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FOREWORD 

The Reactor Development P r o g r a m P r o g r e s s Report, issued 
monthly, is intended to be a means of report ing those i tems 
of significant technical p r o g r e s s which have occur red in 
both the specific r eac to r pro jec ts and the genera l engineer­
ing r e s e a r c h and development p r o g r a m s . The repor t is o r ­
ganized in a way which, it is hoped, gives the c leares t , mos t 
logical o v e r - a l l view of p r o g r e s s . The budget classif ication 
is followed only in broad outline, and no at tempt is made to 
r epo r t separa te ly on each sub-act ivi ty number. Fur ther , 
since the intent is to r epo r t only i tems of significant p rog­
r e s s , not al l act ivi t ies a r e repor ted each month. In o rde r 
to i ssue this r epo r t as soon as possible after the end of the 
month edi tor ia l work mus t necessa r i ly be limited. Also, 
since this is an informal p r o g r e s s repor t , the r e su l t s and 
data p resen ted should be understood to be p re l iminary and 
subject to change unless otherwise stated. 

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

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

July 1963 

August 1963 

September 1963 

October 1963 

November 1963 

December 1963 

ANL-6764 

ANL-6780 

ANL-6 7 84 

ANL-6801 

ANL-6808 

ANL-6810 

11 
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b o i l e r zone w a s t a k e n a s t h a t of s a t u r a t e d w a t e r w i t h z e r o s t e a m void. 
P r o b l e m s w e r e r u n for t h r e e d i f f e r e n t b o i l e r fue l a s s e m b l y con f igu ra t i ons 
( s e e F i g u r e 2) : C a s e I, 8 flow r o d s , c o n c e n t r a t e d ; C a s e II, 8 flow r o d s , 
d i s p e r s e d ; and , C a s e III, 12 flow r o d s . V a l u e s of keff a n d s u p e r h e a t e r 
p o w e r f r a c t i o n ( n o r m a l i z e d s o u r c e i n t e g r a l ) , t o g e t h e r w i t h a v a i l a b l e e x ­
c e s s r e a c t i v i t y a n d f looding w o r t h , a r e l i s t e d in T a b l e II. 

Case I 
8 F l ^ Rods 
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Case I I 
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Case III 
12 Flow Rods 
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O Fuel Rod Flow Rod 

Figiire 2. Flow Rod Configurations in Boiling Fuel Assembly for BORAX-V 
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Table n . Calculated Core Characteristics (Superheater Cores. BORAX-V; Zero Povter) 

Superheater 
Fuel Loading 
jg u235 per 

assembly) 

680 
5?0 
680 
680 

430' 
430* 
430-' 
430* 

70 
70 

489 
489 

489 
489 

70 
70 

489 
489 

70 
70 

489 
489 

430 
430 
430 
430 

430 
580 

680 
680 
680 
680 

680 
680 
680 
680 

Superheater 
Condition 

Flooded 
Dry 

Flooded 
Dry 

Flooded 
Dry 

Flooded 
Dry 

Flooded 
Dry 

Flooded 
Dry 

Dry 
Dry 

Dry 

Flooded 
Dry 

Flooded 

Dry 
Flooded 

Diy 
Flooded 

Boiler 
ConfiguratiOT 

M 
m 
m 
m 
r 
I-
p 
p 

m 
M 
m 
m 
I 
H 
I 
I 
I 
I 
m 
M 
M 

m 

Superheater 
Power 

Fraction 

0.313 
0.219 
0.321 
0.215 

0.213 
0.152 
0.229 
0.160 

0.210 
0.151 
0.230 
0.161 

0.151 
0.215 

0.108 
0.140 
0.136 
0.172 

0.107 
0.138 
0.136 
0.171 

''eff 

1.246 
1.217 
1.168 
1.123 

1.181 
1.173 
1.107 
1.087 

1.186 
1.178 
1.106 
1.086 

1.083 
1.121 

1.241 

1.30 
1.150 
1.161 

1.S2 
1.260 
1.155 
1.166 

Available 
Excess 

Reactivity 

19.7 
17.8 
14.4 
11.0 

15.3 
14.7 

9.7 
8.0 

15.7 
15.1 

9.6 
7.9 

7.7 
10.8 

19.4 

zo.o 
13.0 
13.9 

20.1 

20.6 
13.4 
14.2 

Flooding 
Reactivity 

Worth 

1.9 

3.4 

0.6 

1.7 

0.6 

1.7 

0.6 

0.9 

0.5 

0.9 

•Reference loading for central superheater core CSH-1. 

The d e s i r e d p o w e r f r a c t i o n in the s u p e r h e a t e r i s 0 .19 . It is e v i ­
den t f r o m the h igh v a l u e s of s u p e r h e a t e r p o w e r f r a c t i o n tha t the u s e of 
the 680 g U^^^ p e r a s s e m b l y s u p e r h e a t e r fuel in the c e n t r a l s u p e r h e a t e r 
l o c a t i o n i s not f e a s i b l e wi thou t e i t h e r r e m o v a l of fue l f r o m , o r po i son ing 
of, the s u p e r h e a t e r . 



The power fractions calculated for the per iphera l superheater a r e 
lower than des i red . Previous exper ience has shown that a one-dimensional 
calculation of the pe r iphe ra l superhea te r core may underes t imate the power 
fraction in the superheater by 2 to 3% of the total power. The reference 
design of the pe r iphera l superheater core included poison rods in the boiler 
to obtain the p roper power split . 1 The proper power fraction probably can 
also be obtained by control rod manipulation alone. 

The changes in available excess reactivity shown in Table II do not 
agree in e i ther sign or value with the m e a s u r e d changes with the same flow 
rod configurations repor ted in Section 1. 

3. Per formance of Core CSH-1 

P r e l i m i n a r y analysis of data from in-core and in - reac to r vesse l 
ins t rumentat ion m e a s u r e m e n t s made during the brief power operat ion of 
cent ra l superhea ter core CSH-1 has been completed and is presented in 
the following sect ions. 

a. Steam Tempera tu re . The s team tempera tu res in the core as 
m e a s u r e d by two chroine l -a lumel thermocouples in each location of the 
f i r s t - and second-pass ins t rumented superheater fuel assembl ies a re p r e ­
sented in Table III. 

Table III. Average Steam T e m p e r a t u r e s in Ins t rumented 
Supe rhea t e r Fuel A s s e m b l i e s 

Reac tor 
P o w e r (MW) 

i . q 
5.2 
7 .0 
7 .3 

10.2 

Inl et Steam 
Temp ( 

4S'i 
48b 
4 8 5 
487 
487 

' F ) 
F i 

Exit 
r s t - p a 
Temp 

605 
636 
671 
640 
635 

BS 

(°F) E n t 
Second-pass 
ranee T e m p ( ° F ) 

593 
618 
602 
618 
620 

Second-pass 
Exit Temp ( T ) 

* 

755 
775 

* 

770 

*Data not avai lable , 

b. Flow in Boiling Fuel Assembly. Inlet velocity and flow in in­
s t rumented boiling fuel assembly I- l in core position 33 a re plotted in 
Figure 3 as based on recorded information furnished by the turbine-type 
inlet f lowmeter. Recorded volumetr ic flow data were cor rec ted for me te r 
body expansion ( increased flow area) and for reduced water density which 
causes a higher indicated flow in the ra t io of (71/72) > the rat io of fluid 
specific weights at cal ibrat ion and use conditions, respect ively. Because 
of res t r i c t ions caused by the inlet and outlet f lowmeters , the flow in a 
s tandard boiling fuel assembly in a symmet r i ca l core location will be 
about 10% grea te r than in an ins t rumented assembly . 

1 Design and Hazards Summary Report, BORAX-V, ANL-6302. 
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c. E x i t Void F r a c t i o n . Outputs f r o m the i n l e t and ex i t t u r b i n e 
m e t e r s on the i n s t r u m e n t e d bo i l ing fuel a s s e m b l y I - l in c o r e p o s i t i o n 33 
f u r n i s h e d the da ta for c a l c u l a t i n g the ex i t vo id f r a c t i o n s shown in F i g u r e 4 . 
The void f r a c t i o n a i s def ined a s 

^ = (vout • v i n ) / v o u t . 

w h e r e 

"^out ~ ex i t w a t e r v e l o c i t y ; 

v in - in le t w a t e r v e l o c i t y , 

both be ing d e t e r m i n e d f r o m r e c o r d e d v o l u m e t r i c flow da t a . 

10' 

IT 

T 

20 40 
FUEL ASSEMBLY FLOW RATE.gpm 

60 

0 10 2.0 3.0 4.0 5.0 
BOILING FUEL ENTRANCE NOZZLE VELOCITY,ft/sec 

Figure 3. Inlet Velocity and Flow vs. Reactor Power for 
Instrumented Boiling Fuel Assembly I-l, 
Core CSH-1 of BORAX-V 

0 10 20 30 40 50 
FUEL ASSEMBLY EXIT VOID FRACTION, percent 

Figure 4, Exit Void Fraction vs. Reactor Power 
for Instrumented Boiling Fuel Assem­
bly I-l , Core CSH-1 in BORAX-V 

d. B o i l i n g F u e l R o d T e m p e r a t u r e s . F i v e b o i l i n g f u e l t h e r m o ­
c o u p l e r o d s i n t h e i n s t r u m e n t e d b o i l i n g f u e l a s s e m b l y a n d t w o i n a s t a n d a r d 
f u e l a s s e m b l y w e r e u s e d t o o b t a i n t h e UO2 f u e l t e m p e r a t u r e s s h o w n i n 
F i g u r e s 5 , 6 , a n d 7. N o t e t h a t t h e v a r i o u s a x i a l l o c a t i o n s , a s w e l l a s 
r a d i a l c o r e l o c a t i o n s , a l l o w a n i n d i c a t i o n of t h e p o w e r d e n s i t y a s a f u n c t i o n 
of l o c a t i o n . T h e s e f u e l r o d s c o n t a i n e d " W - w / 2 6 % R e t h e r m o c o u p l e s i n t h e 
a x i a l c e n t e r of t h e f u e l . 
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Figure 5. Boiliog Fuel Rod Indicated UO2 Temperature vs. Reactor Thermal Power for Core CSH-1 in BORAX-V 
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The total fuel burnup of these thermocouple fuel rods is below 
that exper ienced during boiling core B-2 operat ion by about a factor of 30, 
and none of the t i m e - varying t e m p e r a t u r e s were observed as during 
core B-2 operat ion. (See P r o g r e s s Report for March 1963, ANL-6705, p. 8, 
for a d i scuss ion of postulated fuel i r rad ia t ion damage.) 

e. Downcomer Velocity. Downcomer velocity m e a s u r e m e n t s were 
made with a Stauschiebe tube located on the inner wall of the r eac to r v e s ­
sel , 1 5/32 in. below the top of the core support p la te . The assoc ia ted 
d i f fe ren t i a l -p ressure cell had a ful l -scale p r e s s u r e range of 4 in. of 68°F 
water . 

To in te rp re t the data, a duplicate of the Stauschiebe tube used 
in the BORAX-V r e a c t o r ve s se l to m e a s u r e downcomer velocity was in­
stal led in a ve r t i ca l flow tes t sect ion of a circulat ing water loop to de termine 
its ca l ibra t ion coefficient. The tube is const ructed of-j—in.-diameter stock, 
4 in. in length, with two taps spaced 180° apar t and cen te red on the probe 
length. All t e s t s w e r e miade at a tmospher ic p r e s s u r e with 70°F water . 

Several t r a v e r s e s were made to de te rmine velocity profi les in 
the tes t section. The final r e su l t s showed a m a r k e d sensi t ivi ty to wall 
proximity. When m'ounted -|- in. from, the wall to center l ine of probe (s imu­
lating r eac to r ve s se l instal lat ion) , the flow cal ibra t ion coefficient was 2.69, 
based on average s t r e a m velocity. At the point of average s t r e a m velocity, 
the coefficient was 1.88. The coefficient is defined as follows: 

h - CvV2g, 

where 

C = ca l ibra t ion coefficient; 

h = m e a s u r e d differential p r e s s u r e (ft of flowing fluid); 

v = fluid velocity ( f t /sec) ; 

g = local acce le ra t ion due to gravity (ft/sec^). 

Because of the lack of sufficient data to e s tab l i sh rel iabi l i ty of 
m e a s u r e m e n t s - in p a r t i c u l a r , the ze ro point - m e a s u r e m e n t s of downcomer 
velocity a r e not repor ted . 

f. Steam Car ryunder . The volume fract ion of s team c a r r i e d under 
into the downcomer by na tura l c i rcula t ion is shown in F igure 8. Wate r -
cooled s ta t ic p r e s s u r e taps in the ves se l downcomer sensed differential 
p r e s s u r e between the i r 12-in. ve r t i ca l separa t ion to give a void fract ion 
output on thei r d i f f e ren t i a l -p res su re t r a n s m i t t e r s . 
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•O Lower Downcomer Density Probes - Elevation 
72-1/4 ai5.d 84-1/4 Inches From Vessel Bottom 

o^ 

«_«.«__ Average Inlet Subcooling 
Assemblies 61, 62, and 63 

Figure 8. 

I 
4 6 8 10 

Heactor Power̂  Mw 

Dowocomer Void Fraction and Core Inlet Subcooling vs. 
Reactor Power for Core CSH-1 of BORAX-V 

g. In le t Subcool ing . Subcool ing m e a s u r e m e n t s w e r e m a d e w i th 
t h e r m o c o u p l e s s e n s i n g s t e a m d o m e t e m p e r a t u r e and in l e t w a t e r t e m p e r a ­
t u r e s a t fuel a s s e m b l y p o s i t i o n s 6 I , 62 , and 63 . Da ta w e r e ob ta ined f r o m 
two t h e r m o c o u p l e s p e r i n l e t l o c a t i o n for v a r i o u s r e a c t o r power l e v e l s . 
The c u r v e shown in F i g u r e 8, r e p r e s e n t i n g a v e r a g e s of t h e s e v a l u e s , a l s o 
i n d i c a t e s m a x i m u m and m i n i m u m v a l u e s . The in i t i a l p e a k in the s u b c o o l ­
ing c u r v e a t low p o w e r a p p e a r s to be a r e s u l t of e x t r a f e e d w a t e r add i t ions 
due to s e a l w a t e r , d o w n c o m e r p r o b e - c o o l i n g w a t e r , and o p e r a t i o n of the 
r e a c t o r w a t e r d e m i n e r a l i z e r . 
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h. R e a c t o r W a t e r L e v e l . Tab le IV g i v e s a c o m p a r i s o n of the r e a c t o r 
w a t e r l e v e l s m e a s u r e d by m e a n s of the s t a n d a r d o p e r a t i n g i n s t r u m e n t L R - 1 
and the s p e c i a l a c c u r a t e u l t r a s o n i c w a t e r - l e v e l p r o b e . Th i s t ab le g i v e s an 
ind ica t ion of the c a l i b r a t i o n e r r o r s w h i c h can be e x p e c t e d f r o m use of s t a n d ­
a r d p r e s s u r e - c o m p e n s a t e d , d i f f e r e n t i a l - p r e s s u r e s e n s i n g l e v e l i n d i c a t o r s 
and r e c o r d e r s w h e n app l i ed to r e a c t o r w a t e r - l e v e l m e a s u r e m e n t s . At h i g h e r 
p o w e r s and r e s u l t a n t void f r a c t i o n s , the e r r o r s m i g h t b e c o m e s ign i f i can t , a s 
w a s r e p o r t e d e a r l i e r for bo i l ing c o r e B-2 o p e r a t i o n ( s e e P r o g r e s s R e p o r t 
for F e b r u a r y 1963, A N L - 6 6 9 8 , p . 9). 

Tab le IV. R e a c t o r W a t e r L e v e l 

R e a c t o r P o w e r 
(MW) 

5.2 
7.32 

10.2 

W a t e r L e v e l 
f r o m L R - 1 * 

1 2 ' - 1 0 " 
1 2 ' - 8 " 
1 2 ' - 9 " 

W a t e r - S t e a m M i x t u r e 
I n t e r f a c e E l e v a t i o n 

fronn 
A c o u s t i c P r o b e 

1 3 ' - 0 " 
1 2 ' - l l l " 

Above 1 3 ' - 2 " t 

W a t e r * * 
E l e v a t i o n f r o m 
A c o u s t i c P r o b e 

1 2 ' - 6 " 

12'-4.. 
Above 13 ' -2"T 

* O p e r a t i n g i n s t r u m e n t . S a t u r a t i o n p r e s s u r e - c o m p e n s a t e d , d i f f e r e n t i a l -
p r e s s u r e s e n s o r , and c i r c u l a r c h a r t r e c o r d e r . 

* * E l e v a t i o n a t w h i c h m i x t u r e d e n s i t y a p p r o a c h e d tha t of s a t u r a t e d w a t e r , 
a s e v i d e n c e d by c o n s t a n t r e a d i n g s on a c o u s t i c p r o b e i n d i c a t o r . 

' 'Upper l i m i t of p r o b e t r a v e l . 
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II, L I Q U I D - M E T A L - C O O L E D R E A C T O R S 

A. 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 

a . E x p e r i m e n t a l P r o g r a m . E x p e r i m e n t s con t inued wi th A s s e m ­
bly 44, t he p l u t o n i u m m o c k u p of the F r e n c h r e a c t o r R A P S O D I E , The f i r s t 
p h a s e of the p r o g r a n a , c o n c e r n i n g p h y s i c s c o r e e x p e r i m e n t s , w a s c o m ­
p l e t e d t h i s m o n t h and the t r a n s i t i o n to the e n g i n e e r i n g c o r e e x p e r i m e n t s 
w a s s t a r t e d . 

C e n t r a l r e a c t i v i t y coe f f i c i en t s w e r e m e a s u r e d , and s o m e 
s a m p l e - s i z e ef fec ts w e r e i n v e s t i g a t e d . The w o r t h s of p l u t o n i u m and 
u r a n i u m w e r e r a e a s u r e d a t v a r i o u s c o r e p o s i t i o n s , and u r a n i u m foils 
w e r e i r r a d i a t e d . 

In the i n e a s u r e m e n t s of c e n t r a l r e a c t i v i t y coe f f i c i en t s , 2 x 2 x 
2 - i n . saiTiples of a n u m b e r of m a t e r i a l s w e r e s u b s t i t u t e d for void at t he 
c o r e c e n t e r by naeans of a s a m p l e - c h a n g e r m e c h a n i s m tha t a l lows con t inuous 
runn ing of the r e a c t o r wi thou t s e p a r a t i o n of the m a c h i n e h a l v e s for changing 
the s a m p l e s . T a b l e V l i s t s s o m e of the r e s u l t s of c e n t r a l r e a c t i v i t y coef­
f ic ien t m e a s u r e m e n t s wi th the 8 -cu in, s a m p l e s p a c e . 

T a b l e V, C e n t r a l R e a c t i v i t y Coeff ic ien ts in 
A s s e m b l y 44 (RAPSODIE) with 
2 X 2 X 2 - in , S a m p l e s 

R e a c t i v i t y 
M a t e r i a l Coeff ic ient , I h / k g 

S t a i n l e s s S t e e l (Type 304) -5 .3 ± 0.5 
A l u m i n u m +8.6 ± 1,0 
M o l y b d e n u m -21 ± 0,5 
I r o n -5 ,8 ± 0.5 
S o d i u m +53 £ 5 
C a r b o n +156 ± 5 

S o m e r e a c t i v i t y coef f i c i en t m e a s u r e m e n t s "were m a d e wi th 
1/2 X 2 X 2 - in , s a m p l e s in a s a m p l e s p a c e a c r o s s the f ront of the c e n t r a l 
c o r e d r a w e r ( l in , f r o m the c o r e c e n t e r ) to i n v e s t i g a t e the d i s c r e p a n c y 
b e t w e e n r e s u l t s wi th t h e 2 x 2 x 2 - i n , s a m p l e s and p r e v i o u s e x p e r i m e n t s 
wi th 1/4 x 2 X 2 - i n , s a m p l e s ( s ee P r o g r e s s R e p o r t for D e c e m b e r 1963, 
A N L - 6 8 1 0 , p , 5) a l i g n e d a x i a l l y in the d r a w e r . The r e s u l t s of the new, 
s m a l l - s a m p l e s u b s t i t u t i o n s a g a i n gave v a l u e s for s t e e l and a l u m i n u m tha t 
differ by f a c t o r s of t h r e e o r four and a r e d i f fe ren t in s i g n . The da ta a r e 
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sti l l being analyzed, and it is difficult to s tate whether or not s ample - s i ze 
effects or or ientat ions a r e the source of the differences or whether the 
t empe ra tu r e effects in the assenably mask the smal l react iv i ty changes 
with the smal l s a m p l e s . 

Worths of plutonium, enriched uranium, arid depleted uran ium 
at a number of positions in the core were obtained from substitutions of 
1/8 X 2 X 2-in. plates for void. The posi t ions, including the core center , 
•were on the core midplane at the radial core edge and at 1/2 the core 
rad ius , and on the axis at the axial core edge. The re su l t s a r e given in 
Table VI. 

Table VI. Local Worths of Plutonium, Enr iched Uran ium and 
Depleted Uranium in Assembly 44 (RAPSODIE) 

Posi t ion Reactivity Coefficients 
(in. f rom center) (Ih/kg) 

Radial 

0 
3.1 
6.6 
0 

Axial 

0 
0 
0 
6 

P u ^ 

854 
688 
335 
426 

E nr . Ub 

479 
406 
233 
258 

D. spl. U^ 

17 
37 
23 
27 

^ 9 5 % Pu239; 5% Pu240. 

^ 9 3 . 3 % U^^^. 

^ 0 . 2 % U23^ 

In the i r r ad ia t ion exper iments , enr iched and depleted uraniujxi 
foils and sodium capsules ^vere positioned near the core cen te r , at the core 
radial edge, and at 3 in, into the radia l blanket, and i r r ad i a t ed during a 
30 Whr run. Radiochenaical analys is of the foils and activation m e a s u r e ­
ments of the capsules gave the resu l t s in Table VII, 

The c r i t i ca l volume of the physics core was found to be l a r g e r 
than predic ted from e a r l i e r ca lcula t ions . Consequently, it was expected 
that the addition of the gaps , channels , e t c , or the t r ans i t ion to the engi­
neering core would provide a c r i t i ca l core volume in excess of a l imitat ion 
of about 40 l i t e r s in the RAPSODIE r eac to r . It was thus decided to i n c r e a s e 
fuel concentra t ion in the Assenably 44 core composi t ion to provide a sma l l e r 
engineering core volume. This -was accomplished by replacing a 1/4-column 
enriched u ran ium and a 1/4-column depleted u ran ium in each drawer with 
1/2-column plutonium (see P r o g r e s s Report for October 1963, ANL-6801, 
p. 9), giving two plutonium, two enr iched uran ium, and one depleted u ran ium 
colunan per d r a w e r . The resul t ing composi t ion is given in Table VIII. After 
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un load ing abou t half the p h y s i c s c o r e v o l u m e , an a p p r o a c h to c r i t i c a l w a s 
m a d e wi th t h e n e w c o m p o s i t i o n ; and c r i t i c a l i t y w a s ob ta ined wi th 32 dra^wers 
in e a c h half in a s y m m e t r i c a l c y l i n d r i c a l g e o m e t r y . 

T a b l e VII . R e s u l t s of F i s s i o n and A c t i v a t i o n M e a s u r e m e n t s 
in A s s e m b l y 44 (RAPSODIE) 

F i s s i o n s p e r g 
S o d i u m 

C a p t u r e s p e r g C a p t u r e s 
L o c a t i o n E n r , U D e p l , U Dep l , U p e r g 

C o r e C e n t e r 6,1 x 10^° 5,9 x lO'' 5,0 x l o ' 2.0 x 10̂ * 

C o r e E d g e 4 , 2 x 1 0 ^ ° 3 , 1 x 1 0 * ' 3 7 x 1 0 ^ 1 ,4x10® 

3 in, in B l a n k e t 1,8 x l o " 5,0 x 10® 1.9 x 10^ 8,5 x lO"̂  

T a b l e VIII, C o m p o s i t i o n of A s s e m b l y 44 (RAPSODIE) 
E n g i n e e r i n g C o r e 

C o r e Uni t Ce l l - 14.06 x 2,18 x 2,18 in 
Volum.e - 1 0944 l i t e r s 

Mater ia l 

Pu^ 
U235 

U238 

Al 

O 

F e 

C r 

Ni 

D e n s i t y in C o r e 
( g / c c ) 

0,89 

1,75 

1.08 

0.46 

0.52 

1,36 

0,17 

0,09 

Volunae % 

4 7 

9.4 

5,7 

17.2 

(20,4)^ 

17,4 

1.2 

2.1 

^95,0% P u ^ ^ \ 4 .5% Pu^^"; 0.5% Pu^^^ 

^ A s s u m i n g 100% d e n s i t y is 0,096 x 10^* a t o m s / c c . 

P r e l i i a i i n a r y n a e a s u r e m e n t s of edge c o r e w o r t h gave an e s t i -
naated j u s t - c r i t i c a l l oad ing of abou t 31 .5 d r a w e r s wi th a c r i t i c a l v o l u m e of 
34 .3 l i t e r s . 
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b . E x a m i n a t i o n of a D e f e c t i v e Z P R - I I I P l u t o n i u m F u e l P l a t e . A 
b a d l y s w o l l e n Z P R - I I I P u - 1 AV/O A l a l l o y f ue l p l a t e h a s b e e n e x a m i n e d . I t 
a p p e a r s t h a t s w e l l i n g w a s m o s t p r o b a b l y c a u s e d b y r e a c t i o n of t h e fue l 
a l l o y w i t h w a t e r a n d o r g a n i c l i q u i d s . T h e f u e l p l a t e , n o m i n a l l y 2 . 5 x 5 x 
0 .3 c m ( l X 2 X 1/8 i n . ) w a s n i c k e l c o a t e d a n d c a n n e d i n a 0 . 3 8 - m m 
( 0 . 0 1 5 - i n . ) - t h i c k s t a i n l e s s s t e e l j a c k e t . I t w a s r e c e i v e d b y t h e I d a h o D i v i ­
s i o n o n D e c 17, 1 9 5 9 , a n d o n J u l y 10, 1963 i t w a s f o u n d t o h a v e SAvoUen 
d r a s t i c a l l y . 

B e f o r e d e j a c k e t i n g t h e p l a t e , t h e c a n w a s p u n c t u r e d i n a n e n ­
c l o s u r e i n o r d e r t o s a m p l e t h e g a s t h a t c a u s e d t h e s -we l l i ng . T h e f ue l 
p l a t e r e m o v e d f r o m t h e c a n i s s h o w n i n F i g u r e 9 . S e v e r a l s m a l l p i m p l e s 
w e r e f o u n d o n t h e p l a t e . A l s o , t h e s t e e l l e a f s p r i n g s u p p o s e d t o p o s i t i o n 
t h e f u e l p l a t e i n t h e j a c k e t w a s f o u n d i n t h r e e p i e c e s . In a d d i t i o n , b o t h 
s i d e s of t h e fue l p l a t e u ^ e r e s t a i n e d a s f r o m a d r i e d l i q u i d . 

38173 ~1X 

Figure 9. A Pu-1 w/o Al Alloy Fuel Plate (Left) Removed from the 
Stainless Steel Jacket (Right) of a ZPR-III Fuel Element 
That Had Swelled during Storage. The puncture m the 
bottom of the jacket was made to recover gases for test­
ing. Below the jacket are three fragments of a steel spring 
that had been used to position the plate. 

M a s s - s p e c t r o g r a p h i c a n a l y s i s of t h e g a s t h a t c a u s e d t h e j a c k e t 
t o s w e l l s h o w e d i t t o b e n a o s t l y h y d r o g e n a n d m e t h a n e w i t h s m a l l e r a m o u n t s 
of e t h a n e , p r o p a n e , a n d c a r b o n d i o x i d e ( s e e T a b l e I X ) . 

A r o u g h m e a s u r e m e n t of t h e l a t t i c e p a r a m e t e r of t h e p o w d e r 
f o u n d i n t h e s m a l l p i m p l e s s h o w e d i t t o b e e i t h e r P u H j o r P u O j w i t h a 
t r a c e of AI2O3. M o r e p r e c i s e m e a s u r e m e n t s w o u l d h a v e t o b e m a d e t o 
d i s t i n g u i s h b e t w e e n P u H 2 a n d P u O g , b e c a u s e of t h e s i m i l a r i t y i n t h e i r 
l a t t i c e p a r a m e t e r s . 
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Table IX, Mass - spec t rog raph ic Analysis 
of Gas Sample Taken from 
Swelled Fuel Pla te No. 235 

Gas % 

Hydrogen (H2) 70.7 
Helium (He) 0,1 
Methane (CH4) 15.7 
Ethane ( C J H J 8,6 
Propane (CjHg) 2 9 
Carbon Dioxide (CO2) 1,2 
Mass 31 0,8 

Normal fabrication p rocedure calls for cleaning the plate ^vith 
t r ichloroethylene (C2HCI3) followed by evacuating to 1 /i to remove the 
solvent p r io r to canning. Ethyl alcohol and -water might also be presen t 
from the routine bubble test ing of the welds for leaks . These liquids can 
be t rapped if the removal of t r ichloroethylene is not conaplete or if, in­
stead of str ipping off a can containing a pin-hole leak, an atteiaipt is naade 
to r epa i r the defective can. The s ta ins on both sides of the decanned fuel 
plate s trongly suggest that a liquid was presen t . Studies e lsewhere have 
shown that this problem can be prac t ica l ly el iminated if great c a r e is 
taken to avoid trapping -water and solvents 

2, ZPR-VI 

^- Faci l i ty , The ZPR-VI facility was modified for use with A s -
seiTxbly No 2, a 650- l i ter carb ide c o r e . The dual-purpose rods were r e ­
located and four B" inser t ion safety rods were added to each reac tor half. 
Equipment for determining the fatman effect was also instal led. Fuel load­
ing Avas s t a r t ed on January 8, 1964, and cr i t ica l i ty was attained on J a n ­
uary 14, 1964, Exper imenta l measurenaents a r e now being laiade on the 
a s sembly . 

b. Assembly No. 1 Resu l t s , Fuel columns in cer ta in zones of 
Assenably 1 of ZPR-VI were bunched or unbunched (see F igure lO), By 
naaking some zones syiaiiaietrical and others unsymnaetr ical to the plane 
of the fuel, an at tempt was made to separa te the naeasured effects into 
two p a r t s . It -vv̂ as a s sumed that the bunching effect was the sum of a rea l 
heterogenei ty effect, due to t r a n s p o r t phenonaena, and a pure geometr ic 
effect, due to change of impor tance of the bunched fuel. The following 
s teps were perforiaied: 
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(i) Bunching was a c c o n a p l i s h e d by r e a r r a n g i n g the fuel in 
each d r a w e r . To bunch , two 1 /8 - in . fuel c o l u m n s in a d r a w e r w e r e c o m ­
bined in to one 1 /4- in . fuel c o l u m n in the c e n t e r of the d r a w e r and the 
following d r a w e r s w e r e bunched for e a c h e x p e r i m e n t : 

(A) a l l d r a w e r s in one q u a d r a n t of the c o r e s y m m e t r i c a l 
to i t s h o r i z o n t a l m i d p l a n e (Sect ion 1 of F i g u r e 10); 

( B ) a l l d r a w e r s in the q u a d r a n t s u p p l e m e n t a r y to S e c ­
t ion 1, and s y m m e t r i c a l to the v e r t i c a l m i d p l a n e of 
the c o r e (Sec t ion 2 of F i g u r e 10); 

( C ) a l l d r a w e r s in the h o r i z o n t a l m i d p l a n e of the c o r e 
(Sect ion 3 of F i g u r e 10); 

( D ) a l l d r a w e r s in the v e r t i c a l m i d p l a n e of the c o r e 
(Sect ion 4 of F i g u r e 10). 

