set of fuel cans r ep resen ted a stage of the develop­
menta l design in which the const ruct ion is simplified and, at the same t ime, 
c l ea rances within the j acke t a r e reduced. The cladding was a modified so­
dium can such as is used for mockups in ZPR-III and ZPR-VI (0.250 in. 
wide, 2 in. high, and 0.015 in. thick) with end plates pushed against the fuel 
during welding so that the re is no c lea rance between the ends of the fuel 



and the can. X radiography of the completed fuel plates confirmed that 
there were no end c lea rances . This design has about 3% void inside the 
can and essential ly no dead space outside the can. 

The tes t apparatus , fabricated to fit inside a TREAT t r a n s p a r ­
ent capsule, is shown in Figure 7. A cut-down ZPR-III drawer was fitted 
into the f rame. Mockup pieces of aluminum were placed along each side 
of the tes t pieces to simulate an actual r eac to r drawer in i ts ma t r i x tube. 
A l inear t ransducer was adapted through a hole in one end of the appara tus 
to bear against the end of the fuel columns. The opposite end of the fuel 
column was bottomed against the drawer and tes t apparatus to prevent 
motion. One thermocouple was inser ted into the meat of one of the tes t 
pieces and another attached to the cladding. 

Figure 7. Apparatus for Fuel-expansion Test 

The tes t apparatus was inser ted into a TREAT t ranspa ren t 
capsule and the whole installed into the r eac to r . The samples were i r r a ­
diated during a TREAT reac tor excursion, and continuous recordings were 
made of the outputs of the l inear t r ansducer and thermocouples . 



The resu l t s of these exper iments a re shown in Figure 8. There 
is a delay in each case in the s t a r t of motion, due probably to c learances 
bet-ween the ends of the p ieces . 

120 "So 2OT i w 280 
TREAT REACTOR IHTEGEAIED POWER 

320 "^0 km 

Figure 8. Transient Expansion Characteristics of Some ZPPR Fuel-cladding Designs 

The theoret ical expansion of uranium is plotted for comparison. 
The adiabatic t empera tu re of the pieces was calculated from the heat ca­
pacity and a measu red fission ra t e . The measured meat t empera ture 
appeared to be 15% low. A raajor pa r t of this difference is probably due 
to heat losses during the t ransient . The measured t empera tu res a re not 
shown, but an analysis of the data indicates a lag of the thermocouple r e ­
sponse to the reac tor integrated power. 

These exper iments indicate that expansion of the fuel columns 
can be rel ied upon as a shutdown mechanism. Fur ther work on cladding of 
plutonium fuels for cr i t ica l facil i t ies is continuing. A major problem con­
cerns the inser t ion of the fuel meat into the cladding and subsequent weld­
ing without contaminating the welds and the outside of the cans. 



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

1. M e t a l l i c F u e l s 

a. I m p r o v e d U r a n i u m - P l u t o n i u m - b a s e d F u e l s . Of the s e v e r a l 
e l e m e n t s s tud ied , t i t a n i u m and z i r c o n i u m w e r e found to have the g r e a t e s t 
p r o m i s e for r a i s i n g the so l idus t e m p e r a t u r e s of U - P u a l l o y s . The p e r t i ­
nen t p r o p e r t i e s of U - P u - T i and U - P u - Z r a l l oys a r e be ing s t u d i e d in an 
effor t to deve lop m e t a l l i c U - P u - b a s e d fuels tha t m e l t at h i g h e r t e m p e r a ­
t u r e s t h a n do the U - P u - F z a l loys in o r d e r to p e r m i t h i g h e r fuel o p e r a t i n g 
t e m p e r a t u r e s and a l s o r e s u l t in a s a f e r fuel in the event of an e x c u r s i o n . 
F r o i n p h y s i c s c o n s i d e r a t i o n s , t i t a n i u m and z i r c o n i u m a r e a l s o the l e a s t 
u n d e s i r a b l e of the e l e m e n t s s tud ied . 

C a s t i n g s of t h e s e a l l o y s in a r a n g e of c o m p o s i t i o n s have b e e n 
m a d e by both t o p - p o u r ch i l l c a s t i n g in to a c o p p e r m o l d and by in j ec t ion 
c a s t i n g in to y t t r i a - c o a t e d V y c o r and q u a r t z m o l d s . In g e n e r a l the U - P u - T i 
a l loy c a s t i n g s w e r e r e a d i l y m a c h i n e d w h e r e a s the U - P u - Z r a l l o y s w e r e 
b r i t t l e and diff icul t to m a c h i n e in the a s - c a s t condi t ion . 

The c o m p r e s s i v e s t r e n g t h and duc t i l i ty of a U-15 a / o P u -
40 a / o T i (U-22 .1 w / o P u - 1 1 . 8 w / o Ti) a l loy c a s t i n g have b e e n d e t e r m i n e d 
a s a funct ion of t e m p e r a t u r e ( s e e T a b l e VIIl). The a l loy i s e x t r e m e l y s t r o n g 
and, un l ike c o m p a r a b l e U - P u - F z a l l o y s , r e t a i n s an a p p r e c i a b l e s t r e n g t h 
above 600°C. Al though p o s s e s s i n g l i t t l e duc t i l i t y up to abou t 400°C, the 
duc t i l i t y i s a p p r e c i a b l e a t and above about 500°C. 

Tab le VIIl. C o m p r e s s i o n P r o p e r t i e s of 
U-15 a / o P u - 4 0 a / o Ti Alloy ( A s - c a s t 

In j ec t ion C a s t i n g s ) 

U l t i m a t e 
C o m p r e s s i v e 

S t r e n g t h R e d u c t i o n 
T e m p (°C) ( k g / m m ^ ) in Leng th (%) 

25 141 <1 
495 71 <1 
516 48 - 1 0 
618 34 >16* 
717 11 >12 

*The t e s t w a s s t o p p e d w h e n the s p e c i m e n 
d e f o r m e d c o n t i n u o u s l y wi thout an i n c r e a s e 
in load . 



The expansion behavior of severa l alloys has been determined 
as a function of t empera tu re to about 950°C in a ver t ica l , quartz pushrod 
di la tometer . The data a re summar ized in Table IX. 

Table IX. Dilatometric Data for U-Pu-Ti Fuel Alloys 

Alloy Compositions (a/o) U-10.7 Pu-35.8 Ti U-15 Pu-40 Ti U-14 Pu-30 Zr 
(w/o) U - 1 5 P u - 1 0 T i U-22.1 Pu-11.8 Ti U-17.2 Pu-14.1 Zr 

Expansion Coef. x 10y°C 
(25°C to transformation) 20.3 16.9 18.2 

Transformation Range, °C 750-848 653-812 596-665 
Expansion, Ai 1.09% 1.14% 0.58% 

Expansion Coef. x 10Y°C 
(Transformationto gSCC) 19-7 21.3 22.3 

Fuel pins, 3.66 m m in diameter by 100 m m long, of a U-
15 a /o Pu-35.6 a /o Ti alloy and a U-15 a /o Pu-30 a /o Zr alloy have been 
injection cast, inspected for defects by radiography, and submitted for i r ­
radiat ion testing. 

The compatibili ty of the U-15 a /o Pu-40 a /o Ti alloy was 
checked against V-20 w/o Ti, t i tanium, zirconium, and stainless steel by 
the diffusion-couple method. The V-20 w/o Ti alloy has good compatibility 
whereas the others have poor compatibility. 

The phase re la t ionships and s t ructure of U-Pu-Ti alloys in the 
composition range of fuel in te res t a re being studied. The U-Ti system has 
a hexagonal compound, UjTi, which transformis to gamma U-Ti solid solu­
tion at 898°C. We have confirmed pre l iminary indications by Los Alamos 
that plutonium rep laces uranium in the binary compound and causes an ex­
pansion of the lat t ice. The solidus t empera tu res as determined by me ta l -
lographic examination of quenched specimens of the te rnary alloys a re 
considerably higher than those of binary U-Pu alloys of the same uranium-
to-plutonium rat io . X-ray diffraction studies as well as e las t ic-modulus 
determinat ions confirm the French observation that the h igh- tempera ture 
body-centered-cubic gamma phase cannot be retained upon quenching. 

An a r c - c a s t U-16.67 a /o Pu-33.33 a /o Ti alloy, made of high-
puri ty ina te r ia l s , was homogenized for one week at 1050°C and water 
quenched. Metallography gave no indication of incipient melting. The X-ray 
diffraction pat tern showed all the l ines of the hexagonal (U,Pu)2Ti phase 
with lattice p a r a m e t e r s of ao = 4.803 ± 0.001 A, Cg = 2.850 ± 0.001 A, and 
c / a = 0.5885. 

"^Schonfeid, F . , to Kelmah, L. R., pr ivate communication, dated 
December 2, 1964. 

^Boucher, R., and Barthelemy, P . , Comparison of the Alloys U-Pu-Mo, 
U-Pu-Nb, U-Pu-T i , and U - P u - Z r , CEA-R2531, ANL-TRANS-138. 



2. Development of Jacket Mater ia ls 

a. Vanadium Alloys. 

(i) Extrusion of V-20 w / o Ti (TV-20) Tube-Blanks. Following 
the development by the Argonne Metallurgy Division of methods of fabr ica t ­
ing TV-20 and the selection of this alloy as a likely ma te r i a l for the jacket ­
ing of fast r eac to r fuels, industry was encouraged to par t ic ipate in its 
production and fabrication development, TV-20 extruded bar stock, pur ­
chased from Union Carbide and extruded at Canton Drop Forge Company 
(see P r o g r e s s Report for January 1965, ANL-7003, p. 14), has been in­
spected and analyzed by radiographic , u l t rasonic , metal lographic and wet 
chemical means . 

Three bil lets for tube-blank extrusion were machined from 
some of the above extruded bar stock. The f i rs t billet stalled the p r e s s 
when extruding at an 11.4:1 reduction ra t io at llOO^C. The billet was sa l ­
vaged and recanned. All th ree bi l lets extruded sat isfactori ly at an 8.5:1 r e ­
duction rat io at 1150°C. The extruded tube blanks have been dejacketed and 
a re s tar t ing through secondary fabrication. 

(ii) Thermtal Expansion of TV-20 Alloy. The thermal expansion 
of TV-20 was determined over the t empera tu re range 25-967°C at a heating 
and cooling ra te of 2°C/min. The expansion curve is given in Figure 9 along 
with the calculated expansion curves of unalloyed titanium and vanadium de­
rived from published mean values of the expansion coefficient. 

0 100 200 300 4CX3 500 600 700 800 900 1000 
TEMP, X 

Ref. (a) Hample, C. A., Rare Metals Handbook, 2nd Ed. 
(19G1), p. 6:i5, Reinhold Pub. Corp. (London). 

Ref. (b) Smithelis, C. J., Metals Reference Book. 3rd Ed. 
(1962), Vol. 2, p. G97, Washington Butterworths 
(London). 

Figure 9. Tliermal Expansions of Titanium, Vanadium, 
and TV-20 Alloy 
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(iii) Creep of Tubular Specimens under Tr iaxia l S t r e s s . Creep 
tes ts of tubular specimens a r e being conducted under an internal gas p r e s ­
sure . In Figure 10 the tangential s t r e s s generated in the outer surface of 
a Type 304 s ta inless steel tube is plotted against the t ime for rupture . 
These resu l t s a re in close agreement with rupture data generated at the 
Oak Ridge National Labora tory ." In addition to rupture t ime and s t r e s s , 
the s t ra in was measured per iodical ly throughout the tes t (see Figure 11). 
Both p r imary and secondary s tages a re observed; the third stage is very 
short. 

Figure 10. Tangential Stress vs. Rupture Life for Seamless 
•̂ (14 Stainless Stce] Tubing m Argon at 5-5uOc 

150 200 
TIME, hr 

Figure 11. True Radial Strain vs. Time for Seamless 
•̂ Ol Stainless Steel Tubing in Argon at 550OC 

Tests of Nb-1 w / o Zr alloy tubing at 500 and 600°C showed 
that creep occurred only within a very nar row range of s t r e s s between the 
yield s t r e s s and the ult imate (spontaneous rupture) s t r e s s . This is in 
agreement with s imi lar behavior previously r epo r t ed ' for uniaxially tested 
rod specimens. The p re s su r i z ing sys tem must be absolutely free of leaks 
to pe rmi t testing within this very nar row range of s t r e s s . Some resu l t s 
a re presented in Table X. There is an increase of spontaneous rupture 
s t r e s s with longer p re -exposu re t ime at t empera tu re , suggesting a possible 
t ime-dependent specimen strengthening. This could be due to specimen 
contamination at 1 x 10"^ T e r r testing environment or to the smal l amount 
of s t ra in that occurred during the p re -exposu re under s t r e s s . Samples of 
the tested specimens have been submitted for analys is . 

°Manly, W. D., and Hobbs, J . H., "Exper imental Gas Cooled Reactor ," 
Nuclear Metallurgy, Vol. VIII, AIME, New York (I962) p. 63. 

' 7 A N L , - 6 8 6 8 , Metallurgy Division Annual Report for 1963, p. 132. 



Tab le X. T u b e - b u r s t Data for S t r e s s - r e l i e v e d 
N b - 1 w / o Z r Al loy a t 550 and 600°C 

P r e 

T i m e (hr) 

336 
493 

>345 

- e x p o s u r e Condi t ions 

S t r e s s 
( k g - m m " 

None 
29.6 
32.6 

None 
33.3 

'} S t r a i n (%) 

550°C 

0.44 
0.93 

600°C 

>1.25 

S t r e s s for 
Spon taneous 

R u p t u r e 
(kg -mm"2) 

33.6 
34.2 
35.8 

32.8 
T e s t s t i l l 

in p r o g r e s s 

T u b u l a r s p e c i m e n s of V-20 w / o T i a l l oy a r e be ing p r e ­
p a r e d for t e s t i n g in v a c u u m wi th and wi thou t p r e - e x p o s u r e to flowing 
sod ium. 

(iv) Young ' s Modulus of T V - 2 0 . Add i t iona l v a l u e s ( s ee P r o g r e s s 
R e p o r t for J u n e 1964, A N L - 6 9 1 2 , p . 24) h a v e b e e n d e t e r m i n e d for the s t a t i c 
Young 's m o d u l u s of T V - 2 0 in the t e m p e r a t u r e r a n g e f r o m 500 to 650°C 
( see F i g u r e 12). 

Figure 12 
Young's Modulus vs. 
Temperature for TV-20 

400 500 
TEMP,°C 

(v) Corros ion by Sodium. Analysis of the corros ion product 
from TV-20 tensi le samples exposed to flowing (15 c m / s e c ) sodium for 
7 days at 650°C has continued. The p resence of VOg 9 in the cor ros ion 
product was determined by X-ray diffraction. Wet chemical techniques 



indicated the presence of 14 w/o V and 28 w/o Ti. Spect rochemical analysis 
showed the p resence of 1 0 w /o Na in the cor ros ion product. There is evi­
dence that this sodium was not in the co r ros ion product as free Na20 or 
NaOH, but the exact nature of the sodium component (e.g., a complex so­
dium titanate) has not been de termined. 

Development of a suitable sampl ing-analyt ic technique for 
the determinat ion of oxygen in sodium at low concentra t ions (x25 ppm) is 
sat isfactory. Duplicate sodium samples taken from a liquid sodium bath 
at 140°C yielded resu l t s of 6.1 and 5.5 ppm oxygen. The equi l ibr ium sol­
ubility of oxygen in sodium at 140°C has been repor t ed as 7.5 to 8.0 ppm. 

A tes t chamber has been fitted with a smal l d iaphragm 
pump that forces the sodium through a cold t r ap mainta inable at any 
des i red t empera tu re for control of the oxygen content. An excess of so­
dium peroxide is added before tes t ing. This i n su res an adequate amount 
of oxide in the cold t rap to supply losses of oxygen due to sample c o r r o ­
sion during the test . The flew ra te is such that a volume equal to that of 
the sys tem p a s s e s through the cold t r ap in about one hour . 

The f i r s t alloys tes ted -were exposed one week (168 hr) 
to sodium at 650°C containing about 50 ppm oxygen (analysis : s t a r t 42 ppm; 
finish 50 ppm). This concentra t ion is maintained with a co ld- t rap t e m ­
pe ra tu r e of 250°C. The p r e l i m i n a r y r e su l t s a r e shown in Table XL 

Table XL Cor ros ion of Vanadium-
Ti tan ium-based Alloys in 650°C Sodium 

Containing up to 50 ppm Oxygen 

Loss in 
Th ickness ,** 

Alloy* cm x 10^ 

V-20 Ti 9.2 

V-15 Ti-5 Cr (No. 1) 4.8 

V-15 Ti-7.5 Cr (No. 2) 4.3 

V-30 Ti-5 Cr (No. 5) 2.8 

V-30 Ti-10 Cr (No. 6) 3.5 

*Alloy composi t ions in weight pe rcen t . 
Samples tes ted were cold reduced 
about 50%. 

**As m e a s u r e d with m i c r o m e t e r after 
removal of loose co r ros ion product . 

Salmon, O. N., and Cashman, T. J . , KAPL-1653. 



The samples were coated v/ith a dark, nonadherent c o r r o ­
sion product. This was removed by brushing p r io r to the above thickness 
m e a s u r e m e n t s . A dark adherent filin was re ta ined by the specimens. 
Chromium in amounts of about 5 to 8 w/o appears to be a beneficial ad­
dition, confirming ea r l i e r t e s t s made -with smal l a r c - m e l t e d buttons under 
less carefully controlled oxygen conditions. However, no final conclusions 
should be drawn until the r e su l t s of microscopic examination and m i c r o -
hardness t r a v e r s e s a r e available. 

3. Zero-power Reactor Fuels 

a. Zero-power Uranium-Plu ton ium-based Fuel Alloys. U-Pu 
meta l alloys a r e favored as the fuel in cr i t ica l exper iments for future fast 
power b reede r r e a c t o r s . The selection of the U-20 w/o Pu-2.5 w /o Mo as 
the fuel alloy for the SEFOR fast c r i t i ca l exper iments in ZPR-III -was 
based on i ts excellent r o o m - t e m p e r a t u r e a i r - c o r r o s i o n res i s t ance , high 
ignition t empera tu re , good thermal expansion cha rac t e r i s t i c s , high strength, 
good meta l lu rg ica l stability, and reasonable fabricabili ty. The resu l t s of 
the a i r - c o r r o s i o n tes t of severa l U-Pu base alloys a r e summar ized in 
Figure 13; in this figure "INT. CHILL CAST" denotes " in termedia te-chi l l 
cas t . " 

RELATIVE HUMIDITY, 25 TO 5 6 % 
w/o GAIN VS DAYS IN AIR 

20l 1 r - - - - - • . 1 1 : 1 

^ ^ ^ _ U 27 Pu-6Cu (CHILL CAST) 

U 30 Pu (CHILL CAST) 

~ . i j 27Pu 6 0 (CHILL CAST) 

DAYS IN AIR 

Figure 13. Room-temperature Air-corrosion Tests of 
U-Pu-X Alloys (Composition in a/o) 

The specific heat for the U-20 w/o Pu-2.5 w/o Mo alloy r e ­
ported in the Reactor Development P r o g r a m P r o g r e s s Report, July 1964, 
ANL-6923, p. 27, should be 0.037 ra ther than 0.37 cal g"^ °C'\ 

Two jacketed, 5.1 x 7.6-cm (2x3- in . ) SEFOR fuel plates in 
storage for six months show no swelling or other evidence of fuel 
instability. 



Air cor ros ion and metal lographic studies indicated that t i tanium, 
an element favorable from physics considerat ions, may be a sat isfactory 
alloying addition. The a i r - c o r r o s i o n tes t of a U-20 -w/o Pu-1.3 w/o 
(6 a/o) Ti (nominal composition) alloy has continued. Chemical analysis 
showed this specimen to contain only 0.57 w/o Ti (2.77 a/o) . The specimen 
began to powder, but appeared re la t ively sound after 2 mo of a i r - c o r r o s i o n 
test ing. After 7 mo the specimen was approximiately 30% disintegrated to 
powder, and the r emainder had broken into several p ieces . 

