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A. EXPERIMENTAL BREEDER REACTOR I 

I. Stability Studies ( R . R . Smith) 

F r o m the resu l t s of instabil i ty studies it may be concluded that 
the operat ional cha rac t e r i s t i c s of the fully ribbed and rigid Mark III load­
ing of EBR-I a re governed by feedback p r o c e s s e s which guarantee safe 
and stable operat ion under normal operating conditions. The influence of 
the stabilizing r ibs is felt in two ways, both of which a r e in the di rect ion 
of increased stabi l i ty. The r ibs provide strong radia l coupling between 
fuel rods and between fuel rods and hexagonal subassembl ies ; consequently, 
a large radial contribution to the power coefficient is rea l ized . The r ibs 
have also el iminated, for all p rac t i ca l purposes , posit ive feedback effects 
ar is ing from the inward bowing of fuel rods during power i n c r e a s e s . Ab­
solutely no evidence of positive react iv i ty effects was noted for the fully 
ribbed and rigid co re . 

y The resu l t s of logical extrapolation of full-power, full-flow tes t 
data do indicate that the r eac to r could be brought into a resonant condition 
for power levels exceeding 1000 Mw. Since nominal full-power operat ion 
is l imited to 1.2 Mw, the hypothetical instabil i ty is of m e r e academic in te r ­
es t . The l imit to which power may be increased is dictated, not by m a t t e r s 
of instabili ty, but by ma t t e r s of heat removal , fy 

Strong nonlineari t ies in the power coefficient pose no ser ious 
operat ional p rob lems , at leas t over the range of power associa ted with the 
t e s t s . Except for the region between zero and 200 kw, in which the power 
coefficient is smal l but sti l l negative, the power coefficient is everywhere 
very strongly negative. Whereas the nonl inear i t ies a r e re la t ive ly unim­
portant from the stabili ty viewpoint, they do great ly complicate the in t e r ­
pretat ion of tes t data in tu rns of a single unified model which may be applied 
over wide ranges of power, flow, and t e m p e r a t u r e . The origin of the non-
l inear i t ies appears to be a consequence of power -and - t empera tu re - sens i t i ve 
c learance sys tems in existence between rods , between rods and hexes , and 
between hexes . 

The power coefficient has also been shown to be sensi t ive to the 
te inpera ture of the inlet coolant. The explanation of this effect has been 
attr ibuted to the strong t e m p e r a t u r e dependence of the expansion coefficient 
for the u ran ium-z i rcon ium fuel ma te r i a l . 

The influence of s t ruc tu ra l feedback has also been observed in 
Mark III, fortunately to a different and much less ser ious degree than in 
the ea r l i e r Mark II design. At the higher inlet t e m p e r a t u r e , approximately 
13% of the net power coefficient is associa ted with a negative feedback 
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process which opera tes with a t ime constant of the o rde r of 400 seconds. 
In view of the extreme slowness of action, the physical p rocess responsible 
must cer ta in ly be one associa ted with some mass ive , and as yet unspecified, 
s t ruc tu ra l member located at some downstream location. 

Attempts to enhance and m e a s u r e possible feedback effects a r i s ing 
in the radia l breeding blanket were unsuccessful . As a consequence it 
must be concluded that feedback mechan i sms , based on the preheating of 
inlet coolant by the t ransfer of heat between one outlet and blanket inlet in 
s e r i e s flow a re unimportant . Since preheating possibi l i t ies a r e very 
near ly the same for Mark II and Mark III, it rnay also be concluded that 
strong blanket feedback mechan i sms , postulated as the source of the de ­
layed negative component for Mark 11, a r e considerably d iscredi ted . 

The re su l t s of removing the stabilizing r ibs from fuel rods have 
demonst ra ted conclusively the existence of a strong positive effect which 
Ix^tgically must be associated with the inward bowing of fuel rods . An ex­
trapolat ion of the resu l t s obtained by shearing the rods from approximately 
one- thi rd of the fuel rods effective in rod-bowing resu l t s in a value of 
+2.06 X 10" Ak/k/kw for the fully sheared co re . Since the prompt negative 
component associa ted with fuel coolant and blanket expansion is -2.205 x 
10" Ak/k/kw, the response of the reac tor even when fully sheared would 
sti l l be governed by a smal le r , but sti l l negative, prompt power coefficient. 
Under these conditions runaway excurs ions , such as the one which dam­
aged the Mark II core , would be impossible . An application of the Nyquist 
stabili ty c r i t e r ion to the extrapolated, fully sheared data resu l t s in the 
conclusion that the reac tor would attain resonance instabili ty at full flow 
at approximately 11 Mw and for a frequency of 0.14 c / s e c . 

It has also been shown that r ib - shea r ing resul ted in an unexpected 
and unexplained inc rease in the magnitude of the delayed s t ruc tu ra l power 
coefficient. As a resul t of experienced analys is , it has been shown that 
the dec rease in the prorapt negative power coefficient is balanced in s teady-
state operat ion by an equal i nc rease in the magnitude of the delayed s t r u c ­
tu ra l component. The origin of the increased s t ruc tura l effect has been 
associa ted with wall deformation in those assembl ies containing sheared 
rods . 

The resu l t s of the Mark III t e s t s have also proven beneficial in 
understanding the^ Mark i r i n s t ab i l i t i e s . As a resul t of the Mark III t e s t s 
it now seems c lear that the prompt positive coefficient so obviously p r e s ­
ent in Mark II was a consequence of two conditions: a strong prompt 
positive rod-bowing effect; and a great ly reduced prompt negative coef­
ficient which is cha rac te r i s t i c of an essent ia l ly uncoupled fuel rod sys tem. 
As an additional i tem of information, the Mark III t es t s have also demon­
s t ra ted that rod-bowing is a consequence of special conditions of fuel-rod 
re s t r a in t , which apparently were rea l ized in Mark II through the expansive 
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ac t i on of the l ower sh i e ld p l a t e (the f i r s t p e r f o r a t e d p l a t e i m m e d i a t e l y 
above the c o r e ) . E x p a n s i v e ac t ion b r o u g h t about by the t e m p e r a t u r e dif­
f e r e n t i a l a c r o s s the c o r e was a p p a r e n t l y suff ic ient to f o r c e the r o d t i p s 
o u t w a r d in the b o t t o m p l a t e un t i l t h e y f o r m e d an o r d e r e d s y s t e m conduc ive 
to r o d - b o w i n g . 

The r e s u l t s of e x p e r i m e n t s conduc ted on a s h i e ld p l a t e s i m i l a r to the 
one i n s t a l l e d in the M a r k I and II c o r e s have i n d i c a t e d r a t h e r de f in i t e ly 
t ha t e x p a n s i v e m o t i o n s induced t h r o u g h t e m p e r a t u r e c h a n g e s m a y we l l be 
t h e s o u r c e of the long p o s t u l a t e d and h i t h e r t o u n e x p l a i n e d d e l a y e d n e g a t i v e 
p o w e r coef f i c ien t . I m m e d i a t e l y upon h e a t i n g (with e i t h e r a i r o r w a t e r ) , 
the p l a t e d i s h e s . After a few s e c o n d s the d i sh d i s a p p e a r s and b e g i n s to 
expand m o r e s lowly in a r a d i a l d i r e c t i o n . The d i s h i n g effect i s m a n i f e s t e d 
by an ampl i f i ed o u t w a r d m o t i o n at c o r e e l e v a t i o n by t h o s e fuel r o d s o r i g i ­
n a l l y a m b i g u o u s with the p l a t e p e r f o r a t i o n s . Rough e s t i m a t e s of the ex ten t 
of m o t i o n s a long with t h e s e a m p l i f i c a t i o n s a r e r e a s o n a b l y c o n s i s t e n t wi th 
the a m o u n t of m o t i o n r e q u i r e d to s a t i s f y the M a r k II t e s t r e s u l t s . 

II. 800-Mwh I r r a d i a t i o n Run (J . O. Zane) 

D u r i n g t h i s p e r i o d an 800-Mwh r u n was m a d e to i r r a d i a t e a n u m b e r 
of s a m p l e s for the C h e m i c a l E n g i n e e r i n g (CEN) and M e t a l l u r g i c a l (MET) 
D i v i s i o n s of the L a b o r a t o r y . S e v e n t e e n r o d s p e c i m e n s for i r r a d i a t i o n i n ­
c luded : t e n r o d s for C E N con ta in ing foi ls of U^^^, U^^^, and Pu^^^ to d e t e r ­
m i n e the r a t i o of c a p t u r e - t o - f i s s i o n c r o s s s e c t i o n (a lpha) ; and s e v e n r o d s 
for M E T , t h r e e of which con ta ined p l u t o n i u m and u r a n i u m c a r b i d e s a m p l e s , 
and four of which w e r e p l u t o n i u m p r o t o t y p e s for the M a r k IV c o r e . T h e s e 
l a t t e r s e v e n r o d s wi l l be i n s p e c t e d and a n a l y z e d to p r o v i d e d a t a on d i m e n ­
s i o n a l s t a b i l i t y and fuel i n t e g r i t y of c a r b i d e s u n d e r a t t a i n a b l e t e m p e r a t u r e s 
and b u r n u p s in t h i s r e a c t o r . 

M 231 
In add i t ion to the s a m p l e r o d s , four C E N c a p s u l e s con t a in ing U ' 

fo i l s w e r e l o c a t e d in s e p a r a t e t h i m b l e s , two on the i n n e r and two on the 
o u t e r p e r i p h e r y of one of the 84, s t a i n l e s s s t e e l - j a c k e t e d j n a t u r a l u r a n i u m 
b r i c k s which m a k e u p t h e o u t e r b l a n k e t . T h e s e k e y s t o n e - s h a p e d b r i c k s , 
when f i t ted t o g e t h e r , f o r m a cup o u t s i d e the r e a c t o r t ank and s u r r o u n d t h e 
c o r e and i n n e r b l a n k e t of the r e a c t o r . V e r t i c a l m o v e m e n t of t h i s o u t e r 
b l a n k e t , c o m b i n e d with tha t of the c o n t r o l r o d s wh ich p e n e t r a t e h o l e s in 
the b r i c k s , is u s e d to ad jus t t he r e a c t o r r e a c t i v i t y . 

The t e n C E N r o d s w e r e s t a i n l e s s s t e e l - j a c k e t e d , N a K - b o n d e d , and 
c o n t a i n e d n a t u r a l u r a n i u m and u r a n i u m h igh ly e n r i c h e d in the i s o t o p e U , 
a l loyed with 2 w / o Z r . In F i g . 1, r o d s n u m b e r e d 1 t h r o u g h 6 a r e fuel r o d s 
i n s t a l l e d in the c o r e s e c t i o n . Rods 7 t h r o u g h 10 a r e b l a n k e t r o d s l o a d e d 
in a b l anke t s u b a s s e m b l y . Slugs in bo th t h e s e t y p e s of r o d s w e r e of v a r y ­
ing n u m b e r s and l e n g t h s to a l low s p a c i n g of t h e f o i l - c o n t a i n i n g a l u m i n u m 
c a p s u l e s a long the l eng th of the r o d s a s r e q u i r e d . 
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LEGEND: 
X Fuel Rods 
0 Blanket Rods 
P(l ,2,3,4) Plutonium Prototype Rods 
M(l,2,3) Metallurgy Specimen Rod 
1 thru 10 CEN Irradiat ion Specimen Rods 
® Mark III Fuel Rods being Monitored 

Fig . 1 

Loading Diagram 
EBR-I, Mark III 



The rods were dis t r ibuted radial ly from the center to the edge of the 
reac tor core and inner blanket, as shown in F ig , 1. This radia l d i s t r ibu­
tion of the rods was combined with a ver t ica l distr ibution of the foils in 
the rods to provide radia l and ver t i ca l sampling of the r e a c t o r . 

F igure 2 shows the location of the special i r rad ia t ion br ick in 
position G-5. This places it at the ver t ica l center of the reac tor and in 
an angular position between two beam holes for minimum flux d is turbance . 

Locations of the rods i r r ad ia ted for MET (M- l , 2, 3 and P - 1 , 2, 3, 
4) a r e also shown in the loading d iagram F ig . 1. Rod M-3 was loaded en­
t i r e ly with slugs of UC-20 w/o PuC, and had a thermocouple well within 
the fuel. Rods M-1 and M-2 were not provided with a thermocouple well . 
Their loadings consisted of a l ternat ing, one-inch slugs of PuC and UC-
20 w/o PuC. As seen from Table I, a maximum t empe ra tu r e of 365°C was 
measu red . 

The plutonium prototype rods , P-1 through 4, were made with a 
fuel- to-slug d iameter of 0.200 in. and jacket d i ame te r s from 0.280 down 
to 0.250 in., to give an annulus between the fuel and jacket of ei ther 0.020, 
0.010, or 0.005 in. These rods were slightly sma l l e r than the final design 
d iameter of the EBR-I , Mark IV r o d s . Two of these rods contained t h e r -
inocouple wel ls . A maximum t empera tu re of 349°C was m e a s u r e d (Table I). 
Tempera tu re measu remen t s of the PuC and the P u - m e t a l prototype rods 
were made throughout the 800-Mwh run. No change in s teady-s ta te t e m ­
pe ra tu re occur red between the beginning and the end of the run. In Table IV 
in Sect. IV below, the measu red and calculated t e m p e r a t u r e s a re compared . 
The calculated t empe ra tu r e differential was about 20 percent higher than 
that measu red . Information on the dimensional stabil i ty of the fuel slug 
under operating conditions and the effect of the annular- l iquid bond thick­
ness will be obtained from inspection of the prototype fuel e lements . 

^ ' l Also included in this loading were seve ra l Mark III fuel rods being 
monitored for rod-growth measu remen t s and two s t r ipped- r ib s u b a s s e m ­
b l i e s . The la t ter had been instal led in the r eac to r in Feb rua ry , I960, and 
were used through Apri l during operat ion for the final phases of the kinet ics 
studies without any resul tant dis turbance of the r eac to r s tabi l i ty . At the 
conclusion of the stabil i ty s tudies , these subassembl ies remained in the 
r eac to r . 

Loading of the reac tor for the i r rad ia t ion run was completed on 
May 23, I960, and it was brought to a power of 1100 kw on the same day. 
The 800-Mwh run with this loading was completed September 10, I960, and 
the reac tor was shut down for removal of some of the s ample s . 