SECTION 

HORIZOhTAL AXIS, 
NORMAL TO THE 
FUEL PLATES 

Figure 10 

Cross Section through the Cylindrical 
Core of ZPR-VI Assembly 1. Bunched 
fuel zones are cross hatched. 

SECTION 3 

(ii) T h e d r a w e r s in the r e m a i n i n g q u a d r a n t s in (i)(A) and 
(i)(B) above w e r e unbunched . The two 1 /8- in . fuel c o l u m n s p e r d r a w e r 
w e r e s p l i t into four 1 /16- in . fuel c o l u m n s and even ly d i s t r i b u t e d in the 
d r a w e r s , 

(iii) T h e fuel c o l u m n s in the s i x c e n t r a l d r a w e r s -were u n ­
bunched f u r t h e r by a s e p a r a t i o n of the 1 /8- in . fuel colunans into 1 /32- in . 
fuel c o l u m n s . 

The e x p e r i m e n t a l r e s u l t s w e r e c o r r e c t e d for c h a n g e s in 
r e a c t i v i t y due to i n c r e a s e d l e a k a g e and shift of the i m p o r t a n c e peak of 
the r e a c t o r . T h e e r r o r s i n d i c a t e d -were e s t i m a t e d f r o m r e p r o d u c i b i l i t y 



exper iments performed pr io r to the bunching experiments and from the 
uncer ta in t ies de termined by the cont ro l - rod-ca l ib ra t ion m e a s u r e m e n t s . 
Changes in con t ro l - rod -v^^orth, up to 5%, were measured close to the 
bunched zones and were taken into account in the calculat ions. Fu r the r 
cor rec t ions -were n e c e s s a r y to allo-w- for the shape of the bunched sec tors 
which deviate froiai a complete quadrant at the control rod positions and 
in the center of the co re . 

The resu l t s conapiled in Table X a re given in in -hours , -where 
480 Ih a r e equivalent to 1% Ak/k. The experimental resul t s of either 
bunching or unbunching for the region of in teres t a r e shown in column 3. 
The separa ted effects of bunching as extrapolated for the whole core a r e 
sho-wn in the las t t-wo coluiams, with the geometry effect shown in the 
second column and the heterogenei ty effect shown in the third column. 

Table X: The Effect of Fuel Bunching on Reactivity 

Calculated Effect 11 h) on Core 

Section 
No. 

1 
C 

3 
4 

1 
2 

Experimental Re 
Description of Core Zones on Region of Int 

Bunching 1/8-> 1/4 In. 

Quadrant Symmetrical to Horizontal Midplane +97 ± 5 
Quadrant Symmetrical to Vertical f.lidplane +112 ± 5 

Row in Horizontal Midplane +57.5 ± 3 
Row in Vertical Widplane +76.8 ± 3 

Calculated by 1-group Approximation 

Unbunching 1/8 in. -> 1/16 in 

Quadrant Symmetrical to Horizontal Midplane -55.8 ± 5 
Quadrant Symmetrical to Vertical Midplane -58.5 ± 5 

Calculated by 1-group Approximation 

Unbunching 1/8 in. - 1/32 in 

Central 6 Drawers with Diminished 
Fuel Content -14.1 ± 3 

Extrapolated to Regular Fuel Content -17.3 ± 4 

suits 
srest 

} 
J 

} 

Geometric Effect 
Extrapolated 

+39 ± 22 

+67 ± 21 

+28 

-5.4 ± 23 

-9 

Heterogeneity Effect 
Extrapolated 

+361 ± 20 

+304 + 33 

-212 ± 20 

-215 ± 56 

Calculated by 1-group Approximation -11 

B . Genera l Fas t Reactor Fuel Development 

1. Metal Fuels 

a. U - P u - F s and U - P u - F z 

(i) P r o p e r t i e s . The s t ruc tu res , phases , and t ransformation 
kinetics of U - P u - F z alloys a r e being studied. The composition of the major 
second phase in U-IO w/o Pu-lO w/o Fz consists of about 40 w/o each of 
z i rconium and uranium, and 10 w/o each of plutonium and ruthenium. In 
the U-10 w/o Pu- lO w/o F s alloy, a composition corresponding to UjRu 
predominated in the major second phase . The quantities of these phases 
were measu red by point analys is , and found to be 8 and 10 v /o respect ively. 



The alloys were annealed for one week at 775 C and oil quenched p r io r to 
the ana lys i s . An e l ec t ron -beam microprobe analyzer -was used at Mound 
Labora tory to m e a s u r e the composi t ions . 

(ii) Coiaipatibility -with Potent ia l Cladding Ma te r i a l s . U-Pu and 
U - P u - F z alloys a r e being tes ted for compatibil i ty -with potential cladding 
ma te r i a l s to help in the select ion of fuel and cladding ma te r i a l s for future 
fast r e a c t o r s , 

The fuel-cladding combinations of U-10 -w/o Pu and U-
20 w-/o Pu- lO w/o Fz -with niobium and of U-10 -w/o Pu- lO w/o Fz with 
niobiuna, Nb-1 w/o Z r , molybdenum, vanadium, V-10 w/o Ti , V-20 w/o Ti, 
304 s ta in less s tee l , and Haste l loy-X a r e being investigated in the t e m p e r a ­
ture range from. 550 to 650°C, 

Information concerning seve ra l of these combinations has 
been repor ted e a r l i e r (see P r o g r e s s Repor ts for May, June, October , and 
November 1963). P r e l i m i n a r y resu l t s of compatibil i ty of U-10 -w/o P u -
lO w/o Fz with vanadium, V-10 w/o Ti, and V-20 w/o Ti between 550 and 
650''C a r e given in Table XI, 

Table XI. Pene t ra t ions of U-IQ v^/o Pu- lO -w/o Fz into Vanadium, 

Tenap, 
°C 

550 
600 
650 

V-IO -w/o Ti, and 

Vanadium 

17 days 

nil 
nil 

42 days 

nil 
nil 

1 

V-20 w/o Ti Alloys 

Pene t ra t ions (fi) 

V-IO w/o Ti 

7 days 17 days 

2 3 
4 5 

V-20 w/o Ti 

7 days 17 days 

2 2 
4 4 

In the study of compatibil i ty with vanadiuiai, very l i t t le 
jDenetration into the vanadium is detected, but at 650°C a continuous gray 
band up to 11 /i thick was found on the fuel side of the couple. E lec t ron 
microprobe analysis indicates that no vanadium is p resen t in this band 
and that it is composed of a m a t e r i a l having a r a the r lo-w average atomic 
number containing large amounts of uraniuiai and plutonium. Because of 
the high concentra t ion of oxygen in the vanadium used (1300 pprn) it seems 
likely that this band is a solid solution of uraniuiai and plutonium oxides. 

Vanadium having a lower oxygen concentrat ion (360 ppm) 
has been tes ted with U-10 w/o Pu- lO w/o Fz , Although some gray m a t e r i a l 
•was p re sen t in the fuelj a continuous layer Avas not formed. As would be ex­
pected, this combination sho-wed measu rab l e penetrat ion into the vanadium 



(about 1.5 /i at 650°C for 10 days) . It seem.s quite likely that compatibili ty 
between vanadium and uranium-plu tonium containing alloys is sensit ive to 
the oxygen content of the vanadium. 

V-10 w/o Ti and V-20 w/o Ti were penetra ted more deeply 
by the fuel than was vanadium (about 5 /i at 650°C for 17 days for both 
al loys) , but this is sti l l ve ry low when compared with niobium, for which 
the penetra t ion was 30 jU at 650°C for 17 days. The difference in pene t ra ­
tion c h a r a c t e r i s t i c s bet-ween vanadium and V-Ti alloys may be due in par t 
to the i r lower oxygen content (300 to 600 ppiai), but the addition of t i tanium 
is probably m o r e respons ib le . There -was also sonae evidence for diffusion 
into the fuel of the V-Ti a l loys, but this has not yet been substantiated. 

b . Development of Metal Fue l s for Use in Fas t Cr i t i ca l s . P la te 
e lements of U-25 -w/o Pu-1 .5 -w/o F e , jacketed in s ta inless s teel envelopes, 
a r e being considered for use in ZPR-II I and ZPPR. Cylindrical slugs of 
the same conaposition, jacketed in s ta in less s teel , a r e being considered 
for the Mazurca reac to r e lement . Because severa l tens of thousands of 
the plate specimens Avill be requi red , the fabrication method should be 
adapted to reasonably high production r a t e s . 

P r e l i m i n a r y tes t s of a p rec i s ion casting method using copper 
chill and graphite molds have been successful . There appears to be a con­
s iderab le difference in the s t ruc tu re of the meta l cas t in copper and that 
cas t in graphi te . 

P r e l i m i n a r y rolling tes t s at 250°C were made with a billet 
heated to a t e m p e r a t u r e of 615 to 620°C. The rolls -were set for 5 percent 
reduction per p a s s . Cracks occu r r ed on the f i rs t reduction pas s . The 
billet f ragmented on the second pass through the mi l l . 

The alloy was centrifugally cast d i rect ly into thin-walled, 
s ta in less s teel cyl indrical jackets -with a plug welded into the bottom end. 
The surfaces of the jackets were protected by s i lver foil -wrapped about 
the outer d i ame te r . A graphi te gate funnel was provided to protect the 
top of the jacket s leeve . Each jacket -was clamped tightly in a copper 
chill mold, -which -was bolted to the centr i fugal-cast ing machine rotor 
-wheel. The alloy -was vacuum melted at 680°C and superheated approxi­
mately 400°C for centrifugal cas t ing . The rotor speed -was 3 50 rpm. 

After cast ing, the exposed sprue -was counterbored below the 
jacket opening. The lip of the jacket -was -wiped clean and a s ta inless s teel 
plug inse r t ed . The specimens -were then carefully -wiped until all wipe 
t i s sues showed less than 500 dpm alpha. The plug -was then TIG -welded in 
place. The weld contamination level was 3000 dpm alpha. Difficulty in 
controll ing contamination in the weld and on the surface of the jackets 
appears to be the pr incipal p rob lem of an in-jacket cast ing. The U - P u - F e 
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core shrank a-way frona the s ta in less s teel jacket very slightly. There 
was no evidence of bonding. The specimens -were X- rayed and sectioned 
to evaluate mold filling -which appeared to be sa t is factory. 

c. Exper imenta l EBR-II - type I r radia t ion Spec imens . An addi­
tional 32 samples -were p repa red of U-10 -w/o Pu- lO -w/o Fz alloy from 
pin-end r e m e l t s , -which -were cas t from a s t r a ine r crucible into a billet 
mold and then remel ted and injection cas t into fuel pins . The cast ings 
were exceptionally good: the surface quality was good and the meta l ap ­
peared ex t remely clean, A 100 percen t yield on the basis of molds 
charged -was obtained. 

Fifty-five fuel tubes of Nb-1 w/o Zr alloy, of Nb-4 w/o V alloy, 
and of vanadium -were cleaned, fitted -with end plugs, and -welded. A sodium 
purifying t ra in was set up in -which the sodium is get tered and fi l tered, 
T-wo sodium samples -were analyzed for oxygen contents , which were 
175 ppm and 228 ppm, respect ive ly , 

d. Radia tor - type Fuel E l emen t s , T-welve specimens have been 
compacted from po-wdered U-15 -w/o Pu- lO w/o Fz alloy. The specimens 
were of s ing le -s ize - f rac t ion po-wders ^vith average densi t ies as foUoAws: 

NBS Sieve Size P e r c e n t Theoret ica l Density 

-325 59 
-200, +325 58 
-120, -f-200 60 

The conapacted-fuel column-length was 5 cm. The jackets Avere Nb-
1 Av/o Z r tubing of 0 ,4-cm inside d iameter 

sequence: 

The specimens -were sodium bonded by use of the foUoAvmg 

1 Load and v ibra tory conapact metal po-wer, 

2, Ex t rude , m e a s u r e , and -weigh sodium ^ r e , 

3, P lace sodiuiai wire in specimen tube, 

4, Evacuate tube, 

5, Melt sodium 

6, P r e s s u r i z e Avith hel ium gas . 

The sodium was heated to 200°C and the furnace p r e s s u r i z e d 
•with one a tmosphere of hel ium, -which forced the sodium down into the 
po-wder bed. Bond effectiveness AAras de termined by compar i son of m e a s ­
ured bond level -with a calculated bond level based upon the void fraction 



of the po-wder c o l u m n . In five tubes the bonded s o d i u m l e v e l w a s Avithm 
0.16 c m of the l e v e l c a l c u l a t e d for c o m p l e t e bonding . The e f f ec t ivenes s 
of the bond i s be ing f u r t h e r e v a l u a t e d by the p r e p a r a t i o n of a s e r i e s of 
m e t a l l o g r a p h i c s p e c i n a e n s . S i m i l a r s p e c i m e n s a r e being p r e p a r e d for 
u l t r a s o n i c t e s t i n g . 

e . V i b r a t o r y C o m p a c t i o n . The r e s u l t s of the s tudy of c o m p a c t i o n 
of s p h e r i c a l s h a p e s is s u m m a r i z e d in F i g u r e 11, in which void packing 
ef f ic iency is p lo t t ed a g a i n s t r a t i o of d i a m e t e r of c o n t a i n e r to f i r s t c o i n -
ponen t , f i r s t to s e c o n d , s e c o n d to t h i r d , e t c . The u p p e r c u r v e is the p a c k ­
ing eff ic iency of the f i r s t c o m p o n e n t , -which is a function of the r a t i o of 
d i a m e t e r of c o n t a i n e r to d i a m e t e r of t h e f i r s t coiaiponent s p h e r e , D / d j . 

0 65 

0 62 

0 59 

S, 0.56 

o 0.53 
UJ 

o 0,50 
C 
Sj 0.47 

i 
2 0 44 
Q. 0 41 
9 
§ 0 38 

0.35 

0.32 

0.29 

Pe= 0.635-0.216 6 

7j7g-0,20ld|/d2 

I I I I I I I I I I I I I I 
4 8 12 16 20 24 28 32 36 40 

o/di, d | / d2 , dg /d j . e t c 

Figure 11. Void Packing Efficiency vs. Ratio of Diameter of Container to 
First Fraction (D/di), First Fraction to Second Fraction, etc. 

The v a l u e 0.63 5 in the equa t ion 

P e = 0.635 - 0.216 e-O'^" ^M 

i s the l imi t i ng d e n s i t y to wh ich s p h e r i c a l bod ies wil l fill a void s p a c e . The 
void s p a c e s wi th in a m a t r i x of packed s p h e r e s is a some-what t r i a n g u l a r 
p o r e pa th which p e r m e a t e s , and is con t inuous t h r o u g h , the e n t i r e s t r u c t u r e 
of fer ing an e x a g g e r a t e d b o u n d a r y cond i t ion . The r e l a t i o n s h i p b e t w e e n the 
v o i d - p a c k i n g ef f ic iency and the r a t i o of f i r s t - t o - s e c o n d c o m p o n e n t is g iven 
by the lo-wer c u r v e in the f i g u r e , the equa t ion being 

P e = 0.635 - 0.737 e 
-0.201 d i / d j 
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With the aid of these two equations,i t is possible to calculate 
the packing efficiency of any multicomponent sys tem of spheres as a func­
tion of d iamete r r a t i o s . If the packing efficiency of spheres -within a cylin­
der is 

Pe = 0.635 - 0.216 e - ° - " ^ ^ / ^ \ (l) 

the void fraction remaining is obtained as 

Vf = 1 - Pe = 0.365 + 0.216 e"°-"^ ^^^K (2) 

Since the void packing efficiency of the second component is 

Pe = 0.635 - 0.737 e ' ° ' ' " "^/"^^ (3) 

then the total packing fraction is 

-0,313 D / d i , -0.201 d i / d ? 
0.867 - 0.079 e / ^ - 0.269 e ^̂  ^ 

- 0.159 e"°"^^^ '^^^^ ' °-^" ^iA2_ 

The value 0.867 is the l imiting density for a binary sys tem. The above 
equation was compared against 60 data points for a two-component s y s ­
tem and was found to ag ree within a s tandard deviation of 0,013. 

If the constant 0.63 5 in equations (l) and (3) is the limiting 
density to which spheres will pack into any void, and the value of the mul t i ­
pl ier and exponent is de termined by the void shape, one must conclude that 
equation (3) will expres s the void packing efficiency of all spher ica l s y s ­
t ems , because the void shape is near ly the same within all spher ica l 
m a t r i c e s . The above reasoning may be extended ad infinitum through 
multicomponent s y s t e m s ; however , the calculat ions become somewhat 
tedious beyond the qua te rnary . Without leading one through the involved 
a lgebra , and dropping t e r m s which have an insignificant effect on the 
packing fraction, the following equation ixiay be developed for the t e rna ry 
sys tem: 

Pf = 0.951 - 0.029 e"-'"' ° / ^ ^ - 0.098 (e'^-^"^ ^^/^^ + e"'-'"' ^^/^^) 

- 0.198 e-°-2°^[^^i/^2) + (dz/ds)]^ 

In the t e r n a r y sys t em, the limiting density is 0.951. The average differ­
ence between the calculated density and that achieved by exper iment was 
0.014. 



The impor tance of the findings repor ted lies chiefly in the 
ability to predic t achievable densi t ies by a purely mathemat ica l method. 
The obviation of graphical solutions or extrapolations great ly reduces the 
labor and inaccurac ies involved in reaching des i red densi t ies in compacted 
bodies . The p rocedures employed lead to very regular packing densi t ies 
which a r e repeatable to with +0,015 for sys tems to the t e rna ry , 

2. I r rad ia t ion of Fas t Reac tor Fuels 

All available ins t rumented i r rad ia t ion facilities in the CP-5 reac to r 
co re a r e present ly being used for i r rad ia t ion exper iments , A total of 
36 separa te specimens a r e being i r r ad ia ted in six different capsu les . The 
cen t ra l fuel t empe ra tu r e range being investigated is from 500 to 680°C. 
One capsule , CP-32 , contains U-20 w/o Pu-10 w/o Fs specimens which 
have attained a calculated 3.0 a /o burnup, 

A recent nondestruct ive examination of these specimens shows the 
claddings to be intact. The cladding ma te r i a l of the specimens is Nb-1 w/o Zr 
having wall th icknesses of ei ther 0.38 m m or 0.63 nam. Capsule CP-33 has 
claddings of the same th icknesses ; however, the plutoniuna concentrat ion in 
the fuel ma te r i a l has been var ied between 10 w/o and 15 w/o . The maximum 
burnup calculated for the specimens is 2.6 a /o at cent ra l fuel t empera tu re s 
of 500°C. 

The cladding ma te r i a l of the specimens in the remaining capsules 
is of 0 .23-mm thickness and is e i ther Type 304 s tainless steel lined with 
tungsten, Hastel loy-X lined with tungsten, or Nb-1 w/o Z r . The plutonium 
concentrat ion in the fuel is ei ther 20, 15, or 10 w /o . Selected claddings 
have been vented. 

Capsule CP-35 differs from, the others in that the fuel specimens 
ei ther have a 1.4-mna axial hole or the annulus between fuel and cladding 
has been increased from 0,15 to 0,31 m m . The cent ra l fuel t empera tu re 
of one of the specimens is being read direct ly with a thermocouple . 

The ins t rumenta t ion in capsule CP~34 recent ly indicated an ap ­
parent cladding failure of a specimen fueled with U-20 w/o Pu-10 w/o Fs 
and clad with 0.23 mm of Nb-1 w/o Z r . The specimen had been operating 
at a 580°C cladding t e m p e r a t u r e and had attained an est imated 2 a /o burnup, 
(Comparison specimens fueled with U-15 w/o Pu-10 w/o Fs and U-10 w/o Pu-
10 w/o Fs a r e apparent ly intact,) F u r t h e r study of this failure will be 
made by neutron radiography. On the bas i s of this examination, the capsule 
will e i ther be re tu rned to the r eac to r or -will be d isassembled for a detailed 
examination of the fai lure. 



3 . R e f r a c t o r y Al loy F u e l J a c k e t s 

a. Dup lex Tub ing . A 3 0 4 S S - V dup lex tube ( s e e P r o g r e s s R e p o r t 
for D e c e m b e r 1963, A N L - 6 8 1 0 , p , 8) h a s b e e n d e l i v e r e d to the I r r a d i a t i o n 
T e s t i n g G r o u p for f u e l - c l a d d i n g s t u d i e s . Qua l i ty e v a l u a t i o n by n o n d e ­
s t r u c t i v e t e s t i n g ( r a d i o g r a p h y and eddy c u r r e n t ) d i s c l o s e d th i s to be a good 
qua l i ty p r o d u c t , A good m e c h a n i c a l bond w a s p r e s e n t and only a few-
l o c a l i z e d de fec t s (voids) w-ere o b s e r v e d , 

b . N b - 1 w / o Z r Tub ing , N b - 1 w / o Z r tubing h a s b e e n f a b r i c a t e d 
wi th v a r i o u s i n n e r d i a m e t e r s to p r o v i d e s t o c k for s t u d i e s of f u e l - e l e m e n t 
c l add ing in wh ich v a r i o u s a n n u l a r s i z e s b e t w e e n the fuel pin and c ladd ing 
i n n e r s u r f a c e a r e u s e d . 

D r i l l e d N b - 1 -w/o Z r b a r s w e r e i r o n e d on a n o n d e f o r m a b l e 
m a n d r e l to a r a t i o of a p p r o x i m a t e l y 15:1 for the d i a m e t e r to -wall t h i c k ­
n e s s . The t u b e s -were a n n e a l e d and d r a w n o v e r a d u c t i l e c o r e (of c o p p e r ) 
to s l i gh t ly above the f inal s i z e . Af t e r c o r e r e m o v a l the t u b e s w e r e r e -
a n n e a l e d and g iven a s l igh t s ink ing dra-w to f inal s i z e . S i z e d tubing M âs 
a g a i n a n n e a l e d for 2 h r a t 1150°C, y ie ld ing an a p p r o x i m a t e l y 50% r e c r y s -
t a l l i z e d s t r u c t u r e . A l l tubing w-as e x a m i n e d by n o n d e s t r u c t i v e t e s t i n g . 
The r e s u l t s and s i z e s a r e a s in T a b l e XII, 

T a b l e XII. Dinnens ions and T e s t R e s u l t s for N b - 1 w / o Z r Tubing 

OD ID Wal l T h i c k n e s s 

c m 

0,660 
0.609 
0,558 
0,527 
0,518 

i n . 

0.260 
0.240 
0,220 
0,208 
0.204 

c m 

0,550 
0.495 
0.456 
0,437 
0.419 

i n . 

0,216 
0,195 
0.180 
0,172 
0.165 

c m 

0.056 
0,056 
0 ,051 
0.046 
0.050 

i n . 

0,022 
0 022 
0,020 
0.018 
0,019 

Qual i ty 

D e t e c t s < 0,01 c m 
Defec t s < 0 01 c m 
Defec t s < 0.01 c m 
No de fec t s 
No defec t s 

c . V - 2 0 w / o T i (TV-20) A l loy , E n h a n c e d i n t e r e s t in T V - 2 0 a s a 
f a s t - r e a c t o r c l add ing m a t e r i a l h a s i n c r e a s e d the d e m a n d s for tub ing , s h e e t , 
and rod s t o c k for e a r l y i r r a d i a t i o n t e s t s and p r o p e r t y e v a l u a t i o n . To m e e t 
t h e s e d e m a n d s , the m o s t e x p e d i t i o u s m e t h o d s of c o n s o l i d a t i o n , e x t r u s i o n , 
and s e c o n d a r y f a b r i c a t i o n of T V - 2 0 a r e in v a r i o u s p h a s e s of d e v e l o p m e n t . 

Two ingo t s ^vere m a d e by d i f fe ren t t e c h n i q u e s in an effor t to 
e v a l u a t e a l loy h o m o g e n e i t y . A 5 , 8 - c m - d i a m e t e r x 1 7 , 8 - c m - l o n g ingot 
(EB-14R5) -was d r i p m e l t e d f r o m a 5 , 8 - c m v a n a d i u m r o d to which s t r i p s of 
t i t a n i u m had b e e n w e l d e d . The s e c o n d ingot ( E B - 1 5 ) , 3,8 c m in d i a m e t e r x 
28 c m long, ^vas p r e p a r e d by d r i p m e l t i n g a 3 . 1 8 - c m d i a m e t e r rod c o m ­
posed of c o m p a c t e d V - T i b r i q u e t s . Ingot e v a l u a t i o n h a s not b e e n c o m p l e t e d 
pending r e c e i p t of c h e m i c a l a n a l y s i s . 



The EB-14R5 TV-20 ingot was solution t rea ted for 3 hr at 
1500°C, machined to 4,47 cm d iameter x 14,3 cm long, canned in a mi ld -
steel jacket , and extruded at 1100°C at a 9:1 reduction ra t io . The surface 
of the TV-20 b a r was heavily s t r ia ted but of uniform d iamete r . The 
s t r ia t ions a r e most likely a consequence of the la rge grain s ize , A double-
extrusion technique is planned to achieve an extruded product requiring 
l i t t le if any surface conditioning p r io r to secondary fabrication, 

4, Compatibili ty of Potential Cladding Mater ia l s with Molten Fuels 

Safety considerat ions for EBR-II and other future fast rea-:tors 
r equ i re information about the ra te of penetrat ion of prospect ive clad i-na-
t e r i a l s by molten u ran ium and plutonium-containing fuels. 

Work has been done on the following: (l) U-5 w/o Fs fuel against 
Type 304 s ta in less s tee l , Type 430 s ta in less s teel , and Armco iron, 
(2) molten uran ium against Type 304 s ta in less s teel and Armco iron, 
(3) molten U-36 a /o Fe against Armco iron, and (4) molten U-77 a/o Fe 
against Armco i ron. 

The compatibil i ty of vanadium with molten uranium, U-10 w/o Pu 
and U-10 w/o Pu-10 w/o Fz in the 1100 to 1400°C t empera tu re range is 
no-w under Avay, P r e l i m i n a r y resu l t s -with vanadium versus molten U-
10 w/o Pu-10 w/o Fz indicate penetra t ion ra tes of about 1 to 5 ,u/sec in 
the above t empe ra tu r e range, 

5, Corros ion of Fuel-cladding MateriaTs 

a, Vanadium-Ti tanium Alloys and Niobium. Additional weight 
change ra tes of a group of vanadium-t i tanium alloys and pure niobium 
(see P r o g r e s s Report for November 1963, ANL.-6808, p 11) a r e repor ted 
in Table XIII. Oxygen and carbon pick-up data a re in Table XIV 

Table XIII. Resul ts of Exposure of Vanadium Alloys and Niobium. 
to Flowing Sodium at 650°C and 195-ppm Oxygen 

Rate of Weight Loss 
Alloy (w/o) (mg/cnaymo) 

Equivalent Metal Loss 

V-10 Ti (SR)* 3,23 
V-10 Ti (RX)** 2,76 
V-20 Ti (SR) 3,33 
V-20 Ti (TX) 3,72 
Nb (SR) 41.6 
Nb (RX) 52,8 

c m / m o X 

0,55 
0,47 
0,58 
0,65 
4 95 
6,55 

10^ m i l s / m o 

0,22 
0,18 
0,23 
0,25 
1-95 
2,58 

*(SR) - S t re s s Relieved 
**(RX) - Recrys ta l l i zed , 
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Table XIV. Oxygen and Carbon P ick-up of Vanadium-Ti tanium 
Alloys and Niobium Exposed to Flowing Sodium at 
650°C (195 ppm Oxygen - 9.0 Days) 

Alloy 

V-10 Ti , 
V-20 Ti 

Nb 

Initial 
Cone 

Oxygen 

800 
800 

65 

Impuri ty 
, ppm* 

Carbon 

486 
435 

38 

Final 

( 

SR 

2400 
1465 

240 

Impuri ty 

Dxygen 

RX 

2080 
1500 

205 

C one, ppm* 

C (RX) 

509 
28 

*Bulk metal concentrat ion. Average of t-wo ana lyses . 