A i r - c o r r o s i o n t e s t s have been s tar ted on cast ings of U-
26.3 w/o Pu-1 .3 w /o Ti (U-25 a /o Pu -6 a /o Ti) and U-27.7 w/o Pu-
2.7 w/o Ti (U-25 a /o Pu-12 a /o Ti). Both have shown no weight gain after 
two weeks. 

Although ze ro-power fuels a re normally used at room t empera ­
tu re , the i r expansion c h a r a c t e r i s t i c s at higher t empera tu re s should be 
known in case of a r eac to r excurs ion. The di la tometr ic data in Table XII 
were obtained on the a s - c a s t al loys. 

Table XII. Expansion Charac te r i s t i c s 
of U - P u - T i ZPR Alloys 

Alloy Compositions (a/o) 25 Pu-6 Ti 25 Pu-12 Ti 
(w/o) 26.3 Pu-1.3 Ti 27.7 Pu-2 .7 Ti 

Expansion Coefficient, x 10 / ° C 
25°C to Transformat ion 22.2 23.3 

Transformat ion Range, °C 580-673 568-732 
Expansion, A i 0.52% 0.94% 

Expansion Coefficient, x 10y°C 
Transformat ion to 860°C 15.3 25.3 

E. General Fas t Reactor Fuel Reprocess ing Development 

1. Skull Reclamation P r o c e s s 

The skull rec lamat ion p r o c e s s (see P r o g r e s s Report for Decem­
ber 1964, ANL-6997, p. 8) is being developed as an auxil iary p r o c e s s to 
recover and purify uranium from the skull remaining in the crucible after 
mel t refining. Four runs with oxidized mel t refining skulls have been com­
pleted in a s e r i e s of six repl ica t ion exper iments which should complete the 
pi lot-plant demonst ra t ions of this p r o c e s s on a 1.5-kg scale . 

Special attention is being given to achieving high uranium recovery . 
In the past , there has been excess ive entrainment of a uran ium-zinc in te r -
meta l l ic compound in the supernatant metal solution during i ts t ransfer to 



waste . The in te rmeta l l ic precipi ta t ion step of one run was per formed a 
total of six t imes with severa l operat ional var ia t ions in an at tempt to study 
the var iab les affecting uranium entrainment . Final r esu l t s for this run a r e 
not yet available. However, p re l imina ry resu l t s obtained in this and other 
recent runs indicate that uranium entra inment has been reduced to a low 
value (~1%). The major operating change which has decreased entra inment 
is the reduction of backflushing of gas through the t ransfer line p r io r to 
t ransfer of the supernatant metal l ic solution. While the t empera tu re is 
being lowered to 625°C and the major port ion of the in termeta l l ic is p r e ­
cipitating, backflushing is done to keep the t ransfer line free of precipi ta te . 
Since the t rans fe r line extends through the supernatant metal phase and 
into the in te rmeta l l ic bed, backflushing tends to keep some of the in te r ­
metal l ic prec ip i ta te in suspension. 

2, Halide Slagging Studies 

The a t t rac t iveness of fast b r e e d e r r e a c t o r s depends, in good m e a ­
sure , on the ability to separa te bred plutonium readily froin the fert i le 
uranium blanket. One possible method to accomplish this is to oxidize 
the plutonium with uranium t r ich lor ide . Since the amount of UCI3 requi red 
is smal l , CaCl2 is being used as a diluent to a s s i s t in separat ion of the 
equil ibrated phases . The chemical react ion on which this procedure is 
based is 

UCl3(CaCl2) + Pu(U) 5i PuCl3(CaCl2) + U. 

A se r i e s of exper iments has been insti tuted to determine the chemical 
equil ibrium in this react ion at 1150 and 1250°C. 

Four scoping exper iments , including one blank run in which no 
uranium t r ich lor ide ^^as present , have been performed. In these exper i ­
ments , the salt and meta l phases were contacted at 1200°C for per iods of 
15 to 90 min, after which the salt phase and meta l phase were separa te ly 
analyzed for plutonium. The mole ra t ios of UCl3:Pu in the s tar t ing m a t e ­
r ia ls were approximately one (0.93 to 1.17). P re l imina ry r e su l t s indicate 
that between 15 and 30 min u^ere requi red to reach equil ibrium. The plu­
tonium vapor ized during the 30-min experi inent was approximately 1%. 

For one exper iment for which complete data a re available, the 
equil ibrium constant for the above react ion had a value of 85 to 119. A 
sat isfactory s ingle-s tage extract ion p r o c e s s for the recovery of plutonium 
from discharged blanket ma te r i a l would requi re a minimum equil ibr ium 
constant of about 75. 



3. Decladding Studies for TV-20 Cladding 

Metallic fuels for fast b r e e d e r reac to r cores a re expected to con­
s is t of uranium and plutoniumi alloyed ei ther with f iss ium (Fs) or with r e ­
f rac tory mietals such as t i tanium or z irconium. The cladding is likely to 
be ei ther TV-20 (vanadium-20 w/o titaniumi) or s ta in less steel . Mechanical 
decladding of high-burnup fuels may not be feasible because of bonding be ­
tween the fuel and cladding. Chemical methods for separat ing fuel from 
cladding m a t e r i a l s a re therefore being investigated. 

Final analyses have been received for the experiment (see P r o g r e s s 
Repor t for January 1965, ANL-7003, p. 22) in which a U-20 w/o Pu-
10 w / o Fs alloy clad in TV-20 was hydrided, dehydrided, and contacted by 
s t i r r ing for 10 hr with Cd-15 a /o Zn-15 a /o Mg and LiCl-KCl eutectic at 
600°C. The analyses of f i l tered samples of the liquid metal phase showed 
96% of the plutonium but only 55% of the uranium to be in solution. Impu­
r i t i e s in the salt or in the glovebox a tmosphere a r e the suspected cause 
for the failure of some of the uranium to appear in solution. Additional 
exper iments a r e planned to imiprove the uranium recovery . 

In another l a b o r a t o r y - s c a l e exper iment , uraniumi-fissium alloy 
clad with TV-20 was hydrided, dehydrided, and contacted with miolten 
cadmiiumi at 400°C. Examinat ion of the solidified ('~2-cm-dia) ingot r e ­
vealed a thin (~0.2-cm) top l ayer of TV-20 f ragments , a thicker (~0.5-cm) 
intermiediate layer of cadmium mietal, and a deep (~3-cm) bed of u ran ium-
cadmiumi in te rmeta l l i c compound at the bottom. This resu l t suggests the 
possibi l i ty of separat ing TV-20 cladding fragmients by flotation in liquid 
cadmium. 

4. P r o c e s s e s for Advanced Reactor Fuels 

The developmental p r o g r a m for advanced fuel p r o c e s s e s is p resen t ly 
concentrated on studies of m a s s t ransfe r r a t e s between liquid metal and 
liquid salt phases at high t e m p e r a t u r e s . The objectives a re to demonst ra te 
the feasibil i ty of continuous m e t a l - s a l t ex t rac t ions , to determine optimum 
operat ing conditions, and to obtain a c l e a r e r understanding of the extract ive 
p r o c e s s . 

Exper iments were made to de termine the ra te of uranium t ransfer 
fromi a liquid Cd-3.5 w / o Mg alloy into a chloride salt (50 m / o MgClgj 
30 m / o NaCl, 20 m / o KCl) at 550 to 600°C when the metal was passed 
through static salt in packed columns. The overal l m a s s t ransfer coef­
ficient based on the salt phase was found to be between 0.0036 and 
0.0076 sec"^. Somewhat higher values would be expected in s teady-s ta te 
coun te rcur ren t packed columns. The above values imply a height for 
one theore t ica l stage of 2 to 5 ft for a typical packed extract ion column in 



which plutoniumi" is separa ted from r a r e ea r ths . Stage heights in the 
above range would be sat isfactory. More accura te determinat ions of 
stage height will be made in future runs with packed columns. 

In addition to var ious column-ext rac t ion t e s t s being made, studies 
of the mi ixer -se t t le r ext ract ion p r o c e s s have begun. Runs a re being made 
to de termine the r e s idence timie and degree of agitation neces sa ry to achieve 
good separa t ion in a m i x e r - s e t t l e r unit. In batch t e s t s to study mixing pa­
r a m e t e r s , the r a t e of c e r i um t ransfe r from a liquid Cd-Zn-Mg alloy into a 
chloride salt in an agitated ves se l was de termined for mild, modera te , and 
vigorous agitation. With mild agitation (60 rpm), the m a s s t ransfer ra te in 
an unbaffled v e s s e l was very low and was l imited by a large concentrat ion 
gradient in the meta l phase . With modera te agitat ion (flat paddle rotated at 
350 rpm) in a baffled ves se l , the two phases reached g rea t e r than 95% of 
equil ibrium in 45 rain. An exper iment involving vigorous agitation (700 rpm) 
has a lso been completed, but r e su l t s a r e not avai lable. 

Plutonium and u ran ium a re a s sumed to have the same m a s s t r ans fe r 
coefficients. 



II. GENERAL REACTOR TECHNOLOGY 

A. Exper imenta l Reactor and Nuclear Physics 

1. The A m - a - L i Neutron Spectrum 

The A m - a - L i neutron spec t rum is wel l -sui ted for use in studying 
the 47T recoi l t e c h n i q u e s . ^ The neutron spec t rum is expected to be s imi ­
lar to that produced by the P o - a - L i react ion; amer ic ium alphas a re about 
180 keV m o r e energet ic than a r e those for polonium. The mean neutron 
energy is about 0.5 MeV. 

The source consis ted of 0.43 g of AmOj mixed with 5.0 g of natural 
li thium, encapsulated in s ta in less s teel and placed in a double-walled stain­
l e s s s teel capsule . The total m a s s of source and container was 85 g. The 
total neutron emiss ion was about 1.0 x 10 per sec . 

Spectrum m e a s u r e m e n t s were made with the use of two different 
reco i l -p ro ton probes . The f i rs t was 5.0 cm in d iameter , had a wall thick­
ness of 0.8 mm, and was filled to a p r e s s u r e of 2y atm of CH4, including 
N2 for ca l ibra t ion at a p r e s s u r e of 10 cm of Hg. Recoi l -proton spec t ra 
between 75 and 1400 keV were recorded . A second probe, having a 2.5-cm 
dianneter, a 7-cm effective length, and a wall thickness of 1.2 mm, was 
filled to a p r e s s u r e of 3 atm of Hj (10 cm of Hg of CH4 for quenching and 
an equal amount of Ng for cal ibrat ion) . Measu remen t s were made in the 
energy in terval between 20 and 110 keV. Both counters were shielded with 
lead during the exper iment . 

No co r rec t ions were made for a var ia t ion of ionization potential W 
with energy for the r e su l t s from the methane counter . Existing data^l 
indicate that W probably does vary somewhat over the interval from 
100 keV to 1 MeV for CH4, but is not adequate to pe rmi t its use for making 
co r rec t ions . The range of 1-MeV protons in the 5 -cm-d iamete r methane 
counter is 1.0 cm, and a significant co r rec t ion for dis tor t ion of the m e a ­
sured reco i l -p ro ton spec t rum by wal l -and-end effects above 1 MeV is 
requi red . 

The neutron spec t rum derived from this exper iment (resolution is 
approximately 20%) is shown in F igure 14, together with the ea r l i e r experi­
mental r e su l t s found by Barton^^ using a diffusion cloud chamber and the 

Bennett, E. F . , A Study of the I / E Slowing-down Neutron Spectrum 
Using 477 Recoil Propor t iona l Counters , ANL-6897 (Sept 1964). 

l l F e r g u s o n , A. T. G., Gas Recoil Counter, F a s t Neutron Phys ics , 
( In tersc ience Pub l i she r s , Inc., New York, I960, Marion, J. B. , and 
Fowle r s , J. L., Eds . ) . 
Barton, D. M., Measu remen t of the Neutron Spectrum fromaPo-Li"^ 
Neutron Source , LA-1609 (July 195 3). 
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c a l c u l a t e d r e s u l t s of Hess . -^^ The e x p e r i m e n t a l d a t a a r e in r o u g h a g r e e ­
m e n t bu t differ f rom the t h e o r e t i c a l p r e d i c t i o n . R e a s o n s for th i s d i s ­
c r e p a n c y have been of fe red by H e s s . S ince a m e r i c i u m oxide does not a l loy 
wi th l i t h i u m , it m u s t t h e r e f o r e be m e c h a n i c a l l y m i x e d . If the d i a m e t e r of 
A m 0 2 p a r t i c l e s is c o m p a r a b l e wi th the a l p h a - p a r t i c l e r a n g e , then fewer 
e n e r g e t i c a l p h a s wil l e s c a p e to b o m b a r d the l i t h i u m . The c a l c u l a t e d n e u ­
t r o n s p e c t r u m was m a d e u n d e r the a s s u m p t i o n of u n i f o r m m i x i n g of a lpha 
e m i t t e r and l i t h ium m a t e r i a l . In add i t ion to the m i x i n g p r o b l e m , d e g r a d a ­
t ion of n e u t r o n e n e r g y a l s o o c c u r s by e l a s t i c s c a t t e r i n g wi th l i t h ium in the 
s o u r c e and to a m u c h l e s s e r ex ten t by i n e l a s t i c s c a t t e r i n g with the s t r u c ­
t u r a l e n v i r o n m e n t and l ead sh i e ld ing a r o u n d the c o u n t e r . 

2. High C o n v e r s i o n C r i t i c a l E x p e r i m e n t 

The High C o n v e r s i o n C r i t i c a l E x p e r i m e n t w o r k h a s b e e n c o m p l e t e d 
and r e s u l t s a r e now be ing a n a l y z e d . In the c o u r s e of a n a l y s i s the c a d m i u m 
r a t i o s have been ob ta ined for s e v e r a l foil m a t e r i a l s ( ind ium, c o p p e r , gold, 
a n d m a n g a n e s e ) . T h e s e c a d m i u m r a t i o s w e r e found to be l i n e a r funct ions of 
the c o r e m o d e r a t i n g r a t i o o v e r a wide r a n g e of c o r e - l o a d i n g d e n s i t i e s . 
Th i s l i n e a r r e l a t i o n s h i p ( s ee F i g u r e 15) w a s u s e d a s a b a s i s for o r g a n i z i n g 
the a v a i l a b l e c a d m i u m r a t i o m e a s u r e n n e n t s in the H i - C c o r e s . S i m i l a r 
l i n e a r p lo t s have b e e n o b t a i n e d for U '̂̂ ^ and Û ®̂ c a p t u r e r a t i o s . 

The l i n e a r i t y of s u c h c u r v e s is c o n s i s t e n t wi th the following t w o -
g r o u p c o n s i d e r a t i o n s . Us ing the s u p e r s c r i p t s sub and ep i to i nd i ca t e the 
s u b c a d m i u m and e p i c a d m i u m g r o u p s , and the s u b s c r i p t x to i nd ica t e the 
foil i n a t e r i a l , one c a n w r i t e : 

CdR - 1 = 
s u b c a d m i u m a c t i v a t i o n 

e p i c a d m i u m a c t i v a t i o n 

, sub A sub 
^ax ^x 
aepi riepi (1) 

H e s s , W. N. , N e u t r o n s f rom (a,n) S o u r c e s , Ann. P h y s . 2, 115 (1959). 
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linear fits to experimental data. 

where the absorpt ion c ros s sections o'p^° and a|P^ a re averaged over the 
subcadmium and epicadmium spec t ra respectively, and the flux 0̂ ^ is 
averaged over the foil position. 

Fo r in ternal lat t ice posit ions, neglecting leakage, a thermal-neutron-
balance equation 

I-i gSUb s u b 
a i • 1 = c i-^ 1^1 s i 1 

(2) 

can be writ ten. Here n^ is the average number of atoms of core component 
i per unit cell volume, and c is an (approximate) constant of proport ional­
ity. Multiplying Eq. (l) by Eq. (2), rear ranging , and considering that in the 
co res investigated the r ight-hand side of Eq. (2) was dominated by the hy­
drogen, with a smal l contribution from the oxygen, one obtains 

CdR - 1 
\t H^r)H(*rAi^(-^^r;o 

<r 
<k O/ 

/ g e p i 

n a sub /0sub^,^,sub\ + / „ (jsub\ / ^ s u b A s u b 

(3) 

The foils were located between fuel pel le ts , so that (^f^V*|^^) ~ 1- It 
happens that the other flux ra t ios in Eq. (3) can also be set equal to unity 
without introducing much e r r o r , since the epicadmium flux is typically 
quite flat and since the denominator of Eq. (3) is dominated by the f irs t 
t e r m . Now one can wri te 

CdR 1 K c 

, . ub („ea iP i )_^ . (n |ap )^ 
ss const (MR), (4) 



where MR is the moderat ing ra t io . 

Thus it is predicted that the cadmium ratio in the fuel should be 
approximately a l inear function of the moderating rat io even if the la t ter 
is calculated on the bas i s of a homogenized core . 

The fact that the extrapolated curves of Figure 1 5 do not pass c loser 
to the origin is perhaps due to spec t ra l changes from core to core , since 
the "const" of Eq. (4) contains effective foil c ros s sections which a r e some­
what dependent upon the spec t ra l shape. 

The l inear plots in F igure 15 come from cores with two different 
cladding naaterials (aluminum and s ta in less s teel , two fuel d i amete r s 
(0.87 cin and 0.935 cm), and two fuel compositions (3 and 5 w/o enriched 
UO2). 

These resu l t s provide a simple tes t for calculations on neutron 
spec t ra and m a t e r i a l reac t ion r a t e s . 

B. Theoret ica l Reactor Physics 

1. Resonance Interference 

A program has been wri t ten for the CDC-3600 to compute resonance 
absorption by a rod in a two-region cell . Since the p rogram is not based on 
the na r row- resonance approximation in the modera tor , it is capable of com­
puting absorption by wide resonances or by overlapping resonances more 
accurate ly than methods based on that assumption. 

An energy range of in te res t is divided into many groups, whose 
equal lethargy width is much less than the maximum lethargy gain per coll i­
sion with uranium. The source distr ibution for a group is taken to have the 
form 

n=o 

where a is the radius of the rod, i = 0 for the rod, and i = 1 for the modera ­
tor. The collision ra te in the rod is given by 

2 

Crod = 83(1 -pg) + Y ( l -Pn )Son ' (1) 
n=o 

where Sg, the rate at which neutrons impinge upon the surface of the rod, is 



- V / Tba [PnTabSon + (^bn + PanPsTab)Sin] I 

„ ^ 1 - T-u-u - J-ha •'•abP.=^ 

with 

P = f i r s t flight escape probability through modera tor surface 
at X for neutrons from Sj^; 

T = probability that isotropic flux incident upon modera tor at 
X escape through the surface at y; 

Pj^,Pg = f i rs t flight escape probabil i t ies from the rod for neutrons 
fronn SQJ^ and Sg, respect ively. 

Cady's moment method^"* {Q used to obtain the escape probabil i t ies from 
the rod and the flux in the rod in the form 

2n 
0(r) ^ Y Ml) • (̂ ) 

n=o 

The flux in the modera to r , in the form 

n=o 

is then obtained from the conditions of neutron conservat ion, equality of 
the fluxes at the interface, and vanishing of the der ivat ive of the flux at the 
edge of the cell . These fluxes then contribute to the source for lower groups. 
Calculations of p for the wa t e r -mode ra t ed cel ls considered by Rothen-
stein were in excellent ag reemen t with his Monte Carlo r e su l t s . 

2. Solution of Transcendenta l Equations by Ser ies Revers ion 

One of the more common computing tasks is the solution of non­
l inear a lgebra ic and t ranscendenta l equations of the form 

F(Y) = G(X). (1) 

Fo r a single value of X, such equations may ordinar i ly be solved by i t e r a ­
tion, provided an adequate init ial approximation to the root is available. In 

-^•^Cady, K. B., and Clark, M., Neutron Transpor t in Cylindrical Rods, 
Nucl. Sci. Eng. 18, 491-507 (1964). 
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many c a s e s , h o w e v e r , an a n a l y t i c a l a p p r o x i m a t i o n to the r o o t is d e s i r a b l e , 
e i t h e r to f u r n i s h s t a r t i n g v a l u e s for the i t e r a t i o n , o r for d i r e c t a p p l i c a t i o n 
when only l i m i t e d a c c u r a c y is r e q u i r e d . 