The ten CEN sample rods , the sample br ick , the two Pu prototype 
rods (without thermocouple) , one PuC rod (without thermocouple) , and one 
Mark III fuel rod from a s t r ipped- r ib subassembly were removed. 
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SECTION B B 
ELEV 103 0' 

Fig 2. Reactor Layout Showing Location of Special Br ick 
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Fig. 4. Ruptured Brick Removed for Inspection 
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Table I 

MEASUREMENT OF TEMPERATURES IN SELECTED RODS 
OF EBR I, MARK III AT A POWER OF 1120 kw 

Rod 

P - 4 

P - 3 

PuC 
M-3 

Location 

A-20 
1 in. above fuel (^ 
2.3 in. above fuel (^ 
Top of blanket 

A-8 
1 in. above fuel ^ 
2.3 in. above fuel ^ 
Top of blanket 

E-28 
1 in. below fuel (ĵ  
2.9 in. above fuel ^ 
Top of blanket 

NaK 
Tempera ture 

(°C) 

305 
312 
337 

305 
312 
338 

295 
330 
350 

Measured 
Tempera ture 

rc) 

348 
349 

342 
339 

354 
365 

Most of the integrated power of the reac tor was put on in periods of 
t h r e e - and two- shift operat ion with weekend shutdowns. Power operations 
were interrupted to some extent to give training in reac to r operation to two 
groups of APDA operating people who were present for two-week periods 
for a four-week total . The integrated power curve is shown in Fig. 3. On 
two occasions, high activity levels in the outer-blanket exhauster-coolant 
a i r indicated br ick cladding fai lures , necessi tat ing shutdown. The f i rs t 
t ime , inspection revealed one br ick with the entire inner jacket face broken 
open, a dent in the Al i3iner l iner , and a considerable amount of uncontained 
uranium oxide. Apparently, a smal l hole developed in the cladding, allow­
ing uranium oxide to form, causing swelling of the jacket, and result ing in 
the dented l iner and eventual rupture of the br ick . This situation was c o r ­
rected by replacing the br ick, the inner l iner, and the contaminated f i l t e r s . 

Inspection on the second occasion revealed another ruptured br ick 
stuck to the one below it. Two additional b r i cks , removed for inspection of 
a gap between them, revealed that the br icks above and below the gap were 
stuck together (see Fig . 4). Not enough uranium oxide had leaked from the 
ruptured br ick to warrant replacing the f i l ters , and operation was resumed 
after replacing the four b r i cks . 
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III. Summary of Measurements of Dimensional Changes in Coextruded 
Uranium-Zirca loy 2 Fuel Rods of EBR-I, Mark III (R. G. Matlock 
and J. D. Leman) 

1. Observed Effects 

The fifth set of measurements of dimensional changes in 
EBR-I, Mark III fuel rods were completed in September, I960. These 
measurement s have been taken over a period s tar t ing with May, 1959, 
during which t ime the majori ty of the rods measured have accumulated 
a total of 2,682 Mwh of operating t ime . A brief h is tory of the fuel rods 
is presented in Table II, and some of the measu remen t s in Table III. 

The two most prominent effects observed were a diameter 
increase at the top of the fuel section and an overal l dec rease of rod length. 
In sheared rods the maximum diameter growth was large enough to be 
c lear ly visible. F igure 5 shows the comparison between a nonirradiated, 
sheared rod and a sheared rod which has been in the reac tor for 2,682 Mwh. 
This par t icular rod showed a maximum diameter increase of 0.033 in. 

Measurements of rod lengths showed dec reases in length as 
large as 0.290 in. A comparison is made of the increase in rod jacket 
diameter and the decrease in rod length in Fig. 6. This figure indicates 
an approximately l inear relationship between diameter inc rease and 
length decrease in the range of measurement s taken. 

Table I I 

EBR-I, MARK I I I 
FUEL ROD HISTORY 

Rod No 

F-54 

F-215 

F-18 

F-157 

F-86 

F-140 

F-21 

F-239 

Condition 

Unsheared 

Unsheared 

Unsheared 
Unsheared 
Unsheared 

Unsheared 
Unsheared 
Unsheared 

Unsheared 

Unsheared 

Unsheared 

Unsheared 
Sheared 

Unsheared 
Sheared 

Location 

A-17 

A-5 

A-20 
A-29 
A-11 

A-15 
A - l l 
A-29 

A-13 

A-18 

G-26 

D-6 
D-6 

C-6 
C-6 

Distance from 
Core (inches! 

0 90 
122 

0 90 
0 90 
080 

122 
0 80 
0 90 

0 45 

0 45 

2 06 

214 
214 

214 
214 

Reactor Time 

1875 Mwh 
807 Mwh 

Total 2682 Mwh 

1875 Mwh 
412 Mwh 
395 Mwh 

Total 2682 Mwh 

1875 Mwh 
412 Mwh 
395 Mwh 

Total 2682 Mwh 

Total 807 Mwh 

Total 807 Mwh 

Total 2682 Mwh 

1413 Mwh 
1269 Mwh 

Total 2682 Mwh 

1625 Mwh 
1057 Mwh 

Total 2682 Mwh 

Rod No 

F-8 

F-72 

F-76 

F-165 

F-47 

F -U l 

F176 

F-134 

F182 

Condition 

Unsheared 
Sheared 

Unsheared 
Sheared 

Unsheared 
Sheared 

Unsheared 
Sheared 

Unsheared 
Sheared 

Unsheared 
Sheared 

Unsheared 

Unsheared 

Unsheared 

Location 

D-5 
D-5 

D-11 
D-11 

C-8 
C-8 

C-2 
C-2 

D-7 
D-7 

D-30 
D-30 

G-23 

G 30 

G-36 

Distance from 
Core (inches) 

172 
172 

206 
206 

214 
214 

172 
172 

2 56 
2 56 

336 
336 

336 

2 56 

180 

Reactor Time 

1391 Mwh 
1269 Mwh 

Total 2660 Mwh 

1413 Mwh 
1269 Mwh 

Total 2682 Mwh 

1625 Mwh 
1057 Mwh 

Total 2682 Mwh 

1625 Mwh 
1057 Mwh 

Total 2682 Mwh 

1413 Mwh 
1269 Mwh 

Total 2682 Mwh 

1413 Mwh 
1269 Mwh 

Total 2682 Mwh 

Total 2682 Mwh 

Total 2682 Mwh 

Total 2682 Mwh 
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Table III 

MEASUREMENTS OF F U E L ROD LENGTH 
AND MAXIMUM JACKET DIAMETER 

Rod No. 

F - 5 4 
F - 2 1 5 
F - 1 5 7 
F - 8 6 
F - 1 8 
F - 7 6 
F - 1 7 6 
F - 1 3 4 
F -182 
F - 2 1 
F - 8 
F - 7 2 
F - 4 7 
F -111 
F - 2 3 9 
F - 1 6 5 
F -140 

Amount of 
Shr inkage 

+ 0.015 inches 

0.126 
0.162 
0.022 
0.024 
0.100 
0.227 
0.020 
0.058 
0.061 
0.290 
0.204 
0.260 
0.171 
0.055 
0.178 
0.127 
0.082 

Maximum 
D i a m e t e r 
I n c r e a s e 

(in.) 

0.0146 
0.0167 
0.0014 
0.0017 
0.0143 
0.0259 

0.0345 
0.0240 
0.0334 
0.0171 
0.0067 
0.0180 
0.0151 
0.0083 

Fig. 5, Comparison between EBR-I, Mark III Sheared Fuel 
Rods, Irradiated (Bottom) and Nonirradiated (Top). 
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Fig . 6. EBR-I, Mark III I r radiated Fuel Rods - Length 
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Figure 7 re la tes change in rod length with radia l distance from 
the core centerl ine for four unsheared rods , each of which had 2682 Mwh in 
the reac to r . Also, each of these rods remained at the radia l distance in­
dicated during this period. 
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Fig. 7. EBR-I, Mark III I r radia ted Fuel Rods - Change 
in Rod Length for 4 Unsheared Rods vs Radial 
Distance from Core Center l ine . 



Dur ing the p e r i o d f rom about 1400 to 1600 Mwh of o p e r a t i o n , 
the spac ing r i b s of fuel r o d s in S u b a s s e m b l i e s C and D w e r e s h e a r e d off in 
the fuel and b lanke t s e c t i o n s . A p p r o x i m a t e l y one inch of each r i b was left 
at each end of the rod (vis ible in F i g . 5) to i n s u r e p r o p e r pos i t ion ing and to 
a l low for t igh ten ing the ends of the r o d s in the s u b a s s e m b l i e s . R e m o v a l of 
t h e s e r i b s e l i m i n a t e d r a d i a l con tac t in the fuel s ec t i on be tween n e i g h b o r i n g 
r o d s . In c o m p a r i n g the m e a s u r e m e n t s t a k e n on s h e a r e d rods with t h o s e 
t aken on u n s h e a r e d r o d s , it a p p e a r s tha t the r a d i a l r e s t r a i n t i m p o s e d by the 
r i b s had a p r o n o u n c e d effect on the g rowth c h a r a c t e r i s t i c s of the r o d s . 

Ano the r effect o b s e r v e d in the fuel r o d s was bowing ( see F i g . 8). 
Some bowing was o b s e r v e d in both s h e a r e d and u n s h e a r e d r o d s . In s o m e 
i n s t a n c e s , r o d s w e r e bowed to s u c h an extent t ha t they w e r e unfit for r e a c ­
t o r u s e . Most of the bowing o c c u r r e d in the r eg ion of the junc t ion b e t w e e n 
the fuel and uppe r b l anke t s e c t i o n of the rod . Th i s i s a l so the r e g i o n in which 
the m a x i m u m d i a m e t r i c a l changes t ake p l a c e . T h e r e does not s e e m to be a 
c o r r e l a t i o n b e t w e e n rod bowing and t e m p e r a t u r e , loca t ion , or t i m e in the r e a c t o r . 

F i g . 8. Bowed I r r a d i a t e d M a r k III F u e l Rod 

T h e r e i s a p o s s i b i l i t y t ha t the fuel and j a c k e t w e r e not c o n c e n t r i c . 
A t o l e r a n c e of 0.008 in . i s a l lowed for the d i a m e t e r of the fuel s e c t i o n . T h e s e 
condi t ions could lead to a nonun i fo rm j a c k e t t h i c k n e s s a l o n g t h e rod and b o w ­
ing would be e x p e c t e d . 

F i g u r e s 9 th rough 13 a r e p lo ts of d i a m e t e r i n c r e a s e v e r s u s 
length a l o n g t h e rod for five t y p i c a l r o d s n n e a s u r e d . F i g u r e 9 is for rod F - 2 1 , 
which showed the l a r g e s t d i a m e t e r i n c r e a s e for a l l r o d s m e a s u r e d . F i g ­
u r e 10 i s for rod F - 1 4 0 , which was u n s h e a r e d and was loca ted in S u b a s s e m ­
bly G. F i g u r e 11 is for rod F - 2 1 5 f r o m S u b a s s e m b l y A. F i g u r e s 12 and 13 
a r e r o d s F - 1 5 7 and F - 2 3 9 . The f o r m e r was loca ted in S u b a s s e m b l y A, but 
spent only a c o m p a r a t i v e l y s m a l l amoun t of t i m e in the r e a c t o r . In F i g . 14 
i s a plot of d i a m e t e r i n c r e a s e vs r e a c t o r t i m e at h igh t e m p e r a t u r e . 
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Tempera ture seems to be an important factor in rod growth, and because 
about 450 Mwh of operation were ca r r i ed out at a lower t empera tu re , this 
period was subtracted from data in Fig. 14. 

The noticeable dec rease in growth ra te is affected by severa l 
factors and is d iscussed in Section V. 
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2. Rod Structure and Fabr ica t ion 

The fuel and blanket sections of the Mark III fuel rods contain 
a coextruded uran ium-2 w/o zirconium alloy core within a Zircaloy-2 jacket . 
The fuel section is 8.5 in. long and contains enriched (93%) uran ium-2 w/o 
z i rconium. The lower blanket section is 3.562 in. long, and the upper 
blanket is 7.75 in. long. Each of these blanket sections contains na tura l 
u ran ium-2 w/o z i rconium. The three sections a re joined by welding and 
a re separa ted by a 0.020-in. Zi rca loy-2 disk. The disk is bonded, by 
induction-heating, to the fuel and blanket s lugs . 

The spacing r ibs a r e of 0.056-in. d iameter , of zirconium wire , 
and spot-welded a t -^- in . in terva ls to the rod jacket . Each r ib is 0.046 in. 
high. Three such r ibs a r e attached at 120° angular spacings, as shown in 
the fuel rod assembly drawing (see Fig . 15). A s ta in less s teel handle, 
weighing 351b and 85 f in . in length, is attached to the upper end of the fuel 
rods for handling pu rposes . 

3. Fuel Assembly 

Each hexagonal fuel a s sembly contains 36 fuel rods . The radia l 
position of each rod tip is controlled by the locating holes in the fuel rod 
support plate (see F ig . I6) . Spacing between the fuel rods is maintained by 
longitudinal r ibs attached to each rod. A tightening rod located in the center 
of each hexagonal subassembly se rves to hold the fuel rods in contact with 
each other . 

In Subassembly A, two different rods were used during the 
period of m e a s u r e m e n t s . For the f i rs t 1857 Mwh of operat ion, an expand­
ing rod was used to exer t an outward radia l force over the ent i re length of 
the fuel and blanket sect ions of the fuel rods . During the 800-Mwh run, 
this subassembly was loosened by interchanging rods with outer subas sem­
bl ies , and the expanding rod was replaced with a positioning rod. This 
positioning rod l imi ts movement only at the top and bottom of the fuel rods . 
In the sheared subassembl ies the rods were tightened at the top and bottom 
only. 

4. Discussion of Resul ts 

In reviewing the observed growth effects in the fuel rods , it 
i s in teres t ing to compare the growth profiles and the t empera tu re prof i les . 
A compar ison of a typical rod d iamete r profile with the axial rod t e m p e r a ­
tu re t r a v e r s e of F ig . 17 shows that the maximum rod growth and the max i ­
mum rod t empe ra tu r e occur at about 11.5 in. above the bottom shoulder. 
At the upper junction between the fuel and blanket sect ions , the t e m p e r a ­
tu re drops abruptly to a fair ly constant value, and the rod d iameter de ­
c r e a s e s abruptly at this point a l so . 



JX 
I .404 DIA. I .330 @t&. 

i€ — ^ M 

-Sm i l i LE iS STEEL HI^NOLE 

•2U8T-

-7.S0©**^iLAM«T-
HATU^&L Ugss PLUS i % Zr 

-&S00 CORE-
WmLY iHtlCHED U ^ t PL.Ui 1 % Z f 

•+•©1® 

S.g i i BLANKET i-*-
NATUBAL Ugss 

PLUS Z% Zr 

imCMJLQY I CL^0 
.0t© THWK 

.04® WIHE DIA. 

KCTM^ A - A 

F i g . 15 . E B R - I , M a r k III F u e l R o d 



1127 
O 

H 60i 
?̂  OVERFLOW 

36,8 

q^OUTLET 

BETWEEN CENTERS 

TIGHTENING ROD 

BLANKET ASSEMBLY 

046 WALL — h - - j|DIA HOLES 

SECTION A - A SCALE 2 I SECTION B - B 

Fig. 16. EBR-I, Mark III Fuel and Blanket Assembly 



31 

500 

:3oo — 

--6= 

0 Fuel rod in hole A-31 

O Coolant in adjacent channel 25 -30-31 

4 6 8 10 12 14 16 
DISTANCE ABOVE BOTTOM SHOULDER OF ROD,Inches 

Fig. 17. Rod and Coolant Tennperature vs Axial 
Distance in One Subassembly 

A comparison of the radia l t empera tu re t r a v e r s e ac ross the r eac to r core 
(see Fig. 18) with the length measurements ac ross the core (Fig. 7) shows 
that the maximum length changes occur in the h igh- tempera ture region 
and the minimum length changes occur in the region of lower t e m p e r a t u r e . 
A comparison of more complete data on the growth of the rod diameter 
ac ross the core with this t empera tu re t r a v e r s e shows that d iameter growth 
also var ies d i rect ly with t empera tu re . Another t empera tu re growth c o r r e s ­
pondence is evident in Fig . 14. A decreased growth ra te for rods F-215 , 
F -18 , and F-54 is c lear ly indicated. These rods were located in Subassem­
bly A (the centra l subassembly) during the ent i re run. This decreased 
growth rate is apparent for the last 800 Mwh of reac tor operat ion. 