The samples -were exposed to flowing (15 c m / s e c ) sodium for 
nine days at 650°C. Zi rconium turnings in the sodium s t r e a m -were used 
to get ter oxygen. Oxygen concentrat ion, e r roneous ly given as 120 ppm in 
ANL-6808, was actually 195 ppm. 

These data show that the vanadium-t i tanium alloys experienced 
ra tes of w-eight loss about an o rde r of magnitude l ess than those apparently 
typical of n iobium-base alloys exposed under s imi la r conditions. The ex­
tensive in te rgranular at tack frequently observed in niobium alloys -was not 
observed in the vanadium-t i tanium al loys . 

Samples used -were too smal l to permi t measu remen t of m e ­
chanical p rope r t i e s , e.g., r o o m - t e m p e r a t u r e bend ductility. Microhardness 
t r a v e r s e s -were taken. The behaviors of the s t r e s s - r e l i e v e d sanaples and 
of the rec rys ta l l i zed samples were identical except that the base hardness 
of the s t r e s s - r e l i e v e d m a t e r i a l was higher . Within the l imi ts of the m e a s ­
u r e m e n t s , the V-20 w/o Ti samples did not become h a r d e r as the resul t 
of the sodium exposure . Hardened layers about 60/i thick were formed 
on the V-10 -w/o Ti s a m p l e s . The maximum hardness measu red in this 
zone was about 1040 DPH (lOO g load). Bulk metal ha rdness for the 
1,46-iTim-thick, r ec rys t a l l i zed sample was about 190 DPH, 

X- ray powder pa t te rns of the surface filnis on the V-10-w/o Ti, 
V-20 -w/o Ti, and Nb samples have been taken The surface fili-ns on the 
V-10 -w/o Ti and V-20 w/o Ti appear to be a single phase, which was 
identified as VO, No t i tanium -was found in the film by X- r ay ana lyses . 
Other means of analysis will be t r i ed in o rder to es tabl ish or disprove 
the suspected p re sence of a t i tanium oxide in the film. 

The phase or phases p resen t on the surface of the niobium 
samples could not be identified. (Format ion of complex films in the loop 
being used for this -work -would not be surpr is ing , ) 



Additional sai-nples of V-10 w/o Ti and V-20 w/o Ti a re in tes t 
in o rde r to deternaine the effects of longer exposure . Other samples to 
study the effect of t i tanium and oxygen content on the cor ros ion behavior 
of the vanadium-t i tanium sys tem have been p repared . Other alloying 
additions -will also be studied. 

b . Zi rconium Alloys . P r e l i m i n a r y studies have been continued of 
the co r ros ion behavior of unpolar ized z i rconium-al loy samples m oxygenated 
sodium at 540°C and 650°C. The oxygen concentrat ion in the 540°C sodiui-n 
-was near ly 3000 atom ppm, which is near the solubility l imit . The concen­
t ra t ion is maintained by addition of an excess quantity of sodium peroxide 
to the sodium at the beginning of the tes t . 

Sodium flo-w ra te is approximately zero except for slow convec-
tive s t i r r ing which is thought to occur due to a differential of about 30°C in 
the melt , 

SaiTiples of the alloys descr ibed below were supported in the 
sodium by tungsten hooks and a s ta in less steel rod, which were insulated 
from the nickel tes t chamber except through the sodium itself Evidence of 
possible e lectrolyt ic attack near the support point was seen on a sanaple of 
Z r - C u - F e alloy at 650°C, 

Samples of Z r - 3 w/o Ni-0.5 w/o Fe and Z r - 1 1 w/o Cu-
1,2 w/o Fe were tes ted at 540°C for a total of 12 days . After an initial 
period during which weight gains of 0,46 m g / c m occur red , the weight 
gains -were very lo-w, amounting to a total of only 0 57 ing/cm" by the end 
of the t e s t . In vie-w of the occu r r ence of weight los ses at higher t e m p e r a ­
t u r e , it is likely that these gains do not reflect the t rue amount oi cor ros ion 
Snaooth, dark, adherent co r ros ion films were fori-ned, having gray patches 
of (apparently) t r ans fo rmed co r ros ion product 

Samples of the same al loys , together with Zirca loy-2 spec i ­
mens were tes ted at 650°C for a total of 3 7 days. All samples lost frona 
30 to 40 m g / c m . The Zirca loys displayed a gray layered product that 
was re la t ively adherent , whereas the (apparently) transfornaed outer layer 
of the other samples was readily brushed away, lea^'ing a dark coat 

An attei-npt will be made to reduce the cor ros ion of the Z r - C u -
Fe and Z r - N i - F e alloys by means of polarizat ion techniques, in which use 
will be made of low cu r r en t densi t ies through the intact fili-ns already 
formed, 

6 P r o c e s s Developnaent for F a s t Reactor Fuels 

a. Melt Refining of Uran ium-P lu ton ium-F i s s ium Fuels The r e ­
covery of discharged uraniuiai-plutonium-fissium fuels by a naelt refining 



30 

process per formed beneath a molten salt l ayer is being investigated. In 
this p r o c e s s , r a r e ear th e lements a r e extracted into the salt phase without 
significant oxidation and extract ion of the plutonium. Advantages found in 
sma l l - s ca l e exper iments -were high yields and low- operating t e m p e r a t u r e s . 
The mos t sa t is factory salt flux thus far t e s ted was 75 m / o ba r ium 
chlor ide-25 m / o ca lc ium chlor ide , to -which -was added magnes ium chlor ide 
in 10 percent excess of that requi red as a r a r e ear th oxidant. 

An exper iment has been performed to de te rmine the occur rence 
of any plutonium volati l ization or plutonium t rans fe r into the flux. An 
alloy of approxinaately 80 -w/o uranium-10 -w/o plutonium-10 w/o fissiuna 
was liquated for one hour at 1150°C in the p resence of 8 1 w/o bariuna 
chlor ide-19 w/o ca lc ium chloride flux. The amount of plutonium evaporated 
and recovered on an overhead condenser -was only 0,05% of that charged, 
and the amount extracted into the flux was only 0,09% of that charged. 

b . Skull Reclamation P r o c e s s . Work was continued on the devel­
opment of the skull rec lamat ion p rocess (see P r o g r e s s Report for August 
1963, ANL-6780, p. 22) for the recovery and purification of fissionable 
naaterial in melt refining crucible res idues (skull ma te r i a l ) . The la tes t 
run perfornaed in the l a r g e - s c a l e (1.5 kg of uraniuna) in tegrated equipment 
was the f i rs t continuous run at tempted and was completed up to the final 
re tor t ing step in about 35 h r . A naodified procedure -was used in -which 
flux removal from the crucible is delayed until after the naagnesium-
50% zinc waste solution has been separa ted from the precipi ta ted u ran ium. 
No major difficulty -was encountered. Samples of product and waste m a ­
te r i a l s from this run a r e being analyzed. 

A molybdenuna-30% tungsten t r ans fe r line which has been used 
successfully for 23 t r a n s f e r s of iiaetal and sal t solutions failed as a resu l t 
of oxidation. Examinat ion revealed that the s ta inless s teel sheath had 
oxidized; possibly, a smal l leak existed through the th reads in the t r a n s ­
fer line elbow, allo-wing zinc or flux to at tack the s ta in less s tee l . 

A ne-w t rans fe r line has been instal led w-hich employs tapered 
joints ra ther than threaded joints at the elbo-w, with pal ladium brazing at 
the outside of the joints to hold the joint in place and complete the sea l . 
The possibi l i ty of fabricating a t r ans fe r line by bending molybdenum-
30 w/o tungsten pipe is also being explored. A l / 2 - i n . - d i a m e t e r rod of 
molybdenum-30 w/o tungsten was bent at about 800°C, and naetallographic 
exanaination of sect ions of the rod in the a r e a of bending revealed no 
change in the c rys t a l s t ruc tu re and no inc rease in h a r d n e s s . 

In seve ra l s teps of the modified skull reclanaation p rocess 
(see P r o g r e s s Report for November 1963, ANL-6808, p. 24), impur i ty-
bearing meta l solutions a r e p r e s su re - s iphoned from beneath frozen flux. 
Since magnes ium (a conaponent of t-wo of these waste meta l solutions) has 



a fairly low densi ty, density m e a s u r e m e n t s were naade to compare the 
densi t ies of the skull rec lamat ion p rocess flux sys tems with the densi t ies 
of magnes ium-z inc alloys of var ious conapositions. The naost magnes ium-
rich alloy used (50 w/o magnes ium-zinc) has a density of 2.6 g /cc .^ This 
may be compared with the density of 2.3 g /cc found for a s l u r r y of 47,5 m / ) 
calc ium chlor ide-47.5 m / o magnes ium chlor ide-5 m / o magnesium fluoride 
to which 10 -w/o magnes ium oxide had been added to approximate the flux 
composit ion after reduction of skull oxides. The density difference, though 
smal l , should be adequate to a s s u r e separa t ion of the phases . 

In the skull rec lamat ion p rocess for recovering and purifying 
the fissionable ma te r i a l remaining in EBR-II melt refining c ruc ib les , 
magnes ium ch lo r ide -ca lc ium ch lor ide -magnes ium fluoride is uti l ized as 
flux in the oxide reduction s tep. The solubility of magnesiuna fluoride in 
naagnesium ch lo r ide -ca lc ium chloride has been measured over the com­
position range from 0 to 100% magnes ium chloride at various t empera tu re s 
bet-ween 610''C and 830°C. The magnes ium fluoride solubility dec rease s 
from about 15 m / o in pure ca lc ium chloride to about 4 m / o in calc ium 
chlor ide-35 m / o magnes ium chlor ide , then inc reases to a value of 11 m / o 
in pure magnes ium chlor ide . The t empera tu re coefficient of magnesium 
fluoride solubility in this sy s t em between about 600 and 850°C appears to 
be negligible. 

c . Blanket P roces s ing Studies. An additional run (see P r o g r e s s 
Report for October 1963, ANL-6801, p, 25) has been perfornaed in the 
engineer ing-sca le dist i l lat ion unit for studying the re tor t ing of magnes ium-
zinc-plutonium solutions genera ted near the end of the EBR-II blanket 
p r o c e s s . In this run, evaporation was continued nearly to dryness with 
the induction heating coil positioned to provide heating of the bottona 3 in 
of the st i l l pot wall so that refluxing \vould mininaize deposition of spat tered 
solute on the wal l s . Only 2 percent of the solute, which -was tin (used as a 
s tand- in for plutonium), was found deposited on the walls and vapor baffles 
at the end of this run. Design studies a re continuing on an improved d i s ­
t i l lat ion unit which will incorporate st i l l pot reflux and pronaote concent ra ­
tion of the solute in the st i l l pot heel . 

d. Advanced P r o c e s s e s for F a s t Reactor Fue l s . Cadmium-z inc-
naagnesiui-n alloys a r e being considered as p rocess media for plutonium-
bearing fast r eac to r fuels. The use of cadmiuna-rich alloys may allow 
operat ion at lo-wer t e m p e r a t u r e s than those required in sys tems employing 
magnesiuna-zinc alloys and thus pe rmi t the use of s ta inless steel equip­
ment -without excess ive co r ros ion . The uran ium solubility at 600°C appears 
to be sufficiently high (greater than 2 w/o) to be of process in teres t m two 
composition regions of the cadmium-zinc-magnesium, sys tem. One region 
l ies in the c a d m i u m - r i c h corner of the t e rna ry composition d iagram, m 

2pelzel and Saverwald, Zeit , fur Metallkunde, 33, 229 (1941). 
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the a rea where cadmium concentrat ion ranges from about 60 to 100 a /o , 
magnes ium concentrat ion ranges from 0 to 25 a /o , and zinc concentrat ion 
ranges from 0 to 25 a / o . The other region l ies in a cadmiuna-poor a r ea 
of the d iagram, Avhere zinc and magnes ium concentrat ions each range 
from about 40 to 65 a /o and cadmium concentrat ion ranges from 0 to 20 a /o . 

e. P r o p e r t i e s of Molten Chloride Sys tems , The sys tems LiCl-
KCl-MgCl2 and LiCl-NaCl-MgClz a r e being cons idered as fluxes in liquid 
metal p roce s se s for uranium-plu tonium fuel. Fo r good separa t ion of r a r e 
ear th fission products from uran ium and plutonium, a flux containing laaore 
than 50 m / o magnes ium chloride and having a melting point below- 600°C 
is des i red , Liquidus t e m p e r a t u r e s for the l i thium ch lor ide-po tass ium 
ch lor ide -magnes ium chloride mixture a r e being de termined by the rmal 
analysis techniques. P r e l i m i n a r y resu l t s indicate that liquidus t e m p e r a ­
tu res as low- as about 450°C exist in the l i thium ch lo r ide -po tass ium 
ch lo r ide -magnes ium chlor ide sys t em at magnes ium chlor ide concentrat ions 
that a r e sufficiently high to meet the needs of the p r o c e s s , 

7. Sodium Coolant Chemis t ry 

The dist i l lat ion unit (see P r o g r e s s Report for October 1963, 
ANL-6801, p . 25) has been used to p rocess th ree pounds of sodium for 
the p r o g r a m aimed at elucidating the chemis t ry of the react ions that occur 
in liquid alkali metal solut ions. The f i rs t sodium produced contained about 
60 ppm carbon and 40 ppm oxygen. More exper ience 'with the unit should 
make possible the production of sodium -with lower carbon and oxygen 
contents . 

In a p re l imina ry experinaent, a sample of r eagen t -g rade sodium 
was degassed at 300°C, and the gases evolved during heating -were de­
te rmined by m a s s - s p e c t r o g r a p h i c ana lys i s . The pr incipal gases were 
hydrogen (93%), methane (1.9%), carbon naonoxide (0.2%), and heliuna 
(4.5%). 

P r e l i m i n a r y m e a s u r e m e n t s were made of the solubility at 175°C of 
carbon in sodium sa tura ted with oxygen (approximately 40 ppm oxygen). 
The average carbon concentra t ion from th ree m e a s u r e m e n t s was 121 + 
11 ppm. 

One method of analyzing sodium for sodium oxide content is vac ­
uum dist i l lat ion of the sodium from the sodium oxide. The amount of this 
oxide is then de termined by one of severa l chemica l methods . 

In the past , the dist i l lat ion naethod has given divergent r e s u l t s . 
In analyzing the cause of this divergency, attention has been given to 
sampling technique. Normal ly , the sodium sample is withdrawn from the 
loop into a cup of a given volume with dependence on the overflow to give 



a uniform volunae of sample . It was suspected that the sample volume 
might vary due to a meniscus on the molten sodium drawn into the cup. To 
invest igate this point, s eve ra l samples w-ere -withdra-wn from the loop into 
the cup in the hot dis t i l la t ion appa ra tus . The apparatus was then cooled to 
room t empera tu re and the cup removed frona the apparatus in the confines 
of a dry box. It -was observed that the meniscus var ied great ly from 
sample to sample -with a result ing var iance in weight between 16 to 20 g. 
It is evident that other methods of fixing the volume must be devised, 

C. EBR-I , Mark IV 

The reac to r was shut do-wn and secured on Decenaber 30, 1963. 
Total pow-er produced by the Mark IV loading was 577 MWh, Eleven fuel 
rods were removed from the reac to r for re turn to the Metallurgy Division 
for examination of the i r r ad ia t ed plutoniuna fuel s lugs . 

The reac to r is subcr i t ica l by 1.74% Ak/k with the controls in their 
most react ive position and the reac tor tenaperature at 30°C. Surveil lance 
of the r eac to r blanket gas -will be maintained during this indefinite, ex­
tended shutdown per iod. 

Fifty i r r ad ia ted Mark III fuel rods have been shipped from the 
facility for r ep roces s ing , thus completing the removal of i r rad ia ted 
Mark III fuel. 

D. EBR-II 

1. Reactor Plant 

a. P r i m a r y Sodium Punaps . The t empora ry plug in the M-1 
nozzle was renaoved from the p r i m a r y tank on January 7. An inspection 
of the No. 1 pump before r ea s sembly revealed that the baffles in the 
baffle a s sembly (located between the shield plug and the pump casing, 
and serving as a dra in for sodiuna that is dislodged after migrat ing up 
the pump shaft) were found to be off center with respec t to the pump 
shaft. On the advice of the pump manufacturer , the baffle assembl ies of 
both pumps w-ere remachined to center them and to provide additional 
c lea rance between the baffle and pump shafts. 

The No. 1 pump was re - ins ta l l ed in the p r i m a r y tank on 
Janua ry 10. Breaka-way torque to turn the pump and motor manually was 
found to be 5 ft-lb -with the pump submerged in the bulk sodium 

The ne-w shaft for the No. 2 pump, assembled with the impel ler 
was received at the si te during the -week of January 20. Dimensional to l ­
e rances a r e being checked. 



b. Fuel Gr ippe r , The fuel gr ipper -was removed from the p r i m a r y 
tank to invest igate the cause of binding of the gr ipper shaft. A large amount 
of sodium and sodium oxide -was found on the shaft of the gr ipper at a point 
just above the sodium level in the tank and the lower bear ing position when 
the gr ipper is at the "opera te" elevation. What appeared to be additional 
sodium oxide buildup was found at the center of the labyrinth on the bottona 
of the gr ipper shaft. No damage to the labyrinth itself is apparent The 
cause of the binding has not yet been de termined, although it may be due 
to the sodium oxide deposi t . 

c. Control Rod Dr ives . The No. 8 control rod drive w-as removed 
p repa ra to ry to using this location for the osci l la tor dr ive assembly . The 
rod assembly appeared to be free of any oxide accumulat ion 

The control rod shock abso rbe r s have been re-worked to im­
prove dashpot plunger operat ion, facilitate plunger r e tu rn to the "up" 
position, and to s tabi l ize shock abso rbe r oil level . 

d. Thimble Cooling. An interconnecting line bet\veen the shield-
and thimble-cooling sys tems has been instal led. In the event of failure of 
both t u r b o - c o m p r e s s o r s , t empora ry cooling of the ins t rument thimbles at 
reduced flow ra te s can be provided by the shield exhaust blo-wers In the 
event of failure of both shield exhaust blo-wers, t e m p o r a r y cooling ot the 
shield and rotating plugs at reduced flo-w ra te s can be provided by the 
t u r b o - c o m p r e s s o r s . 

e. Seal Heater Control . Installation of the rev ised seal heater 
control sys t em for the l a rge and smal l rotating plug sea ls has been cona-
pleted. Checkout of the sys tem is proceeding Anameters for detecting 
individual seal hea te r fai lures have been instal led and will be checked 
out -with the r e s t of the sys t em. 

f. Osc i l l a to r . The instal lat ion of the osci l la tor drive and a s ­
sociated control equipnaent is proceeding. The boron osc i l la tor rod and 
thimble have been re turned to Argonne, I l l inois, for rew-ork, 

g. Sodium-purif icat ion Sys tem. Modification of the surge tank 
and assoc ia ted piping for the sodium-purif icat ion sys t em has been com­
pleted, A higher surge tank -was instal led for improved level control . 
The s tee l floor plates and beams in the inamediate a r e a of the surge tank 
were rew-orked to provide the space for the surge tank, 

h. Fue l Elenaent Rupture Detector Loop (Delayed-neutron 
Monitor) . The E-3 nozzle plug as sembly was reworked and re ins ta l led 
in the p r i m a r y tank. The e lec t romagnet ic pump for this experinaental 
loop was positioned and bus bars were fitted bet^veen the pump and the 
rec t i f ie r . 



2. Sodium Boiler Plant 

At the beginning of the month, the s team and sodium sys tems were 
at operating t e m p e r a t u r e and p r e s s u r e . Measured plugging t empera tu re s 
of the sodium renaained in the range 475-500' 'F, even though the indicated 
flow through the pernaanent cold t r ap was less than l / 4 gpm. 

The difficulty with the NaK hea t - re jec t ion sys tem of the t empora ry 
cold t r ap w-as found to be a plug in the cooling coil of the c rys ta l l i ze r tank. 
The coil was cleaned and the NaK sys t em was made operat ive . 

The t empora ry cold t r ap -was placed in operation, and in 4 days 
the plugging t empe ra tu r e of the sodium was reduced to about 275°F. The 
t e m p o r a r y cold t r ap -was then shut do-wn, and the plugging t empera tu re 
was observed closely . It did not r i s e , indicating that the sys tem has p rob­
ably been cleaned to the best condition attainable at a tenaperature of 570°F. 
The sys t em t empe ra tu r e was then increased for testing s team drum safety 
va lves . The valves rel ieved simultaneously at an indicated p r e s s u r e of 
1330 psig. 

During the period January 15-20, the steana and sodiuna sys tems 
were cooled and the sodium sys tem drained. The s team genera tor was put 
in -wet layup, completely flooded -with -water containing morpholine (pH9.8) 
and about 60 ppm of sulfite for oxygen scavenging. The t empera tu re of the 
s torage tank has been maintained at 350°F. 

Work is under-way to remove the re tu rn bend in the yard piping and 
to join the secondary sys tem piping to the in termediate heat exchanger. 
Replacement of the plugged secondary cold t r ap is also proceeding, 

3. Po-wer Plant 

During the f irs t half of the month, the s team genera tor was main­
tained at a sa turat ion t e m p e r a t u r e around 570°F. Water level in the steana 
drum -was naaintained slightly above the center l ine of the drum by in te r ­
mit tent addition of feedwater to rep lace l o s s e s . After the secondary sodium 
sys tem -was drained and the s t eam genera tor put in wet layup, the power 
plant sys tems -were shut do-wn. 

The exhaust line from the relief valve of the condensate pump drive 
turbine was completed. Res t r ic t ions on operat ion of the turbine were lifted 
accordingly, and the pump -was t e s t - r u n sat isfactor i ly . 

A 1—-in. bypass line and valve Avere installed around a 6-in. valve 
in the feedwater l ine, do-wnstream of the feedwater hea te r s to pernait 
uti l ization of the mo to r -d r iven feed-water pump if the s t a r t -up pump is not 
operable . 



The be fo re -and-a f t e r - sea t dra in lines from the t r ip - th ro t t l e valve 
of the tu rb ine-dr iven feed-water pump -were extended to the building dra in 
sys tem. Installation has s t a r t ed on the turbine lube oil purification and 
t r ans fe r sys tems and the additional turbine extract ion line non- re tu rn 
valves . 

4. Fuel Cycle Fac i l i ty 

The hoist dr ive for one of the Argon Cell c r anes ceased to operate 
recent ly while removing the t rans fe r basket from the la rge lock. The 
basket -was t r a n s f e r r e d to the second c rane by means of manipu la tors , and 
the nonoperative c rane t rol ley was removed for examination. Circuit 
checks on the t ro l ley and the cu r r en t supply sys tem indicated that a sho r t -
c i rcui t existed in the cel l at sonae point betw-een the roof feeder lead- in 
-wires and the bridge bus b a r s . HoAvever, r epa i r cannot be at tempted until 
the cel l is entered . 

Testing and modification of the fuel-decanning machine -was con­
tinued. A modified s c r a p separa to r tube and chopper orifice appeared to 
operate some-what be t te r , but addition of a hea ter (see P r o g r e s s Report 
for December 1963, ANL-6810, p. 15) to the separa to r tube did not facili tate 
movement of decanned fuel. Decanning of 100 e lements -with the original 
orifice and sepa ra to r tube showed only 2.5 g of u ran ium in the s c r ap , c o r ­
responding to 0.04% of the u ran ium p roces sed . Comparable data a r e not 
yet available for the modified orifice and sepa ra to r . A marked inc rease 
in po-wer consumed by the decanner rol l dr ive motor -was t r aced to rol l 
and drive t ra in -wear. 

The second mel t - ref ining furnace ("B") was instal led, and heatup 
and thermocouple cal ibrat ion runs were made . A copper ingot -was poured. 

In the "A" furnace, ten mel t - ref ining runs ^vere made -with charges 
ranging from 7 to 11 kg. Typical ingot yields were 95% Difficulty was 
experienced in charging sodium-coated pins w-hich had been left severa l 
days in the cha rge r . It -was n e c e s s a r y to break them loose -with a rod. 
A pyrolytic carbon-coated mold -was used for severa l runs . The f irst ingot 
cai-ne out freely and in unusually good condition. Sample pro t rus ions did 
not come out -with the ingot in seve ra l c a s e s , possibly due to inadequate 
relief in the mold. 

Three additional runs , -which -were c a r r i e d out reiaiotely, have been 
completed in a mel t refining furnace in the Argon Cell to p r epa re u ran ium-
fissium alloy for use in the injection casting furnace. In all runs , the 
molten meta l was held at 1400°C for about 1 h r . In the f i rs t run, 6,770 g 
of un i r rad ia ted , uranium-fiss iuna pins -were melt refined; the poured yield 
•was 96.6 -w/o. In the second run, the charge , -which weighed 9,400 g (in­
cluding 2,700 g of un i r rad ia ted , sodium-coated chopped u ran ium-f i s s ium 
pins), w-as mel t refined; the poured yield was 94 6 -w/o. In the final run. 



the c h a r g e , which c o n s i s t e d of 8,800 g of u n i r r a d i a t e d , s o d i u n a - c o a t e d 
chopped pins -was m e l t r e f ined ; the p o u r e d y ie ld -was 95.8 w / o . 

N ine in jec t ion c a s t i n g r u n s -were m a d e -with y i e lds of p ins l o n g e r 
t han 15 in . r a n g i n g f r o m 0 to 100%, but m o s t l y in the v ic in i ty of 70%. Slag 
gaps w e r e a p p a r e n t in s o m e c a s e s , and t h e r e a p p e a r e d to be sonae c o r ­
r e l a t i o n of poor y i e l d s -with a d r o s s y s u r f a c e cond i t ion of the h e e l ( r e ­
c y c l e d p ins -were g e n e r a l l y r e m o v e d frona the A r g o n Ce l l to be b r o k e n in 
a i r ) . I m m e r s i o n t h e r m o c o u p l e p r o t e c t i o n tubes of t a n t a l u m - t u n g s t e n a l loy 
and of b e r y l l i a sho-wed p r o m i s e of w i t h s t a n d i n g naolten f iss iuna a l loy . 

The a d d i t i o n of a m a g n e t i c c l u t c h to the p i n - p r o c e s s o r d r i v e did 
not whol ly s o l v e gauging p r o b l e m s . The c lu t ch did not a p p e a r to be s t r o n g 
enough , and a l i g n m e n t s t i l l r e q u i r e s c o r r e c t i o n . A g r o u p of 50 pins w a s 
p r o c e s s e d s u c c e s s f u l l y , h o w e v e r . 

Both the E B R - I I f u e l - e l e m e n t - a s s e m b l y m a c h i n e and i t s reiaaote 
c o n t r o l s w e r e c o m p l e t e d . The a s s e n a b l y m a c h i n e c o n s i s t s of a 4 - m 
(13 - f t ) -h igh v e r t i c a l f r a m e hold ing the following m a j o r e l e m e n t s : 

1. an a d a p t e r s l e e v e t h a t ho ld s the l o w e r b lanke t s u b a s s e m b l y 
and a d a p t e r in pos i t i on ; 

2 . a p l a t f o r m -with s i x r a d i a l l y naounted weld guns to a r c spot 
-weld the h e x a g o n a l t ube to the lo-wer a d a p t e r ; 

3 . a f u e l - b u n d l e - a s s e m b l y p l a t f o r m -w-ith g a t e s and gu ides tha t a r e 
p r o g r a m n a e d to p r e v e n t i n c o r r e c t a s s e n a b l y of t h e fuel bundle ( this p l a t f o r m 
a l s o is equ ipped wi th f i x t u r e s for ho ld ing and packing the fuel bundle as it 
is a s s e n a b l e d and a blo-wer for coo l ing the r a d i o a c t i v e l y h e a t e d fuel bund le ) ; 

4 . a scre-w e l e v a t o r and f o r c e b r i d g e to b r i n g the hex tube and 
u p p e r b l a n k e t a s s e m b l y a c c u r a t e l y o v e r the fuel bundle and to pos i t i on it 
for w e l d i n g . 

E l e c t r i c a l hea t ing e l e m e n t s a r e p r o v i d e d to p r e h e a t the h e x a g o n a l 
tube A f o r c e t r a n s d u c e r and t o r q u e l i m i t e r m e a s u r e the c lo s ing fo rce and 
p r e v e n t i t s e x c e e d i n g a p r e s e t l i m i t . 

T h e c o r e fuel e l e m e n t s , b l a n k e t e l e m e n t s , and c o n t r o l and sa fe ty 
e l e m e n t s m a y be a s s e m b l e d on th i s naachine by exchange of the a d a p t e r 
s l e e v e and t h e a s s e m b l y p l a t f o r m s . T h e e l e c t r i c a l p r o g r a m m e r s and c o n ­
t r o l s for a s s e m b l i n g both t h e 6 1 - and 9 1 - p i n fuel e l e m e n t s w e r e c o n s t r u c t e d 
by the M e t a l l u r g y D i v i s i o n at A r g o n n e N a t i o n a l L a b o r a t o r y . T h e s e a r e 
shown in F i g u r e 12 t o g e t h e r wi th the c o n t r o l s for the gauging and the 
t e n s i o n i n g o p e r a t i o n which wi l l t e s t t he a s s e m b l y m a c h i n e p r o d u c t . 
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Figure 12. Programming and Controls for Assembling and Testing 61-pin and 91-pin Fuel Elements for EBR-II 

T h e b o n d i n g a n d b o n d - t e s t i n g m a c h i n e s -were p l a c e d i n o p e r a t i o n , 
a n d a g r o u p of 29 c a n n e d r e f e r e n c e r o d s w a s b o n d e d f o r 30 m i n a t 
120 c y c l e s / m i n a n d 5 0 0 ° C . S o m e of t h e s e c o n t a i n e d kno-wn d e f e c t s , a n d t h e 
r e n a a m d e r a r e t o b e u s e d a s r e f e r e n c e s t a n d a r d s . T h e s e w-e re e x a m i n e d 
in t h e b o n d t e s t e r , y i e l d i n g t r a c e s -which a r e n o t c o m p l e t e l y i n t e r p r e t a b l e . 