L e t Eq. ( l ) have a known roo t , YQ, a t X = Xg. Le t F(Y) be a n a l y t i c in 
the n e i g h b o r h o o d of YQ, and l e t G(X) be a n a l y t i c in the ne ighborhood of XQ. 
F u r t h e r , s u p p o s e t h a t F'(Yo) = Fg = 0. Then the v a r i a b l e t r a n s f o r i n a t i o n s 
y = Y - YQ and x = X - XQ a l low us to w r i t e Eq . ( l ) in the f o r m 

F(y+Y„) - r(Y„) G(x + X„) - G(X„) 

« ' ' ' = n = <̂=̂ ' = n • <'' 

w h e r e f(y) and g(x) have the c o n v e r g e n t p o w e r s e r i e s r e p r e s e n t a t i o n s 

00 00 

£(y) = Z ^jy^' g(^) = Z V ' ' (3) 
j=i i=i 

wi th a i = 1. 

We have deve loped a n a l g o r i t h m for f inding the coef f ic ien ts in the 
power s e r i e s for y(x) , w h e r e y is the r o o t of Eq. (2), f r o m the coe f f i c i en t s 
in the power s e r i e s for f(y) and g(x). F o r g(x) = x, the a l g o r i t h m r e d u c e s 
to the f a m i l i a r one for r e v e r s i o n of p o w e r s e r i e s . 

F o r j = 1, 2 . . . , l e t y be a r o o t of Eq . (2) and l e t 

CX) 

- Z c i , j x i , (4) yJ 

i = j 

so tha t the d e s i r e d coef f i c ien t s a r e the c^ j . The e x i s t e n c e and con t inu i ty 
of y a r e a s s u r e d in a n e i g h b o r h o o d of 0 by the i m p l i c i t function t h e o r e m . 

S ince y^ = y y j . we m a y take the p r o d u c t 

~ . ~ . ^ ^" J 

i~l • {3j - i= j+i j^^ i 

and the Cj_ : obey the r e c u r r e n c e for i > j ^ 1 

i - j 

(5) 

^i,j+i = Z '^k,! ci-k,j- (6) 
k=i 

Subs t i tu t ing Eq . (4) into (3) and r e a r r a n g i n g , we obta in 



Z ĵy' = Z Z^j<=i,j^^ = Z Z^j^i,j^' = Z w - ^ (7) 
J = l j = l i=j i = I j=:i i= l 

a c c o r d i n g l y , 
i 

J = 2 

T h u s t h e a l g o r i t h m f o r c o m p u t i n g t h e c^ : i s a s f o l l o w s : S e t c^ 2 = ^ i -
F o r i = 2 , 3 , . . . , c o m p u t e Cj 44.1 f o r j = i - 1, i - 2, . . . , 1 b y u s e of E q . (6) ; 
t h e n c o m p u t e c^ ^ b y u s e of E q . ( 8 ) . T h e Ci^i a r e t h e d e s i r e d c o e f f i c i e n t s . 

T h e r e s u l t i n g p o w e r s e r i e s fo r y (x ) c a n b e u s e d in a v a r i e t y of w a y s . 
In a d d i t i o n to d i r e c t a p p l i c a t i o n , t h e s e r i e s m a y b e t r a n s f o r m e d to a s e r i e s 
i n C h e b y s h e v p o l y n o m i a l s , w h i c h m a y b e t r u n c a t e d to g i v e a n e a r l y m i n i m a x 
a p p r o x i m a t i o n o v e r a s p e c i f i e d r a n g e . O t h e r p o s s i b i l i t i e s i n c l u d e c o n v e r ­
s i o n t o P a d e a p p r o x i m a n t s , a n d a p p l i c a t i o n of t h e v a r i o u s d e v i c e s f o r a c c e l ­
e r a t i n g c o n v e r g e n c e . 

3 . M u l t i g r o u p N e u t r o n F l u x e s in a S u b c r i t i c a l M u l t i p l y i n g M e d i u m w i t h a 
C o n s t a n t E x t e r n a l S o u r c e 

T h e p r o b l e m of s o l v i n g f o r t h e n e u t r o n f l u x in a s u b c r i t i c a l , f i n i t e , 
m u l t i p l y i n g n n e d i u m w i t h a c o n s t a n t e x t e r n a l n e u t r o n s o u r c e o f t e n a r i s e s 
in r e a c t o r p h y s i c s . T h e m e t h o d s , o u t l i n e d b e l o w , fo r o b t a i n i n g t h e n e u t r o n 
f l u x e s a r e a p p l i c a t i o n s of t h e t e c h n i q u e of f o l l o w i n g n e u t r o n r e a c t i o n r a t e s 
t h r o u g h iTiany s u c c e s s i v e g e n e r a t i o n s . M u l t i g r o u p d i f f u s i o n t h e o r y i s u s e d 
to p r o v i d e t h e s e t t i n g f o r t h i s d i s c u s s i o n , b u t i t i s n o t a n e s s e n t i a l f e a t u r e 
of t h e m e t h o d s . 

N 
T h e N - g r o u p e q u a t i o n s f o r t h e n e u t r o n f lux , (0i) y , i s w r i t t e n in 

j = i 
t h e s y m b o l i c f o r m 

^ ^ s o u r c e ( k - * j ) 0 k + Sf, 1 ^ J „ N . ( l ) 

H e r e L | i i - i s t h e l o s s r a t e of g r o u p - j n e u t r o n s d u e to n e t l e a k a g e 
a n d to t h e v a r i o u s r e m o v a l p r o c e s s e s ; ^ s o u r c e (k~*j)^ 'k ^^ t h e r a t e of i n ­
j e c t i o n of n e u t r o n s i n t o g r o u p j , f r o m e v e n t s of s c a t t e r i n g , f i s s i o n , a n d 
(n ,2n ) in g r o u p k; a n d S? i s t h e e x t e r n a l s o u r c e r a t e f o r g r o u p j . A l l 
f u n c t i o n s a r e a s s u m e d to b e f u n c t i o n s of t h e p o s i t i o n v e c t o r , _r. 

E q u a t i o n ( i j m a y b e s o l v e d , by t h e m e t h o d of s u c c e s s i v e g e n e r a t i o n s , 
00 

by s e t t i n g <f>- = V lrn,\> ^-^^ s o l v i n g E q . (2) a s f o l l o w s : 
m=o 



w h e r e 

N 

0 = L j ^ m , j + Z 2 * o u r c e ( k - J ) ^ m , k + S ^ J ^ 1 < j < N, (2) 
k=i 

2 * 
s o u r c e 

(k -* j ) ^ 2 
s o u r c e 

( k - j ) - iS j (vSf) 

a n d 

oe S j , m = 0 

-m, j - ^ N 

ĵ Z (̂ f̂̂ k ^(m-i),k; "^2 1-
k=i 

T h u s , for m = 0, t he s o u r c e i s t he e x t e r n a l s o u r c e . F o r m > 1, the s o u r c e 
for the m ' ' " n e u t r o n g e n e r a t i o n i s the u n r e n o r m a l i z e d f i s s i o n n e u t r o n p r o ­
duc t ion r a t e r e s u l t i n g f r o m e v e n t s in the (m - l ) t h g e n e r a t i o n . T h i s c o r r e ­
sponds to a s e q u e n c e of " o n e - s h o t " p r o b l e m s of the type wh ich the R E X 
p r o g r a m c a n so lve for o n e - d i n n e n s i o n a l p r o b l e m s w h e r e the s o u r c e and the 
m e d i u m h a v e s u i t a b l e s p a t i a l s y m m e t r y . 

The a d v a n t a g e of t h i s m e t h o d i s t h a t the flux c o n t r i b u t i o n s f r o m the 
v a r i o u s n e u t r o n g e n e r a t i o n s a r e d i s p l a y e d . H o w e v e r , to ob t a in the to t a l 
flux 0 j ( r ) , in g r o u p j , i t i s n e c e s s a r y to s u m the c o m p o n e n t s f .^^^ 4. If 
t h i s i n t e r m e d i a t e i n f o r m a t i o n i s not d e s i r e d , an a l t e r n a t i v e p r o c e d u r e i s 
to s o l v e the s e q u e n c e of p r o b l e m s : 

N 

0 = L j ^ m . j + Z 2 L u r c e ( ^ - ^ J ) W + S ^ , j ' '< J i ^ . (3) 
k=i 

w h e r e 

T h e n 

' m , j 

Sj; m = 0 

N 

Sf +^j Z ^^^f), ^(m-i),k' 
k=i ^ 

m > 1. 

m 

^mj = Z ^n,j' 
n=o 



a n d 

0. = l im 7/ .. 
J m->oo ^rrijj 

The func t ions ij/^^ : c o n v e r g e r a p i d l y , in s h a p e , to the a s y m p t o t i c 
d i s t r i b u t i o n in a f i c t i t i ous c r i t i c a l m e d i u m w h e r e a l l (l^2£)-|^'s h a v e b e e n 
m u l t i p l i e d by l /kgff . To e s t i m a t e the r e m a i n d e r , 

m = M 

a f t e r M s t e p s , a s s u m e tha t t he p r o c e s s h a s b e e n c a r r i e d to the point 
w h e r e , for m > M, k^ff^ ^ k^ff. and f^^^ » kgff ^ ( „ , _ i ) j . 

T h e n 

Z î 
kgff 

^,3 - r^r^ ^(M-i),; 
m = M ei i 

H e r e , k^ff i s def ined a s the r a t i o 

/ Z (^2f)k ^m,k dV 
, « / m e d i u m k-J 
kgff = . _ —. 

m 
/ j : (^2f)k^(m-i) .kdV 

J m e d i u m ^ - i 

In c o m p u t e r p r o g r a m s wh ich m i g h t be b a s e d upon Eq. (3), it would 
b e d e s i r a b l e to p r o v i d e a n op t ion of f lux c o n v e r g e n c e , w h e r e the c o n v e r g ­
e n c e of f luxes in c e r t a i n e n e r g y g r o u p s and in c e r t a i n r e g i o n s is spec i f i ed . 
An a d d i t i o n a l c o n v e r g e n c e c r i t e r i o n shou ld be s t a t e d , n a m e l y , on kgff , 
for e x a m p l e , a Cauchy c o n d i t i o n on kgff which would be t e s t e d by 
c o m p u t i n g 

' ^ e f f ( m - p ) " ^eff( j„_p*)l 

for a c e r t a i n n u m b e r of v a l u e s p and p * , say 0 , p ^ pg, and 0 ^ p Po; o r , 
p e r h a p s , f i r s t kgff could be c a l c u l a t e d , wi th a c o n v e r g e n c e c r i t e r i o n tha t 

ike f f^^_p) - kgff I < f. for 0 < p < po. 



C. High- t empera tu re Mate r ia l s 

1. Ce ramic s 

a. P r o p e r t i e s of (Th-U) Phosphides . Study of the p rope r t i e s of 
UP has continued. Measu remen t s of e lec t r i ca l res i s t iv i ty , made on s a m ­
ples s in te red or heat t rea ted in the t empera tu re range from 1600 to 2Z00°C, 
showed no c l e a r - c u t re la t ionship between r o o m - t e m p e r a t u r e res i s t iv i ty 
and he a t - t r e a t m e n t t e m p e r a t u r e , despi te the smal l differences in s to ichi-
ometry a r i s ing from heating at different t e m p e r a t u r e s and the p resence 
of inetal l ic uranium in samples fired at 2000°C or higher. 

The curve of t he rma l expansion of UP over the range from 20 to 
980°C was continuous and showed a slight i nc rease in expansivity with r i s ­
ing t e m p e r a t u r e . The t he rma l expansion value to 980°C was 8.6 x 10"^ c m / 
cm-°C, somewhat lower than those for UO2 or US. 

Final invest igat ions were made of the sys tem UP-UO2. The phase 
d iagram of the sys tem was compara t ive ly s imple , with no in te rmedia te 
compounds and no solubility between the phases . A eutectic occu r r ed at 
the composi t ion UP-58 m / o UO2 and a t empera tu re of 2390 ± 30°C. The 
melting t e m p e r a t u r e s in helium were 2535°C and 2720°C for UP and UOg, 
respec t ive ly . It is likely that at their melt ing t e m p e r a t u r e s both compounds 
were hypos to ichiometr ic . Moreover , smal l amounts of meta l l ic uran ium 
mos t probably formed above 2200°C, through decomposit ion of UP and pos ­
sibly of UO2. Acce le ra ted vaporizat ion of internaediate composi t ions in the 
sys tem was thought to be part ly due to the h igh- t empera tu re reac t ion 
UP + UO2 -* 2UO t+ Pf. The occur rence of metal l ic uranium at UP-UO2 
boundar ies in m a t e r i a l fired at 2000°C suggests that another high-
t empe ra tu r e reac t ion between the two compounds was respons ib le for i ts 
formation. However, this cannot be stated unequivocally, s ince photo­
mic rog raphs of pure UO2 fired at 2000°C in vacuum also showed the p r e s ­
ence of substant ia l amounts of uranium in grain boundar ies . Moreover , it 
is poss ible that in both cases the meta l precipi ta ted out during sample 
cooling. 

b . Mechanical P r o p e r t i e s of UO2. Resul ts obtained over the 
previous four mionths and requi r ing further explanation to elucidate the 
mechan i sms of deformation have been rechecked. 

Two batches of spec imens were examined at 1500°C, at med i ­
um and high s t ra in , with high densi ty, achieved by el iminating the use of 
Carbowax binder in p ress ing . (The g reen s t rength of such compacts is 
low, and 5 to 10% of the spec imens a r e los t through handling damage or 
through p r e m a t u r e cracking due to t he rma l shock in s in ter ing. The method 
does, however , ensure high density, up to 10.64 g/cc . ) The previous t rend 
of r e s u l t s at 1500°C was confirmed, i .e . , that some porosity a s s i s t s 



r e l a x a t i o n of s t r e s s and c o n f e r s duc t i l i ty on the s p e c i m e n s , so tha t a h i g h e r 
m a x i m u m s t r e s s is p o s s i b l e , bu t h i g h e r s t r a i n r a t e a lways r e s u l t s in a 
h igh max innum s t r e s s in duc t i l e s p e c i m e n s . C r a c k p r o p a g a t i o n ve loc i ty 
m u s t t h e r e f o r e be f a i r l y s low a t 1500°C, and, above a c r i t i c a l s t r a i n r a t e , 
l ag s beh ind the r a t e of i n c r e a s e of s t r e s s . The to ta l d e f o r m a t i o n d e ­
c r e a s e s with h i g h e r s t r a i n r a t e , h o w e v e r , s i nce l e s s t i m e is a v a i l a b l e for 
r e l a x a t i o n a t a n u m b e r of s u i t a b l e s i t e s . 

S i m i l a r c o n f i r m a t o r y t e s t s w e r e m a d e a t 1200°C and r o o m t e m ­
p e r a t u r e . P r e v i o u s s p e c i m e n s t e s t e d a t I200°C w e r e of e a r l y b a t c h e s of 
m a t e r i a l s , wi th l ower d e n s i t y . The r o o m - t e m p e r a t u r e s p e c i m e n s had a l l 
b e e n t e s t e d in a i r on p r e v i o u s o c c a s i o n s , a s for a l l p r e v i o u s l y pub l i shed 
w o r k , so far a s can be a s c e r t a i n e d . The new b a t c h e s , t e s t e d in v a c u u m , 
showed h i g h e r m a x i m u m s t r e s s , s o m e t i m e s by a fac to r of 2. The s u g g e s t e d 
e x p l a n a t i o n for th is change is the p r e s e n c e of m o i s t u r e in the a i r , which 
a c c e l e r a t e s c r a c k p r o p a g a t i o n a s in s t r e s s - c o r r o s i o n p h e n o m e n a . 

T e s t s w e r e c a r r i e d out a t 1750°C and 1500°C for s p e c i m e n s 
f rom wh ich the sk in had b e e n g round away to a depth of 1.52 m m on the t e n ­
s i l e f ace . The h i g h e r - d e n s i t y l a y e r on the s u r f a c e h a s a l w a y s b e e n p r e ­
s u m e d to r e s i s t the n u c l e a t i o n of c r a c k i n g to a g r e a t e r d e g r e e than the m o r e 
p o r o u s i n t e r i o r , bu t r e s u l t s showed tha t the m o d u l u s of r u p t u r e w a s h ighe r 
in g round s p e c i m e n s . Th i s could be due to g r e a t e r f r e e d o m f r o m m i n o r 
f laws o r i m p e r f e c t i o n s in the g round s u r f a c e , o r to the i n c r e a s e d n u m b e r 
of n u c l e a t i o n s i t e s in the m o r e p o r o u s s u r f a c e exposed , l ead ing to i m p r o v e d 
s t r e s s r e l a x a t i o n , or both. 

T e s t s a r e now in p r o g r e s s a t I500°C with v a r i a t i o n s in 
a t m o s p h e r e . H e l i u m gas a t 1 m m Hg p r e s s u r e i n c r e a s e d the p l a s t i c i t y of 
UO2 a t t h i s t e m p e r a t u r e , r e d u c i n g the y i e ld point and m a x i m u m s t r e s s . 
T h i s m a y r e s u l t f r om m o i s t u r e c o n d e n s i n g af ter expans ion f rom the gas 
c y l i n d e r , and in f u r t h e r t e s t s u s e wi l l be m a d e of a d ry ing t o w e r to c h e c k 
th i s poin t . 

T h e s e r e s u l t s , s u m m a r i z e d in Table XIII, inc lude the p r e v i o u s 
r e s u l t s for r o o m - t e m p e r a t u r e t e s t s in a i r . 

Table XDI, Mechanical Test Data for UOj 

Density {q 

^^iian 

10.58 
10.44 
10.64 
10.59 
10.61 
10.58 
10.60 
10.62 

ground to 
10.60 
10.50 

ground to 
10,48 
10.6 

/CO 

Standard 
Deviation 

0.009 
0.07 
0.001 
0.005 
0,005 
0.01 
0.007 
0.005 

0.05 

0.005 

Maximum Stress 

iV^ean 

843 
598 

1511 
1480 
1317 
1110 
1213 
1228 

1278 

867 

ikg/csn^i 

Standard 
Deviation 

128.0 
37.2 
914 
914 

111.6 
76.0 

109 5 
72.2 

94.9 

15.0 

Mean Strain 

Rate 
imni / sec x lO'^l 

1.54 
4.24 

17.27 

0.97 
2.11 

10,4 

13.21 

13.05 

Wean Total 

Strain 
imms 

0.13 
0.10 
0,20 
0.35 
0.34 

0.43 

1.95 

0.40 

lemp 
("Ci 

25 
25 
25 
25 

1250 
1500 
1500 
1500 

1750 

1500 

Atnosphere 

Air 
Air 

Vacuum 
Vacuum 

Vacuum 
Vacuum 
Vacuum 
VacuL-m 

Vacuum 

Helium 



c. The rnna l S tab i l i ty . C u r r e n t s t u d i e s of t h e r m a l s t a b i l i t y a r e 
c o n c e r n e d wi th d e t e r m i n a t i o n of e v a p o r a t i o n r a t e s of m a t e r i a l s and the 
eva lua t i on of a s s o c i a t e d r e a c t i o n s , 

(i) MgO. D e t e r m i n a t i o n s of e v a p o r a t i o n r a t e of MgO in 
vacuumi, for p u r p o s e s of c a l i b r a t i o n , have b e e n l i m i t e d to 2330°K b e c a u s e 
of the e x c e s s i v e r e a c t i o n of the e v a p o r a t i n g s p e c i e s wi th tool ing m a t e r i a l s 
a t h i g h e r t e m p e r a t u r e s . Some f u r t h e r s t u d i e s wi l l be m a d e wi th MgO in 
h e l i u m . 

i s 

The e v a p o r a t i o n r a t e c u r v e d e t e r m i n e d for MgO in v a c u u m 
shown in F i g u r e 16 for the t e m p e r a t u r e r a n g e froin 1864 to 2333°K. The 

m i n i m u m and m a x i m u m r a t e s in th i s 

'E 
o 

Q. 