During the last 800 Mwh, the reac tor power level was main­
tained at about 100 kw below the previous operating level. The lower outlet 
t empera tu re observed in Subassembly A was too much below that with the 
standard loading to be attr ibuted to the lower power level only. Seven i r ­
radiation sample rods were present in this region during the las t 800 Mwh. 
The plutonium prototype rods were about 0.140 in. smal le r in diameter than 
the regular fuel rods and provided more a rea for coolant flow. All contained 
less fuel and contributed less to heat generat ion. Fur the r , they flattened 
the flux across this subassembly. The combined effects of lower power, 
more coolant flow, and lower flux level due to less fuel reduced the t em­
pera ture in this subassembly. 
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More complete data for d iameter growth of sheared rods 
showed a decreased growth ra te in the row adjacent to the cent ra l sub­
assembl ie s . The t empera tu re in this row was lower due to an increased 
a rea for coolant flow at the edge. 

Another factor exerting influence on rod growth is radial 
r e s t ra in t . In comparing the sheared rod which grew the most (F-21) 
with the unsheared rod which grew the most (F-215), the former grew 
twice as much as the la t te r . Also, rod F-21 was unsheared for the first 
1400 Mwh of operation as well as being located in a region of lower t em­
pe ra tu re . Comparing rod F-239 (see Fig . 13) with rod F-21 shows a 
difference of 0.018 in. in maximum growth. These two rods had the same 
amount of accumulated t ime in the reac tor ; however, F-21 was sheared 
for 200 Mwh more than F-239 . 

Rods F-140 (unsheared) and F-21 were in the reac tor the 
same amount of t ime and were located at about the same radial distance 
from the co re . A comparison of maximum diameter showed a difference 
of 0.026 in., that for F-21 being l a rge r . 

An atteinpt has been made in F ig . 14 to indicate the increased 
growth ra te of the sheared rods . Although diameter measurements were 
not made on the sheared rods before their r ibs were removed, an initial 
growth ra te for these rods is approximated from the growth ra te of an 
unsheared rod in Subassembly G, located at about the same radia l distance 
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from the core centerl ine as the sheared rods . The inc reased growth ra te 
of the sheared rods should begin at equivalent r eac to r operating t imes of 
1400 Mwh and 1628 Mwh for rods F-21 and F-239, respect ively . This 
figure shows that the growth ra t e s for the sheared rods were considerably 
l a rger than for the unsheared rods . 

As is i l lus t ra ted in Fig. 16, an unsheared rod, when placed in 
a hex, is r e s t r a ined radia l ly at six points on i ts c i rcumference . Tests 
perfornaed to determine the effectiveness of the tightening rods in holding 
the fuel rods indicated that most of the rods were held fairly snugly. In 
contrast , a sheared rod has no r ibs and no rad ia l contact with its neighbor­
ing rods , except for a one-inch section at the top of the upper blanket and 
the bottom of the lower blanket. The radia l r e s t r a in t imposed by the r ibs 
on unsheared rods evidently exer ts considerable influence on the extent of 
radia l growth. That high p r e s s u r e s a re exer ted between unsheared rods 
is i l lus t ra ted by the fact that in the cent ra l par t of Subassembly A some 
r ibs have been flattened and pushed to one side in the upper fuel section. 

IV. EBR I, Mark IV Core Design ( j . D. Leman) 

The design c r i t e r i a of the Mark IV core requ i red that a c r i t i ca l 
m a s s be obtained while limiting the fuel t empera tu re to about 500°C. This 
requi rement is necess i ta ted because a de l ta - to -eps i lon-p lus-de l ta phase 
change occurs in Pu-10 a /o Al at approximately 600°C. With a fuel slug 
0.235 in. in d iameter , the maximum calculated fuel t empera tu re is 505°C. 
This should allow a hot spot t empera ture of approximately 95°C under the 
limiting t empera tu re at full power (l200 kw). The 0.235-in. fuel slug size 
with 60 rods per subassembly, instead of 36 as in Mark III, provides the 
smal ler t empera tu re differential in each rod that is requi red and provides 
the neces sa ry m a t e r i a l for c r i t ica l loading. 

Four Pu-10 a /o Al prototype fuel rods were put in the Mark III core . 
Two of these rods (Pu4 and Pu3) were dri l led so that a thermocouple could 
be used to m e a s u r e the fuel t empera tu re under actual operating conditions. 
Rod Pu4 had a fuel slug of 0.200-in. d iameter , a jacket 0.280 in. in d iameter , 
and a NaK-filled annular c learance of 0.019 in. Rod Pu3 had a fuel slug 
0.200 in. in d iameter , a jacket of 0.250-in. d iameter , and a NaK-filled an­
nular c learance of 0.004 in. 

The NaK coolant channel outlet t empera tu re s were m e a s u r e d by 
thermocouples located in the rod handle above the upper blanket slug, 
whereas coolant t empera tu res adjacent to the fuel thermocouples were 
determined from a ver t i ca l t empera ture profile drawn below the measu red 
ver t i ca l te inpera ture t r a v e r s e for Subassembly A with a uniform loading of 
Mark IV fuel rods . 
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A comparison of the measured and calculated fuel t empera tures a re 
contained in Table IV. The discrepancy between the two values is possibly 
explained by the uncertainty as to the actual adjacent coolant t empera tu re . 

Table IV 

COMPARISON OF MEASURED AND CALCULATED 
FUEL TEMPERATURES 

Rod 
(in.) 

Pu-4; 
0.280 Jacket 

Pu-3 ; 
0.250 Jacket 

Location 

A-20 
1 in. above fuel 
centerline 

A-8 
1 in. above fuel 
centerline 

Core inlet 

Channel 
outlet 

Power 
(kw) 

1118 

1118 

NaK 
Temp 
(°c) 

305 

305 

248 

338 

Fuel Temp 
Calculated 

(°c) 

358 

354 

Fuel Temp 
Measured 

(°C) 

348 

342 

Temp Drop 
Calculated 

(°c) 

53 

49 

Temp Drop 
Measured 

(°C) 

43 
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The final design of the Mark IV loading has been set . Some minor 
details may be al tered due to fabrication methods and procurement of m a ­
t e r i a l s . This work is now being done by the Metallurgy Division in 
Argonne, Illinois 

1. Fuel Rods 

The Mark IV fuel rod is shown in Fig . 19. It consis ts of a 
Zircaloy-2 tubular jacket with an OD of 0.299 in. and a 0.020-in. wall. 
Three Zi rca loy-3 r ibs , 0.049 in. in height, a re equispaced around the 
jacket to maintain uniform spacing and a coolant channel between the rods 
in the assembly . The jacket is filled with six slugs, of which the upper 
and lower a re of depleted uranium, 7.745 and 3.552 in. long, respect ively, 
and constitute partof the longitudinal blanket. The center core section is 
composed of four plutonium-10 a/o aluminum slugs, each 2.121 in. long to 
give a total length of 8.484 in. All the slugs a re 0.235 in. in diameter and 
a r e held concentrical ly in the jacket by spacers die-formed on their su r ­
faces . The 0.011-in. annular c learance between the slugs and the jacket 
is filled with NaK for the rmal bonding. A gas space is provided within 
the element to allow for the rmal expansion of the NaK and for the accumu­
lation of fission gas . 
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A Zircaloy-2 t ransi t ion piece is welded to the upper end of the 
jacket . It contains the NaK-fill tube, which is finally seal-welded and is 
threaded at its top. A Type 304 s ta inless s teel handle is screwed and locked 
into th i s . This extension is used for handling purposes and as par t of the 
upper shield. It has a reduced section from connector to plenum chamber 
to reduce flow res i s tance and a special head on the upper end to receive 
the handling tool. On the bottom end of the jacket is a Zi rca loy-2 , t r iangu­
lar tip for locating and orienting the fuel rod in the hex assembly. 

2. Blanket Rods 

The blanket rods and subassembl ies used in the outer hexes 
a r e the same ones that were used in the Mark III loading (see ANL-5836). 

The blanket rods used in the inner hexes a r e identical to the 
fuel rods except for the replacement of the fuel by blanket ma te r i a l . This 
is in the form of four depleted uranium slugs. The upper slug is 7.745 in. 
long, two center slugs a r e 4.247 in. long, and the lower slug is 3.552 in. 
long. 

3. Thermocouple Rods 

Special fuel and inner blanket thermocouple rods will be used 
in the co re . These rods a re the same as the standard fuel and blanket rods 
except that a thermocouple thimble down through the length of the handle to 
the position of the center l ine of the fuel section is provided in each of them. 
A special tubular handle in some of the fuel rods will allow a thermocouple 
to be placed in the bottom of the handle for measuremen t of coolant channel 
outlet t e m p e r a t u r e s . 

4. Tightening Rods 

Each fuel assembly contains one tightening rod of a modified 
design used in Mark III at the center of the assembly (see ANL-5836). 
The tightening rod is essent ia l ly an expandable rod, consisting of an outer 
split tube which may be expanded by means of a s e r i e s of Woodruff-key-
type wedges riding in modified. Woodruff key slots in the center shaft. 
Expansion is actuated by means of a nut on the center rod at the top of the 
assembly , which moves the center rod relat ive to the wedges on the split 
tube. 

5. Fuel Assembl ies 

The fuel a s sembly of the Mark IV loading will be s imi lar to 
that of the Mark III. There will be seven hexagonal, Type 304 s ta in less 
s tee l tubes , 2-|-in. OD a c r o s s flats with a wall thickness of 0.040 in. At 
the bottom of the asse inbly tube is a nozzle which reduces from the hexa­
gonal shape to that of a cyl inder . Resting on the nozzle is a rod sheet 
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which s u p p o r t s , l o c a t e s , and o r i e n t s t h e r o d s . The t r i a n g u l a r h o l e s in t h e 
rod s h e e t s r e c e i v e the t r i a n g u l a r t i p s of the r o d s . The r o u n d h o l e s a r o u n d 
the t r i a n g u l a r h o l e s a l low the NaK coo lan t to p a s s t h r o u g h the s h e e t and 
into the s p a c e b e t w e e n the r o d s . 

E a c h fuel a s s e m b l y con t a i n s 60 r o d s p lus one t i gh t en ing rod on 
a l a t t i c e s p a c i n g of 0.348 in . The i n n e r s e v e n a s s e m b l i e s wi l l c o n t a i n the 
fuel e l e m e n t s r e q u i r e d for c r i t i c a l load ing and p o w e r o p e r a t i o n . L a t t i c e 
p o s i t i o n s which a r e u n u s e d for th i s p u r p o s e wi l l be f i l led out wi th s i m i l a r 
e l e m e n t s tha t con ta in d e p l e t e d u r a n i u m on ly . 

T h e r e i s a n o m i n a l c l e a r a n c e of 0.017 in . b e t w e e n the edge of 
the fuel r o d bundle and the h e x a g o n a l wa l l . The t i g h t e n i n g r o d l o c a t e d in 
the c e n t e r of the a s s e m b l y wi l l t a k e up the c l e a r a n c e , t h u s l e av ing a r i g i d 
a s s e m b l y . Al l of t h e r o d s in the fuel a s s e m b l i e s have long h a n d l e s r e a c h ­
ing to the top of the r e a c t o r t ank . F u e l m a y be hand l ed e i t h e r by r e p l a c i n g 
the whole a s s e m b l y o r by l o o s e n i n g t h e t i gh t en ing rod and r e p l a c i n g i n d i -

idua l r o d s . 

A s u m m a r y of d e s i g n c h a r a c t e r i s t i c s is g iven in T a b l e V. 

T a b l e V 

SUMMARY O F DESIGN C H A R A C T E R I S T I C S F O R E B R - I , MARK IV 

1. F l o w and T e m p e r a t u r e Cond i t i ons - R e a c t o r C o r e and Inner B lanke t -
S e r i e s F l o w 

Inlet T e m p e r a t u r e of NaK 230°C 
Out le t T e m p e r a t u r e of NaK 322°C 
F l o w R a t e in S e r i e s 291 g p m 
R e a c t o r P o w e r to NaK Coolan t 120 3 kw 

4,11 X 10^ B t u / h r 
C o r e Inlet T e m p e r a t u r e 246°C 
C o r e Out le t T e m p e r a t u r e 342°C 
R e a c t o r In le t P l e n u m 232°C 
F r a c t i o n of T o t a l R e a c t o r Coolan t F l o w 

t h r o u g h C o r e and B l a n k e t 0 .838 
F l o w t h r o u g h C o r e and B l a n k e t 244 gpm 
F r a c t i o n of T o t a l R e a c t o r Coo lan t F l o w 

tha t i s B y p a s s e d 0.162 
B y p a s s Coo lan t F l o w 47 gpm 
F r a c t i o n of P o w e r to Coolan t in C o r e 0.876 
P o w e r to Coolan t in C o r e 1054 kw 

3.6 X 10^ B t u / h r 
F r a c t i o n of P o w e r to Coolant in B l a n k e t 0 .124 
P o w e r to Coolan t in B l a n k e t 149 kw 

0.51 X 10^ B t u / h r 
Reyno lds N u m b e r 14,600 



Table V (cont'd) 

Dimensional Data - Reactor Core 

Fuel Rod Lattice Spacing 0.348 in. 
Number of Rods per Subassembly 60 
Total Number of Rods in Core 420 
Number of Rods for Cr i t ica l (a t p = 15.06gm/cm^) 314 
Number of Rods for Operation 325 
Jacket OD 0.299 in. 
Jacket ID 0.257 in. 
NaK Bond 0.011 in. 
Fuel Slug Diameter 0,235 in. 
Fuel Weight per Rod 90.1 gm Pu 
Total Fuel Alloy Weight per Rod 91.0 gm 
Maximum Fuel Loading 37.8 kg Pu 
Calculated Cr i t ica l Loading (Cold, wet) 28.3 kg Pu 
Calculated Operating Fuel Loading 29.3 kg Pu 
Cross - sec t iona l Area for Coolant Flow 0.0972 ft^ 
Coolant Velocity, Ser ies Flow 5.6 fps 

Pa ra l l e l Flow 5,3 fps 
NaK Flow Area per Latt ice Triangle 0.0137 in. 
Flow Area of Latt ice 26.1% 
Dg = 4 X Hydraulic Radius 0.0944 in. 
Percen t NaK Flow Area of Total Area 29.4 
Core Volume, Cr i t i ca l 5.19^ 
Core Volume, Operating 5,31 i 
Total Area of Core Section 0.348 ft^ 
Total Fuel Rod Surface Area 18.0 ft^ 
Jacket Wall 0.021 in. 