P r e p a r a t i o n s a r e b e i n g m a d e f o r a d m i t t i n g a i r t o t h e A r g o n C e l l 
m o r d e r t o e f f e c t e n t r a n c e by p e r s o n n e l d u r i n g F e b r u a r y t o c a r r y o u t 
c r a n e a n d m a n i p u l a t o r r e p a i r s , a d d c o v e r p l a t e s t o w i n d o w s , a n d m a k e 
o t h e r m i n o r c h a n g e s . 

P l a n t - s c a l e e q u i p m e n t f o r t h e o x i d a t i o n of t h e r e s i d u e ( s k u l l ) r e ­
m a i n i n g i n t h e c r u c i b l e a f t e r m e l t r e f i n i n g h a s b e e n f a b r i c a t e d . T h e 
o x i d a t i o n f u r n a c e a n d t h e p r o c e s s c o n t r o l s y s t e m a r e b e i n g t e s t e d in t h e 
E B R - I I m o c k u p a r e a a t A r g o n n e b e f o r e b e i n g s e n t t o I d a h o f o r i n s t a l l a t i o n 
i n t h e A r g o n C e l l . 

T h e t r a n s f e r of a fue l s u b a s s e m b l y be t -ween t h e t r a n s f e r c o f f i n 
a n d t h e E B R - I I A i r C e l l i s t h r o u g h a 6 - i n . o p e n i n g i n a s h i e l d i n g p l u g i n 
t h e f l o o r of t h e A i r C e l l . T h i s s h i e l d i n g p l u g w i l l b e m o d i f i e d s o t h a t i t 
c a n b e l o w e r e d o n t o t h e t o p of t h e t r a n s f e r c o f f i n t o p r o v i d e s h i e l d i n g 
d u r i n g fue l s u b a s s e m b l y t r a n s f e r s . T h e h y d r a u l i c e q u i p m e n t f o r l i f t i n g 
a n d lo-^^'ering t h e s h i e l d i n g p l u g h a s b e e n o r d e r e d . 

D r a w i n g s h a v e b e e n c o m p l e t e d f o r t h e i n s t a l l a t i o n of a m o t o r i z e d 
d r i v e o n t h e s l i d i n g p l u g of t h e fue l t r a n s f e r c o f f i n . T h e s l i d i n g p l u g 
s e r v e s a s a s e a l a n d a s h i e l d f o r t h e t o p p a r t of t h e c o f f i n . T h e m o t o r i z e d 



d r i v e -will r e p l a c e a m a n u a l l y o p e r a t e d d r i v e and -will e l i m i n a t e the n e e d 
for p e r s o n n e l to c l i m b onto the coffin c a r t in o r d e r to o p e r a t e the d r i v e . 

A m a t h e m a t i c a l a n a l y s i s of the h o i s t s for the ce l l c r a n e s , the 
m a n i p u l a t o r s , the c r a n e r e m o v a l too l ( b l i s t e r h o i s t ) , and the e l e c t r o m e ­
c h a n i c a l n a a n i p u l a t o r s h a s shown tha t e a c h h o i s t d r i v e is c a p a b l e of 
d a m a g i n g i ts a s s o c i a t e d h o i s t mechan i s i a i . Such d a m a g e could r e s u l t 
f r o m a m a l f u n c t i o n of the " u p " l i m i t sw^itch on the h o i s t ( see P r o g r e s s 
R e p o r t for D e c e m b e r 1963, A N L - 6 8 1 0 , p . 16) o r frona an a t t e m p t to lift 
a s e v e r e o v e r l o a d -with the h o i s t . To p r e v e n t o v e r l o a d i n g of the h o i s t s 
u n d e r any c i r c u m s t a n c e , a s l i p c l u t c h -will be i n s t a l l e d bet-ween the h o i s t 
d r i v e m o t o r and t h e d r i v e g e a r r e d u c e r . Sl ip c l u t c h e s have been d e ­
s igned for t h e h o i s t d r i v e s of the c e l l c r a n e s ( see A N L - 6 8 1 0 , p . 16), the 
r e m o v a l t o o l , and the e l e c t r o m e c h a n i c a l m a n i p u l a t o r s . 

5. E B R - I I P h y s i c s 

An e x p l o r a t o r y s tudy -was i n i t i a t e d to d e t e r m i n e ho^w to e n h a n c e 
f i s s i o n r a t e s in the r a d i a l b l anke t of the E B R - I I . If f i s s ion r a t e s c o m -
n a e n s u r a t e -with t h o s e in the c o r e can be ob ta ined in the b l anke t , the a d d i ­
t i o n a l i r r a d i a t i o n s p a c e , for t e s t i n g p r o t o t y p e r e a c t o r fuel o r fuel s a m p l e s , 
naight be e x t r e m e l y v a l u a b l e in the f u t u r e . 

The spec i f i c c a l c u l a t i o n s w e r e c a r r i e d out wi th m u l t i g r o u p diffusion 
t h e o r y in o n e - d i m e n s i o n a l c y l i n d r i c a l g e o n a e t r y . To d a t e , r e a l i s t i c r e -
q u i r e n a e n t s of h e a t r e m o v a l h a v e not b e e n f a c t o r e d into the s tudy , but 
r e s u l t s a r e g e n e r a l l y e n c o u r a g i n g . It -was found tha t r e p l a c e n a e n t of the 
a b s o r b i n g d e p l e t e d u r a n i u m o v e r a l a r g e p a r t of the r a d i a l b l anke t ( e .g . , 
a h e x a g o n a l s e c t o r ) by a m i x t u r e of n a o d e r a t o r ( e .g . , b e r y l l i u m , c a r b o n , 
and Z r H ) and s t a i n l e s s s t e e l -with s o d i u m coo lan t a f forded a g r e a t dea l of 
f l ex ib i l i ty in fixing the jDeak f i s s i o n r a t e and the n e u t r o n s p e c t r u n a . 

A r e f l e c t o r , con ta in ing a p p r o x i n a a t e l y 85 v / o m o d e r a t o r , t e n d s to 
p r o d u c e u n p e r t u r b e d f i s s i o n d e n s i t i e s which can e x c e e d t h o s e in the c o r e 
by a s m u c h a s a f a c t o r of 10. Ho-wever, the c o m p o s i t i o n of th i s r e f l e c t o r 
t e n d s to d e g r a d e the n e u t r o n s p e c t r u m s e r i o u s l y and is u n d e s i r a b l e in a 
fas t f lux i r r a d i a t i o n f ac i l i t y . The p e a k r e f l e c t o r f i s s i o n r a t e c a n be r e ­
duced by h a r d e n i n g t h e s p e c t r u m . T h i s -was acconap l i shed by r e p l a c i n g 
sonae of the n a o d e r a t o r -with s t a i n l e s s s t e e l . It a p p e a r s tha t a b l anke t 
conapos i t ion of app rox inaa t e ly 20 to 40 v / o n a o d e r a t o r , a p p r o x i m a t e l y 70 to 
50 v / o s t e e l , and a p p r o x i m a t e l y 10 v / o s o d i u m can p r o d u c e b l anke t f i s ­
s i on r a t e s c o n a n a e n s u r a t e wi th t h o s e in the c o r e , even if the n e u t r o n flux 
is a p p r e c i a b l y p e r t u r b e d by t h e i n t r o d u c t i o n of a t y p i c a l l a r g e t e s t 
asse i -nb ly . 



E. FARET 

1. Genera l 

The Labora tory has rece ived and is reviewing the init ial sub­
miss ion of Bechte l ' s control net-work and re la ted documents , including 
genera l plans for Tit le II ac t iv i t ies , the la tes t PERT efforts, and c u r ­
rently scheduled submiss ion dates for ANL information n e c e s s a r y for 
Bechtel to complete the Title II work. This ma te r i a l will be refined and 
will provide the bas is for all Tit le II -work involving Bechtel and the 
Labora tory . 

Bechtel has p repa red a manual of construct ion dra-wing r e q u i r e ­
ments for FARET to provide ins t ruct ions for the Bechtel engineers in 
developing the Tit le II design dra-wings to meet the r equ i rement s of the 
Labora tory . Extensive comments have been p repa red after evaluation 
of this manual and t r ansmi t t ed to Bechtel . 

Cur ren t PERT -work is centered around integrat ion of f ragmentary 
netw-orks into a single control netw-ork for the ent i re project . The control 
net-work and assoc ia ted information submit ted by Bechtel is being evaluated 
to formulate the corresponding network for the Labora tory par t ic ipat ion. 
A th i rd major network, descr ibing the act ivi t ies of the construct ion con­
t r a c t o r , -will not be available until after such cont rac tor has been selected. 

A c r i t i ca l evaluation of the excavation and foundation plans for the 
facility indicates the possibi l i ty of substant ia l savings if a reduction in 
rock excavation and foundation simplif ication can be effected. Specifically, 
considera t ion is being given to ra is ing the ent i re r eac to r building to an 
elevation -where the proposed ca issons or a l te rna te p r e s s u r e grouting 
would be essent ia l ly unnecessa ry . 

The typical specifications received recent ly from Bechtel for ANL 
considerat ion as to format , genera l range , and adequacy of depth of 
technical content have been evaluated by the Commiss ion. Their comments 
a re being considered p r io r to finalizing these specifications -with Bechtel . 

Genera l revis ions and coordinat ion of the Title II design by the 
Labora to ry for the past month cover the following a r e a s : 

a. Cell- l ighting p rob lems a r e being investigated to de te rmine 
the applicabil i ty of available fixtures and requ i red intensity at var ious 
operating points in the ce l l . 

b . Ti t le I e lec t r ic power sy s t em design is being extensively r e -
vie-wed by the Labora tory and Bechtel . Cost ana lyses , sho r t - c i r cu i t 
calculation checks , and re lay studies a r e receiving considerable attention 



and an a l ternat ive scheme of t r a n s f o r m e r s is being investigated. It appears 
that somewhat more rel iabi l i ty might be achieved at a lower cost if the 
t-wo t r a n s f o r m e r s cur ren t ly planned a r e replaced by three some-what sma l l e r 
uni ts . 

c. The iner t gas sys tem for FARET continues to receive con­
s iderab le attention, pa r t i cu la r ly with r e spec t to the n i t rogen- removal com­
ponents of the sys tem and the overal l regenera t ion p rob lems . 

d. Pe r sonne l access and genera l vie-wing a r e being studied. A 
demonst ra t ion at the Scott Aviation Company Resea rch and Development 
Labora tory in Buffalo has been -witnessed by a naember of the FARET staff. 
P a r t i c u l a r attention is being focused on brea th ing-a i r - supply sys tems and 
hard-ware, as well as re l iabi l i ty of var ious types of su i t s , naasks, and p r o ­
visions for emergency or auxi l iary air supplies for in-ce l l opera t ions . 

e. The problenas assoc ia ted with sod ium-sys tem components, 
especial ly pumps and heat exchangers , a r e being studied. 

f. Considerable backup and miscel laneous information has been 
t r ansmi t t ed to Bechtel regarding road c ross sec t ions , wel l -water quality, 
soil t e m p e r a t u r e s , s tack-l ighting p rob lems , Hal lam operat ional exper i ­
ence, shielding c r i t e r i a , evacuation a l a r m sys tem at EBR-II , e tc . 

Considerat ion has been given to the problems of s t r e s s in reac tor 
vesse l in te rva l s : 

A rotat ional stiffness of the cooling inlet pipe sys tem was predicted 
matheiTiatically. 

Methods have been explored to dec rease the deflection of the core 
support plate . Fo r conservat ion of space , a single var iable c ro s s - s ec t i on 
beam to inc rease the stiffness of the support plate -was considered. Anal­
ys is for s t r e s s and deflection of the reinforcing beam has been completed, 
but no numer ica l r esu l t s have yet been obtained. 

Suggestions have been naade for modification of the piping and 
vesse l to improve s t r e s s conditions and simplify s t r e s s analys is , as -well 
as to facil i tate a ssembly of the vesse l components 

Suggestions were submit ted for incorporat ion of features in the 
design and construct ion of the r eac to r plant ^vhich would pe rmi t invest i ­
gation of var ious engineering naechanics problems of specific in teres t . 



2. Mater ia l s for the P r i m a r y Sodium Loop 

Of the many possible m a t e r i a l s available for the p r i m a r y sodium 
sys tem for FARET, austenit ic s ta in less s tee l Type 304 -was judged to be 
adequate for the contemplated opera t ions . These operat ions envision: 

40,000 hr at 1000°F max; 

40,000 hr between 1000°F and UOO^F; 

10,000 hr (max) at 1200°F (max). 

The select ion of the alloy sys tem -was based on: 

a. availabil i ty of products (plate, forgings, cas t ings , -welding 
e lec t rodes) ; 

b . status of the re la ted a r t s (engineering design, shop- and 
f ield-fabricat ion p rocedures and techniques, and inspection); 

c. m a t e r i a l s (prior se rv ice appl icat ions, meta l lu rg ica l stabil i ty, 
radiat ion damage); 

d. economics . 

At the contemplated FARET t e m p e r a t u r e s , the austeni t ic s ta in less 
s teels a r e embr i t t led by the precipi ta t ion of: (l) ca rb ides , and (2) s igma 
(and/or chi) phase . The s igma embr i t t l ement is by far the most s e r ious : 
r e s i s t ance to inapact at the elevated t e m p e r a t u r e s is a lmost as lo-w as at 
room t e m p e r a t u r e s (falling to 5 to 10 ft-lb Charpy vee notch frona 160+ft lb). 
This embr i t t l ement is a disadvantage, but the choice of the austenit ic com­
position was resolved by considera t ions of meta l lu rg ica l stabili ty at elevated 
t e m p e r a t u r e s . 

Studies of alloy t h e r m a l stabil i ty indicate that the long- t ime 
s t rength (creep , s t r e s s - t o - r u p t u r e ) and the ductility were bet ter kno-wn for 
the Type 304 m a t e r i a l than for the other m e m b e r s of the 300 s e r i e s of 
a l loys . F r o m these s tudies , a 1150°F design t e m p e r a t u r e at a design 
s t r e s s level of 5750 psi was es tabl ished; this design c r i t e r i a is in exact 
agreement with the ASME Boiler and P r e s s u r e Vesse l Code designs for 
equipnaent for long-lived equipment ( i .e . , 20 y r ) . The FARET p r i m a r y 
sys tem (p res su re vesse l and piping) naeets all of the conventional design 
c r i t e r i a of safety for operating t e m p e r a t u r e s up to and including 1150°F. 
In its final operat ional l ifetime at 1200°F, the equipment can be operated 
for an additional 10,000 hr without failure by ei ther c r e e p or rupture at 
the design p r e s s u r e s t r e s s e s . 

The available data also sho-w a substant ial var ia t ion in s t rength at 
the FARET t e m p e r a t u r e s -which is apparent ly assoc ia ted -with the p e r ­
miss ib le alloy content of the Type 304 alloy. Fu r the r studies a r e in 



p r o g r e s s to def ine the c o m p o s i t i o n which wi l l y ie ld the s t r o n g e s t a l loy 
c o n s i s t e n t wi th t h e r m a l s t a b i l i t y . Ver i fy ing t e s t p r o g r a m s , both i n - and 
o u t - o f - p i l e , a r e c o n t e m p l a t e d to s u p p o r t t he s e l e c t i o n of the a l loy 
c o m p o s i t i o n . 

B e c h t e l h a s b e e n fori-nally a d v i s e d tha t the L a b o r a t o r y ' s recoiaa-
naenda t ion for a l l m a t e r i a l s in c o n t a c t wi th s o d i u m in F A R E T is Type 304 
s t a i n l e s s s t e e l . 

In add i t ion to the c o n s i d e r a t i o n of v a r i o u s a u s t e n i t i c a l l o y s , la ickel-
and c o b a l t - b a s e s u p e r a l l o y s , and H a s t a l l o y s w e r e a l s o e v a l u a t e d and r e ­
j e c t e d due to u n a v a i l a b i l i t y , f a b r i c a t i o n d i f f i cu l t i e s , o r l a c k of long- t inae 
s e r v i c e at t he r e q u i r e d t e m p e r a t u r e s . 

R e f r a c t o r y m e t a l s , a l though p rona i s ing frona s t r e n g t h c o n s i d e r a t i o n , 
w e r e e x c l u d e d b e c a u s e of t h e i r c h e m i c a l r e a c t i v i t y and u n d e r d e v e l o p e d 
t e c h n o l o g y for l o n g - t i m e s e r v i c e a p p l i c a t i o n s . 

3 . C o m p o n e n t D e v e l o p m e n t 

A p r o p o s e d m e t h o d for cool ing a F A R E T fuel s u b a s s e m b l y -while 
in t r a n s i t frona a l o c a t i o n in the r e a c t o r v e s s e l to a s t o r a g e l oca t i on on the 
p e r i p h e r y of the r e a c t o r v e s s e l u t i l i z e s f o r c e d - c o n v e c t i o n sodiuiai as a 
c o o l a n t . An e l e c t r o n a a g n e t i c p u m p s u r r o u n d i n g the s u b a s s e m b l y dur ing 
the fuel t r a n s f e r p r o v i d e s for coo lan t flo-w. The p u m p -would be a un ique 
p a r t of the f u e l - h a n d l i n g m e c h a n i s m , s u r r o u n d i n g an open r o u n d t u b e , 
open a t both e n d s , -with the l o w e r s u c t i o n end of the p u m p a lways u n d e r 
the s o d i u m l e v e l w i th in the r e a c t o r v e s s e l du r ing the t r a n s f e r o p e r a t i o n . 
The fue l -hand l i ng g r i p p e r wi th s u b a s s e m b l y a t t a c h e d would o p e r a t e wi th in 
the round t u b e . Sodiuna frona the r e a c t o r v e s s e l -would be p u m p e d upAvard, 
t h e r e b y cool ing the s u b a s s e n a b l y , and r e t u r n e d to the r e a c t o r v e s s e l by 
g r a v i t y . 

A mod i f i ed a n n u l a r l i n e a r induc t ion p u m p was i n v e s t i g a t e d for t h i s 
a p p l i c a t i o n . Th i s p u m p -would be modi f i ed by v i r t u e of the a b s e n c e of any 
i n t e r n a l m a g n e t i c s t r u c t u r e no rnaa l l y found in a pui-np of t h i s t y p e . By 
s a c r i f i c i n g the m a g n e t i c flux r e t u r n pa th , the c e n t e r of the p u m p can c o n ­
s i s t of an open , r o u n d , s t r a i g h t t u b e . Ho-wever, no punaping ac t ion -would 
be e x p e c t e d u n l e s s sonae i n t e r n a l b a r r i e r w e r e p r o v i d e d in the p u m p tube 
to jDrevent i n t e r n a l eddying of the s o d i u m . An ob jec t such as a fuel s u b ­
a s s e m b l y , f i t t ing l o o s e l y in the punap t u b e , cou ld p r o v i d e the i n t e r n a l 
b a r r i e r . To p r o v e t h e p r i n c i p l e , a p r o t o t y p e punap -was c o n s t r u c t e d and 
t e s t e d . 

The p r o t o t y p e p u m p i n c o r p o r a t e d c e r t a i n d e s i g n s h o r t - c u t s in o r d e r 
to e x p e d i t e c o n s t r u c t i o n . A m o n g t h e s e -were the u s e of a so l id s t e e l s t a t o r 
s t r u c t u r e in p l ace of a l ana ina t ed one , and the u s e of c o n v e n t i o n a l C l a s s H 



(180°C) insulated w-indings. Since the pump had no cooling sys tem, 
operation in 350°F sodium -was possible for short per iods only. The tes t 
a r rangement for the pump is shown in Figure 13. 

The head developed by the pump is defined as the p r e s s u r e P j plus 
the head of sodium, h, minus the argon blanket gas p r e s s u r e , P j . The 
flo-w ra te w-as de termined by electromagnet ic f lowmeter. The submerged 
depth of the pump inlet is defined as the distance S^. 

The resu l t s of the tes t indicate the folio-wing: 

a. The pump will operate if cer ta in minimum conditions a re 
satisfied. 

b . The pump inlet must be subnaerged 12 in. or naore to insure 
s tar t ing of the pump. 

c. Once the pump is in operation, any submerged level appears 
to be adequate so long as the inlet is covered. 

d. The e lec t r i ca l res is t iv i ty of the cent ra l flow b a r r i e r (hex 
subassembly tube) had no significant effect on performance . 

e. The excess ive eddy-current heating caused by the solid s teel 
s ta tor s t ruc tu re prevented continuous operation of the pump at 
heads g rea t e r than 2 ft of sodium and a 20-gpna flowrate. 

f. Variat ion of the sodium tempera tu re had no significant effect 
on per fo rmance . 



g. The punap d e v e l o p e d 12 to 14 ft of s o d i u m h e a d a t b e t w e e n 0 and 
40 g p m for a m a x i m u m of 4 m i n be fo re the wind ings b e c a m e 
o v e r h e a t e d . 

h . At the m a x i m u m d e v e l o p e d h e a d (14 ft), t he m a g n e t i c s t r u c t u r e 
had not begun to s a t u r a t e . 

4 . Ce l l A r r a n g e m e n t 

T h e c e l l a r r a n g e m e n t p r o p o s e d in T i t l e I p l ans h a s been r e v i s e d 
by i n c o r p o r a t i o n of m o r e u p - t o - d a t e i n f o r m a t i o n about the e q u i p m e n t to be 
i n s t a l l e d . The funct ions of the o p e r a t i o n s to be p e r f o r m e d in the c e l l h a v e 
b e e n s t u d i e d to a r r i v e at t h e s p a c e r e q u i r e m e n t s -with the c e l l . The 
p r e s e n t l y c o n c e i v e d a r r ange i -nen t is sho-wn in F i g u r e 14 and is being u s e d 
a s a r e f e r e n c e for the f u r t h e r d e v e l o p m e n t of the i n - c e l l e q u i p m e n t . 

5. F u e l D e v e l o p m e n t 

O n e of t h e f i r s t e x p e r i m e n t s in the F A R E T p r o g r a m s c h e d u l e is 
c o n c e r n e d -with the n a e a s u r e n a e n t of r e a c t i v i t y effects r e s u l t i n g f r o m 
t e m p e r a t u r e c h a n g e s in the fuel , sodiuna, and c l add ing , due to n u c l e a r 
h e a t i n g . 

A zoned a s s e m b l y is p l anned for the i s o l a t i o n of the Dopp le r coef­
f i c ien t . In t h i s a s s e n a b l y , it is d e s i r e d to m e a s u r e r e a c t o r r e a c t i v i t y 
c h a n g e s v/ith r e s p e c t to v a r i a t i o n s in t e s t - z o n e fuel t e m p e r a t u r e , keep ing 
o t h e r v a r i a b l e s of fuel and c ladd ing e x p a n s i o n , t o g e t h e r -with s o d i u m t e m ­
p e r a t u r e s , a s n e a r l y c o n s t a n t as p o s s i b l e . A t h o r o u g h d e s c r i p t i o n of the 
e x p e r i m e n t a l m e t h o d s h a s been r e p o r t e d . 3 

In the t e s t zone of the zoned a s s e m b l y , it is p r o p o s e d to u s e fuel 
e l e m e n t s in w-hich the fuel is i n s u l a t e d frona the c l add ing by a gas gap . 
R e l a t i v e l y l a r g e c h a n g e s of fuel t e n a p e r a t u r e can t h e n be effected by v a r y ­
ing e i t h e r t h e g a s p r e s s u r e in the g a p o r the r e a c t o r po-wer l e v e l . The fuel 
is f a b r i c a t e d in the iorm of s h o r t p e l l e t s to r e d u c e effects of fuel e x p a n ­
s i o n . E a c h m a y be s u p p o r t e d i n d e p e n d e n t l y by the c l a d d i n g . 

It is p l a n n e d to i r r a d i a t e s a m p l e s of t h e s e g a s - g a p - i n s u l a t e d , 
f u e l - p e l l e t e l e m e n t s in a loop i n s t a l l e d in C P - 5 . The e x p e r i m e n t s a r e 
r e q u i r e d for the fol lowing r e a s o n s : 

a. to m e a s u r e the m a x i m u m h e a t flux wh ich the p e l l e t s c a n -with­
s t a n d wi thou t c r a c k i n g ; the c r a c k i n g m a y change the d i m e n s i o n s 
of the i n s u l a t i n g g a s gap b e t w e e n p e l l e t s and c ladding for a 
g iven h e a t flux; 

3 l n t e r i m R e p o r t : F A R E T E x p e r i m e n t a l P r o g r a m , A N L - 6 7 0 8 
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Figure 14. FARET Reactor Cell - General Arrangement 



b. to verify the maxinaum t empera tu re difference which can be 
obtained between the fuel and cladding for a given heat flux; 

c . to t es t the integri ty of the devices for support of the segnaented 
pe l le t s ; 

d. to tes t the perforiaiance of instrunaentation and gas supply for 
the insulating gap under i r rad ia t ion . 

Bench t es t s w-ith e lec t r i ca l heating have produced valuable data 
concerning the above itenas . Ho-wever, the bench tes t s suffer from the 
following shor tcomings -which in-pile experinaents should remedy: 

a. e l ec t r i ca l heating produces a different t empera tu re (and s t r e s s ) 
dis t r ibut ion in the fuel than nuclear heating. 

b . the e l ec t r i ca l heater radia tes power between the segmented 
pellets ^ a e r e none occurs in the r eac to r . 

c. the bench- tes t pe l le ts , having four axial holes , (a cent ra l one 
for the hea t e r , and th ree on a radius for installing t h e r m o ­
couples) differ frona the r eac to r pel le ts , which have only a 
cen t ra l hole for thernaocouple instal lat ion. 

The loop cons is t s of the exper imenta l assenably, gas sys t ems , and 
instrunaentation. The as sembly shoAvn m F igures 15 and 16, consis ts of 
four subas sembl i e s , i .e . , the fuel elenaent capsule , the thinable, the outer 
tube, and the cadnaiuna fil ter 

The fuel-elenaent capsule is the innernaost subassembly. It con­
tains segmented fuel which will consis t of UO2 or UC, enriched to 0.3% or 
0.22% U "'̂ . A thernaocouple m e a s u r e s the center t empera tu re of the fuel at the 
hor izontal center plane. The fuel is clad by a s ta inless s teel tube. A 20-mil 
fuel gas gap is formed between fuel and clad, and is filled with heliuna or 
argon. The gas p r e s s u r e in the gap can be changed by using a vacuuna 
pump sys t em. Changes in the p r e s s u r e betAveen atnaospheric and 10/i cause 
a change in t h e r m a l conductivity of the gas which will effect a change in the 
fuel t e m p e r a t u r e . The cl3.dding tenaperature will be indicated by means of 
two thermocouples b r a z e d to the outside wall of the cladding at the horizontal 
laaidplane. F o r test ing var ious fuels, the fuel element capsule can be r e ­
moved from or inser ted into the exper imenta l assembly 

The thimble is a s ta in less s teel tube which contains the fuel-element 
capsule . A 6-mil gap is formed by the fuel-element cladding and the thimble 
wall , which is r e f e r r ed to as the cladding gas gap. This gap will be filled 
with he l ium and the p r e s s u r e will be maintained in the same naanner as in 
the fuel -gas-gap sys t em. Changing the gas p r e s s u r e will affect t e m p e r a ­
tu re s of the cladding and also of the fuel. 



4i-
CD 

D2O PRESSURE SYSTEM 

FUEL GAS GAP 
SYSTEM 

CLADDING-
GAS GAP 
SYSTEM 

SHIELD PLUGS 

^^^S 

k TOP OF REACTOR PLUG 
^-

FUEL 

SEE DETAIL FIGURE 

Figure 15. Irradiation Facility for Proposed FARET Fuel 



320 PS J TO 280 psig He GAS 

ATMOSPHERIC GAS TO 
10 MICRON VACUUM 

OUTER TUBE 

FUEL 

FUEL CAPSULE (CLADDING) 

THIMBLE 

D O THERMOCOUPLE 

CLADDING THERMOCOUPLE 

FUEL THERMOCOUPLE 

FUEL GAS GAP ( . 0 2 0 ) 

CLADDING GAS GAP ( . 0 0 6 ) 

h° 

HEAT TRANSDUCER 
THERMOCOUPLES 

A t t a c h e d t o t h e o u t s i d e -wall a r e t w o t h e r m o c o u p l e s fo r m e a s u r e ­
m e n t s of w a l l t e m p e r a t u r e a t t h e h o r i z o n t a l c e n t e r p l a n e of t h e f u e l . A d ­
j a c e n t to t h e s e c o u p l e s i s o n e t h e r m o c o u p l e t o m e a s u r e t h e DjO t e m p e r a t u r e 
i n t h e g a p f o r m e d b y t h e t h i m b l e a n d t h e o u t e r t u b e . 

A t t a c h e d t o t h e t h i m b l e a r e f i ve t h e r m o c o u p l e s w h i c h m a k e u p t h e 
h e a t t r a n s d u c e r . T w o t h e r m o c o u p l e s a r e l o c a t e d a t t h e b o t t o m of t h e f u e l -
p e l l e t p l a n e i n t h e D2O. A n o t h e r p a i r i s l o c a t e d Z i n . d o w n f r o m t h e b o t t o m 
p l a n e of t h e f u e l , a l s o in t h e D2O. T h e f if th t h e r m o c o u p l e i s l o c a t e d a b o u t 
4 i n . f r o m t h e b o t t o m p l a n e of t h e fue l i n t h e D2O. T h e t e m p e r a t u r e dif­
f e r e n c e (AT) b e t ' w e e n t h e t h e r m o c o u p l e s a t t h e d i f f e r e n t l e v e l s w i l l b e a n 
i n d i c a t i o n of t h e h e a t f l ux g e n e r a t e d in t h e f u e l . 