IjJ 

10̂  

TEMP.'K 

2400 2200 2000 

4.2 4 4 4.6 4.8 5,0 52 54 

10*/T 

Figure 16. Evaporation Rate Data for MgO 
(System Pressure 1.0 x 10"5 to 
1.2 X lo"^ Torr). 

r a n g e w e r e 1.29 x 10 a n d 2 .77 x 

1 0 " g m / c m s e c , r e s p e c t i v e l y . 

( i i ) U 0 2 . S o m e d e t e r m i n a ­
t i o n s of e v a p o r a t i o n r a t e s of UO2 in 
v a c u u m h a v e b e e n n ^ a d e i n t h e t e m p e r a ­
t u r e r a n g e f r o m 1859 to 2 4 1 8 ° K . C o n ­
f i r m a t i o n t e s t s a r e i n p r o g r e s s b e f o r e 
e s t a b l i s h i n g t h e e v a p o r a t i o n c u r v e i n 
t h i s t e m p e r a t u r e r a n g e . 

( i i i ) P l u t o n i u m C e r a m i c s . 
T h e e v a p o r a t i o n b e h a v i o r a n d o x i d a t i o n 
r e s i s t a n c e of p l u t o n i u m c e r a m i c s w i l l 
b e s t u d i e d . A h i g h - t e m p e r a t u r e v a c u u m 
m i c r o b a l a n c e a p p a r a t u s i s b e i n g c o n ­
s t r u c t e d fo r e v a p o r a t i o n s t u d i e s . A n ­
o t h e r a p p a r a t u s i s b e i n g s e t u p f o r 
o x i d a t i o n e x p e r i n n e n t s i n v o l v i n g g a s -
c h r o m a t o g r a p h i c a n a l y s i s . In o r d e r t o 
e v a l u a t e t h e p e r f o r m a n c e of t h e o x i d a ­
t i o n a p p a r a t u s a n d s u p p l e m e n t e x i s t i n g 
d a t a , p r e l i m i n a r y e x p e r i m e n t s h a v e 
b e e n s t a r t e d on t h e o x i d a t i o n b e h a v i o r 
of u r a n i u m m o n o s u l f i d e . 

d. A n e l a s t i c i t y of S o m e U r a n i u m 
C o i n p o u n d s . S e v e r a l a t t e m p t s w e r e m a d e 
t o o x i d i z e s p e c i m e n s of u r a n i u m d i o x i d e . 
T h e s a m i p l e w a s p l a c e d i n a r e a c t i o n 
v e s s e l a n d , a f t e r e v a c u a t i n g , o x y g e n w a s 
i n t r o d u c e d . T h e t e m p e r a t u r e w a s r a i s e d 
i n 30 m i n to 6 5 0 ° C , a t w h i c h t i m e a r e ­
a c t i o n s t a r t e d . A f t e r 3 m i n , t h e v e s s e l 
w a s e v a c u a t e d a n d q u e n c h e d . T h e 



spec imens showed formation of U3O8 at the surface, at t r ibuted to the fact 
that the absorpt ion of oxygen took place at a faster ra te than diffusion into 
the body. The same resu l t s were obtained when trying to oxidize the 
sample in a i r at 300°C. 

Next, a bar of uranium dioxide and a cer ta in amount of U30g 
will be sealed in vacuum in a smal l container and heated at about 1000°C 
for 7 days . It is expected that by this technique, the oxygen evolved from 
the UsOg powder will oxidize the sample ; at the same time the formation 
of U30g in the specimen will be prevented, because the oxide will be un­
stable under this condition. 

Samples for the study of the effect of grain size on Young's 
modulus and internal friction a re being prepared . The f i r s t batch p ro ­
duced samples with a large number of pores . They were produced by the 
improper burnout of the binder . This defect was not p resen t in subsequent 
ba tches , in which the binder was proper ly eliminated. 

An existing furnace is being adapted for the h igh- t empera tu re 
s tudies . 

e. Uran ium-mixed Anion Sys tems . Previously it was repor ted 
that UC dissolves in UP up to about 4 w/o at 1800°C in vacuum and that 
the solubility of UP in UC is negligible. The unit cel l s ize of UP was 
5,586 A and of UP-4 w/o UC, 5.560 A. 

Some specimens used for the determinat ions above were fur­
ther equi l ibrated by holding for 6 hr at 1800°C. After crushing to <37 /i 
par t ic le s ize , the resul t ing powders were pressed . These specimens were 
equi l ibrated for 4 hr at 1800°C. Unit cel l s izes were determined from the 
X-ray diffraction pa t te rns . The cell s ize of the UC was unchanged; how­
ever , the cel l s ize for the UP(C) solid solution had increased . This in­
c r e a s e was jus t opposite to what would be expected if equil ibrium had not 
been at tained in the initial equi l ibrat ion. Consequently, it is thought that 
the p resence of oxygen, 0.15% in the UP and 0.40% in the UC, caused the 
change, possibly by preferent ia l ly react ing with the dissolved UC. The fact 
that the equi l ibrated specimens w e r e porous would allow this type of r e ­
action to proceed. 

2, Thor ium-based Fuels 

a. T h - U - P u I r rad ia t ion P ins , I r radia t ion pins of two Th-U-Pu a l ­
loys, nominally T h - l O w / o U-10 w/o Pu (80-10-10 alloy) and Th-20 w/o U-
10 w/o Pu (70-20-10 alloy), we re p repa red (see P r o g r e s s Report for Novem­
ber 1964, ANL-6977,pp . 55-56). The alloys were selected from an i so ­
t h e r m a l sect ion of the t e rna ry phase d iagram at 900°C because they contain 
no liquid phase at this temiperature. They were fabricated froin commerc i a l 
m a t e r i a l s into i r r ad ia t ion pins of 3.66 mm diaineter (0.144 in,), heat t r ea ted 



for 24 hours at 850°C and water quenched or, a l ternate ly , were given the 
same heat t r ea tment , but were subsequently reheated for one hour at 
700°C and furnace cooled. 

The s t ruc tu r e s produced by the fabrication p r o c e s s and the 
heat t r e a tmen t s showed spher ica l or oblong a -u ran ium pa r t i c l e s in a thori­
um mat r ix . The plutonium used in making these alloys contained: 

0.00% 
94,96 

4.56 
0.48 
0.00 

P u " 8 
P u " 9 
p^240 
Pu241 
P u 2 « 

The uranium was 93.18% enriched. In two of the 70-20-10 al loys, no rmal 
uranium was added to produce an enr ichment of 50% and c r ea t e comparab le 
enr ichments for both the 80-10-10 and the 70-20-10 al loys. 

The r e su l t s of density de te rmina t ions a r e l is ted in Table XIV. 
The heat t r e a tmen t does not appear to affect the density. 

Table XIV, Heat T rea tmen t s and Densi t ies of Selected I r rad ia t ion Pins 

N o , 

B 8 8 0 - 2 
B 8 8 0 - 1 

B 8 8 1 - 1 
B 8 8 2 - 1 

B 8 6 7 - 1 
B 8 6 7 - 2 

T h 
Alloy 

- U - P u (w/o) 

8 0 - 1 0 - 1 0 
II 

7 0 - 2 0 - 1 0 
n 

7 0 - 2 0 - 1 0 
II 

U r a n i u m 
E n r i c h m e n t 

(%) 

93.18 
93 .18 

50 
50 

93.18 
93.18 

H e a t 
T r e a t m e n t * 

A 
B 

A 
B 

A 
B 

D e n s i t y 
(g / cm^) 

12,33 
12.32 

12.83 
12.88 

12,80 
12.81 

*Heat t r e a t m e n t s : 

A: 24 hr at 850''C and water quenched. 
B: 24 hr at 850°C and water quenched; subsequently rehea ted to 

700°C, held for one hour , and furnace cooled. 

A cas t specimen heated to a t e m p e r a t u r e within 100 to 150°C of 
the solidus t e m p e r a t u r e in a ve r t i ca l pushrod d i la tometer begins to c r e e p 
under the s t r e s s e s produced by its own weight and the pushrod. Upon hea t ­
ing and cooling, a h y s t e r e s i s - t y p e loop^" is r ecorded that becomes sma l l e r 
and sma l l e r in a r e a as the cycle is repeated . The h y s t e r e s i s eventually 
becomes negligibly smal l after 8 to 10 cyc les . P r i o r heat t r ea tmen t of the 
spec imen at the maximum t e m p e r a t u r e of the cycle prac t ica l ly e l iminates 

Actually, the init ial loops a r e open at the bottom, because of c r eep , 
and there fore a r e not t rue c losed h y s t e r e s i s loops. 



the h y s t e r e s i s . Raising the t e m p e r a t u r e beyond the previous maximum 
makes it r eappea r . One possible explanation is that two super imposed 
phenomena a r e effective, one being homogenization of the original cas t 
s t ruc tu re through rep lacement of a nonequilibrium low-melting phase by 
the equil ibrium s t ruc tu re , the other one being p rogress ion of the f i rs t 
stage of c r e e p rapidly enough to be observed by conventional d i la tometry . 

The coefficient of the rmal expansion of the 80-10-10 alloy over 
the t e m p e r a t u r e range from 25 to 600^C var ied with t empera tu re from 
12.2 to 13.2 x 10" / C for s tabi l ized alloys (alloys that showed no signifi­
cant h y s t e r e s i s ) . 

The 70-20-10 alloy was stabil ized by a 24-hr anneal at 850°C 
before making the d i la tometr ic m e a s u r e m e n t s . The l inear coefficient of 
expansion for the t empera tu re range from 25 to 587°C was found to be 
13.1 X 10" / °C . The coefficient of expansion is smal le r for lower t em­
pe ra tu re r anges . 

b. Pos t i r r ad ia t ion Examinat ion of Thor ium-based Specimens. 
Pos t i r r ad ia t ion examinations of s ix thoriumi-based specimens i r r ad ia ted 
in the C P - 5 r eac to r a r e being conducted. These fuel specimens a r e 50 mm 
in length and 3.66 mm in d iamete r . All specinnens were jacketed in 
Nb-1 w/o Zr tubing. The fuel al loys a r e Th-35 w/o Pu, Th-20 w/o U-
20 w/o Pu, and Th-20 w/o U. The jackets had a wall thickness of 0.38 mm 
and an inside d i ame te r of ei ther 3.96 or 6.52 mm. The pins were NaK 
bonded to the jacket , but o therwise unres t ra ined . These fuel rods were 
i r r ad ia ted to burnups ranging from a calculated 2.9 to 5,5 a /o heavy meta l 
burnup and at maximum fuel t e m p e r a t u r e s of 780°C. 

Survei l lance of the condition of the specimens in the capsule 
was maintained by periodic examinat ions through neutron radiography. 
The capsule was d i sa s sembled when it was apparent that the fuel ma te r i a l 
in two spec imens had deformed. 

The ho t -ce l l examination revea led that a Th-20 w/o U-20 w/o Pu 
specimen and a Th-35 w/o Pu spec imen had ruptured the jacket . Both had 
been jacketed in 6 .52-mm-ID tubing. The maximum i r rad ia t ion t empe ra tu r e s 
were , respec t ive ly , 780°C and 720°C, at which t empe ra tu r e s a liquid phase 
would exist in the Th -U-Pu alloy and would a lso be highly probable in the 
Th-Pu alloy. F r o m the rad iographs it Avas possible to note that the fuel in 
these two spec imens had divided into two separa te p ieces . Sections of the 
fuel completely filled the in te r io r of the jacket . A smal l amount of fuel 
pro t ruded from an opening in the jacket of the Th-35 w/o Pu-fueled spec i ­
men. The jacke t of the specimen fueled with Th-20 w/o U-20 w/o Pu was 
badly deformed and cracked. 



Another specimen, which was fueled with Th-35 w/o Pu and 
jacketed in 3 .96-mm-ID tubing, had a longitudinal c rack in the jacket . This 
specimen had been i r r ad ia ted to 3.0 a /o burnup at a maximum fuel t e m p e r ­
a ture of 570°C. 

A specimen fueled with Th-20 w/o U and jacketed in 6 ,52-mm-
ID tubing was intact, but the upper third of the fuel pin showed a marked 
d iameter i nc rea se . 

The jackets of the three intact specimens failed to show signifi­
cant d iamete r changes. These specimens will be punctured for recovery and 
analysis of fission gas . All spec imens will be sectioned for a detailed 
meta l lographic examination. 

3, Cor ros ion by Liquid Metals 

a. Po la r iza t ion Studies in Liquid Metal Environment , Investigation 
has continued of the occu r rence of relat ively ba re spot a r e a s of smal l 
d iameter on z i rconium surfaces otherwise blackened by exposure to oxy­
genated sodium at 540°C. 

The p re sence of such spots after exposure for 20 hr has been 
m o r e definitely assoc ia ted with mo i s tu re picked up during t ransfe r of 
sodium to the cel l p r ior to test . When a cell loading was c a r r i e d out in a 
helium dry box, the subsequent t es t exposure resu l ted in a sample surface 
uniformly coated with black film. There was some evidence suggesting the 
existence of l ighter spot a r e a s at some t ime before removal , A second ex­
per iment with the same sodium load again gave a surface free of the r e l a ­
tively ba re spots . These r e su l t s were s imi la r to those repor ted previously 
after application of a vacuum gas -ex t rac t ion technique to a different 
sodium load. 

The vacuum-ex t rac t ion technique, however, has not always p ro ­
duced sodium in which uniform sample surfaces were af terwards obtained. 
This is p resen t ly a t t r ibuted to var ia t ions in the amount of mo i s tu r e picked 
up during what has been the no rma l t ransfe r p roces s (under argon blanket 
with some momenta ry exposure to room a i r ) . P r e s e n t effort is d i rec ted 
toward improvement of the d ry-box a tmosphere to p e r m i t sodium t ransfer 
with a minimum of contamination. 

Measu remen t s of r a t e of hydrogen remova l by the vacuum-
extract ion technique verify that e i ther prolonged pumping (see P r o g r e s s 
Repor t for January 1965, ANL-7003, p. 45) or d ry-box loading r e su l t s in 
lower r a t e s of hydrogen extract ion, implying lower hydrogen concentrat ion 
in cel l sodium as a r e su l t of e i ther p r o c e s s . 



b. Dissolution Kinetics in Liquid Metals . The f i rs t of a s e r i e s of 
dissolut ion exper iments in the Ta-Sn sys tem has been performed in which 
the ro ta t ing-d isc sample configuration was used. Tin samples obtained 
during the course of the dissolution run have been analyzed for tantalum 
by the neutron-act ivat ion method. The resu l t s indicate that the sensitivity 
of the method will be adequate to obtain dissolution ra te data over a wide 
range of t e m p e r a t u r e s . A se r i e s of exper iments a r e in p rog res s to de t e r ­
mine the t empe ra tu r e dependence of the dissolution ra te at a fixed Reynolds 
number . 

4. Plated Coating as a Dete r ren t to Oxidation of Refractory Metal 

When a re f rac to ry loop is operated at high t empera tu re in an iner t 
a tmosphere , the loop slowly d i s in tegra tes by oxide scaling. Complete r e ­
moval of mois tu re and oxygen from the iner t gas is extremely difficult with­
out an extensive sys tem of cold t r aps . In order to prolong the life of the 
loop by removing minute concentrat ions of oxygen, nickel has been plated 
on the re f rac to ry mietal surface followed by high-frequency heating to secure 
adherence . 

Six Nb-1% Zr samples which have been coated with 0.5-mil nickel 
by the e l ec t ro les s p roces s were exposed to thermal-cycl ing t e s t s . Two 
were not heat t r ea ted and two were subjected to three 4-sec rf pulses which 
ra i sed the samples to 1530°C. The remaining two were t rea ted to 30 cycles 
to the same t e m p e r a t u r e . These six samples were cycled to 1500°F once a 
day for 12 days . At the end of this t ime, five of the samples remained un­
changed. The sixth showed a slight flaking of the coating. 



D. Other Reactor Fuels and Mater ia ls Development 

1. Nondestruct ive Testing 

a. Determinat ion of Elas t ic Moduli of High- tempera tu re Mater ia l s 
by Ul t rason ics . The object of this p r o g r a m is to m e a s u r e the t empera tu re 
dependence of the e las t ic moduli of m a t e r i a l s that show p romise in high-
t empera tu re r eac to r appl icat ions. To obtain these data a vacuum furnace 
has been constructed in ^ l i c h solid ba r - shaped samples will be mounted. 
Pulsed u l t rasonic waves will be propagated along the length of these samples , 
and the t r ans i t t imes of pulses pass ing a heated, indexed region in each bar 
will be measu red . The indexing is done by machining one end to a smal le r 
d iameter than the r e s t of the ba r . 

The velocity of sound in the indexed region can then be calcu­
lated since one has the length of this region and the t r ans i t t ime in it. Both 
shear wave veloci t ies and longitudinal veloci t ies a r e de termined. Any of the 
elast ic moduli , e.g., Young's modulus, Po i sson ' s ra t io , shear modulus, can 
be de termined if the sound veloci t ies a r e known. 

The flange that will hold the sample b a r s in a h igh- t empera tu re 
furnace, known as a "Brew" furnace, was tes ted in that furnace. A s ta inless 
s teel rod was placed in the specimen por t so that i ts indexed end was in the 
hot zone of the t an ta lum-shee t hea te r . In o rder to tes t the efficiency of the 
cooling jacket , the sample was taken up to 1450°C (near the melt ing point of 
the bar ) . The top end of the rod remained cold. The bar was brought back 
to room t e m p e r a t u r e . 

Subsequently, a 5-Mc quar tz c rys ta l was coupled to the bar and 
5-Mc, 1/2-/isec pulses of sound-were sent do'wntherod during a second hea t ­
ing run. The echoes were detected, amplified, and displayed on the osci l lo­
scope. It was noticed immedia te ly that the echoes were ve ry weak as 
compared with echoes previous ly observed in the same specimen, and that 
the noise level of the sys t em had increased . The echo signals were observed 
until the bar -was brought to near its melt ing point, when they disappeared. 

After the ba r had cooled, different t r a n s d u c e r s operating at 
different f requencies were t r ied . Echoes were observable at 1 Mc and at 
2.25 Mc; at 5 Mc, the u l t rason ic noise level of the sys tem (which inc reased 
with inc reas ing frequency) was higher than the echo signal. The resu l t s of 
these and other t e s t s indicate that the heat t r ea tmen t given the bar caused 
the g ra ins in the heated region to grow. The 5-Mc sound was sca t te red so 
that only a smal l pe rcen tage of the total sound energy reached the end of the 
bar in a coherent form. Since 2.25-Mc sound got through the bar in a 
coherent form, it is thought that the gra in size probably approached the 
wavelength of 5-Mc sound in s teel , namely, 0.12 cm. 

Measu remen t of the t empera tu re of the index region of the bar 
while it was mounted in the Brew furnace would be r a the r difficult, pa r t i cu ­
lar ly the m e a s u r e m e n t of any t h e r m a l gradient in the index region. For 
this reason , a m i r r o r i s being built into the lower flange of the furnace so 
that the specimen can be viewed from the bottom. This way the t empera tu re 



of both the shoulder (at the junction of the large diameter par t of the bar 
with the index region) and the end of the bar can be measured optically. 
The t empera tu re difference between these two regions is the t empera ture 
gradient in the index region. 

b. Corre la t ion of Sound- t ransmiss ion P rope r t i e s and Bond Quality, 
An analysis of the the rma l conductivity K and ul t rasonic t r ansmiss ion data 
for copper braze-bonded specimens has been completed, A point-by-point 
( l -mm^ area) compar ison of the rmal and ul t rasonic ineasurements was 
made, as well as a compar ison of overal l u l t rasonic t ransmiss ion with aver ­
age the rmal conductivity in 7-mm^ a r e a s . 