Heat Transfer Data - Reactor Core 

Average Heat Flux 15.6 cal/(cm^)(sec) 
20 7,000 Btu/(ft^)(hr) 

Average Specific Power 35.9 kw/kg Pu 
Ratio of Maximum to Average Power 1.35 
Max Specific Power 48.5 kw/kg 
Max Heat Flux 21.0 cal/(cm^)(sec) 

T e m p e r a t u r e s at Reactor Center 

279,000 Btu/(ft^)(hr) 

Tempera tu re Difference in Slug, 
Center to Surface 86°C 

Tempera tu re Difference a c r o s s NaK Bond 11*'C 
T e m p e r a t u r e Difference a c r o s s Jacket 35°C 
Tempera tu re Difference a c r o s s Coolant F i lm 1 3°C 
Total Tempera tu re Difference 145°C 
NaK Coolant Tempera tu re 338°C 
Fuel Slug Tempera tu re at Reactor Centerl ine 483°C 
Maximum Fuel Tempera tu re 505°C 
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V. Cr i t ica l Mass of EBR-I , Mark IV (A. R. Baker*) 

1. Introduction 

The c r i t i ca l m a s s of EBR-I , Mark IV was es t imated by PDQ 
and SNG calculat ions on the IBM 704 and by calculations using the RE-7 
code on UNIVAC, Diffusion theory calculat ions (using the PDQ code) 
were per formed for a cyl indrical model of the r e a c t o r . Diffusion theory 
calculat ions a r e known to overes t imate the c r i t i ca l m a s s for sys t ems as 
smal l as EBR-L The PDQ es t imate of the cr i t ica l i ty factor , k, was t h e r e ­
fore co r rec t ed by an amount equal to the difference between cr i t ica l i ty 
factors obtained for the same spher ica l model of EBR-I from calculat ions 
using both SNG ( t ranspor t theory) and RE-7 (diffusion theory) . 

2, Resul ts of Calculations 

PDQ calculations have been per formed for the f i r s t p roposa l 
for a Mark IV core in EBR-I and for a proposed mockup of this core in 
ZPR-III . The pr incipal dimensions assumed in the calculat ions a re given 
in Table L The other dimensions and composit ions were the same as 
those of Mark III and i ts mockup.•'• 

Table VI 

DIMENSIONS USED IN THE CALCULATION 
OF EBR-I , MARK IV (FIRST PROPOSAL^) 

Number of plutonium plates per d rawer 
Fuel Pin d iamete r , in. ' 
Pe rcen tage of Pu '̂*" in total plutonium 
Volume fraction of plutonium, % 
Core length, in. 
Core r ad ius , in. 
Mass of Total plutonium in co re , kg 

Mark IV 
(Mockup 

Core) 

11 
-

4.55 
25.44 
8.0 
3.878 
30.0 

Mark IV 
(Actual 

Core) 

_ 

0.220 
4.55 
24.84 
8.5 
3.992 
33.0 

The final design for Mark IV will have a different pin d iamete r and 
percentage of Pu °. 

*On loan from AERE, Harwell , England; work done at Argonne National 
Labora tory , Idaho Division. 

^J. K. Long et a l , , F a s t Neutron Power Reactor Studies with ZPR-III , 
P r o c , of the Second UN Intn ' l . Conf on the Peaceful Uses of Atomic 
Energy, Geneva (1958), Vol. 12, p. 119. 
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The machine problems a r e described in Table VI. The one-
dimensional models of ZPR-III mockups were spher ical vers ions of the 
two-dimensional ones. Other calculations for this spher ica l Mark IV 
mockup have been descr ibed elsewhere (see ANL-6217). The eleven-
group constants used were Set 58 as given by Loewenstein and Okrent; 
the four-group constants , Set 122, were derived from Set 58 using an 
EBR-I core spect rum as a weighting function. 

The values of the cr i t ica l i ty p a r a m e t e r s , k, obtained by the 
machine calculations a r e given in the fifth and sixth columns of Table VII. 
As expected for reac tors with such smal l cores , diffusion theory predicted 
too low a value of k in all c a s e s . For the spher ical model of the Mark III 
mockup, the 11-group SNG calculation gave a value of k that was higher by 
0.0958 than the value by a 4-group diffusion theory calculation. All the 
values of k from PDQ calculations have therefore been increased by 
0.0958, giving the adjusted values of k in Table VII. These a re the best 
wholly theoret ical es t imates of k for the two mockups and the two r e a c t o r s . 

Table VII 

CALCULATED VALUES OF CRITICALITY PARAMETERS, k 

Reac to r 
or 

Mockup 

Mockup 

Mockup 

Mockup 

Reac to r 

Code 

SNG 

R E - 7 

P D Q 

*PDQ 

No. of 
Dimens ions 

1 

1 

2 

2 

No. of 
Groups 

11 

4 

4 

4 

k 

Mark III 

1.0389 

0.9431 

0.9454 

0.9400 

Mark IV 

1.0254 

0.9216 

0.9253 

Adiu 3ted k 

Mark III 

1.041 

1.036 

Mark IV 

1.017 

1.021 

k(lV)/k(lIl) 

0.980 

0.983 

The calculations therefore predict that al l four models a re 
supercr i t i ca l , but c ros s - sec t ion Set 58 overes t imates k for smal l sy s t ems . 
If it is assumed that k for a plutonium system is overest imated by the 
same amount as k for a s imilar U^̂ ^ sys tem, then the best est imate of k 
for the Mark IV reac tor or mockup is k(lV)/k(lIl), where k(lll) - 1.0 385 is 
the mean value of k for the two Mark III sys tems, both known to be just 
c r i t i ca l . 

3. Cri t ical Mass of EBR-I, Mark IV 

All the calculations for Mark IV specified in Table VI were for 
models of the f i rs t proposal for the core design, with plutonium pins of 
0.220-in, d iameter . F i r s t , a best es t imate will be made of k for the f i rs t 
proposal and then correct ions will be made for the increased pin d iam­
e ter , 0.235 in., and other smal l changes. 
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It can be seen from Table VI that the bes t es t imate of k for the 
f irs t proposal was 0.983. It was shown by a one-group per turbat ion theory 
calculation that, on increas ing the m a s s of total plutonium (4.55% Pu^ '^) in 
the core , keeping the core volume constant, the re would be an i nc r ea se in 
react ivi ty given by 

^ = 0 . 6 6 ( ^ ) 
" " ^ " l Ayr / 

Thus the i n c r e a s e in pin d i a m e t e r g ives an i n c r e a s e in k of 0 .093 . 

The ef fec ts of t h e r e d u c t i o n in c o r e he igh t f r o m 8.5 to 
8.484 i n c h e s and of the r e d u c t i o n in Pu^^° con ten t f r o m 4.55 to 4.50% w e r e 
c o n s i d e r e d . The c o r r e c t i o n s to k a r e in o p p o s i t e s e n s e s and bo th a r e 
n e g l i g i b l e . Hence the f inal e s t i m a t e for s e v e n h e x a g o n s , l oaded with p ins 
of 0 . 2 3 5 - i n . d i a m e t e r w a s 

k :::: 1.076 

The c o r e r a d i u s w a s r e d u c e d to m a k e the r e a c t o r j u s t c r i t i c a l , u s i n g the 
f o r m u l a 

A k „ ^ , /Ar ^ = 0 . 5 4 ( ^ ) 

In this way it was shown that EBR-I , Mark-IV will be just c r i t i ca l and cold 
at a core radius of 8.71 cm, which cor responds to a c r i t i ca l m a s s of 
27.7 kg. 

Final ly, it was shown by a compar ison of published calculat ions 
using Set 58 for Popsy (a smal l Pu ' sys tem) and Topsy (a s imi la r U s y s ­
tem) that k was likely to be overes t imated by 0.6% more for a smal l plu-
tonium reac to r than for the corresponding U sys tem. Making a cor rec t ion 
for this leads to a final value of cold c r i t i ca l m a s s given by 

M - 28.3 kg of total plutonium 

This es t imate of c r i t i ca l m a s s will be valid only if the Pu 
fraction is made exactly 4.5% and the densi ty of the alloy is exactly 
15.00 g /cm . Since the alloy will contain 1% by m a s s of aluminum, the 
actual plutonium density assumed was 14,85 g / cm , which cor responds to 
a m a s s of plutonium of only 89.55 g per fuel pin. If the fraction, f, or the 
pin m a s s , m, depar t s from these values, it can be shown that the c r i t i ca l 
m a s s is given by 
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M = 28.3 [1 + 1.5 Af - 2.4 (Am/m)] kg of total plutonium. 

The cold c r i t i ca l loading will r equ i re 316 fuel pins and 104 na tura l uranium 
pins in the cen t ra l seven hexagons. 

Fo r Mark III, an additional 1 2" kg of U is required to allow 
for the t empera tu re coefficient and for control . The normal operating 
load for Mark IV will therefore be about 1 kg (of plutonium) g rea te r thsm 
the cold c r i t i ca l m a s s ; that i s , will be 29.3 kg of total plutonium (327 fuel 
pins) . 
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B. ZERO-POWER REACTOR III (ZPR-IIl) 

(W. P . Keeney and J. K. Long) 

I. Introduction 

During the period covered by this repor t a mockup of the EBR-II 
reac tor was under study in ZPR-III . The work repor ted here was actually 
begun in April I960 and proceeded throughout the s u m m e r . 

The configuration studied at this t ime was identical with a mockup 
that had been in the reac tor in 195 7. Redesign of some of the components 
of the reac tor and the need for more detailed mapping of the worth of m a t e ­
r ia l s necess i ta ted the present study. The following points were of pr incipal 
in te res t in the present mockup: 

1. In Sect. Ill the worth of control rods was reevaluated. Previous 
studies had evaluated control rods without any poison follower. 
The presen t study investigated the effects of tantalum and boron 
carbide followers. 

2. The worth of a react ivi ty osci l la tor was determined and is r e ­
ported in Sect, IV. 

3. The worths of sodium, aluminum and s ta inless s teel were mapped 
throughout the core and blanket for thei r effects on power coef­
ficient. These exper iments a r e covered in Sect. V. During the 
course of these exper iments , the sodium worth at the center of 
the core was found to be l a rge r than expected. The study was 
therefore extended to develop additional information on the equiv­
alence of substituting aluminum for sodium in this type of r eac to r 
mockup. The conclusion was reached that the re a re some spec­
t r a l differences between cores containing aluminum and those 
with sodium. 

4. A two-dimensional mapping of the worth of U^̂ ^ and Û ®̂ was also 
performed in order that m o r e re l iable es t imates of the power co­
efficient could be made . F i ss ion ra t e s for U^̂ ^ and U^̂ ^ were also 
determined throughout the mockup. These r e su l t s a re given in 
Sect. VI, 

5. The s tar tup ins t rumentat ion for EBR-II and i ts associa ted shield­
ing have been redesigned since 195 7. A mockup of eight var ia t ions 
of the new design was therefore studied so that the response level 
of the ins t rumentat ion during the initial approach to cr i t ica l i ty 
could be es t imated. Section VII covers this work. 

After a genera l descr ipt ion of the mockup, these five subjects will be 
considered in o rde r . 



II. Descript ion of ZPR-III Mockup of EBR-II 

The reac tor was made cr i t ica l with the configuration shown in 
F igs . 20 - 23. 

Figure 20 is an interface view of the entire assembly . Three dif­
ferent blanket regions a r e indicated, containing different degrees of c o a r s e ­
ness in the size of pieces approximating the EBR-II blanket composition. 
The finest approximation is c losest to the core , but the limitation of the 
number of available smal l pieces requ i red that outer regions of the blanket 
be mocked up more coarsely . 

Figure 21 shows both halves of the core interface. The shaded r e ­
gions a r e mocked up according to the composition of the 61-pin control rods . 
The r e s t of the core region has the same enrichment but higher uranium con­
centration, as given in Table VIII. The dashed lines show the original p ro ­
posal to approximate the hexagonal outlines of the core . This loading did not 
go cr i t ica l , so the increments indicated by the solid outline were added. The 
c r o s s e s show the location of the ZPR control rods . 

F igure 22 gives a more detailed picture of one-quar ter of the in te r ­
face on one-half of the reac to r . The core is a ssembled of g--in. plates of 
enr iched and depleted uranium, aluminum and s ta in less steel , in a ma t r i x 
of s ta in less s teel as shown. The plates were placed horizontally or v e r t i ­
cally, as required, to best approximate the core and control rod regions . 
The numbers shown on the ma t r i x squares refer to the mas t e r drawings for 
the d rawers inser ted in these squares . In Fig. 22 a d iagram of the in te r ­
face of any one m a s t e r drawing is shown only once, the numbers in the blank 
squares indicating that the proper m a s t e r drawing can be inser ted there . 
The hexagonal outline of the EBR-II core is shown in broken l ines . Locations 
of control and safety rods in the EBR-II core a r e shown by completed hexa­
gons, while the r e s t of the core region is just shown in its far thest outline. 

F igure 23 shows d iagrammat ica l ly a sectional view of the midplane of 
the mockup seen from above. The regions there indicated a r e prefixed with 
the l e t t e r s "C" for core , "G" for gap, "B" for blanket, or "S," which des ig­
na tes the region at the top and bottom of the safety and control rods . Two 
safety rods in the horizontal midplane a r e shown. Control rods were built 
up with the same configuration as safety rods . For simplicity, the two con­
t ro l rods in the horizontal midplane a r e not shown in Fig. 23. Half No. 1, 
the fixed half of ZPR, r ep re sen t s the top half of EBR-II, and Half No. 2, the 
miovable half of ZPR, r ep re sen t s the bottom half of EBR-II . Table VIII gives 
the compositions by volume percent of the regions shown in Fig. 23. 
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Table VIII 

COMPOSITION AND DIMENSIONS OF MOCKUP AND REACTOR 

So 
Pi 

0 

W) 

oi 
ft 
ni 
0 

4) « 

ffl ft; 

II 

CO rt 

CI 

C2 

Gl 

G2 

G3 

G4 

G5 

G6 

Bl 

B2 

B3 

B4 

SI 

S2 

S3 

S4 

Z PR-I I I Mockup 

Composi t ion, Vol % 

U235 

13.93 

9.35 

.06 

.13 

.13 

.13 

U238 

15.84 

10.55 

29-9 

61.26 

59.5 

55.2 

SS 

19.4 

19.4 

30.0 

56.3 

30.0 

40.5 

24.6 

35.1 

19.5 

19.6 

7.31 

14.3 

12.3 

49.1 

72.1 

69.8 

Al 

26.47 

31.05 

27.0 

9.0 

27.0 

22.3 

29.0 

24.6 

17.9 

6.43 

3.70 

6.74 

35.4 

24.8 

8.94 

13.4 

Dimens ions , in. 