T h e t r a n s d u c e r w i l l r e q u i r e i n - p i l e c a l i b r a t i o n . A n e l e c t r i c a l 
h e a t e r e l e m e n t w i l l r e p l a c e t h e fue l c a p s u l e , a n d w i t h t h e r e a c t o r o p e r a t ­
i n g , t h e h e a t e r -will b e t u r n e d o n a n d t h e p o w e r i n p u t w i l l b e c o m p a r e d Avith 
t h e t h e r m o c o u p l e A T ' s . S e v e r a l A T ' s v s . p o w e r p o i n t s w i l l d e t e r m i n e a 
c a l i b r a t i o n c u r v e fo r t h e t r a n s d u c e r . T h e h e a t e r w i l l t h e n b e r e m o v e d . 

T h e o u t e r t u b e i s t h e r e c e p t a c l e fo r t h e t h i m b l e a n d fue l c a p s u l e . 
T h e t h i m i b l e a n d o u t e r t u b e f o r m a 9 / 3 Z - i n . g a p f i l l e d w i t h D2O. T h e DjO 
w i l l b e p r e s s u r i z e d w i t h h e l i u m t o 300 p s i b e c a u s e t h e t e m p e r a t u r e of 
t h e D2O w i l l b e a b o v e a t m o s p h e r i c b o i l i n g p l a n t . T h e t e m p e r a t u r e of t h e 
D2O i s m e a s u r e d b y a t h e r m o c o u p l e i m m e r s e d i n t h e D jO a t t h e m i d p l a n e 
of t h e f u e l . 

Figure 16 

Detailed View of 
Fuel Arrangement 



The p r e s s u r e of the gas in the two gaps, one between the fuel and 
cladding, and the other between the cladding and thimible, can be var ied 
from a tmospher ic p r e s s u r e to a vacuum sufficient to reduce heat t r ans fe r 
to that of radiat ion only. This cor responds to a vacuum of about 10 / i . 
Therefore , var ious fuel and /or cladding temiperatures can be obtained by 
regulation of the gas gap p r e s s u r e s . The DjO in the outer tube will be 
p r e s s u r i z e d so that t e m p e r a t u r e s above the a tmospher ic boiling point can 
be obtained. 

In o rde r to t es t fuel of higher enr ichment , a neutron filter is used. 
This fil ter is a cadmium tube clad with 304 s ta in less s tee l . The cadmium, 
will be dr i l led with holes in o rde r to adjust the neutron flux for a des i red 
heat generat ion. 

6. In -core Instrunaentation 

The n e c e s s a r y in -co re ins t rumentat ion for the capsule has been 
considered. A tes t was per formed to evaluate the adequacy of the s ta in ­
less s t ee l - a lumel l ead-wi re combination for thermocouple lead w i r e s . A 
sample connector , a therixiocouple made up of a tungsten-3% rhenium wire 
and a tungsten-Z5% rhenium wi re , together with the s ta in less s teel (30Z)-
alumel lead wi re , were operated at t e m p e r a t u r e s up to 650°C. 

The resu l t s of the tes t have not been completely evaluated, but the 
following p re l imina ry conclusions have been reached. F i r s t , the sample 
connector per formed as expected, retaining a high value of insulation 
r e s i s t ance . Secondly, the res i s t ance-welded hot junction remained intact 
throughout the t es t , as did the res i s t ance-welded joints at the s ta in less 
and alumel connector pins. After the tes t "was completed, the therixiocouple 
was handled and showed no signs of ex t reme b r i t t l enes s . The maximum 
e r r o r due to the combination thermocouple and lead wire would be, as r e ­
ported previously, about 2% of the m e a s u r e d t empe ra tu r e if the hot junction 
is above 1000°C. This e r r o r occurs only at the ex t remely low splice t e m ­
p e r a t u r e s . The las t observat ion was that the emf output at the high splice 
t e m p e r a t u r e s (500 to 650°C) were slightly lower than those m e a s u r e d in the 
previous t es t . This could be due to the use of No. 302 s ta in less s tee l in­
stead of the No. 308 as lead wi re , or to a l ess uniform t e m p e r a t u r e d i s ­
tr ibution along the connector length. To check the alloy composit ion of the 
No. 302 and No. 308 wi res used, samples of each a r e being analyzed 
chemical ly . F u r t h e r investigation of this d iscrepancy will be pursued. 

7. Fue l Assembly Sodium Flow Tes t Fac i l i ty 

The final design for a pump is a 100-hp centrifugal type with a 4- in . 
d i scharge , a 5-in, suction, and a single 20-in, impel le r . The rated flow is 
800 gpm of sodium at 1200°F at a head of 111 ps i . Pending del ivery of this 
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pump, a t e m p o r a r y pump will be used. The pump case for the t empora ry 
pump has been received and the in ternals a r e due about the miiddle of 
F e b r u a r y . 

A neAV 900-gal dump tank has been designed and now awaits check­
ing. The p r e s s u r e v e s s e l and in ternal detai ls a r e sett led to a point where 
requis i t ions for bas ic m a t e r i a l s have been sent out for quotations. Con­
s iderable detailing of the p r e s s u r e vesse l complex remains to be done. A 
tentative layout of the pit facility has been made and now awaits an analysis 
of the s t r e s s due to piping expansion. A p re l iminary study indicates that 
heat miust be added for the p re l imina ry 15-hp pump a r rangement and must 
be removed for the 100-hp a r r angemen t . A fin-tube heat exchanger will 
be used in the pump-d i scharge line with shrouding so that a i r can be 
c i rcula ted over the fins and ducted out of the building. 
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III. GENERAL REACTOR TECHNOLOGY 

A. Exper imenta l Reactor and Nuclear Phys ics 

1. High-convers ion Cr i t i ca l Exper iments 

Exper iments with 3 w/o enr ichment UOj-fueled co re s were con­
tinued (see P r o g r e s s Repor t for November 1963, ANL-6808, p. 33; P r o g ­
r e s s Repor t for December 1963, ANL-6810, p. 26). The 1.13-cm pitch 
t r iangular grid was removed and the 1.27-cm grid was re ins ta l led . Addi­
tional m e a s u r e m e n t s by the t h e r m a l act ivation technique a r e being made 
of p? and p^ , the ra t ios of epi- to sub-cadmium fission and capture in 
U and U 5 to improve the confidence in these va lues . The U capture 
cadmium ra t io (C28 = 1.0?) was m e a s u r e d and used to der ive the value of 
the ep i -cadmium to sub-cadmium capture (p^ = 14.4) in the 1.13-cm 
t r i angu la r - spaced s ta in less s tee l clad core . 

Plots of cadmium ra t ios a r e nea r ly l inear with the atomic ra t io of 
hydrogen mode ra to r a toms to U^̂  fuel a toms . A plot of cadmium ra t ios 
v e r s u s the ra t io of hydrogen atom densi ty to t h e r m a l c r o s s section of fuel 
a toms produced a l inear dis t r ibut ion within the accu racy of the data. Rea ­
sonably accura te in te rmedia te values may now be obtained by interpolation. 

Measu remen t s of the effect of gaps produced by foil inser t ion into 
fuel e lements have indicated the re is a net effect of about 1%. A com­
par i son of act ivat ion i neasu remen t s of the foils and the UO2 pellet s l ices 
(which produced no gap, s ince they were from the fuel e lements) were made 
by rad iochemica l measureixients of fission product and Np^ yields. 

2. F i s s i o n - r a t i o Measu remen t s at JUGGERNAUT 

A s e r i e s of m e a s u r e m e n t s have been made at the JUGGERNAUT 
reac to r to obtain p re l imina ry data for a s tandard fast flux facility. The 
facility, contained in a beam hole in the r eac to r , was built to provide a 
known fast flux in which counters could be ca l ibra ted . It cons is t s of a 
modera to r layer of Benelex, a conver te r plate of na tu ra l uranium, and a 
thin Bora l plate which prevents t h e r m a l neutrons from being sca t te red 
back into the conver te r plate . The counter is enclosed in a cadmium tube, 
which is contained in a hafnium cylinder . The cylinder is placed imnae-
diately behind the Bora l plate to shield the counter from any neutrons ex­
cept those which or iginate in the conver te r plate. Counters up to 2 in. in 
d iameter can be ca l ibra ted in this facility. 

The flux data were obtained by determining a number of fission 
ra t ios in the facility through the use of so l id - s ta te f ission counters , con-
taming U , U , and a number of threshold de tec to r s . Three separa te 
sets of m e a s u r e m e n t s were made under different condit ions. 



In the f i rs t set of m e a s u r e m e n t s , 1 in. of Benelex and 3 in. of natu­
r a l u ran ium were placed between the counter and the neutron beam. The 
counter was also enclosed in a cadmium tube. 

For the second set of me a s u re me n t s , the thickness of the Benelex 
was increased to 2 in., and the thickness of the natura l uranium was r e ­
duced to 2 in. For these m e a s u r e m e n t s , the cadmium tube around the 
counter was omitted. 

For the third set of m e a s u r e m e n t s , the thickness of the Benelex re 
mained at 2 in., and the uranium thickness was increased to 3 in. The 
cadmium tube was replaced for the measu remen t s shown in Table XV. 

Table XV. Calibration Data for Standardizing the Fast Flux Facili ty 

I II III 

1-in. Benelex, 2-in. Benelex, 2-in. Benelex, 
Fission 3-in. Natural Uranium 2-in. Natural Uranium 3-in. Natural Uranium 

Detectors (Cadmium Tube) (No Cadmium Tube) (Cadmium Tube) 

1.962 1.921 

0.284 0.178 

0.0395 0.253 

0.183 0.139 

B. Theore t ica l Reactor Physics 

1. Or thonormal Expansion of Neutron Spectra from Foil-act ivation 
Measurements 

The investigation of or thonormal expansion methods (see P r o g r e s s 
Report for December 1963, ANL-6810, p. 27) has continued. For the p r e ­
viously chosen tes t problem, the approximation of the spec t rum 0(e) in 
the form 

n 

1=1 

was determined by a l e a s t - squa re s method. For this par t icular test p rob­
lem, the set of or thonormal fxinctions {Ui(e)} was chosen as the associated 
Laguer re polynomials of the second kind. 

With the same set of c ro s s sections employed with the Gram-
Schmidt method (ANL-6810, p. 29), the re la t ive e r r o r 

En = f" |Hn - 0(e) | d e 
Jo 

U233/u235 

U 2 3 y u 2 3 5 

U236/u235 

U238/u235 

N 237/U235 

2.016 

0.184 

0.090 

0.0251 

_ 
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w a s d e t e r m i n e d for the l e a s t - s q u a r e s m e t h o d by n u n a e r i c a l i n t e g r a t i o n . 
F i g u r e 17 p r e s e n t s the r e l a t i v e e r r o r E ^ a s a funct ion of n for the c h o s e n 
t e s t p r o b l e m . A c o m p a r i s o n of the a p p r o x i m a t i o n Hg(£) wi th the o r i g i n a l 
s p e c t r u m 0(e) is g iven in F i g u r e 18. 

0 . 0 I_ I i I I _] i I 1 I 

Figure 17 

Ejj vs. n for the Least-squares Method 

Figure 18 

Comparison of Hg(e) and <̂  (e) 
for the Least-squares Method 

T h e s e r e s u l t s i m p l y t h a t t h e l e a s t - s q u a r e s m e t h o d i s s u p e r i o r t o 
t h e G r a m - S c h m i d t m e t h o d . H o w e v e r , a s p r e v i o u s l y s t r e s s e d , t h e s e r e ­
s u l t s do n o t i n c l u d e a n y e f f e c t s d u e t o e x p e r i m e n t a l e r r o r . T h e r e l a t i v e 
m e r i t of e i t h e r m e t h o d w i l l a l s o d e p e n d o n t h e s e n s i t i v i t y e x h i b i t e d t o u n ­
c e r t a i n t i e s in t h e c r o s s s e c t i o n s t h a t a r e e m p l o y e d . I n d e e d , t h e g e n e r a l 
a p p l i c a b i l i t y of o r t h o n o r m a l e x p a n s i o n m e t h o d s fo r f u r n i s h i n g a d e q u a t e a p ­
p r o x i m a t i o n s m a y s i g n i f i c a n t l y d e p e n d o n t h i s f a c t o r . T h e c o m p u t e r p r o ­
g r a m w i l l b e e x t e n d e d t o i n v e s t i g a t e b o t h t h e G r a m - S c h m i d t a n d l e a s t -
s q u a r e s m e t h o d f r o m t h i s v i e w p o i n t . 



2. Fue l -cyc le Studies 

One of the m o r e se r ious uncer ta in t ies in the study of fast r eac to r 
power b r e e d e r fuel cycles is in the value of the capture c ro s s section of 
Pu^'*°. Bes ides affecting the breeding ra t io , par t icu lar ly of the core , and 
the economics of the fuel cycle, the re la t ive abundance of this isotope can 
have a s trong effect on the size of the important sodium void coefficient. 
An uncer ta inty of 30% in this capture c r o s s section being easi ly credible , 
an a r b i t r a r y upper l imit of 50% was selected as a var ia t ion to be examined. 
This upper l imit was applied to the equil ibrium fuel cycle of a 875-l i ter 
p lu tonium-uranium monocarbide r eac to r . In this study the ANL code 
CYCLE was used with a l6 -group c r o s s - s e c t i o n set based on the work of 
Yiftah et al.*^ It was found that for this r eac to r the change in c ro s s section 
reduced the average abundance of Pu^* in the core by 25% while increas ing 
that of Pu^^^ by approximate ly 21%. This inc rease in Pu concentrat ion 
tends to improve the sodium void react iv i ty coefficient. 

3. Equation of State for Mixtures 

The equation of s tate appropr ia te during a sharp power bu r s t has 
been studied for a mixture of s eve ra l m a t e r i a l s in a fast r eac to r . It was 
assumed that the equations of s tate for the individual components were 
known. Two equations of state for the mix ture were determined for two 
ex t reme but s imple ca se s : 

(1) where m a t e r i a l s a r e finely d i spersed and r each the same t em­
pera tu re locally ( i so ther inal case) , and 

(2) where m a t e r i a l s can be considered separa ted for the sharp 
burs t considered; only the fuel is heated and changes in the diluent a re 
adiabatic. 

In both ca se s express ion of energy e in t e r m s of p r e s s u r e p and 
specific volume v were derived. 

In the i so the rma l case this re la t ion was obtained by f i rs t e x p r e s s ­
ing the energy and specific volume of each m a t e r i a l in t e r m s of p r e s s u r e 
and t e m p e r a t u r e , and then using addition to obtain both the energy and 
specific volume of the mix tu re . Finally, from these two re la t ionships , 
t empe ra tu r e was el iminated and an equation relat ing p r e s s u r e , energy, 
and specific volume was obtained. 

In the adiabatic case , both energy e ĵ and specific volume v ĵ of 
the diluent can be expres sed in t e r m s of p r e s s u r e p. If the functional 

•*S. Yiftah, D. Okrent, and P . A. Moldauer, F a s t Reactor Cross 
Sections, Pe rgamon P r e s s (i960). 
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dependence of p r e s s u r e on energy e£ and specific volume Vf of the fuel 
is designated by the l e t t e r p: 

P = P[ef; Vf], 

energy and specific volume of the diluent can be el iminated by addition and 
the equation of s ta te obtained for the mix ture : 

p = p 
/ , , m d \ md , . ( m d \ md , . 
\'^7^) ^ - ^ ^ d ( p ) ; i i + ^ j v - ^ v d ( p ) 

-where (md/mf) is the rat io of m a s s of the diluent to that of the fuel. 

In the re la t ionships of energy, p r e s s u r e , and specific volume, only 
smal l changes of the la t te r quantity were deemed of in t e re s t . Final ly , 
these re la t ionships were approximated by a l inear dependence of specific 
heat on an ar t i f ic ia l " t empe ra tu r e " and by l inear dependence of p r e s s u r e 
(after threshold for its generat ion) on density and " t empera tu re . " 

4. Analysis by Numer ica l Methods 

Integrat ion ru les which a r e exact for rat ional functions have been 
further explored. A geometr ic mean integrat ion formula has been de ­
scr ibed in ANL-6717 (Reactor Development P r o g r a m P r o g r e s s Report for 
Apri l 1963, p . 39). Fo r the la rge c lass of functions which obey a gener ­
alized Riccat i differential equation: 

y'(x) = -[a(x)y2 + P(x)y+ 7(x)], 

the geometr ic mean formula leads to a quadratic equation which may be 
solved explicitly for y(x). The e r r o r s of the result ing approximations a r e 
proport ional to x , but for many functions a r e appreciably s m a l l e r . Thus, 
for example, 

e^ := l + x ( l + ^ ) + - ^ + e, 

where 

1 3 1 4 

^ = M ^ ^ 2 4 ^ ^ - - - -

This e r r o r is one fourth that of the f i rs t th ree t e r m s of the power s e r i e s , 
and one-half that of the f i r s t diagonal Pade approximant . The following 
approximations may be obtained in s imi la r fashion: 



In x ~ ^1 /2 - X •1/2. 

t a „ x » x ( l . 3 | x V l - ^ x ^ - T I ) / ( ' - T ) ^ 

e r f(x) = 
71 1/2 

-f^ 
dt ze 

^ - ^ 2 

37T 1/2 
6 + ( 5 y i - ^ ( z 2 - z ^ ) - l ) z 2 + Zz^ 

All these approximations have appreciably smal ler e r r o r coefficients than 
the corresponding t runcated power s e r i e s or the formulas obtained by the 
t rapezoidal rule . 

Three-point formulas which a r e valid for rat ios of quadrat ics have 
also been investigated. The resul t ing rules a re considerably more accu­
ra te , but a re a lgebraical ly complex when wri t ten explicitly and may break 
down when two consecutive in tegra l values a re equal. 

5. Tungsten Cross Sections 

The calculational p r o g r a m to analyze the sensitivity of exper i ­
mental ly measurab le p a r a m e t e r s to differences in tungsten c ros s sections 
has been completed. The pa ra ine te r s studied included the cr i t ica l m a s s , 
cen t ra l m a t e r i a l worth coefficients, fission ra t ios , prompt-neutron life­
t ime, and effective capture c r o s s sect ions. The study was ca r r i ed out for 
th ree proposed tungsten-containing ZPR-IX assembl ies , and it made use 
of five different tungsten c r o s s - s e c t i o n se ts . 

A sample of the calculated resu l t s for one of the three proposed 
ZPR-IX assembl ies is presented in Table XVI. 

T a b l e XVI. P a r a m e t e r s C a l c u l a t e d for the 7* Tungs t en , 7 A l u m i n u m , 
and 2 O r a l o y Z P R - I X A s s e m b l y 

T u n g s t e n C r o s s - s e c t i o n Set Used in C a l c u l a t i o n s 

C a l c u l a t e d P a r a m e t e r s 

C r i t i c a l V o l u m e ( l i t e r s ) 

C r i t i c a l M a s s (kg U^^^) 

P r o r a p t - n e u t r o n L i f e t i m e 
X 10* ( sec ) 

Ef fec t ive C a p t u r e of 
T u n g s t e n (b) 

C e n t r a l B o r o n W o r t h 
(Re l a t i ve Un i t s ) 

No. 30 

190 

351 

12.26 

0.135 

No. 35 

188 

348 

10.38 

0.176 

No. 37 

177 

328 

10.44 

0.166 

No. 40 

179 

330 

10.42 

0.166 

No. 43 

185 

342 

10.51 

0.166 

0.327 0.311 0.327 0.317 0.312 

* N u m b e r of -g-- in.- thick p l a t e s p e r a s s e m b l y d r a w e r . The a s s e m b l y is r e ­
f l ec ted by 30 c m of 94% d e n s i t y a l u m i n u m . 



Besides showing calculated differences which can be t raced back 
to the differences of the five considered sets of tungsten c ro s s sect ions, 
Table XVI also i l lus t ra tes the fact that agreement in one exper imenta l 
pa r ame te r (say c r i t i ca l m a s s ) doesn ' t n e c e s s a r i l y "prove out" a c r o s s -
section set. Compensating e r r o r s a r e possible and probably common; 
thus, comparing, for example, calculated r e su l t s for sets No. 30 and No. 37, 
it is seen that set No. 30 has the lower OQ for tungsten, but cont rary to 
f irs t expectat ions produces a l a rger calculated c r i t i ca l m a s s . This means 
that for the assembly in question the lower CJ-jĵ  c r o s s - s e c t i o n values of 
set No. 30 in react iv i ty t e r m s outweigh the lower O^ va lues . 

One of the major conclusions of this study has been that it is pref­
erable (for purposes of proving tungsten c ro s s sections) to make a few 
select m e a s u r e m e n t s on a number of differing tungsten-containing a s ­
semblies r a the r than study some par t icu la r assembly at great length. This 
is because mos t of the measurab le p a r a m e t e r s (such as fission rat ios) a r e 
affected only indirect ly by the p resence of tungsten, that i s , they a re af­
fected only to the extent that tungsten influences the overa l l core spect rum. 
Exper imental ly , it is thus m o r e profitable to va ry the spec t rum (by con­
structing different assembl ies ) and do a few select m e a s u r e m e n t s r a the r 
than obtain essent ia l ly the same information by performing multiple m e a s ­
u rements in some par t icu la r spec t rum. 

6. Compar ison of DSN and DTK Reactor Calculations 

A compar i son of cr i t ica l i ty was miade by use of the DSN and DTK 
computing codes for the unreflected Godiva and reflected Topsy sys tems 
(see Tables XVII and XVIIl). Angular approximations N of 4, 8, and 16, 
and convergence c r i t e r i a of 10-5 £^^ Godiva and of 10" and 10" for Topsy 
were used in the calculat ions. An SNG case was also studied. The analyses 
were based on 16 energy groups and cr i t ica l i ty was obtained by varying the 
radi i for a l l reg ions . 

Table XVII. Cr i t ica l Dimensions of Godiva Determined 
from Conaputer Codes DSN and DTK 

Code 

DSN 
DTK 
DSN 
DTK 
DSN 
DTK 

N 

4 
4 
8 
8 

16 
16 

Convergence 

10-5 
10-5 
10-5 
10-5 
10-5 
10-5 

Cr i t i ca l Core 
Radius, cm 

8.7557 
8.7080 
8.8032 
8.78425 
8.8133 
8.8053 
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DSN 
D T K 

(SNG) 
DSN 
D T K 
DSN 
D T K 
DSN 
DSN 
D T K 

4 
4 
4 
4 
4 
8 
8 

16 
16 
16 

10-5 
10-5 
10-5 
10-6 
10-6 
10-6 
10-6 
10-5 
10"6 
10~6 

T a b l e XVIII. C r i t i c a l D i m e n s i o n s of T o p s y C o r e D e t e r m i n e d 
f r o m C o m p u t e r C o d e s DSN, DTK, and SNG 

C r i t i c a l O u t e r * 
Code N C o n v e r g e n c e R a d i u s , c m 

26.3206 
26.3870 
26.4424 
26.3206 
26.3872 
26.6343 
26.6023 
26.70925 
26.7092 
26.6901 

*Oute r r a d i a l d i m e n s i o n of the T o p s y r e f l e c t o r . Ra t io 
of c o r e r a d i u s to o u t e r r a d i u s i s 0 .2291-

The d i f f e r e n c e s in c r i t i c a l r a d i i a s g iven by the DSN and DTK c o d e s 
a t N = 4 a r e e s s e n t i a l l y c a u s e d by the low a n g u l a r a p p r o x i m a t i o n and no t 
due to i n a d e q u a t e c o n v e r g e n c e c r i t e r i a . In the t a b l e s it i s s e e n tha t for the 
c a s e of the b a r e s y s t e m (Godiva) the D T K code g i v e s s m a l l e r c r i t i c a l r a d i i 
t han DSN for the low a p p r o x i m a t i o n , N = 4, w h e r e a s for the c a s e of the 
r e f l e c t e d s y s t e m (Topsy) , the DSN code g ives s m a l l e r c r i t i c a l r a d i i t han 
D T K for the low a p p r o x i m a t i o n , N = 4. 

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

A s y n t h e s i s of an o p t i m a l n u c l e a r r e a c t o r c o n t r o l s y s t e m h a s b e e n 
d e v e l o p e d . In deve lop ing t h i s concep t , a one d e l a y e d - g r o u p t h e o r y is u s e d 
to d e s c r i b e the k i n e t i c s of a n u c l e a r r e a c t o r . F u r t h e r , the p e r f o r m a n c e 
index w h i c h is m i n i m i z e d j ^ the i n t e g r a l of a we igh ted s q u a r e e r r o r and of 
the " c o n t r o l - e f f o r t " (np)^, w h e r e n i s the n e u t r o n d e n s i t y output and p i s 
the e x c e s s r e a c t i v i t y in $. In t h i s d e v e l o p m e n t , the o p t i m a l c o n t r o l input 
funct ion which d r i v e s the r e a c t o r i s e x p r e s s e d in a f o r m su i t ab l e to be 
r e a l i z e d a s a c l o s e d loop s y s t e m . To s impl i fy the c o n t r o l l e r , an inf ini te 
t i m e of o p e r a t i o n w a s a s s u m e d but for s u c h a c a s e , it w a s n e c e s s a r y to 
i n v e s t i g a t e the s t a b i l i t y of the o v e r a l l s y s t e m . In conc lus ion , the s t a b i l i t y 
c r i t e r i a of the s t a t i o n a r y s y s t e m a r e g iven . 

C. H i g h - t e m p e r a t u r e M a t e r i a l s D e v e l o p m e n t 

1. (Th,U) P h o s p h i d e s 

S tud ie s have con t inued of the effect on the l a t t i c e c o n s t a n t of h e a t ­
ing u r a n i u m p h o s p h i d e in a v a c u u m . H e a t i n g U P above 1500°C i n v a r i a b l y 
r e s u l t e d in a c h a n g e in the l a t t i c e c o n s t a n t ; the o r i g i n a l va lue of 5.589 A 



showed a m e a s u r a b l e dec rease , which general ly became m o r e significant 
with t r ea tmen t at higher t e m p e r a t u r e s . The dec rease in cel l dimension 
is a t t r ibuted to i r r e v e r s i b l e loss of phosphorus from the s t ruc tu re . How­
ever , the re la t ionship between lat t ice constant and heating t empera tu re is 
m o r e complicated, since another effect became noticeable when heating 
was c a r r i e d out above 1800°C. Some samples fired at 2000°C exhibited the 
same lat t ice constant as those fired at 1800°C. Also, a specimen of UP 
containing about 10% of UOj, t r ea ted at 2200°C for 4 hr , showed a differ­
ence in lat t ice constant between m a t e r i a l from the in ter ior and that from 
the outer surface . The surface m a t e r i a l was free of UO2 and exhibited a 
lat t ice constant of 5.584 A, whereas UP from the in ter ior , which was m 
contact with UO2, had a value of 5.579 A.̂  Finally, UP fired at 2000°C for 
one hour had a latt ice constant of 5.578 A, which increased to 5.583 A with 
an additional 4 hr at this t e m p e r a t u r e . 

The above phenomena can be explained in the following manner . 
Above 1500°C, UP loses phosphorus, resul t ing in a contracted latt ice; above 
1800°C, another substance is expelled from the s t ruc tu re , producing an ex­
panded lat t ice, and this la t ter effect somewhat offsets the former one. Dis ­
solved oxygen and nitrogen a r e mos t likely the anions expelled at elevated 
t e m p e r a t u r e s , and, since they a r e much smal le r than phosphorus, their 
el imination would resu l t in a lat t ice expansion. The amount of oxygen and 
ni t rogen dissolved in the UP s t ruc tu re should not exceed 0.10 or 0.15% on 
the bas i s of meta l lographic and chemica l ana lyses . Therefore , the UP 
latt ice should continue to contract at higher t e m p e r a t u r e s once the dissolved 
anions have disappeared. 

2. PuC and (U,Pu)C 

P r e s e n t work is d i rec ted to the development of methods for p r o ­
ducing (U,Pu)C solid solution. Because of the ex t remely high ra t e s of at­
mospher ic co r ros ion of par t ly ca rbur ized U-Pu alloy, its carbur iza t ion 
does not seem promis ing as a method of production of (U,Pu)C. Additional 
work has been done on the diffusion of PuC and UC in an effort to obtain 
s ingle-phase solutions. Metal lographic examination of an equal mix ture 
of PuC and UC powders fired at 1900°C and at 2000°C showed diffusion of 
PuC into the UC gra ins . Additional firing at 2075°C showed grain growth 
of the UC-r i ch gra ins , but some PuC st i l l remained in the grain boundar ies . 

A UC-20 w/o PuC powder mix ture was fired at 2000°C for a total of 
40 mill in 10-min in te rva l s . After each 10-min interval , the furnace was 
cooled and the fused cake was removed, sampled, and reground to the ini­
t ia l par t ic le s ize of 80 NBS mesh . After 20 min of reac t ion t ime, little 
PuC was observed under meta l lographic examination. The fourth firing 
gave a much denser product than was previously observed. This product 
is being evaluated. 
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3. I r radia t ion of US and UC-PuC 

An ins t rumented, t empera tu re -con t ro l l ed i r radia t ion capsule con­
taining four uran ium sulfide specimens and two UC-20 w/o PuC specinaens 
was inser ted into the MTR reac to r . The uranium sulfide was in the form 
of p r e s sed and s in tered pel le ts , whereas the carbides were v ib ra to ry -
compacted physical mix tu res of depleted uranium carbide and of both hypo-
and hypers to ich iomet r ic plutonium carbide . The overa l l specimen 
dimensions a r e 7.2 m m in d iameter and 7.6 cm in length. All specimens 
a r e clad with 0.30 m m Nb-1 w/o Zr alloy. Target burnup for these speci ­
mens is 10 a /o of the meta l atoixis at a cladding surface t empera tu re of 
600 ± 50°C. 