The re su l t s show that u l t rasonic t r ansmiss ion dec reases with a 
dec rease in t he rma l conductivity, but that the rate of decrease of the u l t r a ­
sonic t r ansmis s ion is strongly frequency dependent. For the copper b r a z e -
bonded specimiens when K is ei ther 0.735 or 0.283 of the standard value 
(Kstd)j the amplitude A of ul t rasonic t ransmi t ted pulse as compared with 
the s tandard (Agtd) is given in Table XV. When K/Kgtci falls to 0.01, no 
effective t r ansmis s ion occur s at any frequency. The resu l t s for rol l-bonded 

specimens a r e s imi lar , although not as detailed, 
Table XV. Relationship of as the lowest value for K/Kstd was 0.890. 

Thermal Conductivity to 
Ultrasonic Transmission as ^^ D e v e l o p m e n t of a N e u t r o n - i m a g e 

Affected by Frequency T- .^. . 5 7 . , -, :—: 7 • 
Intensification System. A television sys tem m 
conjunction with a neutron- image intensifier was 
used in a pos t i r radia t ion annealing study of an 
i r rad ia ted fuel pin. The neutron t r ansmiss ion 
image of the fuel pin, through the s tainless 
steel tube, and tantalum and alumina containers 
around the pin, and through the furnace, was 
continuously observed on the television monitor 
for about 5 hr . Motion-picture records were 
made periodical ly, and the entire run was r e ­
corded on videotape. Upon heating, the fuel 

expanded, the cladding ruptured, and fuel spilled out, collecting at the 
bottom of the alumina crucible immediately surrounding the jacketed fuel. 

F r o m the standpoint of the detection system, this f i rs t at tempt was 
reasonably successful . The equipment functioned well during the entire run. 
However, a number of modifications will be made before a second run is made. 

The thickness of the furnace should be changed. Under the con­
ditions used for the f i rs t run, it was impossible to place the fuel pin c loser 
than about 7 cm from the window of the image-intensif ier tube. The in­
ternal spacing of the ta rge t inside the tube added another 1 to 1.5 cm. At 
that distance between object and detector , the divergence of the beam p r o ­
duced a picture that lacked the des i red resolut ion. A thinner furnace and 
a new image- intensi f ier tube in which the target- to-window spacing will be 
reduced should alleviate much of that problem. Such an intensifier tube is 
now being assembled by the Rauland Corp. 

K / K s t d 

0.735 

0.283 

U l t r a s o n i c 
F r e q u e n c y , 

Mc 

1.0 
Z.25 
5.0 

1.0 
2.25 
5.0 

A / A s t d 

0.82 
0.12 
0.045 

0.25 
0.03 
0.02 



The p l a y b a c k qua l i t y of the v i d e o t ape r e c o r d i n g w a s v e r y p o o r , 
a g r e a t d e a l of n o i s e be ing ev iden t . P o s s i b l e c a u s e s for t h i s a r e now be ing 
s tud i ed . F o r t u n a t e l y , the m o t i o n - p i c t u r e r e c o r d i n g s m a d e d i r e c t l y fronn 
the k i n e s c o p e on t h i s f i r s t r u n w e r e of good qua l i ty , and t h e r e f o r e y i e l d e d 
a good r e c o r d of the run , 

E . E n g i n e e r i n g D e v e l o p m e n t 

1, D e v e l o p m e n t of M a n i p u l a t o r s for Handl ing R a d i o a c t i v e M a t e r i a l s 

a. E l e c t r i c M a s t e r - S l a v e M a n i p u l a t o r M a r k E 4 . A m o c k u p of one 
of the m a s t e r - a r m c o n f i g u r a t i o n s d e s i g n e d to u s e m e t a l t a p e s i n s t e a d of 
c a b l e s to d r i v e s o m e of the m o t i o n s ( s ee P r o g r e s s R e p o r t for J a n u a r y 1965, 
A N L - 7 0 0 3 , pp . 48-50) h a s b e e n m a d e . B e c a u s e of t h i s , the con f igu ra t i on of 
the m a s t e r a r m m u s t be d i f f e r en t t han tha t of the s l a v e . In the m o c k u p , 
the m a s t e r a r m is s i m i l a r to the s l a v e a r m f r o m the w r i s t jo in t to the 
s h o u l d e r jo in t . H o w e v e r , the a r r a n g e m e n t of the s e r v o d r i v e un i t s i s 
d i f f e r e n t in o r d e r to p r o v i d e a s t r a i g h t r u n of the t a p e s f r o m the lower a r m 
to the s e r v o d r i v e u n i t s . T h e s e m a s t e r a r m s a r e d e s i g n e d to be s u p p o r t e d 
by a f l o o r - s u p p o r t e d v e h i c l e . 

T e s t s h a v e b e e n c a r r i e d out to d e t e r m i n e the a m o u n t of " c r o s s 
t a lk" b e t w e e n one m o t i o n and a n o t h e r . With a 500-f t u n s h i e l d e d cab l e b e -
tv/een m a s t e r and s l a v e , one m o t i o n mov ing abou t 2-|- in, can c a u s e a n o t h e r 
m o t i o n to m o v e 0,03 0 in . , w h i c h is an a c c e p t a b l y low a m o u n t of c r o s s t a lk . 
The f ina l j u d g m e n t , h o w e v e r , m u s t w a i t un t i l the e n t i r e m a n i p u l a t o r is 
a s s e m b l e d and t e s t e d a s a c o m p l e t e un i t If, in the f inal uni t , the c r o s s 
t a l k i n t e r f e r e s wi th p e r f o r m a n c e , i t c a n be r e d u c e d c o n s i d e r a b l y by 
u t i l i z i ng a s t e p - d o w n t r a n s f o r m e r in the p o s i t i o n c i r c u i t o r by us ing a 
s h i e l d e d c a b l e . 

D e s i g n and t e s t i n g w o r k on o t h e r c o m p o n e n t s and s u b a s s e m b l i e s 
i s be ing con t inued , 

b . I m p r o v e d M a n i p u l a t o r T o n g s o r " H a n d s . " S e v e r a l conf igu­
r a t i o n s of 3 - f i n g e r e d " h a n d s " a r e be ing i n v e s t i g a t e d in which the shape of 
the f i n g e r s could be r a p i d l y c h a n g e d , e i t h e r by m a s t e r - s l a v e m o t i o n s o r 
t h r o u g h s w i t c h - o p e r a t e d d r i v e s ( indexing) . It m a y p r o v e to be d e s i r a b l e 
to c h a n g e the shape of the f i n g e r s by index ing and then apply the g r a s p i n g 
or " s q u e e z e " f o r c e t h r o u g h a f o r c e - r e f l e c t i n g s e r v o . Such a s y s t e m would 
r e t a i n the f o r c e - r e f l e c t i n g s q u e e z e c a p a b i l i t i e s of p r e s e n t m a n i p u l a t o r s 
wi thou t the c o s t and c o n i p l e x i t y of m a s t e r - s l a v i n g e a c h of the f inger m o t i o n s . 

2, T w o - p h a s e F l o w 

a. V o i d - f r a c t i o n - P r e s s u r e - d r o p F a c i l i t y . The loop h a s o p e r a t e d 
a p p r o x i m a t e l y 3500 h r a t t e m p e r a t u r e s above 1000°F, inc lud ing a p p r o x i ­
m a t e l y 700 h r a t bo i l ing t e m p e r a t u r e s b e t w e e n 1350 and 1650°F, the 



maximum sodiunn t e m p e r a t u r e to date. While operating at l650°F, a 
t h e r m a l - s t r e s s failure occur red in the condenser above the free sodium 
surface, re leas ing a smal l amount of sodium vapor to the a tmosphere . The 
loop was immediate ly shut down, and r epa i r s were effected while main­
taining an argon gas purge above the sodium level. Contamination of the 
sodium has most cer ta in ly occur red , however, and it is not known how much 
longer the loop will operate with its p resen t charge of sodium. The loop is 
being heated slowly to t e s t the condenser r e p a i r s . If failure r eoccu r s , the 
sodium will be hot-dumped and the condenser removed for more complete 
r e p a i r s . 

The data der ived from these exper iments has not been 
thoroughly analyzed, but some qualitative observat ions may be made. Be­
cause of the homogeneous boi ler , no large liquid superheats a r e needed to 
init iate boiling, i .e . , the boiling he re is not a surface phenomenon, so that 
nucleation occurs in a manner not defined by the usual surface nucleation 
theory assoc ia ted with channel boiling. 

With r e spec t to var ia t ion of vapor volume fraction and p r e s s u r e 
fluctuations, boiling is highly unstable in the l o w - p r e s s u r e range (2-7 psia) . 
Stability i n c r e a s e s markedly with i n c r e a s e s in boi ler power density, flow 
ra t e , and loop p r e s s u r e . These boundaries a r e being defined quantitatively 
for the loop configuration under study. 

It appears that slip ra t ios a r e decidedly higher than those p r e ­
dicted by cor re la t ions der ived from water and other l ower - t empera tu re 
data; however, it should be noted that these sodium, exper iments have been 
per formed in a ve ry low-quality range, and the values of p r e s s u r e and 
density ra t io a r e , in genera l , outside the recommended usable range of 
such cor re la t ions as proposed by Lockhar t -Mar t ine l l i and 
Marcha te r re -Hoglund . 

These exper iments will be te rmina ted short ly. The operating 
life of the facility at t e m p e r a t u r e s above 1500°F is short , due to ma te r i a l s 
l imi ta t ions . Fu ture use of the loop will be l imited to ins t rumentat ion 
studies and ca l ib ra t ions . 

3. Boiling Liquid Metal Technology 

a. Niobium-1% Zirconium Loop. The Nb-1% Zr loop construct ion 
schedule is st i l l proceeding as planned. P r a t t & Whitney-CANEL repor t s 
that it may be possible to machine the boiler section as originally designed. 
At the p re sen t t ime, it is planned to a t tempt both the extrusion method and 
the deep dri l l ing method for boiler fabrication. Some final changes in loop 
design have been effected, and a complete review of the design and fabr i ­
cation p rocedures will be made in conjunction with P & W staff during the 
next repor t ing period. 



Construct ion of the loop support s t ruc tu re and p rocurement of 
the tantalum shutter m a t e r i a l a r e underway, covering the following i t ems : 
sodium loop support , sodium loop hea ter , sodium loop p rehea te r , exper i ­
mental shutter design. A die has been fabricated to form the n e c e s s a r y 
corrugat ions in the shutter p la tes . 

Most of the cooling-water c i rcu i t s assoc ia ted with the vacuum 
chamber have been instal led, complete with the flow and t empera tu re in­
s t rumentat ion and in ter lock c i rcu i t ry . Severa l methods for d ra in -wa te r 
d isposal a r e being considered. It is planned to d ischarge the immedia te 
r equ i rement s of about 5 gpm into the labora tory dra in until a permanent 
solution is found for higher flow r a t e s . 

The c h a m b e r - s e a l vacuum line has been fabricated, leak checked, 
and instal led. Some n e c e s s a r y s teel re inforcements were added to the 
chamber walkway. Hardware for supporting the sodium pump stator was 
selected and o rdered . A supporting stand has been designed for serv ice as 
a s torage and cleaning stat ion for the chamber bell j a r , and m a t e r i a l s for 
this a r e being assembled . A survey of cleaning fluids suitable for use 
with the vacuum chamber was made, and some solvents have been obtained. 
A m a s s - s p e c t r o m e t e r leak detector has been received, given an init ial 
checkout and servic ing, and will soon be ready for use . Panels for the 
switchgear and controls for the sodium pump a re being designed. Some of 
the switchgear and ins t rumenta t ion for the pump have been received; pa r t 
of this equipment is improper ly sized, however, and will be exchanged. 

Design and fabricat ion of the p r e s s u r e t r ansducer a s semb l i e s 
is sti l l in p r o g r e s s . F ina l select ion of the thermocouple designs is st i l l 
undecided, because of m a t e r i a l and vacuum-opera t ion incompat ibi l i t ies . 
The cal ibrat ion facility will utilize a h igh - t empera tu re vacuum furnace, now 
being instal led in D-208. 

b. Heater Exper iments 

(i) The rma l Radiation Heater Exper iment . The purpose of the 
the rma l radiat ion NaK loop is to invest igate t h e r m a l radiat ion as a means 
of t r ans fe r r ing heat to and from a flowing liquid meta l loop, to t es t some 
of the ha rdware assoc ia ted with liquid meta l exper iments , and to observe 
the behavior of a boiling liquid meta l flow loop. The the rma l radiat ion 
heater has operated 750 hr at t e m p e r a t u r e s up to 1400°F, heat fluxes to 
62,000 B/hr-f t^ and flow r a t e s up to 4 I 6 Ib /h r . All loop components have 
per formed sa t is fac tor i ly . 

A complete d iscuss ion of both the s ingle-phase and boiling 
heat t ransfer observa t ions together with r e su l t s will be repor ted in a 
forthcoming topical r epor t . 



(ii) E lec t ron -bombardmen t Heater Exper iment . The basic pur ­
pose of this exper iment is to exper imental ly investigate e lec t ron-
bombardment heating as a means of supplying high heat fluxes to high 
t empera tu re liquid meta l sy s t ems . It is also expected that basic information 
concerning pool boiling from a cylinder may be obtained, A brief descr ipt ion 
of the e lec t ron-bombardment heated exper iment is found in the P r o g r e s s 
Report for August 1964 (ANL-6936, p. 59). 

The high-voltage regions of the exper imenta l facility have 
been fenced in. Modification and cal ibrat ion of the ins t rumentat ion is n e a r -
ing completion. Fa i lu re of a supplier to ship a vol tmeter and an ammete r 
on schedule will delay operat ion of this exper iment by severa l weeks, 

4, Genera l Heat Transfer 

a. Heat Transfer in Double-pipe Heat Exchanger 

(i) Liquid Metal Cocurren t Turbulent Flow, Heat t ransfer 
t e s t s with the nickel t es t sect ion having a heat t ransfer length of ten di­
a m e t e r s have begun. Repeated a t tempts to copper-pla te the tes t section 
p r io r to instal lat ion into the loop failed. Treat ing the section with a 50% 
solution of hydrochlor ic acid followed by agitating the tes t section when 
filled wdth m e r c u r y appeared to promote sufficient amalgamation of the 
nickel to el iminate wetting p rob l ems . 

F i r s t t es t s gave large heat-balance deviations; especial ly 
a c r o s s the water cooler . Use of a constant-head tank and a pump sys tem to 
maintain a steady water flow together with a relocat ion of the thermocouple 
to m e a s u r e the bulk fluid t empera tu re of the mercu ry leaving the cooler, 
lowered the heat balance deviation from 15-20 percent to 0-4 percent a c r o s s 
the cooler . Heat balance e r r o r s of the order of 8% a c r o s s the tes t section 
indicate the necess i ty to re loca te the thermocouples used to measure the 
bulk fluid t e m p e r a t u r e s of the m e r c u r y exiting from both the tube and 
annulus of the tes t section. 

Heat exchanger efficiencies have been obtained which a r e 
approximately 20 percent over those predicted analytically. Calculation 
of heat exchanger efficiencies according to conventional analysis under 
a s sumed boundary conditions of a cons tan t - t empera tu re wall yields effi­
c iencies which a r e about 40 percen t below those obtained experimental ly. 

It is believed that a significant amount of heat is being con­
ducted a c r o s s the end plates at the two ends of the exchanger, which resu l t s 
in an additional heating of the annulus side fluid. This is borne out part ly 
by a c i rcumferen t ia l t empe ra tu r e var ia t ion on the outside wall near the 
annulus outlet. The ra t io of the annulus-s ide to tube-s ide local Nussel t 
numbers at the end of the section is higher than expected, which is also in­
dicative of significant heat conduction a c r o s s the end plates of the exchanger. 



The heat exchanger analys is suggests a procedure for 
determining the local overa l l heat t ransfe r coefficient at the end of the ex­
changer when the heat t ransfer is fully developed. The procedure r equ i r e s 
a measu remen t of the t empera tu re dis t r ibut ion along the length of the outer 
wall of the annulus. These t e m p e r a t u r e s , after being proper ly nondi-
mensionalized, a r e plotted on semilog graph paper as a function of the 
heater exchanger length. When the heat t ransfe r is fully developed, the 
plot yields a s t ra ight line, the slope of which is proport ional to the fully 
developed heat t ransfe r coefficients. P r e l i m i n a r y calculations have shown 
that the heat conduction a c r o s s the endplates r e su l t s in a dis tor t ion of the 
t empera tu re profile along the length of the exchanger . During these p r e ­
l iminary runs , it has proven difficult to de te rmine the overal l heat t ransfer 
coefficients frona the outside wa l l - t empera tu re distr ibution. 

While t e s t s continue with the p resen t tes t section, the longer 
tes t section (2 0 L / D heat t ransfer length) is being reworked to reduce the 
heat conduction a c r o s s the endplates. When the new tes t section is instal led 
in the loop, the thermocouples used to m e a s u r e the bulk fluid t e m p e r a t u r e s 
at the tube and annulus exits will be re located . It is expected that t e s t s with 
the new tes t section will begin within seve ra l weeks. 

5. ANL-AMU P r o g r a m 

Other heat engineering exper iments , per formed as par t of a joint 
p r o g r a m (not supported by the Division of Reactor Development and Tech­
nology) between the Labora tory and the Associa ted Midwest Univers i t ies 
(AMU), a re desc r ibed below. 

a. Heat Transfer Instabil i t ies near the Thermodynamic Cr i t ica l 
Point. Prev ious p r o g r e s s r epo r t s have descr ibed the rapid acoustic type 
of osci l lat ions which were encountered during heat t ransfer to a fluid at a 
superc r i t i ca l p r e s s u r e , but with a bulk t e m p e r a t u r e substantially below the 
c r i t i ca l t e m p e r a t u r e , A second type of osci l lat ion was encountered as the 
bulk t empera tu re approached the c r i t i ca l t e m p e r a t u r e . 

This osci l lat ion is cha rac t e r i zed by a frequency two o r d e r s of 
magnitude slower than for the acoustic type. Instead of acoustic p r e s s u r e 
waves propagating around the loop, this type of oscil lat ion is analogous to 
considerat ion of the fluid in the loop as a solid body performing a mechnical 
vibrat ion about the equi l ibr ium position. If not periodical ly per turbed, such 
a vibrat ion, s imi la r to that per formed by a U-tube manometer , would quickly 
damp out due to the na tura l damping fo rces . The data indicate that the pe r ­
turbing force, or forcing function, is caused by a sudden change in the heat 
t ransfer coefficient under cer ta in conditions. The sudden improvement of 
the heat t ransfe r coefficient is a t t r ibuted to the occur rence of a ' 'boiling­
like" phenomenon in the superc r i t i ca l fluid. 



Both types of o s c i l l a t i o n a l s o o c c u r d u r i n g s u b c r i t i c a l boi l ing 
h e a t t r a n s f e r . G e n e r a l l y , the a c o u s t i c type is c o n s i d e r e d of s e c o n d a r y 
i n t e r e s t , but a l a r g e a m o u n t of a t t e n t i o n h a s b e e n focused on the second 
type of b o i l i n g - i n s t a b i l i t y s t u d i e s . Boi l ing i n s t ab i l i t y is s t i l l not we l l unde r 
s tood , p e r h a p s b e c a u s e of the l a c k of a s a t i s f a c t o r y p h y s i c a l exp lana t ion 
of the p h e n o m e n o n . The r e s u l t s of the p r e s e n t s u p e r c r i t i c a l s t u d i e s con­
t r i b u t e an i n s i g h t into the p h y s i c a l n a t u r e of the i n s t a b i l i t i e s , which should 
be a p p l i c a b l e for both sub and s u p e r c r i t i c a l s y s t e m s . 