Effective 
Radius 

9.73 

9.73 

9.73 

9.73 

9.73 

9.91 

15.50 

31.70 

21.68 

Length 

14.08 

14.08 

3.0 

1.0 

3.0 

2.0 

2.0 

2.0 

19 

30 

56-58 

30 

12.0 

8.0 

6.0 

15.0 

EBR-I I 

Composi t ion, Vol % 

+ 
U238 

29.27 

19.58 

32 

60 

60 

60 

SS 

18.5 

20.3 

29.6 

56.9 

29.4 

41.3 

26.1 

34.8 

20.4 

17.6 

17.6 

17.6 

12.2 

50.1 

73.1 

73.1 

Sodium 

49.5 

58.3 

55.7 

43.1 

59.5 

58.7 

51.8 

65.2 

47.6 

22.4 • 

22.4 

2 2 . 4 , 

-

87.8 

49.9 

26.91 

26.gj 

Dimens ions , in. 

Effective 
Radius 

9.52 

9.52 

9.52 

9.52 

9.52 

9.52 

30.75 

Length 

14.22 

14.22 

3.50 

0.87 

3.09 

2.06 

1.88 

1.63 

18 

55.0 

12.66 

6.62 

20.31 

The compositions of Table VIII a r e based on the average weights of 
pieces , d r awer s , and mat r ix tubes, and the following theoret ica l densi t ies : 

U"^ 18.75 g m / c c 
U^̂ ^ 19 g m / c c 
Stainless Steel 7.85 g m / c c 
Aluminum 2.70 g m / c c 

In computing the compositions the spring gaps were neglected. 

Also shown in Table VIII is a comparison between the dimensions 
of the mockup and EBR-II . The regions designated in Table VIII correspond 
to those shown in Fig. 23. EBR-II Data of Table VIII a r e taken from design 



52 

information. The fuel concentration has been reduced by an amount c o r r e ­
sponding to the f iss ium.* The effective radi i given in the table a r e the outer 
radi i of the respec t ive regions m e a s u r e d from the center of the core . No 
radi i a re given for regions C2, G3, G6, or S1-S4, since these a re control and 
safety rods and do not r ep re sen t regions centered at the core center . The 
actual control rods in EBR-II a r e to have a c ro s s section of 4.68 square 
inches , whereas in the mockup the c ros s section is 4.75 square inches . 

The effective radius which is given for the core , 9.73 inches , is the 
actual radius built into the mockup. The cr i t ical radius would be slightly 
l e s s , about 9-71 inches . 

The cr i t ica l m a s s of the mockup was 166.2 kg U^̂ ^ to be compared 
wittt 165.2 repor ted for the 195 7 mockup. 

III. Worth of Control Rods in EBR-II Mockup 

1 . Descript ion of Control Rod 

Starting from the bottom (Half No. 2 in ZPR-IIl) the drawer 
represen t ing an EBR-II control rod contains the amounts of ma te r i a l s indi­
cated in Table IX. 

Table IX 

DESCRIPTION OF MOCKUP CONTROL ROD 

Region (in.) 

0-15 
15-21 
21-23 
23-37 (core) 
37-40 
40-44 
44-51 (follower) 

Reference 
Heavy Ta 
Light Ta 
B^i^C 

51-53 
53-60 

SS (g) 

5741 
2311 

318.8 
868.3 
373.1 

62.3 

217.1 
0 
0 

217.0 
61.9 

1784 

Al (g) 

362 
112.7 
103.3 
917.8 
169.9 
291.2 

494.1 
262.9 
3 94.4 
267.7 
140.8 
337.6 

Other Mater ia ls (g) 

1902.6 U^̂ ^ 2206.4 U"^ 

3668 Ta 
1834 Ta . 

339.8 gross B4^°c'" 

T The B4 C weight is the g ross weight of ma te r i a l , 69-34%boron, 
90.7 a /o enr iched. 

F i s s ium is the equi l ibr ium mixture of fission products alloyed with 
the fuel. 
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The ma te r i a l s l i s ted were distr ibuted uniformly over the length 
of each region. Note that the l is t contains only the contents of the d rawers 
which were actually moved. The weights of the ma t r ix tube and the drawer 
itself a r e not included. 

The control rod was evaluated in i ts full in position and 14 in. 
out with each of the followers l is ted. In addition, severa l in termediate 
positions were taken with the heavy tantalum follower. As the mockup rod 
was moved outward (which would correspond to a downward motion in 
EBR-II, or movement into Half No. 2 in the ZPR-IIl) , the space behind the 
60-in. position was filled with 30.9 g steel per inch, 70.4 g aluminum per 
inch. 

The experimental ly determined worths a r e given in Table X. 

Table X 

WORTH OF MOCKUP CONTROL RODS 

Follower 
Material 

Reference 
Heavy Ta 
Light Ta 
B4l°C 

Heavy Ta 
Heavy Ta 
Heavy Ta 

Reference 
Heavy Ta 
Light Ta 
B^i^C 

Position-' (in.) 

0 
0 
0 
0 

3 
7 

11 

14 
14 
14 
14 

Reactivity in 
ZPR-ni2 (Ih) 

302.6 
303.7 
303.55 
298.2 

288.85 
243.1 
190.15 

177.25 
159.4 
167.9 
47.20 

Temp 
(°C) 

23.6 
23.4 
23.4 
23.5 

23.3 
23.2 
23.3 

22.6 
23.2 
22.7 
22.4 

Reactivi ty at 
23.5 °C, (Ih) 

302.75 
303.55 
303.40 
298.2 

288.55 
242.65 
189.85 

175.90 
158.95 
166.7 
45.55 

Reactivi ty 
Difference from 

Zero Posi t ion (ih) 

0 
0 
0 
0 

15.0 
60.9 

113.7 

126.85 
144.60 
136.70 
252.65 

Zero is full-in position. 

Arb i t r a ry ze ro . 

2. Correct ions for Location and Enrichment 

The mockup control rod was located in ZPR-II l d rawers 1 LI 8 
and 2 L 18. This is a little further out in the radial direct ion than the actual 
corner control rods in EBR-II would be located, about 9.65 in. from center 
of mockup rod to center of assembly , compared to about 9-2 in. in the 
actual r eac to r . The enrichinent in the mockup is somewhat l ess than is 
requi red in the actual r eac to r , as is evidenced by the slightly overs ize 



loading of the m o c k u p c o m p a r e d to E B R - I I . Thus the m o c k u p con t ro l r o d 
in the p r e s e n t e x p e r i m e n t would have l e s s w o r t h than in the r e a c t o r . 

In the p r e v i o u s m o c k u p of E B R - I I , done in 1957, a m o r e a c c u r a t e 
c o n s t r u c t i o n of the E B R - I I c o n t r o l , both in r e g a r d to loca t ion and e n r i c h m e n t , 
was r a a d e . The fine de t a i l u s e d in the p r e v i o u s m o c k u p , which r e q u i r e d quite 
e x t e n s i v e hand l ing , w a s not r e p e a t e d th i s t i m e . The r e f e r e n c e loading of the 
con t ro l r o d s can be c o m p a r e d , h o w e v e r , to e s t i m a t e the d i f fe rence be tween 
the w o r t h s of the r e c e n t con t ro l r o d m o c k u p s and the naore a c c u r a t e mockup 
done p r e v i o u s l y . Thus the 126 .8 - inhour wor th of the r e f e r e n c e in the p r e s e n t 
loading should be c o m p a r e d with 141 i n h o u r s for the wor th of a 61 -p in con t ro l 
r o d at the hex c o r n e r m e a s u r e d p r e v i o u s l y . If the s a m e fac tor i s a s s u m e d 
to apply to the r o d s with the po i son fo l lower , then the wor th of the h e a v y 
t a n t a l u m r o d would be 160.7 i n h o u r s , tha t of the l ight t a n t a l u m would be 
152 i n h o u r s , and tha t of the b o r o n c a r b i d e r o d would be 281 i n h o u r s . 

IV. E B R - I I O s c i l l a t o r Rod E x p e r i m e n t 

In o r d e r to eva lua te and define the des ign of the b o r o n c a r b i d e o s c i l ­
l a t o r r o d for the E B R - I I , the R e a c t o r E n g i n e e r i n g Div is ion p r o v i d e d a z e r o -
power o s c i l l a t o r a s s e m b l y to be u s e d in Z P R - I I I . The o s c i l l a t o r a s s e m b l y 
c o n s i s t e d of a s q u a r e box, a p p r o x i m a t e l y 2 x 2 x 152'in. long, which con ta ins 
a ro t a t i ng cy l inder of 1-g-in. OD (see F i g . 24). Mounted e c c e n t r i c a l l y in the 
cy l inde r was a b o r o n c a r b i d e s ec t i on , -g-x-j x 14 in. long. Two f i l le r s t r i p s 
w e r e p r o v i d e d to p e r m i t the r e m o v a l of one-ha l f of the bo ron c a r b i d e , r e ­
su l t ing in a b o r o n c a r b i d e s e c t i o n of j x- | -x 14 in. long, which could be 
r o t a t e d . The cy l inde r was indexed at 15° i n t e r v a l s and keyed for the r o t a t o r 
a t t a c h m e n t . 

F i g . 24. E B R - I I O s c i l l a t o r Rod A s s e m b l y 
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The osci l lator was rotated by means of a selsyn motor supported at 
the r e a r of the s tat ionary mat r ix of the r eac to r . The raotor was coupled to 
the oscil lator by means of a steel shaft, the length of which was var ied as 
various axial oscil lator positions were investigated. A position indicator 
was affixed to the shaft of the selsyn generator located in the reac tor con­
t ro l room. This a r rangement permit ted the osci l lator angular position to 
be varied while the reactor was cr i t ica l . The e r r o r in the angular position 
of the osci l lator was l ess than ±1°. 

Three axial osci l lator positions were evaluated in the L-16 and 
L-18 mat r ix positions of ZPR-IIL The axial positions a re designated as 
14, 10, and 6 in., the number of inches indicating the length of the boron carbide 
that was in the core . The remaining length of the rod occupied the axial 
position that would be above the actual EBR-II core . 

In all , three different configurations of boron carbide of various 
m a s s e s were used. The osci l la tor , as descr ibed above and designated as 
Modification 0, was initially run in the L-16 and L-18 mat r ix elements with 
loadings of 11 6 and 59 g of boron carbide. 

In an effort to inc rease the worth of the rod, it was reworked to 
Modification I and the loading increased to 230.5 g of boron carbide. 

Modification II was a r ea r rangement of the 230.5 g of boron carbide 
to a greater average radial position within the rod. Figure 25 shows the 
ar rangement of the boron carbide for each modification. 

MODIFICATION O MODIFICATION I MODIFICATION H 

Fig. 25. End View of EBR-II Oscil lator Rod Mockup 
(dimensions in inches) . 

Table XI presents the experimental ly determined excess react ivi ty 
in the reac tor as a function of the angular position of the osc i l la tor . As the 
angular index of the rod with respec t to the indicator var ied from run to 
run, the shift in phase of the fundamental from one run to another is not 
significant. 
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Table 2 1 

REACTIVITY (IN INHOURS) VERSUS OSCILLATOR ANGULAR POSITION 

t. 
deg 

0 
15 
30 
45 
60 
75 
90 

105 
120 
135 
150 
165 
180 
195 
210 
225 
240 
255 
270 
285 
300 
315 
330 
345 
360 

116 g« 
14 in. -L-16 

43.50 
43.00 
42.60 
43.00 
43.75 
45.00 
46.75 
49.00 
51.25 
53.50 
55.50 
57.00 
58.50 
59.25 
59.75 
59.75 
59.20 
58.00 
56.50 
54.25 
52.00 
49.50 
46.75 
44.80 
43.50 

116 g' 
10 in. -L-16 

54.75 
53.75 
52.25 
50.00 
48.S 
46.00 
44.50 
43.00 
41.75 
40.80 
40.75 
40.80 
42.00 
42.75 
«.50 
46.50 
48.75 
50.75 
52.50 
54.00 
55.20 
55.50 
55.50 
55.50 
55.00 

116 g' 
6 in. -L-16 

53.25 
52.40 
51.60 
50.50 
49.00 
47.75 
46.50 
45.50 
44.50 
44.25 
44.20 
44.25 
44.60 
45.40 
46.20 
47.50 
48.80 
50.00 
51.00 
52.00 
5250 
52.75 
5280 
5280 
5260 

Loading Position 

59 g* 
14 in. -L-16 

84.00 
83.50 
83.40 
83.50 
83.75 
84.50 
86.00 
87.00 
88.50 
89.75 
91.00 
92.00 
92.80 
93.25 
93.50 
93.25 
93.00 
9200 
91.00 
89.60 
88.00 
86.80 
85.75 
84.00 
83.50 

116 g* 
14 in. -L-18 

114.25 
115.75 
117.10 
117.50 
117.75 
117.25 
116.60 
115.00 
113.20 
111.00 
108.80 
106.50 
104.75 
102.90 
101.50 
101.40 
101.00 
101.50 
10220 
104.20 
106.00 
108.20 
110.50 
11220 
113.00 

230.5 g " 
14 in. -L-16 

1.26 
0.48 
0 
0.71 
218 
4.08 
6.58 
9.52 

1237 
15.37 
17.95 
20.27 
21.69 
2250 
2271 
22.06 
20.69 
18.87 
16.66 
13.69 
10.45 
7.55 
4.76 
263 
0.84 

230.5 g " 
6 in. -L-16 

1.48 
260 
3.85 
5.40 
7.00 
8.58 

10.00 
11.10 
11.85 
1228 
1238 
11.98 
11.48 
10.55 
9.05 
7.68 
5.90 
4.30 
280 
1.45 
0.60 
0.15 
0 
0.23 
1.10 

230.5 g+ 
14 in. -L-16 

2233 
28.27 
28.63 
27.93 
26.62 
24.12 
21.37 
17.86 
14.18 
10.39 
7.01 
4.10 
200 
0.58 
0.46 
1.26 
279 
5.47 
8.40 

1207 
15.65 
19.23 
2253 
25.33 
27.33 

•Modification 0 
"Modification I 
•••Modification II 

Table XII is a l ist ing of the calculated Four ier coefficients for a 
se r i e s of the form 

00 

f(x) - SuQ + 2 (^n ^°^ -̂̂  "*" ^n ^^^ -̂̂ ^ ' n = 1, 2, . . 
1 

Combining the components of each harmonic , 

00 

f(x) = 3-0 '•' A ^n ^^^ ^^^ •̂  ^n) ' n = 1, 2, . . 
1 

C n = a ^ + b ^ ; ©^ = t a n ' M a ^ b J . 

The coefficients and phase angle for the sine expression are given 
in Table XIII. The units a re inhours . 