The capsule has a double-wall construct ion with a mixture of helium 
and ni t rogen flowing between the inner and outer capsule walls . Specimen 
t e m p e r a t u r e is controlled by varying the composition of the flowing gas and 
hence the t h e r m a l conductivity of the annulus. A s ta inless s tee l -sheathed 
ch rome l - a lume l thermocouple is adjacent to the midplane of each fuel s ec ­
tion to monitor the cladding surface t e m p e r a t u r e . One uraniuni sulfide 
specimen contains a tungsten-coated tantalum center thermocouple well 
into which was placed a W-5 Re /W-26 Re thermocouple to monitor the 
t empera tu re at the fuel center . Although al l thermocouples were operating 
proper ly when the capsule was shipped to the reac tor si te, the center the r ­
mocouple did not function p roper ly after r eac to r s tar tup. All other t h e r m o ­
couples a r e functioning proper ly . The specimens a r e operating at slightly 
below the des i red cladding surface t e m p e r a t u r e s at the limit of control 
possible with this capsule , and the capsule will be moved to a higher flux 
position. 

A capsule of ident ical construct ion and containing a s imi lar s e r i e s 
of specimens is being readied for i r radia t ion . A uranium sulfide specimen 
will again contain a center thermocouple Target burnup for specimens in 
this capsule is 5 a /o of the me ta l a toms at a cladding surface t empera tu re 
of 800 ± 50°C. 

4. The Thor ium-Uran ium-Plu ton ium Phase Diagram 

The r emarkab l e lowering of the a lpha-beta t ransformat ion of tho­
r ium by plutonium additions that v/as repor ted by Russian workers could 
not be confirmed by US-UK inves t iga tors . In P r o g r e s s Report for November 
1963, ANL-6808, p. 42, we indicated that solid solutions of plutonium in 
beta thor ium occur at 700 and 900°C. The plot of the latt ice pa rame te r of 
a lpha- thor ium v e r s u s composit ion of quenched t e rna ry alloys shows d i s ­
continuities that can reasonably be explained by assuming that the beta-
thor ium phase is p resen t at these t e m p e r a t u r e s . 

An example for a s e r i e s of t ho r ium-base alloys with 4 w/o U and 
var ious percentages of plutoniuixi is shown in Figure 19. F r o m the 
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m e a s u r e m e n t s of the l a t t i c e p a r a m e t e r s c o m b i n e d wi th m e t a l l o g r a p h i c 
e x a m i n a t i o n s , t he two p a r t i a l s e c t i o n s t h r o u g h the t e r n a r y p h a s e d i a g r a m 
shown in F i g u r e s 20 and 21 w e r e ob ta ined . F r o m t h e s e the r a t h e r w e a k 
b r e a k s in the l a t t i c e p a r a m e t e r v e r s u s c o m p o s i t i o n p lo t s for the b i n a r y 
t h o r i u m - p l u t o n i u m a l l oys ( s ee F i g u r e 22) w e r e loca t ed , y ie ld ing in t u r n , 
the p a r t i a l p h a s e d i a g r a m of F i g u r e 23 . A l l the da t a a r e c o n s i s t e n t . 
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J«Th+/3u 

4 .98L 
Th 

4 a/o URANIUM 

ANNEALED AT 700 °C 
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Th+PTh+ ' -
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a/o PLUTONIUM 

Figure 19 

Lattice Parameters of a.-Thorium Phase of 
Th-4 a/o U-Pu Alloys. (The high-temperature 
phases are indicated.) 
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Figure 20. Preliminary Phase Diagram of Thorium-Plutonium-
Uranium at 700°C 

A d d i t i o n a l c o n f i r m a t i o n w a s o b t a i n e d f r o m a n e l e c t r o n m i c r o p r o b e 
a n a l y s i s ( s e e T a b l e XIX) of t h e a l l o y T h - 2 0 w / o U - 3 5 w / o P u , w h i c h s h o w e d 
t h e a c t u a l c o m p o s i t i o n of i t s a l p h a p h a s e t o a g r e e w i t h t h e p h a s e d i a g r a m s 
of F i g u r e s 19 a n d 20 . 

T h e t w o t e r n a r y p h a s e d i a g r a m s s h o w c l e a r l y t h e r e s t r i c t e d r a n g e 
of t e r n a r y a l l o y s u s e f u l a s h i g h - t e m p e r a t u r e f u e l s . T h e y a r e t h o s e a l l o y s 
in w h i c h n o l i q u i d p h a s e o c c u r s a t e l e v a t e d t e m p e r a t u r e s . 
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Figure 21. Preliminary Phase Diagram of Thorium-Plutonium-
Uranium at 900°C 
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Figure 22. Lattice Parameters of a -Th Phase of 
Th-Pu Alloys. (The high-temperature 
phases are indicated.) 
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Table XIX. Composi t ion of the Alpha P h a s e in an Alloy with 
45 w / o Th-20 w/o""U--35 w/o Pu 

Composi t ion of a P h a s e 

Quenching 
T e m p e r a t u r e 

(°C) 

By M i c r o p r o b e 
Ana lys i s 

F r o m P h a s e 
D i a g r a m 

v/o Pu v/o U v/o Pu v/o U 

700 
900 

18.2 0.6 18.5 1.0 
15.6 0.4 16.0 1.2 



5. Fuel Jacke ts 

Three tungsten s leeves were extruded at 1100°C to provide stock 
for secondary fabrication as follows: 

Billet Components 
Ext. ^ Extrus ion 
No. Jacket Annulus Core Ratio 

244 304 SS - Mo 13.1:1 
245 304 SS AI2O3 Mo 13.1:1 
246 304 SS - 304 SS 13.1:1 

Radiographs of the extruded b a r s showed the tungsten s leeve to be uniform 
and free of defects. The c r o s s section showed slight ovality. The use of 
Type 304 s ta in less s tee l co re s could ma te r i a l ly reduce bil let can costs , 
and also pe rmi t lower extrusion constants and higher extrusion ra t ios . The 
init ial a t tempt to use 304 SS as the core m a t e r i a l (Ext. No. 246) was ve ry 
successful and will be evaluated further . 

During the repor t ing period a s e r i e s of cast Stellite hot swaging 
dies were received. The die design is essent ia l ly the same as that used 
commerc ia l ly for hot swaging of tungsten rod. Sizes of the twelve dies 
range from 1.385 cm (0.545 in.) to 0.401 cm (0.158 in.) with intervals of 
20% reduction. Each die was given a p re l imina ry check by hot swaging a 
piece of tungsten rod. The surface quality was fair consider ing no p ro ­
tective coating was used to prevent contamination. 

Current ly , a s e r i e s of extruded tungsten tube composi tes , i .e. , 
tubing jacketed with 304 SS and supported by a molybdenum core , a r e being 
hot swaged for tube pointing evaluation. 

D. Other Reactor Fuels and Mate r ia l s Development 

1. Cor ros ion of F e r r o u s Alloys in Superheated Steam 

Various percentages of aluminum were added to Type 304 s ta in less 
s tee l in an effort to iniprove the co r ros ion r e s i s t ance . About 4% Al was 
requ i red (as shown in Table XX) to make a substant ia l improvement . 

Table XX. Cor ros ion of Modified Type 304 Stainless Steel 
in 650°C, 42-kg/cm'^ Steam (30 ppm Oj) 

Defilmed Metal L o s s - Defilmed Metal Loss -
Alloy 304, 28-day Exposure , Alloy 304, 28-day Exposure , 

% Al mg/cm^ % Al m g / cm^ 

0 18.0 4 0.06 
1 17.0 5 0.03 
2 8.8 
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Unfortunately the alloys containing 4 and 5 w/o Al were br i t t le after 
hot rolling into sheet form. 

Alloys of Incoloy 800 modified with aluminum were obtained from 
the Internat ional Nickel Company. The re su l t s of the corros ion exposure 
a r e shown in Table XXI. 

Table XXI. Cor ros ion of Modified Incoloy 800 in 
650°C, 42-kg/cm2 Steam (30 ppm O2) 

Defilmed Metal Loss, 
m g / c m 

Alloy 800, 
% Al Added 

0 
1.05 
1.7 
2.4 

3.7 (+0.3 w/o Ti) 
3.9 

7.0 Days 

8.30 
4.67 
0.33 
1.06 
0.52 
0.25 

15.9 Days 

4.21 
0.61 
1.04 
0.46 
0.26 

These alloys were ductile in sheet form and hel iarc welds of the 
3.9 w/o Al m a t e r i a l were not b r i t t l e . Samples a r e being prepared for 
evaluation in flowing s team. 

A wr i s t -p in failure in the feedwater pump has delayed test ing in 
flowing s team. The new h igh - t empera tu re semis ta t ic s team autoclave is 
completed and in the p rocess of being tested. 

2. Nondestruct ive Testing 

a. Application of Infrared Radiation- Investigation of the possible 
use of infrared in nondestruct ive test ing has continued. The optical head 
of the mechanical ly scanned infrared imaging sys tem (see P r o g r e s s Re­
port for November 1963, ANL-6808, p. 49) is being redesigned to permi t 
much higher chopping speeds so as to improve the resolut ion and the 
s igna l - to -noise ra t io . 

b. Neutron Imaging. Severa l uni r radia ted plutonium fuel pins and 
one i r rad ia ted , radioact ive r eac to r fuel capsule were inspected. An at­
tempt was also made to compare the neutron attenuation proper t ies of 
seve ra l r eac to r control m a t e r i a l s to the neutron attenuation of cadmium 
by use of s eve ra l neutron-detect ing m a t e r i a l s in order to vary the neutron 
energ ies involved. The initial a t tempt was encouraging, and further studies 
a r e planned. 



^' Ul t rasonic Imaging. Imaging round inspection objects by u l t r a ­
sonic methods will be useful p r ima r i l y for re la t ively l a rge -d i ame te r (4 cm 
or more) m a t e r i a l . The inspection of round m a t e r i a l of smal le r d iameter 
is complicated by the fact that the m a t e r i a l itself acts as an ul t rasonic lens 
and the image information is difficult to in te rpre t . 

Fu r the r studies of flat m a t e r i a l have verif ied that much im­
proved v isua l flaw detection can be rea l i zed by orienting the sample at an 
angle of 15 to 20° from the direct ion of the u l t rasonic beam. Much of this 
improvement may be the elimination of mult iple reflect ions between sample 
and detector . 

F u r t h e r efforts a r e now under way to deter inine the inspection 
speed possible for flat inspection objects . 

The application of u l t rasonic techniques to the inspection of 
s m a l l - d i a m e t e r tubing is usually r e s t r i c t e d to d i ame te r s of 0.64 cm or 
l a rge r . Below a d iameter of 0.64 cm, the u l t rasonic beam is so severe ly 
sca t te red that insufficient energy is propagated in the tube wall. One pos­
sible approach to the solution of this problem lies in the design and con­
struct ion of spec ia l -purpose t r ansduce r p robes . 

With this approach in mind, tubular and rec tangular c rys t a l 
e lements , which shapes appear to offer the mos t p romise , were purchased. 
Several probes were fabricated with curved and rec tangular c rys t a l s of 
lead z i rcona te - t i t ana te (Clevite 's P Z T - 4 ) . 

P r e l i m i n a r y t e s t s on Nb- 1 w/o Zr tubing (of 0.51-cm diameter ) 
with a 2.25-Mc line-focused probe were successful . Fur the r t e s t s will be 
conducted on a var ie ty of s m a l l - d i a m e t e r tubing. 

During the test ing of the Nb-1 w/o Zr tubing, the 2.25-Mc 
focused probe became e r r a t i c and eventually failed completely. Sectioning 
of the probe disclosed that the s i lve r - loaded epoxy used for the ground 
connection had sett led during curing. Apparently, the na r row gap between 
the c r y s t a l faces had broken down after a period of t ime under load. 

To prevent the possibi l i ty of s imi la r breakdowns in the future, 
a wire is s i l ve r - so lde red d i rec t ly to the c ry s t a l face to serve as a ground 
lead. A second 2.25-Mc l ine-focused t r ansduce r with a wire ground has 
been operat ing normal ly for s eve ra l weeks . 

d. Detection of Sodium Level by Ul t rason ics . Several methods to 
de te rmine the level of sodium within a s ta in less s tee l container during a 
t r ans fe r operat ion were tes ted and compared . A low-frequency (from 0.4 
to 1 Mc range) ul t rasonic t r ansduce r used on the side of a tank yielded 
e r r a t i c r e su l t s during the actual t r ans fe r of sodium. However, subse­
quent work with this type of device appeared promis ing . 
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A good i nd i ca t i on of the s o d i u m l e v e l can be ob ta ined by mov ing 
the t r a n s d u c e r a long the w a l l of the t ank t h r o u g h the s o d i u m - l e v e l a r e a 
and o b s e r v i n g the r e f l e c t i o n of the u l t r a s o u n d f r o m the i nne r s t e e l w a l l of 
t h e c o n t a i n e r . Above the s o d i u m l eve l , a good r e f l e c t i o n is ob ta ined . Within 
the s o d i u m a r e a , the r e f l e c t i o n i s m u c h r e d u c e d a s the u l t r a so i ind e n t e r s 
the s o d i u m . The one q u e s t i o n s t i l l u n a n s w e r e d c o n c e r n i n g th i s m e t h o d is 
w h e t h e r or no t the s o d i u m w i l l wet the inne r s u r f a c e of the t ank suff ic ient ly 
to o b s e r v e the s o d i u m l e v e l d u r i n g the a c t u a l t r a n s f e r . 

O the r m e t h o d s u s e d to o b s e r v e the sod ium l e v e l inc luded 
p r o b i n g wi th a t h e r m o c o u p l e and the u s e of a t h e r m a l - s e n s i t i v e phosphor 
app l i ed to the o u t s i d e of the tank . The phosphor , a c t i va t ed by u l t r a v i o l e t 
and quenched by the h e a t of the sodiuna e n t e r i n g the t r a n s f e r c o n t a i n e r , 
y i e lded a con t inuous i nd i ca t ion of the s o d i u m l eve l du r ing the t r a n s f e r . 
Subsequen t t e s t s of sod ium l e v e l wi th the t h e r m o c o u p l e me thod , and with 
the p h o s p h o r and the u l t r a s o n i c t e c h n i q u e y ie lded ind ica t ions wi th in ±1 c m . 

e. C o r r e l a t i o n of H e a t - t r a n s f e r P r o p e r t i e s and Bond Qual i ty . To 
m e a s u r e t h e r m a l c o n d u c t i v i t i e s , it i s n e c e s s a r y to d e t e r m i n e Q, the 
a m o u n t of hea t a b s o r b e d a t the front s u r f a c e of the s p e c i m e n . In a c a l i ­
b r a t i o n a va lue for Q of 0.5234 c a l / c m ^ was found by us ing 2 S - a l u m i n u m , 
c o p p e r , and n i c k e l a s s t a n d a r d s , for t h e i r d e n s i t i e s and speci f ic h e a t s a r e 
w e l l known. 

Two s p e c i m e n s , 1.9 c m s q u a r e , w e r e s ec t i oned f rom an A r g o ­
n a u t fuel p l a t e . One c o n s i s t e d e n t i r e l y of the c o r e , which is a d i s p e r s i o n 
of UO2 in a lun i inu in . The o t h e r had a c ladd ing of 8 0 1 - a l u m i n u m al loy r o l l -
bonded to one s ide of the c o r e . E a c h s p e c i m e n was scanned , point by 
point , o v e r i t s e n t i r e s u r f a c e , and as a l l m e a s u r e m e n t s w e r e wi th in 5 p e r ­
cen t ( t h e r e is a p o s s i b l e 5 p e r c e n t e x p e r i m e n t a l e r r o r in the m e a s u r e ­
m e n t s ) , a v e r a g e v a l u e s a r e g iven . F o r c o m p a r i s o n , v a l u e s for 2S-a luminuni 
a r e a l s o g iven in T a b l e XXII. 

Table S H . Thernal Conductivity Measurements on Components of Argonaut Fuel Plates 

Specimen 

Al l2Si 

Argonaut: Core 

Argonaut: Core and cladding 
(cladding facing lieat source) 

Argonaut: Core and cladding 
(core facing heat source) 

Sample 
Thickness, 

Ucm) 

0.1278 

0.1263 

0.1267 

0.1267 

Thermal 
Diffusivity, 
a(cm%ec) 

0.860 

0.597 

0.6S 

0.619 

Maximum Back Surface 
Temperature Rise, 

TmCa 

7.02 

6,66 

6,71 

6.70 

Thermal Conductivity. 
K(cal-cm/cm?-sec-°Ci 

0.502 

0,371 

0,385 

0.382 

As v a l u e s for the full p l a t e s p e c i m e n s a r e within 10%, which is 
wi th in the a c c u r a c y of the s y s t e m , it can be concluded that the bonding of 
the c lad to the c o r e h a s not affected i t s h e a t - t r a n s m i s s i o n p r o p e r t i e s . 

Th i s l a s t s e r i e s of m e a s u r e m e n t s has ind ica ted the need for 
m a i n t a i n i n g a m o r e s t ab l e and r i g i d t h e r m o c o u p l e con tac t at the b a c k 
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surface of the specimen. As the specimens a r e scanned, the contact r e ­
s is tance mus t be maintained at its lowest value or spurious values of TYYI 

can resu l t . Modifications a r e present ly being made on the thermocouple 
supporting s t ruc tu re . 

E. Heat Engineering 

1. Heat Transfe r in Double-pipe Heat Exchangers 

The previous analyt ical studies of heat t r ans fe r in double-pipe 
heat exchangers (e.g., see Monthly Report for October 1963, ANL-6801, 
p. 53) have concentra ted on the use of plug flow models of the fluids. The 
introduction of an "effective conductivity approximat ion" made it possible 
to apply the r e su l t s of these analyses to the turbulent flow of liquid meta l s 
when Pec le t numbers a r e less than 1000. The extension of the analysis to 
Pec le t numbers l a rge r than 1000, and the need for a m o r e definitive in­
vest igat ion of the range of applicabili ty of the "effective conductivity 
approximat ion," led to considerat ion of an in teres t ing c lass of "two-region" 
Sturm-Liouvi l le sy s t ems . This type of sys tem re su l t s when at tempts a r e 
naade to find analyt ical solutions for the turbulent and laminar cocur ren t -
flow double-pipe hext -exchanger p rob lems by use of the c l a s s i ca l method 
of separa t ion of va r i ab l e s . 

The following "two-region" Sturm-Liouvi l le problem i l lus t ra tes 
some of the highlights of the recent work. 

(1) Let yi(X,x) and y2(X,x) be defined as the functions which satisfy 
the differential equations 

yl' +gi(x)Xyi = 0; i = 1,2, 

with the boundary condition 

y;(X,0) = 0; i = 1,2. 

P r i m e s denote differentiation with r e spec t to x, the gj(x) a r e 
a r b i t r a r y non-negat ive functions of x defined for 0 ^ x ^ 1 , and X is an 
a r b i t r a r y r e a l p a r a m e t e r . 

(2) Let Xĵ , with n = 1,2,3, .. . , be the non-ze ro positive roots of 

yi(X,l)y;(X,l) + ayi(>, l )y2(X,l ) + f̂ yK X, l)yK X, l) = 0, 

where a and /3 a r e positive r e a l constants . There will be a denumerably 
infinite number of these roo t s . 
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(3) Define the functions 

Ejj^(x) = yK^^n. l)yi(>^n.x) 

E2n(x) = - a y|(Xj^, l)y2(Xn,x), 

which obviously satisfy the differential equations and boundary conditions 
of (1). It can be shown that they also satisfy the boundary conditions 

a E ; j l ) + E y i ) = 0 

and 

^E;n( l ) + E,^( l) - E , J l ) = 0. 

(4) The functions Ê ^̂  a r e eigenfunctions corresponding to the 
eigenvalues Xn for a " two-region" Sturm-Liouvi l le sys tem. The two r e ­
gions a r e identified by the two functions gj and g2- When these functions 
a r e equal, the sys tem reduces to the usual Sturm-Liouvi l le type. The 
equivalent of an orthogonality condition for the two region sys tem is given 
by 

m im 
+ T g7E,„E,^)dx = 0 for n / m a °2 zn zm' ' 

= N-n for n = m, 

with Nn a normal iz ing factor. For comple teness , XQ is taken as ze ro and 
Eĵ Q, with i = 1,2, a r e taken equal to unity. 

(5) The above makes it possible to r e p r e s e n t two a r b i t r a r y func­
tions fi(x) and f2(x) as expansions of the form 

fi(x) = 2 , CnEin(x), 
n=o 

with 

Cn = ^ I (figi^in + ~ fzgzEzn/dx. 

As applied to the cocurrent - f low double-pipe heat exchanger, fj and 
f2 r e p r e s e n t inlet tenaperature d is t r ibut ions for the two fluids. For the 



laminar flow case , gj and g2 a r e propor t ional to the fluid velocity d i s t r i ­
butions. For the turbulent flow case these functions depend on both eddy 
diffusivity and velocity dis t r ibut ions . The " two-region" Sturm-Liouvi l le 
sys t em outlined above makes it possible to obtain a p rac t i ca l solution for 
these cases based on var ious available approximation methods for e s t i ­
mating eigenvalues and eigenfunctions. 

2. Studies of Boiling Liquid Metals 

Assembly of the 10-kW rad ian t -hea ted NaK loop is p rogress ing . 
An argon-pur i f icat ion sys tem, consist ing of a magnes ium perch lora te 
mo i s tu re r emove r , a NaK bubbler, and a NaK vapor t r ap , is being instal led. 
Some difficulty has been encountered in locating thermocouples in the 
heated section. P resen t ly , c h r o m e l - a l u m e l thermocouples in a 0.060-in. 
sheath a r e being investigated for this application. 

A s m a l l - s c a l e e l ec t ron-bombardment heated-pool boiler is being 
designed. This sys tem cons is t s of a l6 - in . heated length with four 0.060-in. 
sheathed c h r o m e l - a l u m e l thermocouples located in the anode wall. The 
boiling liquid m e t a l will be condensed by use of a coil condenser . The a ims 
of this exper iment a r e : 

(1) to gain exper ience with e lec t ron bombardment heating at higher 
power levels , 

(2) to invest igate the m e a s u r e m e n t of t e m p e r a t u r e s in tube wal ls , 
and 

(3) to obtain boiling of alkali m e t a l s . 

3. Stability in Pa ra l l e l - channe l Flow Systems 

In a boi ler or a boiling water r eac to r , the makeup water introduced 
to the channels may be ( seve ra l degrees) below satura t ion t e m p e r a t u r e . 
Consequently, boiling does not occur immedia te ly at the channel inlet, and 
a portion of the length of the channels may have subcooled liquid. In such 
ca se s , the analyt ical methods^ which a s s u m e that a l l water in the r eac to r 
is at sa tura t ion t e m p e r a t u r e cannot be applied d i rec t ly . 

A m o r e rea l i s t i c case , in which the water en te r s the channels at a 
constant subcooled t e m p e r a t u r e , may be studied by such techniques provided 
the conservat ion equations a r e wri t ten with different unknowns," namely, 

^C. K. Sanathanan, D^oiamic Analysis of Coolant Flow in Boiling Water 
Nuclear R e a c t o r s , Ph.D. Thes is submitted to Case Institute of Tech­
nology (1963). 

" J . E. Meyer , Conservat ions Laws in One-dimensional Hydrodynamics , 
Bet t is Technica l Review (Sept I960). 



p(z,t) the average density, H'(z,t) the mixing-cup enthalpy, and G(z,t) the 
m a s s flow ra te per unit a r ea . The var iab les in Ref. 5, namely, a(z , t ) , the 
void fraction, and Vf(z,t) and V„(z,t), the veloci t ies of water and s team, 
respect ively , may then be indirect ly obtained. The proposed sys tem would 
have a boundary condition AH'(0,t) = 0 for t ^ 0 to ensure constant inlet 
enthalpy. Slip-flow conditions a r e considered in an indirect manner . 

The equations descr ibing the dynamics of the subcooled sys tem 
may now be solved, since the new var iab les a r e continuous and differ-
entiable in space and in t ime. (The void fraction ct would have a ze ro zone 
in z for a subcooled case . ) 

4. Shipping Cask Heat Transfe r 

Redesign of the proposed EBWR shipping cask has necess i ta ted a 
complete revis ion of the or iginal heat t ransfe r analysis . Calculations 
made to date indicate that the cask su r f ace - t empera tu re res t r i c t ion may 
cause a l imit in the fuel loading. Elimination of paint on the exter ior su r ­
faces of the cask reduces radiant heat t ransfe r and inc reases solar ab­
sorptivity, both to a marked degree . A simple s teady-s ta te calculation 
under max imum so la r -hea t ing conditions is no longer sufficient to demon­
s t ra t e that significant heat loads from the fuel can be tolerated. The ap­
proach now being at tempted is a t r ans ien t study which considers the 
mass ive heat capacity of the cask and the diurnal radiat ion cycle. Resul ts 
from this study should allow a m o r e rea l i s t i c es t imate of the allowable 
fuel capacity of the cask. 

5. Boiling Sodium Heat Transfe r Faci l i ty 

The t e m p o r a r y facility for checking out the 150-kW power supply 
has been essen t ia l ly completed. Some conceptual design work for shut te rs 
and ac tua tors for the liquid m e t a l loop heat exchanger is underway. 

F . Chemical Separations 

1. Chemis t ry of Liquid Metals 

a. The LanthanuiTi-Cadmium System. Five in termetal l ic com­
pounds a r e known to exist in the sys tem lanthanum-cadmium: LaCdu, 
La2CdiY, La3Cdi3, LaCd2, and LaCd. The equil ibr ium p r e s s u r e of cadmium 
over the following two-phase regions has been measured : LaCdii-La2Cdi7, 
La2Cdi7-La3Cdx3, La3Cdi3-LaCd2, and LaCd2-LaCd. The t empera tu re range 
of the m e a s u r e m e n t s was from 356 to 490°C. The data will be used to ca l ­
culate the thermodynamic p roper t i e s of these phases . 

b. Liquid Metal Disti l lation. Vaporizat ion from the l iquid-vapor 
surface of a liquid pool without the formation of vapor bubbles (nonturbulent 
vaporizat ion) is a method of vapor izat ion that is of in te res t in relation to 



re tor t ing steps of pyrometa l lu rg ica l r ecovery p r o c e s s e s , since the method 
will ve ry likely involve little entrainment . Study of the nonturbulent vapor ­
ization of m e r c u r y from a 1- in . -diameter , 12-in.-deep liquid pool has been 
continued. The t empe ra tu r e at the liquid surface has been measu red at 
high and low vapor izat ion r a t e s by means of a modified liquid me ta l t h e r ­
mocouple. A large difference in t empe ra tu r e existed a c r o s s the vaporizing 
surface; at a high vapor izat ion ra t e , the maximum and min imum t e m p e r a ­
tu res differed by 18°C. The t empe ra tu r e i so the rms were a symmet r i c with 
respec t to the pool center , pa r t i cu la r ly at high vaporizat ion r a t e s . 

2. Fluidizat ion and Volatil i ty Separation P r o c e s s e s 

a. Recovery of Uranium from Low-enr ichment Ceramic Fuels 

(i) Labo ra to ry - sca l e Fluid-bed Fluor ina t ions . Labora tory 
support work has been di rected toward the es tabl ishment of optimum con­
ditions for the fluid-bed fluorination of mix tu res of U30g and plutonium 
dioxide (see P r o g r e s s Repor t s for November and December 1963; ANL-
6808, p. 53, and ANL-6810, p. 37). Recent fluid-bed exper iments have 
been made to de te rmine the effect on the retent ion of plutonium on alu­
mina of the following: 

(a) the use of mix tu res of Pu02, UsOg, and fission product 
oxides in which the Pu02 and U3O8 were mixed as sepa ra t e compounds and 
were not obtained from the oxidation of a solid solution of PUO2 and UO2 
pr ior to mixing with fission product oxides, as was the case in previous 
exper iments ; 

(b) the use of a low fluorination t e m p e r a t u r e and a low 
ra te of feed m a t e r i a l during the feeding-fluorination period. 

The concentra t ion of plutonium in the U3O8-PUO2 mix tu res 
was about 0.4 w/o , and the concentrat ion of 11 fission product oxides 
(LajOa, Ce02, Pr^Ou, Nd203, Sm203, EU2O3, GdzOg, Y2O3, BaO, ZrOz, and 
M0O3) was about 0.9 w /o . In these runs , alumina was added to the mix ture 
pr ior to being fed to the fluid-bed r eac to r . The fluorination reac t ion con­
sis ted of two s teps . The f i r s t step was a feeding-fluorination period during 
which the feed m a t e r i a l was continuously t r anspor t ed into a I j - - in . -diameter 
fluidized bed of alumina and s imultaneously reac ted with 20 v /o fluorine 
in ni t rogen. The second fluorination step was c a r r i e d out with 100% fluo­
r ine , which was recycled through the fluid bed. 

The feeding-fluorination period was performed at 450°C 
over a period of 3.8 hr ( f eed-mate r i a l flow ra te was 1.3 g /min) . This 
period was followed by th ree success ive recycle- f luor ina t ion per iods of 
5 hr at 450°C, 5 hr at 500=0, and 10 hr at 550°C. After this s e r i e s of 



recycle fluorinations, the res idua l plutonium and uranium contents of the 
alumina were 0.006 w/o and 0.003 w/o , respect ively. The resu l t s of this 
run have shown the following: 

(1) No appreciable difference in the level of plutonium 
retent ion on the alumina resu l ted from the use of a mixture of plutonium 
dioxide, U3O3, and fission product oxides prepared either by mixing sepa­
r a t e components or by using PUO2 and UsOg obtained from the oxidation of 
PUO2-UO2 solid solutions pr ior to mixing with the fission product oxides. 