525 

T , °F 500 
* 147E 

520 
P, p s i a 

490 

_ \ / 

8-kW NATURAL 

—^ / ^ » _ _ ^ 

-ONVECTION 

/ - X 
u ^ < ^ 

K7 F ' 

-.- , 
• \ t a — - 1 

i " 

, 
L<=^T 
^ " . ^ 

I / / 

L_'^i 

' 
/ ^ / \ 

• T \ 
+ 30 

^XT^ 

r\, -^•~— 

f '- ^ 
' 
1 

,™«™ 

?8n 

TIME ( 1 0 - s e c INTERVALS^ 

Figure 17. Experimental Record of Slow 
Oscillations; Wall-temperature 
Drop in Phase with Flow 
Oscillations 

A r e c o r d of the e x p e r i m e n t a l l y o b s e r v e d behav io r du r ing the 
s low o s c i l l a t i o n s i s shown in F i g u r e 17, When the hea t t r a n s f e r coeff ic ient 

i m p r o v e m e n t , or " b o i l i n g - l i k e " 
p h e n o m e n o n o c c u r r e d , the wal l 
t e m p e r a t u r e d r o p p e d r ap id ly , a s 
a p p r o x i m a t e l y ind ica t ed by the i n ­
su l a t ed t h e r m o c o u p l e on the ou t s ide 
wa l l . The suddenly d e c r e a s e d wal l 
t e m p e r a t u r e c a u s e d the ne t h e a t 
t r a n s f e r to i n c r e a s e r a p i d l y even 
though the e l e c t r i c a l power to the 
t e s t s ec t i on r e m a i n e d cons t an t . If 
the 0. 0 3 5 - i n . - t h i c k h e a t e r wal l was 
coo led 45' 'F in 2 s e c , the h e a t t r a n s ­
fe r r a t e to the fluid was doubled a t 
8-kW e l e c t r i c a l power input . The 
suddenly i n c r e a s e d h e a t t r a n s f e r 
r a t e c a u s e d a r a p i d expans ion of the 
fluid in the t e s t s ec t ion , r e s e m b l i n g 
a mi ld f l ash ing , and c a u s e d the o b ­

s e r v e d p r e s s u r e p u l s e . The e x p a n s i o n of the fluid in the h e a t e d s ec t i on and 
r i s e r c o n t r i b u t e d to a g r e a t e r d e n s i t y head , which is the d r iv ing fo rce of 
the f r e e - c o n v e c t i o n flow r a t e . Th i s c a u s e d the flow r a t e to i n c r e a s e 
sudden ly . After r i s i n g to a m a x i m u m , the flow r a t e d e c a y e d a s y m p t o t i c a l l y . 
The a s y m n n e t r i c a l shape of the s u s t a i n e d flow o s c i l l a t i o n s i s c h a r a c t e r i s t i c 
of the r e s u l t s of m a n y o the r i n s t a b i l i t y s t u d i e s . Such a shape ind ica t ed tha t 
a p e r t u r b i n g f o r c e is af fect ing the s y s t e m , r e s u l t i n g in an i n c r e a s e d t i m e 
d e r i v a t i v e of the flow r a t e whi le i t i s e f fec t ive . If the " b o i l i n g - l i k e " 
p h e n o m e n o n w a s not r e p e a t e d , the o s c i l l a t i o n s d a m p e d out a f te r only a few 
c y c l e s , a s i s g r a p h i c a l l y i l l u s t r a t e d a t the end of the r e c o r d . 

F i g u r e 17 i s an i l l u s t r a t i o n of the h e a t t r a n s f e r i m p r o v e m e n t s 
o c c u r r i n g in p h a s e with the flow o s c i l l a t i o n s , a s f r equen t ly happened . 
O c c a s i o n a l l y , the i m p r o v e m e n t s o c c u r r e d out of p h a s e with the flow o s c i l ­
l a t i o n s , and the r e s u l t i n g r e c o r d p r o v i d e d add i t iona l i n s igh t into the 
m e c h a n i s m . When the t i m e b e t w e e n i m p r o v e m e n t s was l o n g e r than the flow 
p e r i o d , the flow d e c a y e d a s y m p t o t i c a l l y back to e q u i l i b r i u m following an 
i m p u l s e , a s shown in F i g u r e 18. T h i s r e c o r d def in i te ly shows tha t the i m ­
p r o v e m e n t s m u s t be r e p e a t e d for the o s c i l l a t i o n s to be s u s t a i n e d . 
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TIME (10- se; INTERVALS) 

F i g u r e 19 i s an i l l u s t r a t i o n of the o c c u r r e n c e s when the t i m e 
b e t w e e n h e a t t r a n s f e r i m p r o v e m e n t i s l e s s than the flow p e r i o d . The effect 
of a h e a t t r a n s f e r i m p r o v e m e n t out of p h a s e i s to c a u s e a p r e s s u r e i m p u l s e , 
but to not g r e a t l y affect the flow r a t e . The flow r a t e s t i l l t e n d s to o s c i l ­
l a te a t i t s n a t u r a l f r e q u e n c y . 
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F r e q u e n t l y , the a c o u s t i c type of o s c i l l a t i o n o c c u r r e d s i m u l ­
t a n e o u s l y wi th the s low o s c i l l a t i o n s , a s shown in F i g u r e s 17 and 19, which 
is f u r t h e r p roof tha t t h e s e o s c i l l a t i o n s a r e of a d i s t i n c t n a t u r e . The r e a s o n 
for the m o r e s e v e r e p r e s s u r e s u r g e s in F i g u r e s 17 and 19 i s t ha t the 
a c c u m u l a t o r va lve w a s b a r e l y c r a c k e d open . Th i s a l s o r e s u l t e d in l e s s 
v a r i a t i o n of the in l e t bu lk t e m p e r a t u r e t han is shown in F i g u r e 18. R e s u l t s 
of s u c h t e s t s i n d i c a t e d tha t the fo r c ing m e c h a n i s m did not depend p r i m a r i l y 
upon e i t h e r the p r e s s u r e s u r g e s o r an i n l e t - t e m p e r a t u r e f eedback . 

W o r k i s p r o g r e s s i n g upon a n u m e r i c a l so lu t ion to the p r o b l e m . 
The p r e l i m i n a r y r e s u l t s d e m o n s t r a t e t ha t the h e a t t r a n s f e r coef f ic ien t 
i m p r o v e m e n t o b s e r v e d i s suff ic ient to r e s u l t in the o b s e r v e d flow and 
p r e s s u r e o s c i l l a t i o n s . 

The f ac to r which c a u s e d the " b o i l i n g - l i k e " b e h a v i o r to be 
i n i t i a t ed m u s t be b e t t e r u n d e r s t o o d b e f o r e an exp lana t ion of v a r y i n g t i m e s 



between heat t ransfer improvements can be advanced. Never the less , these 
r e su l t s c lea r ly i l lus t ra te the role of the heat t ransfer improvement in 
t r igger ing and maintaining the slow osci l la t ions . It is believed that a s imi lar 
conclusion holds for subcr i t ica l boiling sys t ems . The suddenly increased 
heat t r ans fe r ra te as subcooled boiling is initiated may well be the p r i m a r y 
forcing function which causes boiling instabili ty to be initiated and sustained, 
ra ther than the hydrodynamic c h a r a c t e r i s t i c s to which the boiling instabili ty 
is often at t r ibuted. 

b. Power - to -Void Transfe r Funct ions. The exper imental invest i ­
gation of the void response in a r e a c t o r coolant channel as the heat p r o ­
duction in the fuel is var ied (power- to-void t ransfer function) has been 
completed with runs at 800 psia . Both dynamic measu remen t s and axial 
and t r a n s v e r s e s teady-s ta te void fract ion dis t r ibut ions were obtained at this 
p r e s s u r e . For previous r e su l t s refer to P r o g r e s s Repor t s , ANL-6923, 
July 1964; ANL-6936, August 1964; ANL-6965, October 1964; ANL-6997, 
December 1964. 

At present , the theore t ica l predict ion of the power- to-void 
t ransfe r function is being c a r r i e d out employing the "Kjeller Model" ^ ' 
which has been p r o g r a m m e d for a digital computer using a s t ep-by-s tep 
integrat ion p rocedure . These predic t ions will be compared with the 
t r ans ien t exper imenta l r e su l t s and a lso the s teady-s ta te axial void d i s t r i ­
butions in o rde r to de te rmine the degree of agreement between theory and 
exper iment . 

c. T w o - p h a s e F l o w C h a r a c t e r i s t i c s du r ing the Con ip le t e V a p o r i ­
za t i on of a F l u i d . The F r e o n loop h a s b e e n o p e r a t e d with an e l e c t r i c a l l y 
h e a t e d n i c k e l tube (iL. in. in d ia ) a s a s o u r c e of v a p o r g e n e r a t i o n , A s e r i e s 
of t e s t s h a s b e e n a c c o m p l i s h e d a t a s i ng l e p r e s s u r e a t the in l e t of the u n -
h e a t e d r e c t a n g u l a r t e s t s e c t i o n , and a t v a r i o u s flow r a t e s and q u a l i t i e s . 
The X - r a y uni t wi th f l u o r o s c o p e h a s b e e n e m p l o y e d in con junc t ion with a 
t e l e v i s i o n m o n i t o r for v i ewing the v a r i o u s flow r e g i m e s . S i m u l t a n e o u s l y , 
a g a m m a - r a y t r a v e r s e h a s b e e n t a k e n a t s e v e r a l v e r t i c a l p o s i t i o n s a long 
the u n h e a t e d s e c t i o n . L o c a l p r e s s u r e d r o p s a long the u n h e a t e d s e c t i o n have 
b e e n r e c o r d e d by m e a n s of a t r a n s d u c e r - s t r i p r e c o r d e r a r r a n g e m e n t . 
S e v e r a l b u r n o u t po in t s have a l s o b e e n no ted . 

The X - r a y uni t h a s p r o v i d e d a v i ew of flow r e g i m e s which i n ­
c l u d e d the bubbly , the s lug , the c h u r n , and the a n n u l a r r e g i m e s . The 
t r a n s i t i o n b e t w e e n t h e s e r e g i m e s i s no t c l e a r l y def ined with the e x c e p t i o n 
of the t r a n s i t i o n b e t w e e n the u n s t e a d y - t y p e a n n u l a r flow to tha t of a s t e a d y 
type . T h e s t e a d y - t y p e a n n u l a r flow i s c h a r a c t e r i z e d by the a b s e n c e of 
l a r g e wave f r o n t s in the l iqu id f i lm and a c o r r e s p o n d i n g s t e a d i n e s s in the 
l o c a l p r e s s u r e d r o p s . The r e s u l t s thus fa r for the t r a n s i t i o n of t h e s e two 
t y p e s of a n n u l a r flow a r e r e p r o d u c i b l e and have a p p e a r e d qui te r e g u l a r l y 

'̂̂ Solberg, K. P.. The Kjeller Model for the Dynamics of Coolant Channels in Boiling Water 
Reactors Part I: Theory, EAES Symposium, Studsvik, Sweden (Oct 1963). 



with varying flow r a t e s at a fixed sys tem p r e s s u r e . The void fractions 
obtained thus far for the steady annular reg ime a r e of the o rder of 90%. 
The s lug-annular flow t rans i t ion is not distinct; however, the r e su l t s ob­
tained thus far a r e in the same order of magnitude as for water when the 
compar ison is made on a s imi la r i ty b a s i s . 

Construct ion of a f low-regime map for the single t e s t p r e s s u r e 
is being undertaken in order to es tabl i sh the guides for further t e s t s at more 
elevated p r e s s u r e s . This s e r i e s of t es t s should be completed within a 
month. 

F , Chemical Separat ions 

1. Fluor ide Volatility P r o c e s s e s 

a. Recovery of Uranium from Low-enr ichment Ce ramic Fuels 

(i) Laboratory Support Work. Laboratory work in support of 
the pi lot-plant investigation of the fluid-bed fluoride volatil i ty p r o c e s s has 
continued. In the fluid-bed fluoride volati l i ty p r o c e s s , fluorination of 
UOj-PuOz fuel is conducted in the p resence of granular alumina. Since the 
alumina will be ul t imately d i sca rded as waste along with assoc ia ted fission 
products , it is essen t ia l that ve ry l i t t le u ran ium and plutonium be re ta ined 
on the solids after fluorination. Exper imenta l work in a l-i .-in,-dia fluid-
bed r eac to r (see P r o g r e s s Repor t for November 1964, ANL-6977, p. 67) 
has shown that it is possible to achieve overal l plutonium recove r i e s of 
g r ea t e r than 99% by reuse of the alumina bed, A p re l iminary study was 
made to deternaine the efficiency of r emova l of the smal l amount of plutoni­
um re ta ined on the alumina by leaching with n i t r ic acid. Recovery of 
plutonium by acid leaching of the alumina is not expected to be a p r o c e s s 
operation, but was investigated only as a backup procedure in the event that 
some malfunction should prevent r emova l of plutonium by the fluorination 
method. 

Alumina beds containing plutonium from previous f luori­
nation exper iments were used in the leaching t e s t s . In each tes t , 50 g of 
alumina bed was s lu r r i ed with 100 ml of a leaching solution containing 6N 
ni t r ic acid and O.IM aluminum n i t r a t e . After a leaching per iod of 5 hr at 
100°C, between 80 and 90% of the plutonium presen t on the alumina was 
leached from the solid. In t e s t s in which a bed m a t e r i a l containing 
0.118 w/o plutonium was leached with the n i t r ic acid solution, the plutonium 
concentrat ion on the alumina was reduced to approximately 0.01 w/o . In 
s imi la r t es t s with a bed m a t e r i a l containing 0.011 w/o Pu, 0,014 w/o U, 
3,3 w /o Fe , and 0.32 w/o Cr, the final plutonium concentrat ion of the alumina 
was approximately 0.002 w/o . About 85 to 90 percent of the chromium and 
i ron was a lso removed from the alumina bed by the leaching solution. 



(ii) Decladding and Fluorinat ion Exper iments , In prepara t ion 
for t es t s with plutonium-containing feed mate r i a l , eleven runs were p e r ­
formed in the 2- in . -d ia r eac to r with UOg fuel. Two process ing techniques 
were evaluated in these runs : ( l) a chemica l pulverizat ion of UO2 pellets 
by react ion with HF-Oj mix tures to form a powdered mixture of UO2F2 and 
other compounds, followed by fluorination of the mixture to recover the 
uranium as UF^; (2) a two-zone oxidation-fluorination procedure in which 
UO2 pel lets in the lower zone a r e reac ted with oxygen to form U3O8 fines 
which a r e t r anspor t ed to the upper fluidization zone where they a r e 
fluorinated to UF^, with fluorine. 

Initial t es t s in the 2-in, r eac to r (see P r o g r e s s Report for 
December 1964, ANL-6997, pp, 40-41) involved the investigation of the 
behavior of UO2 pel lets during react ion with HF-O2 mixtures (40 v /o HF, 
60 v /o O2) at 400 to 550°C, and the r ecovery of UF^ by fluorination of the 
products of the react ion. The react ion between UO2 and HF-O2 mixtures 
resul ted in the formation of fine par t icu la te ma te r i a l which was readily 
e lutr ia ted from the fluid bed into the upper sections of the reac tor , A fluid-
bed reac to r , designed specifically to reduce the number of inclined surfaces 
in the disengaging and filter sections on which fine par t ic les might accumu­
late, has been instal led in the plutonium facility. 

It was also observed in the previous tes t s that caking of a 
portion of the fluid bed frequently occur red during the HF-O2 react ion step. 
Satisfactory operat ion, as de termined by the absence of caking, was only 
achieved in t e s t s in which the UOg pellets were contained m an open basket 
i m m e r s e d in the fluid bed. Caking of the pellets and alumina bed ma te r i a l 
has been avoided in recent t es t s by operating with reduced reactant con­
centrat ions in the fluidizing gas . Sat isfactory pulverization of a 2- in . -deep 
bed of UO2 pel le ts was obtained using 20 v / o HF-30 v /o O2 in nitrogen at 
450°C. Operating under these conditions, the pellets in a 2- in . -deep bed were 
completely pulver ized in 3 hr , A two step procedure was then successfully 
employed for fluorination of the react ion products ; (l) fluorination for 3 hr 
at 450°C with 3 to 1 5 v / o F2 in ni t rogen without recycle ; (2) fluorination for 
5 hr at 450'^C with 80 to 95 v / o F2 with continuous recycle . 

In a run using the two-zone oxidation-fluorination technique 
in the 2- in , -d ia r eac to r (see P r o g r e s s Repor t for January 1965, ANL-7003, 
pp. 58-59)sa 2 - in . -deep bed of s in tered UOg pel lets was i m m e r s e d in a 
12- in . -deep bed of -48 +100 mesh alumina pa r t i c l e s . The conditions em­
ployed in this run were chosen to s imulate those to be used in runs with 
plutonium-containing fuel m a t e r i a l s , A total of 100% of the uranium was 
collected as UF^, in the product recovery system, and the final concen­
t ra t ion of uranium in the alumina bed at the end of the run was less than 
0,01 w/o . No process ing difficulties were experienced during the run. 

Development work m the 3- in , -dia p i lo t -scale reac tor has 
continued on establ ishing optimum process ing conditions for decladding and 
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fluorinating uranium dioxide fuels. Cur ren t work has been concerned with 
the process ing of Z i rca loy-2-c lad UO2 fuel. A run was made in the pilot-
scale reac to r to de termine the feasibil i ty of process ing Z i rca loy-2-c lad 
UO2 fuel bundles by des t ruc t ive oxidation with HF-O2 followed by fluori­
nation to recover the u ran ium as UFg. The p r o g r e s s of the reac t ions was 
observed during this run by 7 - r a y photography. Cur ren t plans a r e to de-
clad Z i rca loy-2-c lad UO2 fuels by t r ea tmen t with HCl to form volatile 
ZrCl4, and the des t ruct ive oxidation procedure is considered as an a l t e r ­
native method. 

A simulated fuel bundle, compris ing six 2-ft-long 
Zi rca loy-2 tubes packed with cyl indr ical UO2 pellets (0 ,43x0,43 in,), was 
charged to the fluid-bed r eac to r . The total charge consis ted of 
3,2 kg UO2 and 0.92 kg Z i rca loy-2 , The iner t fluid-bed m a t e r i a l was 
5.5 kg of -48 +100 mesh alumina pa r t i c l e s . 

The decladding conditions employed in this run were 
s imi la r to those es tabl ished previously in bench-sca le studies (see P r o g r e s s 
Report for January 1965, ANL-7003, p. 58), Decladding was conducted for 
6-i hr at 550°C with a gas mixture containing 45 v / o HF in oxygen. Oper­
ation during the f i rs t 3 hr proceeded smoothly. However, during the final 
3~ hr of the decladding step, the bed t empera tu re dec rea sed to 300°C 
because of poor heat t rans fe r , although the reac tor wall t e m p e r a t u r e s r e ­
mained constant throughout the ent i re period. Apparently, dis integrat ion 
of the Zircaloy tubing produced a scaly oxidation product which r e s t r i c t ed 
movement of the fluidized-bed pa r t i c l e s and thus caused a marked r e ­
duction in heat t ransfer from the reac to r wall to the center of the bed. 

Fluorinat ion was conducted with the use of a fluorine feed 
sys tem designed to facili tate fluorination of the large quantity of uranium 
fines in the bed. During the init ial fluorination period (Z~ hr ) , fluorine and 
recycle gas were introduced into the side of the r eac to r at approximately 
the middle of the fluid bed, and ni t rogen as the fluidizing gas was fed at the 
bottom of the r eac to r . During the subsequent 0,5-hr period, the fluorine 
and recyc le gas were introduced through a side inlet located 10 in. below 
the f i r s t inlet. The fluorination step was completed by introducing 
fluorine and recycle gas at the bottom of the reac tor for 6 h r . Throughout 
the ent i re fluorination step, the t empera tu re of the fluid bed var ied widely 
(between 300 and 850°C) due to the poor fluidization p rope r t i e s of the bed. 
High UF5 production r a t e s [50 lb / (hr ) (sq ft)] were achieved during the 
init ial 2 hr of fluorination, wherein 56% of the uranium was recovered as 
UFfe. 