Table XII 

FOURIER SERIES COEFFICIENTS 

116 g* 14 m . - L - 1 6 

ao = 51 338 
ai = -7 412 bl = -4 639 
a2 = -0 330 b2 = -0 027 
a3 = -0 022 b3 = +0 198 
a4 = -0 062 b4 = +0 079 

116 g* 10 m - L - 1 6 

ao = 48 335 
ai = 6 502 bl = -3 973 
a2 = 0 129 b2 = 0 054 
a3 = 0 057 b3 = 0 133 
a4 = 0 063 b4 = 0 065 

116 g* 6 m - L - 1 6 

ao = 48 752 
ai = 4 094 bl = -2 133 
a2 = 0 0003 b2 = 0 241 
a j = 0 026 b3 = 0 208 
a4 = 0 050 b4 = 0 036 

59 g* 14 m - L - 1 6 

ao = 88 327 
ai = -8 398 bi = -2 501 
a2 = -0 025 b2 = 0 073 
a3 = 0 070 b3 = 0 104 
a4 = -0 002 b4 = 0 050 

116 g* 14 m - L - 1 8 

ao = 109 460 
ai = 4 822 bl - 6 913 
a2 = -0 029 b2 = -0 129 
aj = 0 014 bj = -0 071 
a4 = -0 048 b4 = 0 Oil 

230 5g** 14 m - L - 1 6 

ao = 11 459 
ai = -10 285 bl = -4 852 
aj = -0 056 b2 = -0 016 
a3 = 0 008 b3 = 0 109 
a4 = 0 080 b4 = 0 021 

230 5 g * * 6 i n - L - 1 6 

ao = 6 362 
ai = -5 076 bl = 3 574 
a2 = 0 005 b2 = 0 177 
aj = 0 017 bs = -0 018 
a4 ~ 0 028 b4 = 0 049 

230 5 g-t 14 m L-16 

ao = 14 733 
ai = 12 626 bl 6 379 
a2 = -0 152 b2 -0 137 
a3 = 0 035 b3 = -0 036 
a4 = 0 021 b4 = -0 019 

Table XIII 

FOURIER SINE EXPRESSION {C^ IN INHOURS) 

Loading Pos i t ion 

116 g* 14 m - L - 1 6 

10 m -L 16 

6 m - L - 1 6 

59 g* 14 m - L - 1 6 

116 g* 14 m - L - 1 8 

2305g**14 m - L - 1 6 

6 m - L - 1 6 

230 Sg't^M m - L - 1 6 

Harmon ic 

Fundamenta l 

Cn 

8 74 

7 61 

4 62 

5 17 

8 43 

11 37 

6 208 

14 146 

Sn 

238° 

121° 

117 5° 

241° 

35° 

245° 

305° 

63° 

Second 

Cn 

0 331 

0 140 

0 241 

0 076 

0 133 

0 058 

0 177 

0 205 

Sn 

265° 

293° 

0° 

337° 

181° 

254° 

0° 

228° 

T h i r d 

Cn 

0 198 

0 145 

0 210 

0 122 

0 071 

0 109 

0 025 

0 050 

Sn 

355° 

23° 

7° 

35° 

171° 

4° 

137° 

136° 

Four th 

Cn 

0 100 

0 091 

0 062 

0 050 

0 051 

0 083 

0 056 

0 028 

0 n 

322° 

44° 

54° 

358° 

281° 

75° 

30° 

132° 

f (x) = a cos nx + b̂ ^ sm nx = ĉ ^ sm (nx + 6,^) 

C^ a^ + bJi n - tan-^ {a^/hj 

•Modif ica t ion 0 
•* Modification I 
' Modification II 
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V. Sodium, Aluminum and Stainless Steel Worths in the EBR-II Mockup 

A se r i e s of sodium, s ta inless s teel , and aluminum substitutions have 
been made, which essent ia l ly map the worth of these ma te r i a l s throughout 
var ious mockups of EBR-II . Three different core var ia t ions were con­
st ructed, as summar ized in Table XIV. In the so-cal led clean mockups, all 
core d rawers were loaded with the s tandard (l) pat tern of Fig. 22. 

Table XIV 

CORE MOCKUPS FOR SUBSTITUTION EXPERIMENTS 

Crit ical Mass , kg U"^ 

Composition, Vol % 

U"5 (18.75 g/cc) 
U"^(19.0 g/cc) 
SS ( 7.85 g/cc) 
Al ( 2 . 7 0 g/cc) 
Na ( 0.97 g/cc) 

Na-filled, 
Clean Core 

161.6 

13.92 
15.83 
16.86 

39.94 

Al-filled. 
Clean Core 

161.0 

13.92 
15.83 
19.31 
17.77 

Al-filled 
Engineering 

Core 

166.2 

see 
Table VIII 

In each core three radia l regions , designated by Roman numera l s , 
were chosen for the substitutions in the core , and a fourth radial region 
was studied in the inner blanket. Each of these radia l regions was divided 
into five two-inch-long axial i nc rement s , numbered 1-5 (Arabic numera ls ) 
from the center out to the gap. The core was 7 in. long in each half of the 
mockup; thus, if dis tances a r e measu red from the center , increment No. 1 
extends from 0 to 2 in., and No. 5 is in the gap, from 8 to 10 in. The ave r ­
age radi i of the radial regions is given in Table XV. Although the cores a r e 
roughly hexagonal, the radi i a r e those of the c i rc les having equal c r o s s -
sectional a r e a . F igures 26 and 27 show the substituted regions in detail . 

Table XV 

INNER AND OUTER RADII OF SUBSTITUTION REGIONS (IN.) 

Region 

I 
II 

III 
IV 

Na- f i l l ed Clean Core 
and Al - f i l l ed Clean Core 

0-3 .69 
3 .69-6 .62 
6 .62-9 .39 

10 .21-12 .96 

Al - f i l l ed 
Eng inee r ing 

Core 

0-3 .69 
3 .69-6 .62 
6.62-9.70 
9 .70-15.50 
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The resu l t s of the substitutions a r e shown in Table XVI. It is worth 
noting that there is good agreement between the worth of sodium in the two 
clean cores in regions 1-4 and IV-4, but a significant difference in 
regions I - l and 1-2. The difference in region IV-1 is just slightly l a rge r 
than the expected exper imental uncertainty, and may not be significant. 

Table XVI 

SODIUM, STAINLESS STEEL, AND ALUMINUM WORTHS IN 
EBR-II MOCKUPS (ih/kg OF MATERIAL COMPARED TO VOID) 

Reg 
(radial-

III 
III 
III 
III 
III 
IV 
IV 
IV 
IV 
IV 

Lon 
-axial) 

1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 

Na-filled 
Clean Core 

Na Worth 

25.4 
36.8 
65.4 
92.2 
53.9 
39.6 
44.6 
58.7 
69.7 
43.6 
54.8 
50 .1* 
49.8 
42.0 
35.8 
21.5 
21.5 
18.9 

9.0 
5.4 

Al-filled 
Clean Core 

Na Worth 

34.5 
51.0 

95.7 

18.3 

10.0 

Al-filled 
Engineering Core 

Na Worth 

40.9 
54.0 
79.6 
94.8 
57.7 
51.3 
56.4 
70.0 
47.2 
47.6 
55.5 
52.2 
50.1 
46.0 
30.2 
15.9 

9.2 
7.4 
4 .0 
3.8 

Al Worth 

7.5 
20.5 
44.6 
60.0 
33.3 
18.8 
26.0 
37.5 
45.9 
27.3 
31.2 
30.3 
31.3 
31.0 
19.2 
10.7 
10.6 

9.2 
6.0 
4.2 

SS Worth 

-4.9 
2.6 

14.6 
24.3 
13.0 

2.4 
6.6 

13.2 
18.5 
11.8 
10.4 
10.7 
11.7 
12.1 

8.4 
4.6 
4.5 
3.8 
2.6 
1.8 

F i r s t determinat ion at this location was a value of 41 .5, which does 
not fit any reasonable pa t te rn . Upon rechecking, the figure in the 
table was determined and the ea r l i e r value is assumed to be in e r r o r . 

The sodium substi tutions in the aluminum-fi l led engineering core 
were made in three -f-in. columns per drawer , with two •g--in. columns of 
a luminum and two-g--in. columns of s ta in less steel unsubsti tuted. In the 
clean reac tor mockups, however , all eight columns of a luminum and two 
columns of s ta in less per drawer were substituted with a total of five | - i n 
columns of sodium per core d r a w e r . In the radia l blanket only two -^--in. 
columns of sodium per drawer were used. 
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Analysis of the sodium from selected cans showed them to contain 
l ess than 100 ppm of hydrogen. 

1 . Worth of F i ss i l e Mater ia ls 

Several additional exper iments were per formed with these cores 
to aid in the in terpre ta t ion of the Na and Al subst i tut ions. F i s s i l e m a t e r i a l s 
were evaluated in the front ^ inch of the centra l d r a w e r s . Values a r e given 
in Table XVII. 

Table XVII 

WORTH OF FISSILE MATERIALS 
(Di/kg RELATIVE TO VOID)* 

Enriched U 
Depleted U 
Plutonium 
U233 

Na-filled 
Clean Core 

238.1 
4.55 

474.5 
488.6 

Al-fi l led 
Clean Core 

256.8 
3.18 

496.8 
504.5 

Values repor ted a r e exper imental worths 
of the ma te r i a l s substi tuted without co r ­
rect ion for the p resence of other isotopes 

2. Distr ibuted Worth of Aluminum 

The dis tr ibuted worth of aluminum was de termined in the 
Na-filled clean core in a composition predominantly Na. The worth was 
found to be 31.7 Ih/kg. 

3. Sodium Worth in Region I- l as a Function of the Quantity 
Substituted 

In the Na-filled clean mockup, one can of Na per drawer in 
region I- l was replaced by an empty can. Next, two additional cans in each 
drawer at this region were substi tuted by empty cans , and finally the r e ­
maining two cans per drawer were subst i tuted. The worth of Na for each 
of the th ree changes was 20.7, 24.6 and 17.6 Ih/kg, respec t ive ly . Although 
the spread among the resu l t s is l a r g e r than des i red , no consistent t rend is 
observed, and one must conclude that the sodium worth is not a function of 
the amount substi tuted in this case . 



4. Worth of Polyethylene 

The worth of polyethylene was determined by placing 2 x 2-in. 
squares on top of the d rawers in region I- l , where a value of 2.8 Ih/g was 
obtained- In region I I I - l , the worth of polyethylene, determined in a s i m ­
i lar fashion, was 1.2 Ih /g . 

5. Worth of a Single Column 

In the Na-filled clean core , the worth of a single column of en­
r iched uranium re la t ive to void was +100.3 Ih at the center of drawer 2P-16 . 
A column of depleted was worth +4.0 Ih re la t ive to void. 

6. Conclusions Drawn from the Substitution Exper iments 

There appears to be some spec t ra l difference at the center of 
the clean co re s , depending on whether the core is filled with Na or Al, even 
though the geometr ica l outlines of the cores and their c r i t ica l m a s s e s a r e 
essent ia l ly the s a m e . This is demonst ra ted by the different worths of f i s ­
sile ma te r i a l s (Table XVIl) and is further reflected in the different maps of 
the worth of sodium (Table XVl). The change in s ta inless steel content be ­
tween the two cores may contribute to the effect. Analysis of the sodium 
showed it to be essent ia l ly hydrogen-free in comparison with the amounts 
of hydrogen that would be requi red to produce significant react ivi ty effects. 

VI. Reactivity T r a v e r s e Measurements with Fiss ionable Mater ia ls 

Reactivity coefficient t r a v e r s e s in the axial direct ion were made at 
posit ions approximately four inches apar t , s tar t ing from the core cent ra l 
ax i s . A radia l t r a v e r s e was also made about 4 in. from the core midplane. 
These were done in the engineering vers ion of the mockup to provide power 
coefficient data. 

The ineasurements were made using the fission counter t r a v e r s e 
mechan ism to drive a slug of enr iched or na tura l uranium through a one-
half-inch void in the assembly . The uncertainty of positioning the r e a c ­
tivity coefficient sample was found by exper iment to be l e s s than i-|-in. 

An a r b i t r a r y zero reference at some point well out in the blanket 
was establ ished, and the difference in control rod cr i t ica l position bet^ween 
this position and any other position was in te rpre ted as the combined worth 
of sample , sample holder , and t r a v e r s e rod . The worths of the sample 
holder and t r a v e r s e rod were determined in the same way and the difference 
was at t r ibuted to the sample . The e r r o r in the worth is thought to be in the 
o rde r of tO.l Ih. 

The m a s s e s of the enriched and na tura l uranium react ivi ty coefficient 
samples •were 22.93 and 32.15 g, respec t ive ly . 



For t r a v e r s e s in the engineering co re . Tables XVIII and XIX a r e 
tabulations of the axial worths of the sannples at var ious radia l d i s tances . 
Table XX gives the radia l worths at the core midplane. Figure 28 is a plot 
of the axial t r a v e r s e s , each adjusted at its center to cor respond to the 
radial t r a v e r s e . 

Table XVIII 

ENRICHED (93%) URANIUM AXIAL REACTIVITY 
COEFFICIENT TRAVERSE (WORTH IN INHOURS/SAMPLE) 

Axial Position 
(in. from midplane) 

-15 

-13 

-11 

-9 

-7 

-5 

-3 

-1 

0 

1 

3 

5 

7 

9 

11 

13 

15 

P-16 
0 

0.148 

0.592 

0.918 

1.69 

2.49 

4.26 

5.92 

6.81 

6.75 

6.72 

6.10 

4.62 

3.11 

1.84 

0.83 

0.681 

0.533 

Matr ix Posit ion 
(in. from center) 

N-16 
4.36 

0.154 

0.231 

0.666 

1.025 

1.97 

3.46 

4.34 

4.82 

4.82 

4.85 

4.30 

3.36 

2.26 

1.41 

0.795 

0.461 

0.128 

L-16 
8.73 

0.310 

0.310 

0.394 

0.874 

1.212 

2.2 

2.90 

3.38 

3.30 

3.02 

2.82 

2.28 

1.66 

1.043 

0.761 

0.564 

0.226 

J"16 
10.9 

0 

0 

0 

0 

0.206 

0.412 

0.353 

0.441 

0,441 

0.441 

0.500 

0.441 

. . 

-0.029 

-0.059 

- " • 

-0.059 

Reference for reac t iv i ty zero is -41 .0 in. 



Tab le XIX 

NATURAL URANIUM AXIAL REACTIVITY C O E F F I C I E N T TRAVERSE 
(WORTH IN INHOURS/SAMPLE) 

Axia l P o s i t i o n 
(in. f r o m midp l ane ) 

-15 
-13 
-11 

-9 
-7 
-5 
-3 
-I 

0 
1 
3 
5 
7 
9 

11 
13 
15 

P 
0 

0 
0.148 
0.207 
0.444 
0.504 
0.592 
0.681 
0.4 74 
0.237 
0.296 
0.296 
0.533 
0.830 
0.356 
0 
0.207 
0.296 

M a t r i x P o s i t i o n 
(in. f r o m c e n t e r ) 

N 
4.36 

0 
-0 .077 
-0 .180 

0.051 
0.513 
0.513 
0.487 
0.231 
0.308 
0.410 
0.436 
0.308 
0.539 
0.410 
0.231 
0.077 

-0 .103 

L 
8.73 

-0 .169 
0 
0.099 
0.141 
0.197 
0.310 
0.423 
0.480 
0.465 
0.310 
0.310 
0.169 
0.113 
0.031 
0.212 

-0 .310 
-0 .282 

J 
10.9 

0 
._ 

0 
_-

0.063 
0.097 

-0 .015 
-0.170 
-0 .176 
-0 .206 
-0 .206 

- -
-0 .273 
-0 .258 
-0 .232 

0.47 
0.47 

R e f e r e n c e for r e a c t i v i t y z e r o i s -41 .0 in . 