(2) Retentions of plutonium on alumina as low as 0.006 w/> 
were indicated with the uti l ization of both a low fluorination t empera tu re 
and a low feed-mate r i a l ra te during the feeding-fluorination period. 

b. Engineer ing-sca le Studies of Two-zone Oxidation-Fluorination 
P rocess ing Scheme for Clad Uranium Dioxide. The alumina bed from a 
previous two-zone oxidation-fluorination run (see P r o g r e s s Report for 
October 1963, ANL-6801, p. 6O) was subjected to a second cleanup fluorina­
tion step for further removal of uranium (see P r o g r e s s Report for Novem­
ber 1963, ANL-6808, p. 55). In this run, the fuel charge consisted of 
twelve 11.6-in.-long simulated sheared pieces of Type 304 s ta inless s tee l -
clad uranium dioxide pellets (3.25 kg uranium dioxide). The alumina in 
this run had been used as fluid-bed m a t e r i a l in a previous run (see P rog ­
r e s s Report for July 1963, ANL-6764, p. 53) and consisted mainly of snaall 
pa r t i c les , 86% of the par t ic les being in the size range of -120 +200 mesh. 
P r i o r to the f irs t fluorination cleanup step, the s ta inless steel cladding 
was removed from the r eac to r . The f i rs t cleanup step resul ted in reduc­
ing the res idual uranium concentrat ion in the alumina to 0.72 w/o, which 
is g rea te r by a factor of 10 than the uranium retained by the alumina in 
other runs . The second fluorination cleanup step was ca r r i ed out at the 
same t empera tu re as the f irst , 500°C, for an additional period of 5.5 hr 
(a total of 10 hr for the two cleanup steps) , with fluorine added to a maxi ­
mum concentrat ion of 83 percent (68% fluorine in the f irs t step). This 
reduced the res idua l uranium concentrat ion in the alumina to 0.035 w/o , 
which indicates that a sa t is factory remova l of uranium from alumina (after 
second usage) can be achieved by a cleanup step with fluorine in about 10 hr . 

c. Recovery of Uranium from Highly Enriched Uranium-Alloy 
Fuels by Chlorination and Fluorination Steps 

(i) Bench-sca le Studies. Studies of the feasibility of using a 
fluid-bed chlorinat ion-fluorinat ion scheme for the recovery of enriched 
uranium from uranium-al loy fuels were continued. Present ly , tes ts a re 
being c a r r i e d out with u ran ium-a luminum and u ran ium-Zi rca loy fuels in 
a 1—-in.-diameter fluid-bed reac to r , with the alloy subassembly being 
submerged in an iner t bed. 
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An additional run with a mult iplate u ran ium-a luminum fuel 
subassemibly has been c a r r i e d out (see P r o g r e s s Report for November 
1963, ANL-6808, p. 55) to tes t the effect on the re tent ion of uran ium by 
alumina of a fluorination procedure utilizing low ra t e s of fluorine feed, 
which could resu l t in the el imination of a fluorine recyc le s tep. The charge 
consis ted of four u ran ium-a luminum subassembl ies (total weight, 188.5 g; 
5.2 w/o no rma l uranium), each subassembly being 5 in. long. The fluid-
bed r eac to r contained 320 g of -40 +120 m e s h s in tered alumina (Tabular 
Alumina T-61 , Aluminum Company of Amer ica) ; the packed bed filter con­
tained 534 g of - 14 +20 m e s h fused alumina (Type 38 Alundum, Norton 
Company). The alumina in the fluid-bed r eac to r and the packed-bed filter 
had been used in previous runs . 

The following reac t ion sequence was used in the run: 
hydrochlorinat ion, hydrofluorination, and fluorination. The hydrochlor ina-
tion reac t ion (with hydrogen chloride containing 1100 ppm water) was 
c a r r i e d out while maintaining the fluid bed at a t e m p e r a t u r e of 250°C and 
the fil ter bed at 200°C. During the hydrochlor inat ion period, two subas­
sembl ies were reac ted over a period of 2-|-hr, after which the other two 
subassembl ies were charged to the fluid-bed r eac to r and reac ted over a 
period of 4-|-hr. The hydrofluorination step (with 25 to 50 v / o hydrogen 
fluoride in ni trogen) was conducted at a fluid-bed t e m p e r a t u r e of 350°C 
for 1 h r . During the fluorination step, the fluorine feed ra t e was 0.15 l i t e r s / 
min (at 21°C and 1 atm), which cor responded to about 6 kg of fluorine per 
kg of u ran ium recovered . This fluorine feed ra te was less than one-tenth 
the feed ra te previously used. The fluorination period was conducted in 
three steps over a 4-hr period, a.s follows: (l) the t e m p e r a t u r e of the fluid 
bed and the filter bed was gradual ly inc reased from 250°C to 500°C over a 
period of 1 y hr while feeding a 5 v / o f luor ine-ni t rogen mix ture , (2) the 
ni t rogen diluent in the 5 v / o f luor ine-ni t rogen mix ture was then gradual ly 
reduced to ze ro during the following-j-hr period, while maintaining the 
same fluorine feed r a t e and the same t e m p e r a t u r e (500°C) of the sys tem, 
and (3) the a lumina bed of the fluid-bed r eac to r was then maintained as a 
sett led, packed bed for the final 2 hr at 500°C while flowing a 95 V / J f luorine-
ni t rogen mix tu re at a low ra te of fluorine feed (0.15 l i t e r s / m i n ) which was 
insufficient to fluidize the alumina in the r eac to r . 

The re tent ions of u ran ium by the alumina in the fluid-bed 
r eac to r and the packed-bed fil ter were v e r y low: 0.005 w/o and 0.004 w/o , 
respec t ive ly . The r e s u l t s with the low r a t e of fluorine feed would indicate 
that a fluorine r ecyc le step may not be needed. The low re tent ions of u r a ­
nium by the alumina a r e comparab le with the r e su l t s obtained in a previous 
run (see P r o g r e s s Repor t for September 1963, ANL-6784, p. 53) in which 
the u ran ium re ta ined by the alumina in the fluid-bed r e a c t o r and the packed-
bed fi l ter were 0.004 w/o and 0.003 w/o , respec t ive ly . The alumina bed of 
the r e a c t o r in the previous ly r epor t ed run was fluidized during the fluorina­
tion period. 
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3. Genera l Chemis t ry and Chemical Engineering 

a. Conversion of Uranium Hexafluoride-Plutonium Hexafluoride 
Mixtures to Uraniuna-Plutonium Oxides: P repara t ion of High-density 
P a r t i c l e s . P lans a r e being made to develop a fluid-bed method for p r o ­
ducing high-densi ty par t ic les from mix tu res of plutonium hexafluoride and 
uranium hexafluoride by reac t ion with s team and hydrogen. This work is 
to be c a r r i e d out in a 2-in. d iameter fluid-bed reac tor to be instal led in 
the eng ineer ing-sca le plutonium handling facility (see P r o g r e s s Report for 
December 1963, ANL-6810, p. 38). 

Cur ren t invest igat ions a r e being made with uranium hexafluo­
r ide alone in p repara t ion for the study with the UFg-PuFg naixture and a r e 
being c a r r i e d out in a 3 - in . -d i ame te r fluid-bed reac to r . Recent work has 
invest igated an oxidat ion-reduct ion procedure for the fluid-bed prepara t ion 
of dense seed par t i c les as an a l te rna t ive to the present method of mechan­
ical grinding (see P r o g r e s s Repor t for September 1963, ANL-6784, p. 54). 
The rtuas were c a r r i e d out with fluid beds of -18 +80 mesh uraniuna dioxide 
pa r t i c l e s (tapped bulk density, ~6.2 g / cc ) . 

In a l l runs , the fraction of -80 mesh par t ic les inc reased with 
inc rease in the extent of oxida.tion. About 65 to 84 percent of the s tar t ing 
bed naater ia l was reduced to -80 m e s h par t i c les after 1.2 t imes the s to i ­
ch iomet r ic amount of oxygen requ i red for the complete oxidation of UO2 to 
U3O8 was added. Tapped bulk dens i t ies as high as 5.5 g/cc were achieved 
after the reduct ion step. 

b. Alpha Decomposit ion of Plutonium Hexafluoride. The effect of 
alpha-induced decomposit ion of plutonium hexafluoride is being investigated 
as a par t of a fundamental study of the radiat ion behavior of plutonium hexa­
fluoride. Additional data have been obtained on the ra te of alpha deconapo-
sition of gaseous plutonium hexafluoride to plutoniuna te t raf luor ide and 
fluorine (see P r o g r e s s Report for October 1963, ANL-6801, p. 58). The 
deconaposition r a t e s for plutonium hexafluoride were determined in runs 
which invest igated the following: ( l) the effect of s torage container volunae, 
(2) deconaposition tinae, (3) the p re sence of plutoniuna te t raf luor ide in the 
spheres frona previous alpha-deconaposit ion runs , (4) s torage t e m p e r a t u r e , 
and (5) su r face- to -vo lume ra t io of t e s t spheres (nickel wool was packed 
into sonae of the spheres to i nc r ea se the surface-to-volunae rat io) . The 
runs were c a r r i e d out in prefluorinatecl, nickel spheres whose volumes 
were e i ther aboiit 125 cc or 5.96 l i t e r s . The spheres were filled with v a r y ­
ing amounts (55 nam, 75 mm, or 100 m m Hg) of plutoniuna hexafluoride and 
held for 75 to 571 days at decomposi t ion t e m p e r a t u r e s which ranged from 
about 25°C to 82°C. hi nickel spheres which were packed with nickel wool, 
the geomet r i c su r face - to -vo lume ra t io was inc reased tenfold. 

The r e su l t s of the runs a r e summar ized in Table XXIII and show 
the following effects on the ave rage decomposi t ion ra te of plutoniuna 
hexafluoride: 
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(1) An increase in the volume of the s torage sphere resul ted 
in a dec rea se in the decomposit ion ra t e . 

(2) The average ra te of decomposit ion decreased with t ime, 
as was expected. A value of approximately 50 percent for the total de­
composition of plutonium hexafluoride was being approached at the longer 
decomposition t imes (571 days). 

(3) The presence of plutonium tetraf luoride resu l ted in a de­
c r e a s e in the decomposit ion ra te , which substantiated previously obtained 
data (see ANL-6801, p. 58). 

(4) The decomposition ra te was increased when the decompo­
sition t empe ra tu r e was increased (from 25 ± 2°C to 82 ± 2°C), which leads 
to the belief that some the rma l decomposit ion of the plutonium hexafluoride 
is taking place at the higher t empera tu re , since pure radiat ion-induced 
decomposit ion should be independent of t empera tu re . 

(5) The decomposition ra te was previously found to be s ig­
nificantly increased when alpha-induced decomposition occurred in spheres 
that contained nickel wool and pure plutonium hexafluoride (see P r o g r e s s 
Report for October 1963, ANL-6801, p. 59)- In the cu r ren t se r i e s of runs , 
the r a t e was noted to be less in spheres that were packed with nickel wool 
and contained plutonium tetraf luoride initially present from the previous 
decomposition of plutonium hexafluoride as compared with spheres that 
contained nickel wool and pure plutonium hexafluoride. 

Table XXIII. S u m m a r y of Da ta on Alpha - induced Decomposi t ion. 

Sphe re 

Volume 
(cc) 

-125 
-125 
5960 

-125 
-125 
-125 
-125 
-125 

~125C 
-125c 
-125 
-125 

P r e f l u o r i n a t e d , 

T e m p 
(°c) 

- 2 5 
- 2 5 
- 2 5 

- 2 5 
- 2 5 
- 2 5 
- 2 5 
- 2 5 

- 2 5 
- 2 5 
- 8 2 
- 8 2 

of P lu ton ium H 

n i cke l s p h e r e s 

In i t ia l 
P u F ^ 

P r e s s u r e 
(mm Hg) 

100 
100 
100 

100 
100 

75 
75 
50 

100 
100 
100 
100 

hexafluoride 

w e r e used for 

In i t ia l PUF4 
(mg) 

0 
28-57 

0 

0 
3.8, 7.6 ' ' 

0 
4 .8 
0 

44 
0 
0 

21-35 

s a m p l e 

75 

s t o r a g e ve 

A v e r a g e D 
R a t e 

to 77 Days 

0.19^ 
0.14a 
0.11 

-
-
-
-
-

0.16 
0.30a 
0.64 
0.53 

s s e l s 

ecom-
(%/da 

-

posi t ion 

• y ) 

571 Days 

_ 
-
-

0.044 
0.091 
0.095 
0.090 
0.067 

-
-
-
-

^ P r e v i o u s l y r e p o r t e d da ta ( see P r o g r e s s R e p o r t for Oc tober 1963, A N L - 6 8 0 1 , p. 59). 

The quant i ty of p lu ton ium t e t r a f l u o r i d e f r o m p rev ious PuFg d e c o m p o s i t i o n t e s t s 
in i t i a l ly presexit in each of the two s p h e r e s t e s t e d . 

^ S p h e r e s packed with n i cke l wool; s u r f a c e - t o - v o l u m e r a t i o i n c r e a s e d 10-fold. 



4. Ca lo r ime t ry 

As par t of a continuing p r o g r a m to determine the heats of forina-
tion of r e f r ac to ry substances by fluorine bomb ca lor imet ry , ca lo r ime t r i c 
combustions of hafnium diboride in fluorine have been initiated. Tech­
niques for the combustion of y t t r ium in fluorine have been developed, and 
a s e r i e s of c a lo r ime t r i c combustions is in p r o g r e s s . 

P r e l i m i n a r y combustions of uran ium monosulfide in fluorine have 
been per formed in a fluorine flow react ion vesse l , a tes t ve s se l which is 
being evaluated for the combustion of m a t e r i a l s which reac t spontaneously 
with the oxidizing gas . The sample was held in an iner t a tmosphere inside 
the v e s s e l until reac t ion was des i red; then a s t r e a m of fluorine at low p r e s ­
sure was d i rec ted onto the surface of the sample from a jet and react ion 
was initiated. In addition to the low p r e s s u r e used and the avoidance of 
spontaneous reac t ion of the uran ium monosulfide with fluorine, an advantage 
of this technique was the sweeping away of the volati le products of the r e ­
action by the gas s t r e a m . Resul t s of these combustions were favorable 
enough to wa r r an t detailed examination of the combustion of uranium niono-
sulfide in the fluorine flow reac t ion ve s se l . 

G. Plutonium Recycle P r o g r a m 

1. Doppler React ivi ty Effects 

Doppler reac t iv i ty effects have been evaluated for a rea l i s t i c con­
t r o l rod configuration in the plutonium recyc le loading of EBWR in which 
al l but one of the co rne r rods a r e fully inser ted . In this configuration, 
about 70% of the power r e s i d e s in the quadrant with the rod removed. At 
ze ro burnup, the introduction of sufficient react iv i ty to yield a 200 Mw-sec 
energy output produced a feedback of about -0.8% 6k, whereas with a plu­
tonium zone burnup of 0.006, with the same energy output, the r eac to r 
yielded a feedback of about -0.9% in 6k. 

The Doppler reac t iv i ty worths were used in RP-129 kinetics ca l ­
culat ions, which indicated that for the rod configuration above, a step 
reac t iv i ty inser t ion of about 1% will r e l e a s e about 190 MW-sec , which 
leads to fuel mel t ing at the hot test point in the core . This 1% react iv i ty 
co r responds to a r e a c t o r period of about 6 m s e c . 

ARGUS calculat ions for the above event indicate that the z i rconium 
clad does not r e ach the melt ing point and probably will not be ruptured 
owing to the resu l t ing t h e r m a l s t r e s s e s . For example, the maximum t e m ­
pe ra tu r e difference a c r o s s the clad is calculated to be about 210°C. If 
the r o o m - t e m p e r a t u r e value for Young's modulus of e last ic i ty is used, 
which will give an upper l imit to the s t r e s s e s produced, the inaximum 
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s t r e s s in the clad is calculated to be about 17,500 psi . This can be com­
pared with the r o o m - t e m p e r a t u r e elast ic l imit for z i rconium of 44,800 psi 
and the value 18,300 psi at 230''C. 

F u r t h e r calculat ions were made of the bor ic acid worths for var ious 
conditions. The r e su l t s a r e summar ized below. 

For the init ial sys tem at the hot operat ing condition, the void co­
efficient of react ivi ty , 6k/'6Vpi2, is approximate ly -0 .33, where 6Vpu 
re fe r s to changes in the plutonium-zone void with re la t ive changes in the 
other zones so as to mainta in the ini t ial void distr ibut ion. In t e r m s of av­
erage core void, the value of the coefficient is about -0 .45, which c o r r e ­
sponds to a power coefficient of react ivi ty , 6 k / 6 P , of about -0.001 MW" . 

At room t e m p e r a t u r e , the density coefficient of react ivi ty, 6k /6 p, 
is about -0.10. This value d e c r e a s e s as bor ic acid is added to the water , 
but r ema ins negative for an addition of 10 gm of bor ic acid per gallon of 
roonn- tempera tu re core water . Table XXIV gives 6k /6p for var ious bor ic 
acid contents for the ini t ial sys tem. 

Table XXIV. Cold Density Coefficients of 
React ivi ty for Various Boric 
Acid Contents'^ 

Boric Acid Concentrat ion, 
g m / g a l (cold) 6k/6p 

0 
1.0 
5.0 

10.0 

-0.10 
-0.094 
-0.059 
-0.024 

The bor ic acid worth for the cold, ini t ial sys t em is about - 1 % in 6k 
for an addition of 1 g m / g a l of core water to the unpoisoned sys tem and 
about -0.8% for an addition of 1 g m / g a l for the sys tem when it contains 
9 gm/ga l . The bor ic acid worth d e c r e a s e s as the water density d e c r e a s e s , 
owing to hardening of the spec t rum. At the hot operat ing t e m p e r a t u r e , but 
with no voids (water density p = 0.788 g m / c m ), the bor ic acid worth is 
about -0.68% for an addition of 1 g m / g a l of equivalent r o o m - t e m p e r a t u r e 
density water (p = 1 gm/cm^) . Owing to nonl inear i ty of bor ic acid worth 
with concentrat ion, an addition of 12 g m / g a l of unit density water produces 
a 6k of about -7.6%, cor responding to an effective worth of about -0 .63%/ 
g m / g a l over this range . For the cold sys tem, at an assumed density of 
0.788, this amount of bor ic acid produces a 6k of about -8.8%, c o r r e ­
sponding to an effective worth of about -0 .73%/gm/ga l . 

'These r e su l t s c o r r e c t the information given in the P r o g r e s s Repor t 
for December 1963, ANL-6810, p. 40, 
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For the sys tem at a burnup of 0.006 and at the hot operating con­
dition, the void coefficient of react ivi ty , 6k /6Vpu , is about -0.38. In terms 
of the average core void, the coefficient is about -0.39, corresponding to a 
power coefficient, 6 k / 6 P , of about -0.0013 MW"^ 

At room t empera tu re , the density coefficient of react ivi ty, 6k/6p, 
is about -0.16. Table XXV shows the influence of boric acid on the density 
coefficient of react iv i ty for the sys tem at a burnup of 0.006. As in the 
case of the ini t ia l sys tem, the reac t iv i ty coefficient, though appreciably 
sma l l e r than for the unpoisoned case , is st i l l negative for bor ic acid con­
tents as high as 10 g m / g a l of co re water at room t empera tu re . 

Table XXV. Cold Density Coefficients of Reactivity 
for Various Boric Acid Contents and a 
Burnup of 0.006 

Boric Acid Concentrat ion, g m / g a l 
(cold) 6k /6p 

0 -0.16 
1.0 -0.16 
5.0 -0.13 

10.0 -0.026 

The bor ic acid worth is about - 1 % in 6k for an addition of 1 g m / g a l 
to the cold unpoisoned sys tem for a plutonium-zone burnup of 0.006. An 
addition of 1 g m / g a l to the sys tem which contains 9 g m / g a l r e su l t s in a 
6k of about -0.7%. For the cold sys tem at an assumed water density of 
0.788 gm/cmi^, a bor ic acid addition of 12 g m / g a l of unit density water 
produces a 6k of about -8.4% corresponding to an effective worth of about 
-0 .70%/gm/ga l over this range . By compar i son with the corresponding 
r e su l t s for the sys tem at z e ro burnup, this addition would cor respond to a 
worth of about -0 .6%/gm/ga l of unit density water for the hot sys tem. 

The cold density coefficient of react ivi ty , 6 k / 6 p , for the plutonium 
c r i t i c a l configuration with a burnup of 0.006 is about -0 . 11 for the sys tem 
containing about 6 gm of bor ic acid per gallon of core water at room t e m ­
p e r a t u r e , which co r responds to the ini t ia l clean c r i t i ca l condition. The 
bor ic acid worth is about -1 .3% in 6k for a 1-gm/gal addition to the un­
poisoned sys t em and about - 1 % for a 1-gm/gal addition to the sys tem which 
contains 9 gm/ga l . 

The Safety Analysis r e po r t for the plutonium recycle exper iment is 
being p repa red . 



2. EBWR "T" Modification 

In the or iginal design for EBWR, provision for forced c i rcula t ion 
was made by providing T 's in the bottom of the p r e s s u r e vesse l . These 
T's have acted as a receptac le for radioact ive crud and steps a r e being 
taken to cut off the T's and rep lace with r e d u c e r s . This new a r r angemen t 
pe rmi t s flushing. As very l imited space is available for T removal , it 
was n e c e s s a r y to s imulate this operat ion in the shop. 

The mockup has been completed, and shop personne l have s u c c e s s ­
fully removed the 6-in. pipe cap by a guillotine saw. A special "T"-cutting 
tool is being instal led. Following the "T" remova l and subsequent r e -
beveling of the pipe end, the new 6X1 reduce r will be welded in place. This 
en t i re operat ion s imula tes exactly what mus t be done with the EBWR 
r e a c t o r . 



IV. ADVANCED SYSTEMS RESEARCH AND DEVELOPMENT 

A. Argonne Advanced Resea rch Reactor (AARR) 

1, Core Phys ics 

The l a tes t r ev i sed values of the equil ibrium concentrat ions of Xe ^ 
and Sm^*^ p re sen t after s ta r tup at 240-Mw total power a r e given in 
Table XXVI. The annular core regions a r e numbered in consecutive o rde r 
beginning with the innermos t core region, with inner radius 7 cm. Core 
regions 1 through 9 and 11 through 14 r e p r e s e n t success ive individual plates 
near the inner and outer core edges, respect ively, where U^̂ ^ loading is 
var ied to achieve rad ia l power flattening. Core region 10 r ep re sen t s the 
bulk of the core . 

Table XXVI. Calculated Equi l ibr ium Concentration of Xe"^ and Sm^^^ 

Annular 
Core 

Region 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

Outer 
Radius 

(cm) 

7.1883 
7.3718 
7.5508 
7.7257 
7.8967 
8.0641 
8.2281 
8.3887 
8.5467 

23.2172 
23.613 
23,8084 
24.0022 
24.2 

Xe^^^ Concentrat ion 
(10« a toms /cm^ 

6.76 
8.99 

11.93 
15.88 
21.29 
28.81 
39.41 
54.43 
72.22 
98.05 
65.64 
53.25 
32.35 
20.13 

core) 
Sm^^' Concentration 

(10^'' a toms/cm^ 

4.14 
5.32 
6.86 
8.88 

11.62 
15.39 
20.73 
28.41 
37.83 
62.79 
37 14 
30.18 
19.11 
12.54 

core) s/-

0.17590 
0.22828 
0.29319 
0,37420 
0.47550 
0.60148 
0.75588 
0.93988 
1.10000 
1.00000 
1.10000 
1.09982 
0,75047 
0.50244 

The U loading in each core region, as r ep re sen ted by the factor 
s ; , the ra t io of actual U concentra t ion (atom percent) to the nominal, is a lso 
given in Table XXVI. The nominal concentrat ion is obtained with plates 
containing 37 w/o UOj in s ta in less s tee l ce rme t . 

The ra t io of peak power to average power in the radia l direct ion with 
no sample in the in te rna l t h e r m a l column is 1.95. The power levels in the 
inner seven core regions and in the outer two core regions a r e very near ly 
equal, i .e . , the rad ia l power dis t r ibut ion is flat throughout these regions. 



The prompt neutron lifetime ( i p ) and effective abundance of delayed 
neutrons (^eff) were calculated with the use of 18 energy groups with the rma l 
upscat ter ing, and with 16 energy groups with no upscat ter ing. The values ob­
tained a r e given in Table XXVII. 

Table XXVII. Effective Abundances of Delayed-Neutron Groups 

Delayed Neutron „ , , „ , c .... / , / \ 
Q^^^ /3eff. (18 groups) ^eff. (16 groups) 

1 0,000255 0.000245 
2 0.00170 0.00164 
3 0.00152 0.00146 
4 0.00308 0.00296 
5 0.000896 0.00861 
6 0.000325 0.000312 

êff = 0.00778 0.00747 

i p = 9,98 jusec 11.96 /isec 

Reactivity changes Ak/k resul t ing from var ious per turbat ions have 
been calculated with the aid of the l6 -group and 18-group c ros s - s ec t i on sets . 
The values found by use o£ the two sets agreed for changes in water density, 
but not for changes in t empera tu re . These calculations were made assuming 
a Type-I sample (see footnote to Table XXVIIl) in the in ternal the rmal column. 
Fur the r calculations with the 18-group c ros s - s ec t i on set a r e being made to 
resolve the discrepancy. 

The flux var ied slightly through the sample region. The percentage 
changes in the flux for var ious configurations going from the center out to 
the edge of the sample (in the radia l direction) a r e l is ted in Table XXVIIl. 
Normal ized values of the average flux in the sample region (all normal ized 
to the average value of the flux in energy group 16 in the in ternal thermal 
column with no sample in place) a r e also given in Table XXVIIL 

2, Cr i t ica l Exper iment 

AEC approval of the AARR fuel contract is st i l l pending. Conse­
quently, the del ivery of the init ial 300 foils of ba re (unclad) uranium metal 
has been delayed one month since delivery is scheduled 90 days after con­
t rac t execution. 

Plans for fuel envelopment, using the e lectron beam welder, have 
p rog re s sed to the point of designing fixtures for welding a package of up 
to 50 fuel envelopes at a t ime. 



Table XXVIIL Calculated Fluxes 

Designation of 
Energy Group 

15 

16 

17 

Energy 
Range 

(eV) 

0.64-0.4 

0.4-0.1 

0.1-0.02 

0,02-0 

Configuration* 

a 
b 
c 
d 

a 
b 
c 
d 

a 
b 
c 
d 

a 
b 
c 
d 

% Flux Change 

+2,54 
+0,66 
+0.10 
+0.25 

-8.67 
+2,31 
-2,34 
+0.93 

-8.78 
+3,84 
-2.06 
+2,00 

-8.70 
+5.08 
-1.82 
+2.61 

Relative 
Flux 

0.02084 
0.02253 
0.02267 
0.02370 

1,00000 
0,80694 
0,93863 
0,75542 

0,69052 
0.54471 
0,64456 
0.50827 

0.06350 
0.04953 
0.05919 
0.04624 

* a. No sample . 
b. Type- I sample: this sample mocks up a m a s s i v e californium 

i r r ad ia t ion sample . 
c. Type-II sample: this sample mocks up a low c r o s s - s e c t i o n 

i r r ad ia t ion sample . 
d. Type-I samiple sur rounded by Type-II sample. 
The samiple region ranges from 0 to 2.65962 cmi in the rad ia l 
direct ion. 

Instal lat ion of the be ry l l ium ref lec tor for the c r i t i ca l exper iment is 
complete except for r e t a i n e r s to prevent l a t e r a l c reep . The r eac to r console 
now appears to be in good working o rde r throughout. Significant reduction in 
e l e c t r i c a l - c i r c u i t noise , as r epo r t ed previously , was obtained by replacing 
unstable re lays which f lut tered or bounced when closed. One re lay was so 
unstable that f luttering could be s t a r t ed by bumping the console. Some feed­
back is s t i l l p r e sen t between activating c i rcu i t s and switched c i rcu i t s , and 
efforts a r e being made to e l iminate this problem. 

3. Shielding 

Operating exper ience , pa r t i cu la r ly with heavy water r e a c t o r s , indi­
ca tes the feasibi l i ty of operat ing AARR with a contaminated coolant which 
is not flushed from the sys t em after a modera te fuel meltdown, providing 
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decontaminating factors on the o rde r of 100 can be real ized. The Canadian 
NRU reac to r has operated successfully with nonuniform concentrat ions of 
> 8 X 10"^ g U (natural) plus 2 x 10"* g Al /g 020."^ A 10% AARR fresh core 
melting followed by 99% par t ic le separa to r decontamination resu l t s in a total 
impuri ty concentrat ion of 6.7 x 10"'^ g U^^Oz plus 4 x 10"^ g s t r u c t u r e / g H2O 
in the p r i m a r y coolant. Re- s t a r tup of AARR with these impuri t ies resu l t s 
in less than a 100% inc rease in the dose ra te levels for occupied a r e a s ad­
jacent to the p r i m a r y coolant system. Fouling of heat exchange surfaces 
has not been investigated, but it would not appear to be a problem. 

The miagnitude of radiat ion escaping the AARR spent core during 
t ransfer operat ions indicates the need for calculations of t rans ient heat 
t ransfe r for the t ransfer chute region. Steady-s ta te considerat ions indicate 
a s teel ther inal shield having a thickness g rea t e r than 4 in. would be r e ­
quired to preclude excess ive the rma l s t r e s s e s in the concrete surrounding 
the fuel t ransfe r chute. Such a shield would be useful as complementary 
shielding at other locations as well. 

B. Rocket Fuel Tes t Reactor 

The p a r a m e t r i c design study on the Rocket Fuel Tes t Reactor is 
p rogress ing . Major attention is being devoted to varying the concentration 
of fuel and modera tor to achieve optimum performance. The four combina­
tions of fuel and modera tor being considered a r e : UOj-BeO-Fe-Na, U - Z r -
ZrH2-Na, U02-D20-Fe, and U02-H20-Fe. Reactivity and neutron spec t rum 
calculations were performed for r eac to r s having the volume percentages of 
fuel and modera tor as shown in Table XXIX. 