At the end of the fluorination step, l a rge cakes containing 
ZrF4, AIF3, and AI2O3 were found in the r eac to r . No uranium compounds 
were detected in the cakes . A factor which may have contributed to the 
formation of the cakes was that the fuel bundle was not completely oxidized 
at the t ime the fluorination step began. This was observed in the y - r a y 



radiographs taken a t s eve ra l in te rva ls throughout the run, A radiograph 
taken at the s t a r t of the fluorination step showed the presence of unreacted 
UO2 pel le ts . 

Fu r the r work on the des t ruct ive oxidation method for de­
cladding Z i rca loy-2-c lad UO2 fuel is being conducted at other l abora tor ies , 

(iii) Supporting Studies on Fluidization of Fine Pa r t i c l e s , In 
the decladding of UO2 fuel with gaseous mix tures of HF-O2, the oxide fuel 
r eac t s with the decladding agent to form a powdered mixture of UOgFg and 
and UF4. The production of a la rge quantity of this fine ma te r i a l great ly 
affects the behavior of the fluidized bed. The minimum fluidization velocity 
(the gas velocity at which fluidization of the par t ic les s ta r t s ) is markedly 
reduced, and a l a rge fraction of these pa r t i c l e s is e lutr iated from the 
fluidized bed into the upper sections of the r eac to r . Studies of the behavior 
of fine pa r t i c l e s in fluid-bed r e a c t o r s a r e under way to a s s i s t in the p rocess 
development p r o g r a m on the pulverizat ion of UO2 fuel. 

In p re l imina ry fluidization studies in a 2- in . -dia Lucite 
r eac to r , the min imum fluidization velocity of -48 +170 mesh alumina was 
de termined to be 0.19 f t / s ec . The min imum fluidization velocity was r e ­
duced to 0.05 f t / sec by the addition of 2 5 w/o fines (uranium oxides and 
f luorides) . With continued fluidization of this mixture , it was observed that 
bridging of fine m a t e r i a l in the upper section of the reac tor occur red be­
tween a s in tered meta l filter and the wall of the r eac to r . This behavior 
indicates that a l a rge portion of the fines may accumulate in the upper 
portion of the r eac to r unless special techniques a r e incorporated to re tu rn 
them to the bed. Blowback of the fil ter by a r e v e r s e flow of gas through 
the filter was effective in re turning to the bed the fines which had accumu­
lated on the surface of the f i l ter . 

A s e r i e s of t es t s have been performed to de termine the 
manner in which fine par t i c les a r e d is t r ibuted in a fluid bed of -48 +170 mesh 
alumina. A quantity of -325 mesh uran ium fines (UO2F2 and UsOg) was added 
to a bed of alumina to give a mixture containing 40 w/o uranium fines. The 
bed was fluidized at a gas velocity of 1.0 f t / s ec and samples of the bed were 
taken at var ious levels and the fines content was measured . The resu l t s r e ­
vealed no dis t inct separa t ion of fines and coarse par t ic les although there 
was a var ia t ion in fines concentrat ion with height. Fine par t ic les were more 
concentrated at the top and at the bottom portions of the bed than at the 
center . These t e s t s indicate that a dis t r ibut ion of fine par t ic les would occur 
in the bed sa t is factory for conducting fluorination react ions , and that if a 
port ion of the bed became depleted of u ran ium by fluorination, fines would 
be t r anspor t ed into the depleted portion. Fur the r tes ts a re planned to 
de te rmine the optimum par t ic le size dis t r ibut ion which would resu l t in a 
more uniform concentrat ion of fines in the bed. 



2. Genera l Chemis t ry and Chemical Engineering 

a. Chemis t ry of Liquid Metals 

(i) Sodium Purif icat ion. Previous studies (see P r o g r e s s Re­
port for January 1965, ANL-7003, p. 24) of the chemis t ry of carbon in 
sodium have revealed that a la rge proport ion of the carbon in nominally 
pure sodium is p resen t as par t icu la te , carbonaceous m a t e r i a l . Fur the r in­
sight into the nature of the pa r t i c l e s is being sought by the use of filtration, 
centrifugation, optical and e lec t ron microscopy, autoradiography (after 
labeling carbon with ^*C), and exchange react ions with ^*C-labeled carbon 
compounds. Recent resu l t s obtained with the f i r s t two techniques a r e d i s ­
cussed below. 

Severa l different fi l tering ma te r i a l s and filter combi­
nations have been tested for removal of par t icula te carbonaceous ma te r i a l 
from liquid sodium at about 150°C. These include (a) 1.2-/i-porosity 
Mil l ipore* f i l ters (cellulose plas t ic porous membrane type), (b) s intered 
carbonyl nickel f i l ters (<5-jU porosi ty) , and (c) 5-fi-porosity s ta in less steel 
f i l ters in combination with act ivated charcoal . Some lowering of the carbon 
content was achieved, but, in genera l , the carbon level after fi l tration was 
found to be in the range from 50 to 125 ppm. These r e su l t s suggest the 
p resence of pa r t i c l e s 1 /i or l e s s in s ize . Attempts to filter liquid sodium 
at about 150°C through 1- to 3- / i -porosi ty g lass f i l ters under a p r e s s u r e 
differential of 3 a tm were unsuccessful , 

A more efficient r emova l of par t icula te ma t te r from sodium 
may be possible by evaporat ion of sodium through porous f i l t e r s . An ex­
per iment to tes t this concept was made by heating sodium to 350°C and 
drawing the vapors by vacuum through a coarse (20-40 /i) and a medium 
(lO ju) g lass frit in success ion. The sodium which condensed was found to 
contain 77 ppm carbon as compared with an original 160 ppm. Similar 
evaporat ion-f i l t ra t ion exper iments a r e in p r o g r e s s using s ta in less s teel 
f i l ters which a re capable of removing 0,7- to 1,8-ji^-sized pa r t i c l e s . 

Additional evidence for the existence of submicron-s ized 
carbonaceous par t ic les was obtained by centrifugation exper iments . Sodium 
heated at 200°C in s ta in less s teel capsules was centrifuged for one hour at 
2000 rpm (between 335 and 625 G, respect ively , at top and bottom of sodium 
column). The sodium was then allowed to solidify while being centrifuged. 
Analyses for carbon in the top and bottom l / 4 - in . port ions of the sodium 
column showed no significant carbon displacement . Theore t ica l calcu­
lat ions, however, indicated that for smal l density differences (~0.2 g/ml) 
between the par t i c les and the sodiumi and for 1-/1-sized pa r t i c l e s , sepa­
rat ion should have been poss ible under the conditions of centrifugation. 

*Mill ipore F i l te r Corp. 



This leads to the conclusion that the carbonaceous par t ic les a r e smal le r 
than 1 jU; accordingly, work on separa t ion of carbon from sodium by 
centrifugation is being discontinued. 

b. Determinat ion of the Cr i t i ca l Constants of Alkali Metals . The 
c r i t i ca l constants of a meta l can be used for calculating or est imating 
many thermodynamic and physical p roper t i e s of the meta l . Thermodynamic 
p rope r t i e s of alkali meta l s a r e of par t i cu la r in te res t because these meta ls 
a r e used as heat exchange media in nuclear r e a c t o r s . 

Studies to de te rmine the c r i t i ca l constants of alkali meta ls 
have been continued with sodium. The h igh- tempera ture vapor and liquid 
density of i r r ad ia t ed sodium containing ^^Na have been measu red by a 
radioact ive counting technique (descr ibed in P r o g r e s s Report for 
January 1965, ANL-7003, p. 6l) in o rder to determine the cr i t ica l t empera ­
ture of sodium. The es t imated c r i t i ca l t empera tu re , based on data to 
1754°C, is between 2200 and 2400°C, and the es t imated c r i t i ca l density is 
between 0.18 and 0.21 g/cm^. Additional runs will be made with i r rad ia ted 
sodium to repl ica te the r e su l t s and to obtain data n e a r e r the cr i t ica l point. 
Exper iments with i r r ad ia ted potass ium a r e being planned. 

c. P r epa ra t i on of Uranium Mononitr ide-sodium Pas te , Mobile 
blanket fuels for fast b r eede r r e a c t o r s show promise of reducing reac tor 
downtime for fuel shuffling, improving util ization of the sodium coolant and, 
thus, power conversion efficiency, and decreas ing fuel-processing and r e -
fabricat ion cos t s . Exper imenta l work is under way to develop a paste 
blanket fuel consist ing of a c e r a m i c fuel d i spersed in a liquid metal . 
Current ly , the most a t t rac t ive of the mobile blanket fuels that have been 
cons idered is a pas te of uran ium mononitr ide (UN) in sodium. 

In p re l iminary studies of pas te prepara t ion (see P r o g r e s s Re­
por t for December 1964, ANL-6997, p. 46), v/etting of UN powders by 
sodium was repor ted . In cu r r en t exper iments , UN powder was heated with 
sodium at var ious t e m p e r a t u r e s in an alumina crucible . Wetting of the UN 
by sodium was c lear ly achieved at 300 to 500°C after l / 2 hr of s t i r r ing ; at 
250°C, 1 hr of s t i r r ing was requ i red . No instances of dewetting of the UN 
on cooling were observed in any of these exper iments . 

Following these s tudies , p repara t ion of a UN-sodium paste of 
high uran ium content was at tempted. The UN powder (~100-p median dia) 
with a bulk density of 8.2 g /cc was mixed with sodium at 3 00°C to obtain 
346 g of pas te containing 49 v / o solids (6 .6-g /cc uranium density). The 
paste appeared to contain 8-v/o gas as de termined by difference from the 
amounts of sodium and UN added. 

At 40-v /o solids, an in te rmedia te stage in the prepara t ion, the 
paste was judged to have good flow p rope r t i e s . However, in its final 
composit ion (49-v/o solids), the paste was quite viscous and probably was 
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not d i rec t ly suitable for a flowing sys tem. Additional exper imentat ion is 
under way to obtain a paste of high uran ium density, low gas content, and 
good flow p r o p e r t i e s . 

d. Ca lor imet ry , Of considerable in te res t as possible r eac to r fuels 
a r e the phosphides, sulfides, and selenides of uranium. Their enthalpies 
of formation will be de termined by react ion with fluorine. The enthalpies 
of formation of phosphorus pentafluoride, sulfur hexafluoride, and seleniuin 
hexafluoride a r e n e c e s s a r y auxi l iary data whose values have been de-
termiined by fluorine bomb ca lo r ime t ry . (The value for the enthalpy of 
formation of phosphorus pentafluoride was repor ted in the P r o g r e s s Report 
for November 1964, ANL-6977, p. 72.) 

The two-chambered vessel-'-^ that was developed for substances 
which r eac t spontaneously with fluorine was used. Samples were supported 
on nickel d ishes for the combustion. Phosphorus pentafluoride was the only 
product of the phosphorus combust ions . Sulfur hexafluoride was the major 
product of the sulfur combust ions; a very smal l amount of a lower, un­
identified fluoride of sulfur was formed, but the t he rma l cor rec t ion for this 
amounted to only 0.004% of the heat evolved. Selenium hexafluoride appeared 
to be the only product of the conabustion of selenium. The enthalpies of 
formation obtained in these studies a r e given below: 

-AHf|98 
(kcal mole"^) 

P( t r ic l in ic , red) + 5/2 Fzig) -^PFgCg) 376,7 ± 0.4 

S(rhombic) + 3 Fzig) ^SFeCg) 291.9 ± 0.3 

Se(monoclinic, black) + 3 FzCg) -^SeFfeCg) 266.8 ± 0.2 

The uncer ta in t ies given a r e equal to twice the overa l l s tandard deviat ions. 
Because the samples used were ve ry pure , the main contributions to the 
uncer ta in t ies were from the prec is ion of the cal ibrat ion and combustion 
exper iments , 

Thermochemica l studies on the hexafluorides of the Group VI B 
elements a r e to be completed by the de terminat ion of the enthalpy of for­
mation of t e l lu r ium hexafluoride. 

'Nuttall, R. L., Wise, S, S,, and Hubbard, W, N., Combustion Bomb 
React ion Vesse l for Spontaneously Combustible Mate r i a l s , Rev. Sci. 
Instr . 32, 1402 (196I). 



G, Plutonium Recycle Reac tors 

1. EBV/R Faci l i ty 

The field inspection of the EBWR p r i m a r y plant (see P r o g r e s s 
Report for December 1964, ANL-6997, pp. 47-48, and P r o g r e s s Report 
for January 1965, ANL-7003, pp. 65-67) was completed. 

S u m m a r i e s of the findings a r e as follows: 

a. Steam Piping (10 in., 8 in., and 6 in.). Eighteen of 31 welds 
(58%) a r e sound for serv ice at 650 psig. Stainless s teel welds a r e readi ly 
r epa i r ab l e . As some pa r t s were Kanogen nickel-plated, carbon steel 
piping welds r equ i r e a re inforcement type of r epa i r in order to control 
phosphorus of the nickel plate . 

b . Two 6-in. Safety Valve Piping Systems (Original and 8Q-MW 
Addition). Twenty-s ix of 40 welds (65%) a r e sound for serv ice at 650 psig. 
Original piping is a lso Kanogen plated and r equ i re s the re inforcement 
type of r e p a i r . The 80-MW addition piping is repa i rab le conventionally, 
i .e . , by cutting, rebevel ing and rewelding. Studies a re in p r o g r e s s to 
de te rmine the economics of conventional repa i r of piping v e r s u s r e ­
inforcement type of r epa i r , 

c. Condensate Piping (8 in.). Seven of 11 welds (63%) a r e suitable 
for further vacuum s e r v i c e s . 

d. Ion Exchange Piping (2 in, and Smal ler ) . A few defective welds 
were found by the dye-pene t ran t examination and repa i red . Approximately 
one-half (of 28) forged SS304 globe and check valves were found to contain 
forging laps, b u r s t s , and c r a c k s . Explora t ions , by grinding, revealed that 
the defects were in excess of l / l 6 in. in depth, 

e. H i g h - p r e s s u r e Boric Acid Line, Replacement schedule 
80 s eamle s s pipe and piping m a t e r i a l s a r e on order . 

f. Vesse l Cladding. Success ive nitrogen gas p re s su r i za t ions , 
to 800 psi , of the annulus between cladding and ves se l wall revealed 
numerous c r a c k s , including those previously descr ibed as "surface 
decora t ions , " Five of the eight ve r t i ca l cladding panels were found to be 
faulted. P a r t i a l explorat ions of the c r a c k s , of approximately 20-ft total 
length, revea led that: 

(i) The visible c r ack length was shor ter than the actual 
length, i .e . , the cladding cracking apparent ly originated at the interface 
and propagated radial ly inward. 



f r o m 21°C to 58,4 C and coo led b a c k to 21®C. R e a c t i v i t y v a r i a t i o n s w e r e 
s ign i f i can t ly l a r g e r t han d u r i n g n o r m a l r o o m - t e m p e r a t u r e o p e r a t i o n , s u g ­
g e s t i n g a p o s s i b i l i t y of c o m p e n s a t i n g ef fec ts b e t w e e n d i f fe ren t p a r t s of the 
s y s t e m w h i c h w e r e not a l w a y s at equa l t e m p e r a t u r e s . The change of w a t e r 
dens i t y wi th t e m p e r a t u r e w a s e x p e c t e d to p r o d u c e a m e a s u r a b l e n e g a t i v e 
t e m p e r a t u r e coeff ic ient as d e s c r i b e d in t h e p r e c e d i n g p a r a g r a p h . 

T a b l e XVII. W o r t h M e a s u r e m e n t s 

Ra t io of 
T h i c k n e s s Weight R e a c t i v i t y 

S a m p l e of S a m p l e s of S a m p l e s W o r t h s : 
D e s c r i p t i o n (in.) (g) C o r e 3 1 5 / C o r e 615 

B o r a l (B4C-AI); 
22.2 w / o B 

B o r o n - S t a i n l e s s 
1.01 w / o B 

C a d m i u m 

E u r o p i u m Oxide 
S t a i n l e s s S t e e l ; 
30.97 w / o Eu 

G a d o l i n i u m -
S t a i n l e s s S t e e l ; 
0.7 w / o Gd 

S t e e l ; 

H a f n i u m - Z i r c o n i u m ; 
97.5 w / o Hf 

S t a i n l e s s S t e e l 

W a t e r 

U r a n i u m - A l u m i n u m ; 
17,44 w / o U 

0.200 

0.200 

0.200 
0.010 

0.156 

0.200 

0.119 

0.200 

0,200 

(a) 

17.859 

53,955 

62.703 
3.135 

40.707 

56.052 

55.131 

56.869 

21.657 

1.19 

1.33 

1.32 
1.66 

1.14 

1.51 

1,11 

1,43 

0,56 

1.63 

± 0,05 

± 0,10 

± 0.09 
± 0.19 

± 0,05 

± 0.10 

± 0,06 

± 0,50 

± 0,20 

± 0,50 

S a m p l e t h i c k n e s s e s w e r e d i f f e ren t for the two c o r e s ; t he r a t i o g iven 
i s t he r a t i o of w o r t h s p e r uni t c r o s s - s e c t i o n a l a r e a . 

D u r i n g the f inal r u n of the t e m p e r a t u r e - c o e f f i c i e n t m e a s u r e m e n t , a 
r e a c t i v i t y dr i f t o c c u r r e d at 21°C, w h i c h w a s l a t e r a t t r i b u t e d to swe l l ing of 
a fuel j a c k e t . One of the t w e l v e c o n t r o l - s a f e t y b l a d e s fa i led to i n s e r t on the 
i n t e n t i o n a l s c r a m t e r m i n a t i n g the r u n . I n s p e c t i o n i n d i c a t e d t h a t a fuel j a c k e t , 
l o c a t e d t h i r d f r o m the b l ade in a p a r a l l e l p l a n e , had swo l l en suff ic ient ly to 
p r o d u c e a f r i c t i o n a l bind b e t w e e n the b l a d e fo l lower and the ad jacen t fuel 



plate which was flexed by the t r ansmi t t ed force. A second swollen fuel 
jacket was found on subsequent inspection of the entire co re . 

P r e l i m i n a r y investigation failed to give a c lear indication of the 
cause of fa i lures . The fuel jackets had been closed by e lec t ron-beam weld­
ing of the th ree open sides of an envelope folded over each uranium meta l 
fue] foil. The envelope was 0,0025-in.- thick s ta inless steel and the uranium 
0.0044 in. thick. Analysis of the gas found in the swollen jackets indicated 
that it was approximately 90'''o hydrogen. Color pat terns of the dejacketed 
fuel a r e not as dist inct as would be expected if the re were in- leakage of 
water , and the expected gain in weight was not found, although a me ta l -wa te r 
react ion is a likely source of hydrogen gas . 

The two jacketed foils had been in use cominencing in the Octo­
ber 1964, 3 15-fuel-foil loading. Each was swollen to 0.4-in. th ickness , com­
pared with a nominal th ickness of 0.01 in. Weekly core inspection (removal 
of each 27-plate fuel assembly) has not revealed another fai lure. 

Considera t ion of the core s t ruc tu re indicates that six of the tv^^elve 
contro l -safe ty blades a re free of any r i sk of obstruction from s imi la r fuel 
swelling if this should again occur , and that only one blade is likely to be 
obs t ruc ted by any one fuel fa i lure . Although these two fuel fai lures were in 
a s sembl i e s adjacent to one control -safe ty blade, it was not affected, although 
a neighboring blade was stuck. The difference is in the orientat ion of the 
fuel p la tes which may be ei ther edge-on or in planes pa ra l l e l to the b lades . 

It should be noted carefully that fai lures experienced in the c r i t i ca l -
exper iment fuel have no bear ing on the rel iabi l i ty of the proposed fuel for 
the AARR prope r . The cr i t ical-experin: ient fuel is uranium meta l foil en­
cased in thin s ta in less s teel envelopes, whereas the proposed fuel for the 
r eac to r proper is a clad plate with a 37% UOg-stainless s teel c e rme t ma t r ix . 

Work with the 6 1 5-fuel-foil core has reached a stage where re load­
ing will be feasible as soon as thei r is sufficient jacketed fuel for a loading 
of approximately 800 foils. 