Tab le XX 

RADIAL REACTIVITY C O E F F I C I E N T TRAVERSES AT 
REACTOR MIDPLANE (WORTH IN INHOURS) 

Rad ia l D i s t ance 
(in. f r o m c e n t e r ) 

15 
13 
11 

9 
7 
5 
3 
1 
0 

-1 
-3 
-5 

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

0.324 
0.540 
1.38 
2.52 
3.62 
4.40 
5.46 
6.03 
6.06 
6.06 
5.60 
4.81 

N a t u r a l U r a n i u m 

-0 .005 
0.119 
0.081 
0.378 
0.527 
0.419 
0.481 
0.470 
0.460 
0.460 
0.406 
0.487 
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» MATRIX ELEMENT P-16 0 m FROM AXIS 

A MATRIX ELEMENT N-16 4 4 in FROM AXIS 

X MATRIX ELEMENT L -16 8 7 in FROM AXIS 

O MATRIX ELEMENT J - 1 6 10 1 in FROM AXIS 

NORMALIZED AT P | 6 ( 0 , 0 ) = l 

ASSEMBLY HALF # 2 
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A X I A L POSITION , inches f rom center p lane 

Fig. 28. Axial Reactivity Worth T r a v e r s e s with Enriched Uranium 

The enriched uranium react ivi ty coefficient sample was also used 
to determine the worth at the core center and the core-blanket axial in t e r ­
face in the Na clean core and the Al clean co re . These values a r e given in 
Table XXI. It is interest ing to note the possibil i ty of a l a rge r gradient for 
the worth in the Al core , with the two curves crossing somewhere between 
the core center and the axial core-blanket in terface . 

Table XXI 

ENRICHED (93%) URANIUM REACTIVITY COEFFICIENT TRAVERSE 

0 in. is core center 
•7 in. is axial core blanket interface 

T rave r se taken along core 
axis at r = 0 

Posit ion (in.) 

-46.0 
-7.0 

0 

Worth in inhours / sample 

Na Clean Core 

0 
2.74 
5.66 

Al Clean Core 

0 
2.35 
5.79 



Axial fission t r a v e r s e s along the core center were made with U , 
U^^ ,̂ and natura l uranium fission counters . These were done in both the 
Al and Na clean cores and a r e tabulated in Tables XXII and XXIII. 
Table XXIV l i s t s the loading of each of the counters . 

To normal ize all of the points on the t r a v e r s e to the same power, a 
U fission counter was instal led at the core-blanket in terface . All points 
on each t r a v e r s e were normal ized to 10,000 or 20,000 counts on this counter. 

Table XXII 

AXIAL FISSION TRAVERSES IN Al CLEAN CORE 

Axial Position 
(in.) ̂ = 0 

-46.9 
-25.0 
-21.0 
-19.0 
-17.0 
-15.0 
-13.0 
-11.0 
-9.0 
-7.0 
-6.0 
-5.0 
-4.0 
-3.0 
-2.0 
-1.0 
0 
1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
9.0 

11.0 
13.0 
15.0 
17.0 
19.0 
21.0 

Counts/10,000 on 

U234 

61 

391 
824 

1172 
1911 
2830 

4239 
6293 
9156 
13714 
17527 
21400 
23851 

25739 
27547 
28206 
28081 
29167 
27925 
27171 
25311 
23223 

20309 
16836 
10975 
7517 
5056 
3293 
2211 
1371 

Standard Counter 

U235 

495 
4988 

9989 
13224 
18332 
24824 
32483 
41097 
49497 
62107 
71428 
81073 
86553 
94162 
98735 
101701 
101110 
101078 
101422 
98092 
93533 
86230 
78226 
71415 
56186 
45880 
35228 
27305 
20562 
14511 

Counts/20,000 

Natural Uranium 

11 
148 
285 

489 
773 

1270 
2060 
3488 
5841 

10289 
14358 
17346 
19868 
21813 
22360 
23706 

23979 
24294 
23445 
22617 1 

21379 
19473 

1 16915 
13569 
7261 
4371 
2661 
1510 
906 
561 



Table XXIII 

AXIAL FISSION TRAVERSES IN Na CLEAN CORE 

Posi t ion (in.) 

-46.9 
-25.0 
-21.0 
-19.0 
-17.0 
-15.0 
-13.0 
-11.0 

-9.0 
-7.0 
-6.0 
-5.0 
-4.0 
-3.0 
-2.0 
-I.O 

0 
1.0 
2.0 
3.0 
4 .0 
5.0 
6.0 
7.0 
9.0 

11.0 
13.0 
15.0 
17.0 
19.0 
21.0 

Counts / l 0 

U234 

33 
334 
752 

1140 
I860 
2808 
4073 
6129 
8914 

14371 
17785 
20640 
22843 
24309 
25949 
26598 
26714 
25891 
25926 
24795 
22890 
21193 
18528 
15175 

9723 
6531 
4973 
2773 
1972 
1175 

786 

,000 Counts 

U235 

442 
4907 
9351 

13031 
18817 
25437 
33048 
42541 
51894 
63508 
71208 
78994 
83903 
89059 
93824 
95541 
97109 
96698 
96779 
91683 
86896 
81479 
75235 
66178 
55496 
45554 
35995 
26192 
19699 
13780 
10187 

on Standard Counter 

Natural Uranium 

7 
69 

161 
246 
414 
674 

1121 
1883 
2967 
5583 
7506 
8952 
9717 

10394 
11231 
11524 
11451 
11485 
11232 
10908 
10170 

8995 
7885 
6190 
3290 
1988 
1151 

696 
416 
262 
160 

Table XXIV 

FISSION COUNTER LOADINGS 

Counter 

Natural U 

U235 

U234 

Loading Mass , 
mg 

4.34 

5.1 

3.15 

Thickness , 
m g / c m 

0.51 

0.60 

0.37 

Composit ion (%) 

U238 

99.29 

93.2 

2.89 

U235 

0.71 

6 

7.72 

U234 

1 

89.39 
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It is interest ing to compare graphical presentat ions of the fission 
ra t e s in the sodium- and aluminum-fil led cores , and this is done for en­
r iched U^̂ ^ in Fig. 29 and for natural uranium in Fig. 30. The four curves 
of F igs . 29 and 30 were constructed from separate fission t r a v e r s e s , indi­
vidually normal ized to unity at the center and plotted to the same scale on 
individual graphs . The two enriched curves were then superimposed and 
adjusted to match as symmetr ica l ly as possible around their peaks, and 
this resul t is sho-wn in Fig. 29. The differences between the curves , e spe ­
cially in the region of the gaps, a re believed to be significant. Figure 30 
was constructed in s imi lar fashion from the natural uranium t r a v e r s e s , 
which a re more sensitive to the high end of the spect rum, and there is very 
lit t le difference between the aluminum- and sodium-filled c o r e s . It is con­
cluded that there a re apparently spatial differences in the spectra l d i s t r i ­
bution of the two a s sembl i e s . 
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This would indicate that although a density of aluminum may be chosen so 
that its worth over the whole core v/ill reproduce the worth of a uniform 
density of sodium coolant, never the less spatial ly varying spec t ra l differ­
ences exist so that the aluminum is not a t rue mockup of the sodium in al l 
r eg ions . 

It is suggested that calculations of the two a s sembl i e s be exam.ined 
to see if this difference in space-energy distr ibution is computable. F u r ­
t h e r m o r e , the calculations should be examined for any information they 
might provide on the in terpre ta t ion of Table XVII, where it was observed 
that react ivi ty coefficients for fissionable m a t e r i a l s were different at the 
center of the two c o r e s . 

VII. The Second EBR-II Source Experiment 

Between the t ime of the f irs t mockup of EBR-II , December 1 957, and 
the recent EBR-II c r i t i ca l exper iments in the summer of I960, the design 
of the shield and thimible holes for EBR-II has evolved considerably . Since 
the re is still a grea t deal of uncer ta inty about calculated counter r e sponses 
in the shield region, it seemied advisable to mock up some of the mos t p r o m ­
ising current designs on ZPR-II l and invest igate counter r e sponse . 

The pr incipal design changes since the previous exper iment a re the 
introduction of the s teel r eac to r vesse l between the source thimble and the 
inner shield, and an inc rease in the amount of steel in the thimble itself. 
Since both of these changes a r e expected to reduce the the rma l flux at the 
thimble, more effective modera t ing m a t e r i a l s than graphi te were sought, 
and zirconium hydride was therefore proposed. In addition, the ins t rument 
placed at 71 inches from the core center is no longer of i n t e r e s t and our 
I960 mockup considered a s ta r tup ins t rument in a thimble 58 inches from 
the core center . Other counters were spotted between this location and the 
core center to give some indication of flux var ia t ion . 

1 . Mockup Shield 

F igure 31 gives a d iagram of the ZPR-I I l with the mockup shield 
placed next to the eas t face of the m a t r i x . Three pr incipal regions which 
were mocked up outside the normal ZPR-II l m a t r i x a r e : 

1. The inner shield. Spaced •!• in. from the s tee l m a t r i x tubes 
is 1 in . of a luminum and-^ in. of s teel p la te . Beyond this i s 
a 8-^-in. space which, during var ious expe r imen t s , was filled 
ei ther with aluminum or 93 v /o graphi te -7 v /o s tee l . Beyond 
this is the r e a c t o r ves se l , r e p r e s e n t e d by 1-'g-in. steel 
plate . 
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The outer shield. This region extends from the reac tor 
vesse l 25-4 in. outward in our mockup. It includes the 
15-in. d iameter thimble shown in Fig. 32. In some of the 
experiments zirconium hydride powder in rectangular 
aluminum cans was stacked around the thimble to a depth 
of three to four inches (see Fig. 33). This amounted to 
about 188.15 kg of ZrH in 76.1 kg of Al, covering 24 in. of 
the thimble, s tart ing from 2 in. from the lower end of the 
thimble. Solid aluminum filled the remainder of the outer 
shield region. 

An al ternat ive composition for the outer shield region con­
sis ted of 93 v /o graphi te-7 v/o s teel replacing the aluminum 
and zirconium hydride around the thimble. 

The bulk sodium region. In our mockup 12 in. a re available 
beyond the outer shield for this region. This was filled 
either with 12 x 60 x 60 in. of solid aluminum, or a l t e rna­
tively with 12 X 28 X 60 in. of graphi te-s tee l direct ly behind 
the thimble and the remainder with aluminum (see Fig. 34). 

All steel used in the shield mockup was low carbon. It is 
believed that low carbon steel in the amounts used here 
will behave toward neutrons approximately like s tainless 
steel in the reac tor concentrations and at reac tor 
t e m p e r a t u r e s . 

INNER SHIELD 
BULK REACTOR_ 
SODIUST 

2 ALUM - • 

- 4 7 5 -

- 40.2 -

SECTION A-A 

- .5 SPACE I 
- I ALUM 
- .5 STL 

SECTION B-B 

ZPR T i n 

Fig. 31 . Shield Mockup of EBR-II in ZPR-IIl (Dimensions in inches) 
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F i g . 32 

I n s t r u m e n t T h i m b l e of 
E B R - I I Mockup (Dimen­
s ions in i n c h e s ) 

F i g . 33 . Z i r c o n i u m Hydr ide S tacked Around 
I n s t r u m e n t Th imb le 
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F i g . 34. Shield Conf igura t ions 7 and 8 with 
G r a p h i t e Behind the T h i m b l e 

2. T h i m b l e 

The t h i m b l e , which is shown in F i g . 32, r e p r e s e n t s a J - t h i m b l e 
of the a c t u a l r e a c t o r . The s t a r t u p coun te r was pos i t ioned on the t h i m b l e 
ax i s oppos i t e the c o r e c e n t e r . The s p a c e within the th i rable and a r o u n d the 
coun te r was e i t h e r left void or p a r t i a l l y f i l led with Z r H . The Z r H for u s e 
within the th i rab le w a s con ta ined in two a l u m i n u m c a n s , each having a t r i ­
angu la r c r o s s s ec t i on and about 10 i n c h e s long . The two cans con ta ined 
4.1 kg Z r H and 1 .2 kg Al . The combined c r o s s - s e c t i o n a l a r e a of the two 
cans was about 9-8 s q u a r e i n c h e s , of which about 2 s q u a r e i nches a r e 
a l u m i n u m . 

3 . I n s t r u m e n t a t i o n 

The coun te r p r o p o s e d as one of the p r i n c i p a l s t a r t u p i n s t r u m e n t s 
i s a Wes t inghouse f i s s ion coun te r with a l i gh t e r than u sua l u r a n i u m load ing , 
0.92 g r a t h e r than 2.0 g. The coun te r was about 2 i nches in d i a m e t e r , 
10 i n c h e s long , and had an a l u m i n u m body. It was u s e d both b a r e and 
C d - c o v e r e d , 0.031 in . th ick . 

Other c o u n t e r s w e r e p l a c e d th roughout the c o r e , b lanke t , and 
sh ie ld for the p u r p o s e of a s c e r t a i n i n g if the s u b c r i t i c a l mu l t i p l i ed fluxes 
w e r e the s a m e in s p a c e and e n e r g y d i s t r i b u t i o n a s the c r i t i c a l f luxes with 
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the r e a c t o r at p o w e r . If th i s p r o v e d to be the c a s e , it would be an e a s y 
m a t t e r to s c a l e up the coun te r r e s p o n s e s f rom s m a l l s o u r c e s , u s ing the 
i n f o r m a t i o n ga ined at p o w e r . T h e s e c o u n t e r s w e r e not i d e n t i c a l and cannot 
r e l i a b l y be u s e d for d e t e r m i n a t i o n of flux p a t t e r n s , s i nce t h e i r e f f i c i enc ies 
differ and a r e e n e r g y - d e p e n d e n t . In o r d e r that s o m e a p p r o x i m a t e p i c t u r e 
of the flux p a t t e r n could be ob ta ined , h o w e v e r , the c o u n t e r s w e r e i n t e r -
c o m p a r e d in the t h i m b l e , with and without c a d m i u m , and a l s o in s e v e r a l 
s p e c t r a of the AFSR. R e s u l t s a r e t abu l a t ed in Table XXV. D e s c r i p t i o n s 
of the c o u n t e r s a r e given in Table XXVI. 