T a b l e XXIX. C o m p o s i t i o n of F o u r T e s t R e a c t o r s , v / o 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

U02-

UO2 

1 

3 

5 

1 

3 

5 

1 

3 

5 

A. 

- B e O - F e 

B e O 

20 

20 

20 

25 

25 

25 

30 

30 

30 

-Na 

F e 

29 

27 

25 

24 

22 

20 

19 

17 

15 

Type 

Na 

50 

50 

50 

50 

50 

50 

50 

50 

50 

U-

U 

Z 

4 

6 

2 

4 

6 

2 

4 

6 

• Z r - Z : 

Z r 

48 

46 

44 

46 

44 

42 

44 

42 

40 

B. 

rH , ; -Na 

ZrH2 

0 

0 

0 

2 

-> 

7 

4 

4 

4 

Type 

Na 

50 

50 

50 

50 

50 

50 

50 

50 

50 

UOz-

UO2 

1 

3 

5 

1 

3 

3 

1 

3 

5 

C. 

. H , 0 - F e T y p e 

H2O F e 

30 69 

30 67 

30 65 

40 59 

40 57 

40 55 

50 49 

50 47 

50 45 

UO2-

WO2 

1 

3 

5 

1 

3 

5 

1 

3 

5 

D, 

•DjO-Fe 

D2O 

30 

30 

30 

40 

40 

40 

50 

50 

50 

Type 

F e 

69 

67 

65 

59 

57 

55 

49 

47 

45 

' Transac t ions of the Amer ican Nuclear Society, Reactor Operations 
Division Meeting, October 21-23, 1963, Ottawa, Ontario, p. 45. 



A pre l imina ry set of design calculations was developed for a reac to r 
and a typical tes t section for use with the four types of sys tems. The designs 
were bounded by some of the following c r i t e r i a . The composition of the tes t 
r eac to r should l imit the rat io of power density between the tes t section and 
the r eac to r to a value of 4 or more . The power output of the tes t r eac to r 
should be held to a minimum. The r eac to r composition for the innermost 
regions was l imited to a uranium concentrat ion four to five t imes less than 
the tes t section and a modera tor concentrat ion which most closely r e p r o ­
duces the neutron spec t rum of the tes t section. For the outer regions a 
uranium concentrat ion was selected which yielded a flat or slightly d e c r e a s ­
ing power density and a modera tor concentrat ion which gradually softened 
the neutron spect rum. The calculations were then studied to determine pos ­
sible design changes which would further reduce the power output. 

Some p re l imina ry resu l t s a r e repor ted here . The light and heavy 
water types of the tes t r eac to r cannot achieve a power density rat io of four 
or more with a typical tes t section. This is due to la rge differences between 
the neutron spec t rum of the tes t section and of the tes t reactor . For a power 
density ra t io of four, a tes t r eac to r with varying concentration of fuel and 
modera to r produced a slightly smal le r amount of power than the tes t reac tor 
with a uniform concentration. 

C. Magnetohydrodynamics (MHD) 

1, MHD AC Generator - Flashing Cycle 

One type of energy-convers ion sys tem under study is the AC liquid 
metal MHD genera tor (see P r o g r e s s Report for October 1963, ANL-6801, 
p. 69). F igure 24 shows a schematic of the experiment which was performed 
with this type of genera tor . F igure 25 shows a Lucite model for experiments 
at room tempera tu re . 

M.H D. GENERATOR 

THREE WAY 
VAPOR VALVE 

Figure 24. Schematic Arrangement of Layout of Experiment with 
AC Liquid Metal MHD Generator 
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Figure 25. Lucite Model of AC Liquid Metal MHD Generator 

The g e n e r a t o r e x p e r i m e n t o p e r a t e s a s fo l lows: By m e a n s of the 
t h r e e - w a y v a p o r v a l v e , n i t r o g e n i s a l t e r n a t e l y swi t ched f r o m one duct to the 
o t h e r . T h i s c a u s e s a s t r e a m of l iqu id NaK to be de f l ec t ed f r o m one duc t 
to t h e o t h e r , wi th s l ugs of l iqu id be ing fol lowed by s lugs of g a s . As the 
s lugs m o v e t h r o u g h a m a g n e t i c f ie ld, a v o l t a g e i s i nduced p e r p e n d i c u l a r l y 
to the f ie ld and the m o t i o n of the s l u g s . The c u r r e n t wh ich f lows in the 
s lugs of l iqu id c r e a t e s a f o r c e oppos ing the m o t i o n of the s lug, bu t the p r e s ­
s u r e of the n i t r o g e n f o r c e s the s lug t h r o u g h the g e n e r a t o r . The e l e c t r o d e s 
in the g e n e r a t o r a r e c o n n e c t e d so tha t a p o s i t i v e p u l s e i s fo l lowed by a 
n e g a t i v e p u l s e , and a t r a n s f o r m e r i s u s e d to i n c r e a s e the vo l t age . A s 
shown in F i g u r e 24, when one s e t of e l e c t r o d e s i s in c o n t a c t wi th the s lug , 
the o t h e r s e t m u s t be open. 

F i g u r e 26 shows for one of the e x p e r i m e n t s the v o l t a g e t r a c e a c r o s s 
the load r e s i s t o r . The i n c o m p l e t e l o w e r p u l s e r e s u l t e d f r o m the fac t t ha t 
one duc t l e a k e d bad ly d u r i n g th i s run . F i g u r e 27 shows the vo l t age t r a c e 
a c r o s s the load when p o w e r f r o m one duct i s u sed . A m o d u l a t i n g f o r c e of 
s l igh t ly m o r e t han 4 c y c l e s / s e c w a s found on the v o l t a g e t r a c e ; the c a u s e 
for t h i s p h e n o m e n o n i s u n r e s o l v e d . 
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^z^ 
HO VOLTS 

^ t e 

CONSTRUCTED 

30 c / c l p s / s e i 

SINE WAVE 

^fe^&f^ 
TIME A.C. M.H.D. POWER 

WAVE FORM 

FREQUENCE 30 cycles/sec 

POWER 0.7 watts 

TIME = 50 in./sec 

I in. .02 &ec 

I c/ule .033 sec 

Figure 26. Voltage Trace Across Load Resistor 

FREQUENCE 17 c y c l f » / ec r r 

M-5000 GALVO IN SERIES WITH 270Q LOAD TOTAL 3 0 5 ^ 

CS 10 -1 /.f-

Figure 27. Voltage Trace Across Load with Power from One Duct 

The L u c i t e m o d e l i s no t s t r o n g enough for con t inued u s e and i s be ing 
r e p l a c e d wi th a s t e e l duc t l i ned wi th a n i n su l a t i ng m a t e r i a l . P r o b l e m s which 
n e e d f u r t h e r i n v e s t i g a t i o n a r e : 

1, inc rease of efficiency; 
2, sizing of ducts so that hydraulic losses a r e minimized while 

maintaining integri ty of the slugs; 
3, spacing of pulses to give a more usable wave form; 
4, development of a h igh- tempera tu re system; 
5, cycle analysis for two-fluid sys tems and also for a one-

fluid system. 

2, MHD Power Generat ion - Je t Pump Cycle 

The new nozzle and combiner design was operated at a proper pump­
ing location (see P r o g r e s s Report for December 1963, ANL-6810, p, 44), The 
velocity obtained with the |--in. r e s t r i c t ion was 49-9 f t / sec , a value that did 
not present any significant advantages over previous t e s t s . 



The var ious components of the loop have been invest igated m orde r 
to provide improved per formance . The th rus t and d ischarge ra t e of the 
nozzle were m e a s u r e d and the total energy appearing in the d ischarge com­
pared with the power expended in pumping. The pumping power was ca lcu­
lated from the m e a s u r e d p r e s s u r e drops and m a s s flow ra te f igures . 

These invest igat ions yielded the following r e su l t s . 

1, The th rus t of the nozzle was m e a s u r e d at 0.485 lb with a s t eam 
discharge ra te of 0,0235 l b / s e c . This cor responds to a d ischarge velocity 
of 663 f t / sec , 

2, The m e a s u r e d d ischarge velocity was considerably l ess than 
theore t ica l . Subsequent examination showed that two valves in the s team 
line were thrott l ing down the s team supply, 

3, The pumping power expended amounted to 109.6 f t - l b / s ec ; the 
kinetic energy in the d i scharge s team was equal to 159,7 f t - l b / s e c . This 
cor responds to a mechanica l pumping efficiency of 68.6%, The rat io of 
water velocity to s t eam velocity at this t ime was equal to 61/663 = 0,092. 
When this figure is compared with the Mark' s handbook value given by the 
curve for s t eam bucket to s t eam velocity vs , efficiency, one finds that at 
a value of 0.1, the efficiency is close to 60%, Thus, it can be seen that the 
r e su l t s a r e consis tent , 

4, After r emova l of the valves that were producing thrott l ing 
(see point 2), the nozzle th rus t and d i scharge ra te were rede te rmined . The 
th rus t was r a i s ed to 4.8 lb and the d i scharge ra t e i nc reased to 0.0662 l b / s e c . 
This co r responds to a s t eam discharge velocity of 2332 f t / s ec . The nozzle 
efficiency for these conditions amounted to 79-9% of theore t ica l . 

Following this determinat ion, the loop was again r ea s semb led and 
the opt imum operat ing posit ion located for the new d ischarge . At this t ime, 
the max imum velocity was not appreciably g r e a t e r than that obtained with 
the lower veloci ty exhaust. For this pumping ra te , the velocity ra t io was 
only 0,0261 and the convers ion efficiency dropped to 1.97%. This is again 
consis tent with turbine-eff iciency curves and demons t ra t e s the original 
p r e m i s e that reasonably good velocity matching is n e c e s s a r y for good 
operation. 

In addition, a heat balance taken over the loop for the new discharge 
conditions showed that the rec i rcu la t ing water en tered the je t pump at a 
fairly high t empera tu r e . The heat balance also indicated that a cons ider ­
able amiount of vapor c a r r y o v e r was encountered at the diffuser. This con­
dition would r e su l t in a l a rge slip loss and lack of format ion of the condensing 
shock, which would cer ta in ly be responsib le for a lowered efficiency. P r e s ­
ent modifications a r e a imed at t rying to secure a p roper condensing shock 
and a more favorable veloci ty ra t io . 



D, Regenerat ive EMF Cells 

1. Bimetal l ic Cells 

Studies were continued on the development of thermal ly regenera t ive 
emf cel ls which, in a closed cycle, would have the net effect of converting 
heat from a nuclear r eac to r or from some other source into e lect r ic i ty . One 
type of cel l under considerat ion is a b imeta l l ic cell, consisting of two liquid 
me ta l e lec t rodes in contact with an e lec t ro ly te which contains only the sal ts 
of the m o r e active meta l . 

Prev ious studies (see P r o g r e s s Report for November 1963, 
ANL-6808, pp. 65-69) indicated that the promising l i th ium-bismuth cell 
( cur ren t density of 450 a m p / s q ft at 0.46 V) would be difficult to r e g e n e r ­
ate thermal ly . The difficulties s tem from the facts that, at regenera t ion 
t e m p e r a t u r e s , the pa r t i a l p r e s s u r e of l i thium is too low and the difference 
between the pa r t i a l p r e s s u r e s of l i thium and bismuth is smal l over the Li -
Bi alloy formed in the cathode during cel l operation. Thus, over a 0,60 atom 
fraction l i thium alloy with bismuth at 1273°K, the es t imated par t i a l p r e s s u r e 
of l i thium is 0.24 mmi Hg, while that of bismuth is 0.15 mra Hg. Because of 
the problem of t h e r m a l regenera t ion encountered with the Li -Bi system, 
other sys tems which may be m o r e amenable to t he rma l regenera t ion a r e 
being invest igated, namely, Li-Sn, Na-Sn, Na-Bi , and Rb-Bi sys tems . 

The r e su l t s of explora tory exper iments on the the rma l regenera t ion 
of the Li-Sn and Na-Sn sys t ems have been repor ted previously (ANL-6808, 
p. 69). A s imi l a r exper iment has been c a r r i e d out with the Na-Bi sys tem. 
A 70 a /o Na-30 a /o Bi alloy p r e p a r e d with act ivated bismuth was contained 
in a closed tube. The end of the tube containing the alloy was heated for 
6 hr at 920°C while the other end of the tube was maintained at 515°C, About 
50 percent of the sodium was r ecove red m the dist i l la te after the 6-hr d i s ­
t i l lat ion period. Analysis of the dis t i l la te revealed the sodium to be of high 
puri ty , the bismuth content being l e s s than 3 ppm. These r e su l t s indicate 
that the regenera t ion of the r eac t an t s in a Na-Bi cel l could be accomplished 
effectively by t h e r m a l decomposi t ion of the cathodic alloy and dist i l lat ion at 
p r ac t i ca l t e m p e r a t u r e s . 

In cooperat ion with the Phys ics Division, a m a s s - s p e c t r o m e t r i c study 
of the rub id ium-bismuth sys tem was c a r r i e d out to de te rmine some of the 
thermodynamic c h a r a c t e r i s t i c s of this sys tem. The amounts of the mono-
m e r i c spec ies , Rb" and Bi , evapora ted from Rb3Bi were m e a s u r e d in a 
week-long exper iment . The r e su l t s revea led that rubidiumi evaporated from 
the alloy at a much higher r a t e than bismuth, thereby indicating that t h e r m a l 
regenera t ion of the Rb-Bi sys t em is feasible. 



• Lithium Hydride Cell 

A second type of thermal ly regenera t ive emf cell being considered 
for the d i rec t conversion of heat to e lec t r ic i ty is the l i thium hydride cell. 
The overa l l react ion of this cel l is Li(liq) + 1/2 H2(g)-* Li"^ + H". Recent 
jxieasurements with the hydrogen gas-hydr ide ion e lec t rode gave a cel l volt­
age at about 570°C that was approximately 100 mV g r e a t e r than the voltages 
previously measured . This m e a s u r e m e n t was made with a new cell configur­
ation, which introduced a junction potential. The cell configuration was as 
follows: 

Li(liq), Li 

A calculation of the magnitude of this potential resul ted in a value of about 
100 mV, 

A new cel l is now being constructed in which the l i thium metal e l ec ­
trode will be isolated from the e lectrolyte by a beryl l ium oxide (BeO) p r o ­
tection tube, A 0 ,006- in . -d iameter hole dr i l led into the side of the protection 
tube will serve as a br idge. A second l i thium electrode will be introduced 
into the l i thium hydr ide - sa tu ra ted electrolyte after the eirtf measurement s 
with the BeO-protected li thium anode have been made. The initial voltage 
developed between these two li thium elec t rodes will be due to the junction 
potential in the sys tem. As the second l i thium electrode becomes saturated 
with l i thium hydride, the voltage will change owing to the result ing dec rease 
in activity of the second li thium anode. Careful t ime-vol tage measurement s 
between the two li thium anodes should make it possible to measure the act iv­
ity of l i thium sa tura ted with lithium hydride. This will then allow the appro ­
pr ia te cor rec t ions to be made of the overal l cell voltage to give a value of E°. 

LiCl 
L i F 

LiCl 
LiH 

LiH(s) H2, H", Fe 



V. NUCLEAR SAFETY 

A, Thermal Reactor Safety Studies 

1. Metal Oxidation and Ignition 

a. Oxidation of Uranium-10 w / o Molybdenum Alloy. A u ran ium-
10 w/o molybdenum alloy is being considered for use as core ma te r i a l in 
a c r i t i ca l assembly , "Super Kukla," at the Lawrence Radiation Laboratory , 
Short studies of the oxidation and ignition behavior of this alloy a r e being 
under taken at Argonne to aid in the a s s e s s m e n t of poss ible hazards that 
might be assoc ia ted with the use of the alloy. The samples for the studies 
a r e being provided by the Lawrence Radiation Laboratory . 

P rev ious studies (see P r o g r e s s Report for December , 1963, 
ANL-6810, p. 49) w e r e extended to include i so the rmal oxidation exper i ­
ments with ba re alloy samiples ( l -cm. cubes) in mois t a i r (20,000 ppm H2O) 
at 300, 400, 450, 500, 600, and 700°C. At 300°C, the oxidation ra te was 
l inear at 1.74 x 10"^ m.g 02/(sq cm.)(iiiin) for the f i rs t 80 to 100 min, after 
which the react ion became parabol ic . This t rans i t ion is at t r ibuted to the 
formation of a pro tec t ive oxide coating (about 1.5 [J. thick after 80-100 min). 
At 400 and 450°C, the react ion was parabol ic with ra te constants of 5.5 and 
14 (mg 02 / sq cm)^/min, respect ively . At 500 and 600°C, the react ions were 
l inear throughout the runs , with ra te constants of 0.039 and 0.31 mg O2/ 
(sq cm)(rnin), respect ive ly . At 700°C, a ve ry protect ive oxide coating was 
formed Avhich resu l ted in a near ly cubic oxidation p r o c e s s for the f irs t 
200 min. This was followed by an acce le ra t ing react ion leading to a final 
r a t e of about 0.07 m g / ( s q cm)(min). 

The oxidation r a t e s for the uranium-10 w/o miolybdenuixL alloy 
w e r e , in genera l , at l e a s t lower by an o rde r of magnitude than those for 
unalloyed uranium. It should be noted, however, that t he rma l cycling might 
a l t e r the oxidation behavior of the alloy. Once the conditions of cycling a r e 
es tabl ished in "Super Kukla," a r e a p p r a i s a l of the oxidation behavior of the 
alloy under these cycling conditions might be appropr ia te . 

b. Thernia l Conductivity of Metal Powders . The study of thermial 
conductivit ies of meta l powders has been under taken to gain a bet ter under ­
standing of the mechan i sms of ignition of meta l powders , which, in turn, 
should lead to the formulat ion of sound prevent ive m e a s u r e s against acc i ­
dental ignit ions. 

P rev ious studies (see P r o g r e s s Report for December 1963, 
ANL-6810, p. 51) indicated that the t h e r m a l conductivit ies of unoxidized, 
1.4% oxidized, and 2.3% oxidized u ran ium pa r t i c l e s (-70 +80 mesh) were 
8.0 x 10"*, 6.8 X 10-^ and 6.4 x 10"^ cal /(cm)(sec)(°C), respect ively , at 
24°C and 1000 m m Hg ni t rogen p r e s s u r e . In additional exper iments , it was 
found that the d e c r e a s e in t h e r m a l conductivity became m o r e gradual as 



the extent of oxidation was inc reased . At about 4.5, 12, 52, and 90% oxida­
tion, the t h e r m a l conductivit ies w e r e 6.2 x 10"**, 5.4 x 10~*, 4,4 x 10"*, and 
3 X 10" cal /(cm)(sec)(°C), respect ive ly . 

2. Meta l -Wate r React ions 

a. Reaction of Aluminum-Uranium Alloy (SL-1 Mater ia l ) with 
Steam. The react ion of an a luminum-uran ium alloy having the composit ion 
of SL-1 m a t e r i a l (X-8001 aluminum with 17 w/o uranium) with s team is be­
ing studied by the levitat ion method. The levitat ion method cons is t s of 
s imultaneously heating and levitating a pel le t of the alloy in a radiofrequency 
field while s t eam is passed over the sample. The method allows the sample 
to be heated rapidly to the tes t t e m p e r a t u r e , held at this t e m p e r a t u r e for the 
des i red t ime , and rapidly cooled. P r e l i m i n a r y studies at 1600°C have shown 
that the extent of oxidation of the aluminum-uraniumi alloy was 'nearly the 
same as that observed in prev ious s tudies with pure aluminum. 10 The data 
for pu re aluminum conformed to a l inear ra te law, whe reas the p r e l i m i n a r y 
data for the alloy appear to deviate from l inear i ty . Additional data a r e 
needed before the r a t e law for the a luminum-uran iu in alloy can be 
establ ished. 

b. L a s e r - b e a m Heating Applicat ions. R e s e a r c h on the application 
of l a s e r - b e a m heating to metal-^^ater reac t ions was continued (see P r o g r e s s 
Report for December 1963, ANL-6810, p. 52). Additional studies w e r e p e r ­
formed with 1 X 1 X 0. 13-mm-th ick foils of zirconium. The foils w e r e sub­
jected to l a s e r outputs of 4, 5, and 6 cal while submierged under a water 
colunan about 20 cm high. On melt ing, the foils were transform.ed to spher ­
ical p a r t i c l e s . Microscopic examinat ion of the pa r t i c l e s revealed that the 
thickness of the oxide coating was independent of the l a s e r energy. This is 
consis tent with the r e s u l t s obta.ined in s tudies of the zirconium.-water r e a c ­
tion by the condense r -d i s cha rge method and supports the diffusion-control 
theory of react ion proposed in the ana lys i s of z i r con ium-wate r reac t ion 
studies by the condense r -d i s cha rge method. 11 

c. Studies in TREAT. Three exper iments were completed in 
TREAT with ox ide-core (UO2), m e t a l - c l a d fuel pins . The objectives of the 
exper iments were to extend the information on the extent of me ta l -wa te r 
reac t ion as a function of energy, to obtain re l iable p r e s s u r e - r a t e data, and 
to de te rmine the pa r t i c l e s ize dis t r ibut ion of both the fragmented core and 
cladding. Resu l t s concerning the f i r s t two objectives a r e r epor t ed below. 
P a r t i c l e s ize dis t r ibut ion data, however , a r e not yet avai lable. 

" c h e m i c a l Engineering Division Summiary Repor t , Oct-Dec 1962, 
ANL-6648, p. 198. 

lOchemica l Engineering Division R e s e a r c h Highlights, May 1962-
Apri l 1963, ANL»6766, p. 101. 

l l L . Baker , J r . , and L. C. Jus t , Studies of Metal-Water React ions , P a r t III, 
ANL-6548 (May 1962). 



The conditions and the r e su l t s of the exper iments a r e given m 
Table XXX. The oxide core attained a t empera tu re of 3300°C in each of 
the th ree runs ; this temiperature is the vaporizat ion point of the UO2 in the 
core . Each pin underwent total des t ruct ion with the formation of globules 
and fine pa r t i c l e s . It is noteworthy that, although the fuel pins were sub­
jected to ex t remely energet ic excurs ions while submerged in water , only 
about one- th i rd of the miolten meta l reac ted with the water . 

Table XXX. High-energy Meta l -Water Exper iments in TREAT with 
Oxide-core , Meta l -c lad Fuel P ins 

(Unirradiated fuel pins submerged in water at 20°C) 

CEN Trans ient Number 

C h a r a c t e r i s t i c s of Reactor Pu lse 
Integrated Power , MW-sec 
Peak PoAver, MW 
Per iod , m s 

C h a r a c t e r i s t i c s of Fuel P in 
Core Mater ia l , % UO2 
Enr ichment , % U^^^ 
Cladding Metal (20 mi l s thick) 

Resul ts 
Computed Energy Input, ca l /g of core 
Es t imated Peak Adiabatic Core Temp, °C 
Peak Recorded P r e s s u r e in Autoclave, psi 
F ina l Recorded P r e s s u r e in Autoclave, psi 
Max Recorded Rate of P r e s s u r e Rise , p s i / m s 
Ratio: Peak P r e s s u r e / F i n a l P r e s s u r e 
Measured Extent of Meta l -Water Reaction, % 

168 

985 
4142 

41 

8.7 
93.5 
Zr-2 

787 
3300 
102 
102 
0.26 
1.0 

29.6 

169 

768 
4338 

42 

100 
11.2 

SS-304 

617 
3300 
>300 
114 

3.75 
>2.6 
29.8 

170 

606 
2570 

51 

100 
20.0 

SS-304 

655 
3300 
670 
164 
6.00 
4.1 
31.7 

B. F a s t Reac tor Safety Studies 

1. Scanning Device for Mockup of P r o m p t - n e u t r o n Meltdown 

Two key safety fea tures c h a r a c t e r i s t i c of typical fast power reac to r 
designs a r e the short p rompt -neu t ron l ifet ime and the quantity of fissionable 
m a t e r i a l , which is usual ly sufficient to provide a number of cr i t ica l m.asses. 
Because of these , a c l a s s of "meltdown" accidents can be postulated in which 
(a) somie operat ing abnormal i ty t r i g g e r s some degree of fuel fai lure, (b) the 
fuel m.oves into a super-pronapt c r i t i ca l configuration, and (c) a des t ruc t ive 
burs t of nuclear energy r e su l t s . However, because of the short neutron l ife­
t ime, such a power bu r s t would have a duration of the o rder of a few mi l l i ­
seconds or l e s s . Hence, r a t e s of react iv i ty addition a re more im.portant for 
accident analys is than total conceivable react iv i ty addition. Thus, a device 
capable of d i rec t ly observing fuel movement during a meltdown exper iment 



i s of g r e a t i m p o r t a n c e . F o r t h i s p u r p o s e , h i g h - s p e e d o p t i c a l p h o t o g r a p h y 
h a s b e e n e m p l o y e d u s e f u l l y in e x p e r i m e n t s on d r y s a m p l e s , but i s of l i m i t e d 
w o r t h for s tudy of E B R - I I p i n s , wh ich r e l e a s e an opaque c loud of s o d i u m 
upon f a i l u r e , and canno t be u s e d for e x p e r i m e n t s on s a m p l e s in a s o d i u m 
coolan t . 

A m u l t i c h a n n e l m e l t d o w n s c a n n e r h a s b e e n p r o p o s e d which would 
u s e d e t e c t i o n of p r o m p t n e u t r o n s f r o m fuel s a m p l e s . The b a s i c t h e o r e t i c a l 
c a l c u l a t i o n s have b e e n c h e c k e d by t e s t s a t T R E A T wi th a m o c k u p of a s ing le 
c o l l i m a t o r channe l of the p r o p o s e d m u l t i c h a n n e l d e v i c e to v iew typ i ca l e x ­
p e r i m e n t a l a r r a n g e m e n t s of m e l t d o w n . A n a l y s i s of the t e s t s showed tha t 
the s p a t i a l r e s o l u t i o n of the channe l (0.38 c m at the m e l t d o w n s a m p l e l o c a ­
t ion) w a s s a t i s f a c t o r y and in a g r e e m e n t wi th p r e d i c t i o n . Signal s t r e n g t h s 
and s i g n a l - t o - b a c k g r o u n d r a t i o s w e r e a c c e p t a b l e for the t h r e e b a s i c e x p e r ­
i m e n t s of the m o c k u p : d r y opaque n ie l tdown , d r y t r a n s p a r e n t m e l t d o w n , 
and p a c k a g e s o d i u m loop m e l t d o w n ( see P r o g r e s s R e p o r t for Oc tobe r 1962, 
ANL-6635) . 

Two t y p e s of n e u t r o n d e t e c t o r s w e r e t r i e d ; both w e r e s a t i s f a c t o r y . 
T e s t r e s u l t s wi l l be u s e d to fix the d e s i g n of the f u l l - s c a l e dev ice inc lud ing 
sh ie ld ing , m u l t i c h a n n e l coUinaat ion, d e t e c t o r s , and r e a d o u t . F i g u r e 28 
shows r e l a t i v e count ing r a t e s a s a funct ion of c o l l i m a t o r p o s i t i o n for a 

CAPSOLE #3 

STILBENE 
WITH 6RAPHITE 

-I—I—I—I—I-

.5 .3 .1 0 .1 .3 .5 
HORIZONTAL DISPLACEMENT 

AT FUEL PIN (in.) 
SAUeE TO PIN DISP, RATIO: 5/8-1 EBR-n FUEL PIN 

.174 00 -.144 FUEL DIA.CS^^^^ 
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.125 WALL SST CAB - 1/16 WALL 
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2.2 

Figure 28. Counting Rate as a Function of Collimator Position for a 6% Enriched EBR-II Pin in­
side a Mockup of the Package Sodium Loop. For clarity in presentation, position is 
designated by horizontal location of collimator aiming point in the test hole on the 
TREAT centerline. The collimator position is indicated by an attached gauge. 



6% enriched EBR-II sample inside a s imulated package sodium loop. Al­
though sonae background from the container (see F igure 28) is apparent , it 
i s much l e s s than that obtained from the t r i a l s of a g a m m a - r a y scanning 
device which was tes ted e a r l i e r and found to have both unsat is factory sig­
nal s t rength and signal-to-background rat io . I^ 

C. TREAT 

1. Small TREAT Loop 

A tes t of the in tegr i ty of the lower silicone "O" ring seal for the 
smal l - loop dummy element was per formed. Sodium at 500°C was poured 
into one of the a s semb l i e s followed by severa l hours of heating to a maxi -
mium t empe ra tu r e of 343°C. The seal operated sat isfactor i ly under these 
ext renie conditions and was cons idered an adequate demonst ra t ion of its 
suitabil i ty for use with the S3Xiall loop. 

2. Large TREAT Loop 

The 4-in. P - K ball valves under r epa i r and modification a r e approx­
imate ly 80% complete at this t ime. Three valves a r e under hel ium leak tes t 
following the final assembly , and the rem.aining two a r e being p repa red for 
final test . 

Construct ion of the ve s se l s is proceeding according to schedule. 
ANL personnel have inspected in te r io r welds and c leanl iness and have r e ­
por ted that these a r e sa t is factory. Shipment to Idaho is expected for the 
week of F e b r u a r y 3, 1964. 

An additional f lowmeter is being added to m.omtor flow in the cold 
t r ap . A spare 2-in. m.odel has been located. The f lowmeters a r e being 
p r e p a r e d for cal ibrat ion. 

Calculat ions were completed on the non- t rans ien t the rmal s t r e s s e s 
in this l a rge loop. The design was found to be adequate. 

P r e l i m i n a r y studies for draining sodium froin the tes t section after 
removal from the reac to r has been s tar ted . The r e su l t s of this study will 
dictate the location of suitable s e rv i ce s for the per formance of this ope ra ­
t ion at TREAT. 

L. A. Beach, A. G. P i e p e r , and M. P. Young, G a m m a - r a y Scanning 
Techniques for F a s t Breede r Reactor Safety Studies, NRL-5625 
(July 12, 1961). 
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