B, Regenera t ive EMF Cells 

1. Engineer ing Studies of Bimetal l ic Cel ls 

A sodium-bismuth cell (without a t h e r m a l regenera to r ) is being op­
era ted to define some of the engineering problems assoc ia ted with cell op­
erat ion (see P r o g r e s s Report for January 1965, ANL-7003, p. 74). The cell 
has now been functioning for over 75 days at operating t e m p e r a t u r e s from 
about 540 to 630*^0, During this period, the cell has been operated as a bat­
t e ry , with approximately 50 d i s c h a r g e - r e c h a r g e cycles ; t he re has been no 
observable d e c r e a s e in cell perfox'mance. 
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In t h i s ce l l s y s t e m , for w h i c h t h e anode i s e s s e n t i a l l y p u r e s o d i u m 
and the c a t h o d e 25 m / o s o d i u m in b i s m u t h , c e l l c u r r e n t d e n s i t i e s at about 
575°C w e r e found to be 40 m A / c m ^ at 0.60 V, 80 m A / c m ^ at 0.56 V, and 
160 m A / c m ^ at 0.48 V, The s t a i n l e s s s t e e l c e l l shows no e v i d e n c e of d e ­
t e r i o r a t i o n ; h o w e v e r , r e f r a c t o r y m e t a l s such a s t u n g s t e n w i l l p r o b a b l y be 
r e q u i r e d for the r e g e n e r a t o r s e c t i o n of the c e l l s y s t e m . 

A few c o m m e n t s m i g h t be a p p r o p r i a t e c o n c e r n i n g c u r r e n t d e n s i t i e s . 
In o p e r a t i n g a s o d i u m - b i s m u t h o r o t h e r t ype of b i m e t a l l i c c e l l , a p o l a r i z a ­
t ion a t the ca thode c a u s e d by t h e c o n c e n t r a t i o n g r a d i e n t of the anode m e t a l 
diffusing in to the c a t h o d e m e t a l t a k e s p l a c e . T h i s p o l a r i z a t i o n i n c r e a s e s 
wi th t h e c u r r e n t d e n s i t y and cou ld b e d e c r e a s e d by ag i t a t i on o r f lowing t h e 
ca thode m e t a l a c r o s s the c a t h o d e s p a c e E x p e r i m e n t a l w o r k on t h i s a s p e c t 
of the ce l l h a s not b e e n done . It h a s b e e n no ted tha t t h i s p o l a r i z a t i o n is n e g ­
l i g ib l e at c u r r e n t d e n s i t i e s up to about 160 m.A/sq c m (l A m p / s q in ) for a 
n o n a g i t a t e d o r nonflowing c a t h o d e . The p o l a r i z a t i o n a t t he anode i s m u c h 
l e s s t h a n t h a t at t h e c a t h o d e . H e n c e , in c e l l s wi th u n e q u a l anode and ca thode 
a r e a s , a h i g h e r c u r r e n t d e n s i t y can be o b t a i n e d at t he anode (without s i g n i ­
f icant p o l a r i z a t i o n ) t h a n at t he c a t h o d e . As an e x a m p l e , we h a v e o p e r a t e d a 
ce l l w i th a l / 4 - i n . - d i a anode and a 1 - 7 / 8 - i n . - d i a ca thode at anode c u r r e n t 
d e n s i t i e s of about 500 m A / s q c m at about o n e - h a l f o p e n - c i r c u i t vo l t age and 
anode c u r r e n t d e n s i t i e s of about 1000 m A / s q c m u n d e r s h o r t - c i r c u i t 
c o n d i t i o n s . 

In t h e c a s e of a c e l l w i th a 7 / 8 - i n . - d i a anode and a 7 / 8 - i n . - d i a c a t h ­
ode , c u r r e n t d e n s i t i e s of about 150 m A / s q cm at o n e - t h i r d o p e n - c i r c u i t vo l t ­
age and 225 m A / s q c m at s h o r t - c i r c u i t have been a c h i e v e d . 

The e n g i n e e r i n g p r o t o t y p e c e l l h a s a c a thode a r e a of about 45 sq c m 
and h a s been o p e r a t e d at 160 m A / s q cm at t h r e e - f o u r t h s o p e n - c i r c u i t v o l t ­
a g e ; o v e r 320 m A / s q c m h a v e b e e n a t t a i n e d at n e a r s h o r t - c i r c u i t c o n d i t i o n s , 
The e l e c t r o l y t e t h i c k n e s s i s about 1 in R e d u c t i o n of t h e e l e c t r o l y t e t h i c k ­
n e s s aiid a g i t a t i o n of the ca thode m e t a l would i m p r o v e t h e p e r f o r m a n c e . 



IV. NUCLEAR SAFETY 

A. Reactor Kinetics 

1. Fas t Reactor Safety 

a. Transient Expansion of I r radia ted EBR-II Fuel Alloy. Data 
from TREAT exper iments on the t rans ien t expansion of two unres t ra ined 
and unclad EBR-II fuel-pin segments (see P r o g r e s s Report for July 1964, 
ANL-6923, p . 88) have been analyzed. Burnup was about 1.2 a/o for both 
samples , which were taken from a single fuel pin. One sample of 9.1-cm 
length was given a t rans ient burs t of 69 MW-sec, with a power-peak half-
width of the o rder of 0.5 sec . The other , about 14.6 cm long, was subjected 
to a "constant-power" bu r s t with integrated power of 99 MW-sec and a 
duration of about 24 sec . Both pins were run unclad. Linear-mot ion 
t r ansduce r s measu red expansion during the nuclear heating. 

The 9.1-cm pin had a nominal TREAT heating rate of 1000°c/ 
sec; the longer pin, a ra te of 80°C/sec . Neither sannple was inst rumented 
for t empera tu re m e a s u r e m e n t s . Sample t empera tu res were inferred from 
reac tor integrated power data, r eac to r power calibration factors , and 
enthalpy data obtained for the fast r eac to r safety p rogram. 19 Heat lost 
from the sainples to the surroundings (a maximum of 5% of energy input 
over the time ranges of in teres t ) was es t imated . 

Expansion data a re shown in Figures 20 and 21 for the 9.1 cm 
and 14.6 cm samples , respect ive ly . Also given for comparison a r e the 
expansions calculated from the tennperature es t imates and data'^0 for the 
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19 Savage, H., and Seibel, D., ANL-6702 (Sept 1963). 
20Zegler, S. T., andNevitt , M. V., S t ructures and Proper t i e s of 

Uranium-f iss ium Alloys, ANL-6I I6 (July 1961). 
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i n i t i a l o u t - o f - p i l e h e a t i n g of an u n i r r a d i a t e d U-5 w / o F s s p e c i m e n a n n e a l e d 
for 11 days a t 500°C and w a t e r quenched . ' - l B e c a u s e of u n c e r t a i n t i e s in 
c a l i b r a t i o n , a band , r a t h e r t han a c u r v e , i s shewn for the c a l c u l a t e d e x ­
p a n s i o n . E a c h band c o r r e s p o n d s to an u n c e r t a i n t y of ±10% in power 
c a l i b r a t i o n . 

The da t a f r o m bo th e x p e r i m e n t s i n d i c a t e t ha t t r a n s i e n t e x p a n s i o n 
i s s i m i l a r to tha t for u n i r r a d i a t e d m a t e r i a l up to about 700°C (the a p p r o x i ­
m a t e l i m i t of d a t a on u n i r r a d i a t e d fuel ) . At h i g h e r t e m p e r a t u r e s , the t r a n ­
s i en t e x p a n s i o n i s a p p r e c i a b l y h i g h e r t han tha t e x p e c t e d f r o m e x t r a p o l a t i o n s . 
E x p a n s i o n for equa l t e m p e r a t u r e s a p p e a r s to be ~20% l o w e r for the s l o w -
h e a t i n g - r a t e e x c u r s i o n than for the h i g h - h e a t i n g - r a t e t r a n s i e n t . H o w e v e r , 
t h i s d i s c r e p a n c y i s w i th in p o s s i b l e e x p e r i m e n t a l e r r o r s for th i s type of 
e x p e r i m e n t . 

Both s a m p l e s w e r e m e l t e d in the c o u r s e of the e x p e r i m e n t s . 
The s h a r p d r o p s shown at about 3.9 and 27 s e c in F i g u r e s 20 and 21 , 
r e s p e c t i v e l y , a r e b e l i e v e d to r e s u l t f r o m the c o l l a p s e of the m e l t e d s p e c i ­
m e n s . As i n d i c a t e d on the f i g u r e s , th i s h y p o t h e s e s i s c o n s i s t e n t wi th the 
t e m p e r a t u r e e s t i m a t e s . 

b . T r a n s i e n t E x p e r i m e n t s on N b - c l a d UC S p e c i m e n s . F o u r UC 
e l e m e n t s c lad with N b - 1 % Z r a l loy w e r e i n v e s t i g a t e d for mieltdown b e ­
h a v i o r in T R E A T . E a c h s a m p l e c o n s i s t e d of UC, p r e s s e d and s i n t e r e d to 
a p p r o x i m a t e l y 90% of t h e o r e t i c a l d e n s i t y . F u e l p e l l e t s , 0 .648 c m in 
d i a m e t e r , w e r e s t a c k e d to f o r m fuel c y l i n d e r s , 27.9 c m long . The c ladding 
w a s 0.030 c m th i ck . I r r a d i a t i o n cond i t ions a r e s u m m a r i z e d in Table XVIII. 

The s a m p l e s a r e be ing sh ipped b a c k to A r g o n n e , I l l inois for 
p o s t m o r t e m i n s p e c t i o n and a n a l y s e s . 

'^•'•The t h e r m a l h i s t o r i e s of both the i r r a d i a t e d and u n i r r a d i a t e d 
m a t e r i a l a r e s i m i l a r . A c o n t r o l s a m p l e ob ta ined f r o m the 
i r r a d i a t e d m a t e r i a l p r i o r to e x p o s u r e in T R E A T is a v a i l a b l e , 
and s t r u c t u r a l c o m p a r i s o n wil l be m a d e by m e t a l l o g r a p h i c 
t e c h n i q u e s . 



Tab le XVIII. Cond i t i ons for UC I r r a d i a t i o n 

I n t e g r a t e d R e a c t o r P o w e r , E s t i m a t e d M a x i m u m C e n t r a l 

S a m p l e M W - s e c F u e l T e m p e r a t u r e , °C 

i 90T5 1750 

2 34.5 900 

56.8 1200 

3 121 2350 

j MT 2500 

c . Mel tdown O b s e r v a t i o n D e v i c e for F A R E T . A s tudy h a s been 
m a d e to d e s i g n the i n s t r u m e n t a t i o n for an i n - p i l e loop in F A R E T to o b s e r v e 
fuel m o v e m e n t d u r i n g fas t r e a c t o r sa fe ty m e l t d o w n e x p e r i m e n t s ( see P r o g r e s s 
R e p o r t for S e p t e m b e r 1964, A N L - 6 9 4 4 , p . 85). The b a s i c d e s i g n c o n s i s t s of 
a m u l t i c h a n n e l c o l l i m a t o r s y s t e m with ind iv idua l f a s t - n e u t r o n d e t e c t o r s , 
a n a l o g o u s to tha t u n d e r d e v e l o p m e n t for TREAT m e l t d o w n e x p e r i m e n t . Un­
l ike the T R E A T s y s t e m , which i s l o c a t e d ou t s ide the r e a c t o r sh ie ld , the 
c o l l i m a t o r , sh i e ld ing , and f a s t - n e u t r o n d e t e c t o r s m u s t be p l aced i n s ide the 
r e a c t o r v e s s e l , r e q u i r i n g o p e r a t i o n in a h i g h - t e m p e r a t u r e , l i q u i d - m e t a l 
e n v i r o n m e n t . U r a n i u m - 2 3 8 f i s s i o n c o u n t e r s a r e u s e d a s n e u t r o n d e t e c t o r s 
in the p r e l i m i n a r y d e s i g n . E s t i m a t e s now show tha t p e r f o r m a n c e should be 
a d e q u a t e . S ince the F A R E T d e s i g n r e q u i r e s s o m e s t e e l be tween the nnelt-
down s a m p l e and d e t e c t o r s , s o m e d e g r a d a t i o n in p e r f o r m a n c e m u s t be e x ­
p e c t e d . E a r l i e r m o c k u p t e s t s at T R E A T (see P r o g r e s s R e p o r t for Ju ly 1964, 
A N L - 6 9 2 3 , p . 91) have i n d i c a t e d tha t an a c c e p t a b l e s i g n a l - t o - n o i s e r a t i o 
should be ob ta ined . 

d. Ion iza t ion of U r a n i u m Vapor du r ing N u c l e a r B u r s t s . The effect 
of i on i za t i on on the equa t i on of s t a t e i s po t en t i a l l y an i m p o r t a n t m e c h a n i s m 
for r educ ing p r e s s u r e in the e a r l y s t a g e s of a s e v e r e fas t r e a c t o r e x c u r s i o n 
by a b s o r b i n g e n e r g y . In o r d e r to t e s t t he s ign i f i cance of th i s effect, the 
f r a c t i o n a l i on iza t ion for s a t u r a t e d u r a n i u m vapo r w a s c a l c u l a t e d f rom the 
S a h a - L a n g m u i r equa t ion : 

2 rr-r,+ T 5 / 2 ^ - . g - g ^ T= 1 - e ' = A - S - ^ _ e x p ( - l / k T ) , 

w h e r e 

e - f r a c t i o n of i o n s ; 

g~,g ,gn = m u l t i p l i c i t i e s of e l e c t r o n s , i ons , and n e u t r a l s , r e s p e c t i v e l y ; 

P = p r e s s u r e ; 

T = t e m p e r a t u r e s , °K; 

k = B o l t z m a n ' s c o n s t a n t = 0.855 x 10"^ eV/°K; 
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I = ionization potential , eV; 

A = constant, 3.27 x 10"yatm-°K^/2. 

The recent value of Mann'^'^ of 6.11 ±0,05 eV for the ionization 
potential of uranium was used, and the p r e s s u r e along the saturat ion curve 
was calculated from an ex t reme extrapolation of the equation of Rauh and 
Thorn:^^ 

log Pi-nm = 8-583 - ( 2 3 , 3 3 0 / T ) . 

The mult ipl ic i t ies g~ = 2, g"̂  = 9, and g"- = 13 were taken from Katz and 
? "4-Rabinowitch. 

Resul ts of the calculat ions indicate that about 0.3% of the a toms 
a r e ionized at the normal boiling point. Even at the es t imated cr i t ica l point: 

Tc = 12,500°K; P^ = 6850 atm, 

only about 6% of the a toms a r e ionized. For a r eac to r excurs ion which might 
resu l t in the expansion of u ran ium vapor to one a tomosphere at 5000''K, the 
fraction ionized after expansion is about 2%. 

If the older value of the ionization potential , 4,7 eV, es t imated by 
Rauh were used, the fract ion ionized under the conditions above would be 
l a rge r but still l e s s than 20% for the wors t c a se . 

It is hope that s imi l a r es t imat ions can be made for plutonium and 
UO2. Frac t ional ionization e s t ima tes for UO2 a re considerably more compl i ­
cated by the dissociat ion of UO2 to UO and O^. 

e. Coolant-expulsion Studies (Water). As previously repor ted (see 
P r o g r e s s Report for November 1964, ANL-6977, p . 91)J automotive s torage 
ba t t e r i e s a r e to be used as an energy source in wate r -expuls ion t e s t s . 
Twenty heavy-duty d iese l t ruck ba t t e r i e s (12 V, 204 Amp-hr ) have been 
purchased and a re now insta l led on a special ly cons t ruc ted rack . The 
b u s - b a r s a r e being const ructed a s a r e the specially designed ba t t e ry -
te rmina l c l amps . Some of the quar tz piping has a r r ived , and a me ta l - t o -
glass seal is being made to hold a p r e s s u r e t r ansduce r flush to the inside 
wall of the pipe. 

22Mann, J. B. , J, Chem. Phys . 40, 1632 (1964). 
23Rauh, E. G., and Thorn, R. G., J, Chem. Phys , 22, 1414 (1954), 
24Katz, J, J., and Rabinowitch, E., The Chemis t ry of Uranium, 

McGraw-Hill Book Co., Inc., New York (1951), ~ 
25Rauh, E. G., Work Function, Ionization Potent ial , and Emiss iv i ty of 

Uranium, ANL-55 34 (May 1956). 



A r e p r e s e n t a t i v e s a m p l e of t h e s t a i n l e s s - s t e e l t e s t s e c t i o n i s 
b e i n g m e a s u r e d to d e t e r m i n e the t e m p e r a t u r e coef f ic ien t of r e s i s t i v i t y , 
in o r d e r to u s e the t e s t s e c t i o n a s a r e s i s t a n c e t h e r m o m e t e r . 

2. T R E A T O p e r a t i o n s 

F o u r u r a n i u m c a r b i d e s a m p l e s ( R P S e r i e s 45) c l ad in n i o b i u m w e r e 
i r r a d i a t e d in t r a n s p a r e n t c a p s u l e s and r e t u r n e d to A r g o n n e , I l l ino i s for 
e x a m i n a t i o n . 

T h r e e p l u t o n i u m c a r b i d e s a m p l e s (MET S e r i e s 4) w e r e i r r a d i a t e d 
and r e t u r n e d to A r g o n n e , I l l ino i s for e x a m i n a t i o n . 

F i v e s a m p l e s of SNAP fuel w e r e i r r a d i a t e d for A t o m i c s I n t e r n a t i o n a l 
and r e t u r n e d to A r g o n n e , I l l ino i s for e x a m i n a t i o n . 

A m o c k u p of a Z P R - I I I d r a w e r , con ta in ing d e p l e t e d u r a n i u m fuel 
p l a t e s c o n t a i n e d in c a n s of the type to be u s e d for the p l u t o n i u m fuel for 
the S E F O R e x p e r i m e n t s in Z P R - I I I , w a s i r r a d i a t e d to m e a s u r e p r o m p t 
e x p a n s i o n c h a r a c t e r i s t i c s . (See Z P P R Sec t ion of t h i s r e p o r t for a s u m m a r y 
of r e s u l t s on e x p a n s i o n m e a s u r e m e n t s on Z P R - t y p e fue ls . ) 

3 . L a r g e Sod ium Loop in T R E A T 

A s s e m b l y of t h e loop p ip ing h a s b e e n d e l a y e d inde f in i t e ly b e c a u s e of 
d e l a y s in d e l i v e r y of e x p a n s i o n j o i n t s and l ack of funds to c o v e r we ld ing . 
X - r a y , and i n s u l a t i o n c o s t s . 

The f inal p a r t s of the s ing le b e l l o w s have a r r i v e d f rom F l e x i c r a f t 
I n d u s t r i e s . H o w e v e r , a dye c h e c k of the i n n e r ply has shown the p r e s e n c e 
of a c r a c k in t h e w a l l . T h i s p o r t i o n wi l l be r e f a b r i c a t e d by the v e n d o r . 
The C e n t r a l Shops wi l l c o n c e n t r a t e upon the final a s s e m b l y of t h e s e u n i t s . 

Mino r m o d i f i c a t i o n s to the g a s - s y s t e m have b e e n p r o p o s e d to 
i m p r o v e the ab i l i t y to nna in ta in and o p e r a t e the s y s t e m . No e x c e p t i o n s 
w e r e t a k e n to the c o m p o n e n t s c u r r e n t l y l i s t e d in the b i l l s of m a t e r i a l o r 
to the o v e r a l l d e s i g n . 

E q u a t i o n s of m o t i o n have b e e n p r o g r a m i n e d on an e l e c t r o n i c 
a n a l o g c o m p u t e r to i n v e s t i g a t e the p e r t u r b a t i o n in coo lan t flow r e s u l t i n g 
f r o m e n e r g y r e l e a s e to the coo lan t d u r i n g a n u c l e a r t r a n s i e n t . B e c a u s e 
of c e r t a i n n e c e s s a r y a s s u m p t i o n s , the r e s u l t s a r e va l id only for the t i m e 
i n t e r v a l d u r i n g w h i c h the s o d i u m above the t e s t s u b a s s e m b l y i s be ing d i s ­
p l a c e d in to the s u r g e s u p p r e s s o r . 
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