TABLE XXV 

COUNTER RESPONSES WITH VARIOUS SHIELD CONFIGURATIONS 

C o n f i g u r a t i o n 

I n n e r S h i e l d 
O u t e r S h i e l d 
B u l k S o d i u m 
T h i m b l e 

C o u n t e r 

D e s i g n a t i o n 

4 
5 
J 
C 

w 
W(Cd) 
P C 

4 
5 
J 
C 

w 
P C 

4 
5 
J 
C 

w 
P C 

Inches 
from 
Center 

0 
11.0 
4 0 . 2 
4 7 . 5 
58 .0 
58 .0 

2 2 . 9 

0 
11.0 
4 0 . 2 
4 7 . 5 
58 .0 
22 .9 

0 
I I . 0 
4 0 . 2 
4 7 . 5 
58 .0 
22 .9 

1 

A l 
Z r H 
A l 
Vo id 

2 

A l 
Z r H 
A l 
Z r H 

3 

A l 
C 
AI 
V o i d 

4 

A l 
C 
AI 
Z r H 

5 

C 
C 
AI 
V o i d 

6 

C 
C 
A l 
Z r H 

7 

A l 
C 
C 
V o i d 

8 

A l 
C 
C 
Z r H 

C r i t i c a l ( r e l a t i v e c o u n t r a t e s ) 

1.00 
0 .46 
0 .027 
0 .15 
5.35 
1.09 

1.00 
0 .46 
0 .028 
0 .14 
8 .40 
0 .96 

LOO 
0.49 
0 .037 
0 .057 
4 . 5 6 
2 .47 
17.2 

LOO 
0 .48 
0 . 0 3 4 

12.6 
2 .32 
17.6 

LOO 
0 .46 
0.39 
0 .051 
2 .47 
1.01 

18.6 

LOO 
0 .46 
0 .38 
0 .055 
5 .16 
0 .75 

18.8 

LOO 
0 .46 
0 . 0 3 4 

0 .058 
4 .68 
2 .51 

18.4 

1.00 
0 .47 
0 .035 

0 .056 
11 .50 
2 .22 

18.0 

I 1 7 0 - I h S u b c r i t i c a l ( c o u n t s p e r m i n u t e ) 

180 

6 

780 
2560 

180 

6 

670 
2410 

190 
170 

24 
370 
2720 

200 
77 
7 

710 
2580 

2 3 4 0 - I h S u b c r i t i c a l ( c o u n t s p e r m i n u t e ) 

110 
36 
2 .5 

395 
1290 

110 

4 .3 

365 
1290 

110 

49 

19 
190 
1450 

110 
39 
2.9 

350 
1290 
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Table XXVI 

DESCRIPTION OF COUNTERS IN MOCKUP SHIELD 

Counter 

4 
5 
J 
C 
w 
PC 

Type 

U^̂ ^ fission counter 
U^̂ * fission counter 
U"* fission counter 
U^̂ * fission counter 
U '̂'̂  fission counter 
B " F 3 proportional 

counter 

Loading, 
mg 

0.802 
0.804 
5.1 
5.1 
920 

Active 
Surface 

Flat 
Flat 
Cylinder 
Cylinder 
Cylinder 

Counter 
Body 

Stainless 
Stainless 
Brass 
Brass 
Aluminum 

Aluminum 

Relative Count Rate 

1 

AFSR 
Thermal 
Column 

1.83 
1.68 
8.96 
7.55 
1000 

2 

Beam 
Hole 

1.55 

1000 

3 

Thimble 

1.70 
1.70 
8.22 
6.94 
1000 

4 

Thimble 
(Cd) 

1.71 
1.81 

7.65 
1000 

Since the cylindrical fission counters have no plateau, the fol­
lowing procedure was used for adjusting the gain of the ampl i f iers : 

A plot of counts versus discr iminator setting was made for 
each cylindrical fission counter at fixed gain with no neutrons p resen t . 
This was very near ly a straight line on semilog paper . The operating point 
was chosen as the d iscr iminator setting at which the background alpha 
count was 0.1 c / s e c . On subsequent days the count rate at some lower d i s ­
cr iminator setting was checked to see that it matched the corresponding 
point on the original plot, small adjustments in the gain being made if nec ­
e s s a r y to bring the circuit into agreement with previous cha rac te r i s t i c s . 
Then, with the adjusted gain setting, the discr iminator was set at the p r e ­
viously selected operating point. 

The validity of this method of adjusting the gain setting was 
checked as follows. With a constant flux of neutrons, the gain was varied 
over the entire range which had been used during the experiment , about 
±•2% gain change. The response of the various cotinters changed by not 
over i3% under this adjustment. Since the counter reproducibil i ty is within 
3% over the range of gain settings when no change in amplifier c h a r a c t e r i s ­
t ics was occurr ing, it is felt that the reproducibil i ty must be even better 
when the gain changes a re employed only to compensate for araplifier drift. 

The five fission counters were inter compared in four different 
spect ra , indicated under relat ive count ra te in Table XXVI by columns 1, 2, 
3, and 4. The relat ive count ra tes in column 1 were obtained in the AFSR 
thermal column with the counters wrapped in cadmium. The fact that 
counters 4 and 5 disagreed by about 8% probably indicates that the cadmium 
wrapping was not done carefully enough to give the same flux depression in 
each case . Column 2 values were determined in the AFSR beam hole. Since 
there is a steep flux gradient in this hole, the count ra tes for counter No. 4 
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were determined at a number of positions and averaged together to get a 
figure comparable to the Westinghouse fission counter r a t e . These counters 
were also wrapped in cadmium. The values in column 3 were obtained with 
all the fission counters placed simultaneously in the th imble . There was no 
cadmium in the thimble. The thimble was surrounded with the graphi te -
steel mixture and the inner shield region was filled with aluminum as in 
configuration 7. Column 4 comparisons were made with the same configu­
rat ion as the Column 3 comparison, except that all the counters were 
wrapped in cadmium. In all these inter compar i sons , the same cables , p r e ­
amplif iers and amplif iers were used, as had been used in the source 
exper iment . 

4. Sources 

The source for EBR-II will be an antimony slug enclosed in 
beryll iura. In our mockup an antimony slug was inser ted in a beryl l ium 
jacket in each half of the assembly , d rawers 1P21 and 2P21 . These locations 
a re alongside a corner of the hexagonal core , just outside the core boundary. 
The beryl l ium jackets were 0.446 in. thick. We had available i r r ad ia ted 
antimony slugs and inactive s lugs, the la t te r being used just to give the 
proper geometr ica l mockup when the reac tor was operat ing. The activated 
slugs were fabricated in Argonne and i r r ad ia t ed in C P - 5 . Unfortunately, 
the exact amount of antimony in the Argonne fabricated slugs is unknown 
because they used an alloy of undetermined composition. The samples will 
be too hot for chemical ana lys is , probably for a few more months . Mean­
while, for the purpose of p re l iminary e s t ima te s , they a r e considered to be 
about 50% antimony, or a total of about 3 70 g Sb total for the two s lugs . With 
this assumption, the antimony had about 9-7 cur ies of Sb-124 activity on 
June 3, I960. 

5. Notes on Table XXV 

Eight Configurations Studied: Taking into account the var ia t ions 
in inner and outer shield, bulk sodium region, and presence or absence of 
ZrH inside the thimble, a total of eight configurations were studied. 

In configuration 1, the thimble was surrounded by th ree to 
four inches of z irconium hydride , with aluminum filling the r e s t of the outer 
shield region. The inner shield region was filled with aluminum as was the 
bulk sodium region. Configuration 2 was the same except for the addition of 
ZrH inside the thimble. 

In configuration 3, the ZrH and aluminum in the outer shield 
region were replaced with graphite and s tee l . ZrH was removed from in­
side the thimble. The inner shield and bulk sodium regions still had a lumi ­
num. Configuration 4 was the same with ZrH again inse r t ed inside the 
thimble. 
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In configurations 5 and 6, 8-|-in. of aluminum in the inner shield 
was replaced with the graphi te -s tee l mixture . Outer shield and bulk sodium 
regions were unchanged from the previous loading. Configuration 5 was 
without ZrH and configuration 6 had the ZrH in the thimble. 

In configuration 7 and 8 the graphi te-s tee l in the 8-4 in. region 
of the inner shield was replaced with aluminum. The outer shield still had 
graph i te - s tee l . In the bulk sodium region a 12 x 28 x 60-in. region direct ly 
behind the thimble was loaded with graphite s teel , the remainder of this 
region being aluminum, as shown in Fig. 35. Configuration 7 was tes ted 
with no ZrH inside the thimble while configuration 8 had ZrH in the thimble. 
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Fig. 35. Subcritical Counter Calibrations 

Norraal izat ions: The cr i t ical measurements l is ted in Table XXV 
a re the responses on the counters relat ive to counter No. 4 at the core 
center . All cr i t ica l measurement s were made with the dummy (inactive) 
antimony source . 

The subcr i t ical measurement s are correc ted for decay of the 
source to June 3, but a re not normal ized to the central counter. Therefore, 
the figures given are the actual count r a t e s , counts per minute, for a total 
9.7-curie source . 

All the figures in Table XXV are rounded off so that the number 
of significant figures repor ted is indicative of the est imated accuracy. Both 
the s tat is t ical accuracy of the counts and the observed reproducibil i ty of 
counts expected to be identical have been taken into consideration in e s t i ­
mating the accuracy of the data. 

Nomenclature: The designation W refers to the Westinghouse 
fission counter in the thimble and W (Cd) re fe rs to the response of this 
counter when wrapped in 0.031-in. cadmium. 

EBR n SECOND SOURCE EXPERIMENT 
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6. Power Calibration 

The count r a t e on counter No. 4 at the core center can be con­
ver ted to a m e a s u r e of the fission power of the U^̂ ^ in the core by m.eans of 
the following assumpt ions : 

1 . The ra t io of fissions per g r a m of U^̂ ^ at center to the core 
average value is 1.51. This is consistent with foil act ivation 
maps run on the previous EBR-II mockup. 

2. One watt = 3.1 x 10^° fissions per second. This figure omits 
most of the delayed gamma and beta power. 

3. F iss ion counter No. 4 contains 0.802 mg 93% U^^^. 

4. The cr i t ica l m a s s of the mockup is 166.2 kg U^^ .̂ 

Then, one count per minute on counter No. 4 at the center r e p r e s e n t s 

J_ 1.662 X 10^ 1 
60 ^ 8.02 X 10-^ X .93 ^ 1.51 x 3.1 x 101° 

7.9 X 10"^ watt of fission power in the core U^ . 

The foil activation maps also indicate that for one watt of fission 
power genera ted in the core U^^ ,̂ 

0.066 watt is generated in the core U^ 
0.002 watt is generated in the axial blanket U 
0.010 watt is generated in the axial blanket U 
0.024 watt is generated in the radia l blanket U 
0.138 watt is generated in the rad ia l blanket U 

7. Subcri t ical i ty Measurements 

Control rods were ca l ibra ted by per iod m e a s u r e m e n t s in the 
usual fashion. The r eac to r was made known amounts subcr i t ica l by moving 
out control rods a-nd inver se count r a t e s were r ecorded for two B F3 .pro­
port ional counte rs . These gave good s t raight l ines as shown in Fig. 35. 
The extrapolat ions of these s t ra ight l ines were used to e s t ima te the degree 
of subcr i t ica l i ty repor ted in Table XXV. 

The loadings used to achieve subcr i t ica l i ty consis ted of the r e ­
placement of enriched by depleted uran ium in pe r iphe ra l core d r a w e r s . 
Thus, the subcr i t ica l loadings in our mockup achieve a composit ion compa­
rable to a reac to r loading in which some outer fuel pins a r e rep laced by 
blanket p ins . 

The 1170-Ih subcr i t ica l loading had enr iched rep laced by depleted 
in nine outer core d r awer s and the 2340-Ih subcr i t ica l loading had 15 d r awer s 
subst i tuted. 
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C. TRANSIENT REACTOR TEST FACILITY 

I. Review ( j . F . Boland) 

The Trans ient Reactor Tes t Faci l i ty (TREAT) is a g raph i t e -modera ted 
reac tor constructed by Argonne National Labora tory to generate in tegrated 

1 A 

the rmal neutron flux bu r s t s up to a maximum of 1 0 nvt. This may be done 
repeatedly without damage to the facility. 

The reac to r went c r i t i ca l in F e b r u a r y 1959- Phys ics m e a s u r e m e n t s 
were conducted until September , 1959, when t rans ien t tes t ing was s ta r ted . 
Two hundred t rans ien t t e s t s have been sa t is factor i ly run in the r eac to r . The 
resu l t s of the physics m e a s u r e m e n t s made to determine the s tat ic and dy­
namic cha rac t e r i s t i c s of the r eac to r have been repor ted in ANL-6173, and 
the theore t ica l work per formed in conjunction with these m e a s u r e m e n t s was 
repor ted in ANL-6174. 

Exper imenta l work in the facility during its f i r s t year of operat ion 
has been divided between exper iments designed to invest igate meltdown 
cha rac t e r i s t i c s of fast r eac to r fuel e lements and me ta l -wa te r reac t ion ex­
per iments designed to m e a s u r e react ion ra tes of var ious me ta l s used in 
reac to r core construct ion. 

II. Tes ts Conducted for Other Divisions (J. F . Boland) 

During the per iod covered by this r epor t , t e s t s were run for the 
Reactor Engineer ing, Chemical Engineer ing, and Metal lurgy Divisions. A 
total of 20 samples was tes ted under the fast r eac to r fuel element t es t p r o ­
g ram being conducted by the Reactor Engineer ing Division. Of these , 15 
were s ta in less s t ee l -c lad EBR-II type e lements , one was a Nb-clad p r o t o ­
type EBR-II e l : mer t , and 4 were Z r - c l a d F e r m i - I - t y p e e l emen t s . The 
Chemical Engineering Division p r o g r a m consis ted of seven exper iments 
designed to obtain data on me ta l -wa te r r eac t ions , with smal l fuel e lements 
of various m a t e r i a l s , and to make observat ions of changes in geometry which 
take place during a t rans ien t . The Metal lurgy Division tes t p r o g r a m con­
s is ted of 4 t e s t s on s ta in less s t ee l -c lad EBR-II - type fuel e l ements . 

III. Reactor Operat ions (J. F . Boland) 

Operation during the per iod of this r epo r t cons is ted p r i m a r i l y of 
t rans ient tes t ing of fuel e lement samples using pu l se - shaped bursts.•'•''^ 
However, a few t rans ien t s were run util izing "constant power" or "flat top" 
types of b u r s t s . Since this type of t r ans ien t has not been previous ly r e ­
por ted, a descr ip t ion of the equipment and p rocedure s used to obtain the 

•'•D. R. McFar lane et a l . . Hazards Summary Report on the Trans ien t 
Reactor Test Faci l i ty , ANL-5923 (Oct., 1958). 

^ F . Kirn et a l . . Phys ics Measurements in TREAT, ANL-61 73 (Oct., I960). 
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"flat top" shape, problems associated with this type of operation, the rea­
son for using this shape of burs t , and typical resu l t s will be discussed. 

The normal TREAT transient r e l eases energy at a changing rate 
determined by the initiating react ivi ty and the negative t empera tu re 
coefficient. Therefore , a reasonable simulation of the failure of a fuel 
element result ing from operation of a reactor at a steady power exceeding 
the capabilities of the coolant for heat removal cannot be obtained from 
this normal type of t ransient . In order to provide a reasonably constant 
high power for a reasonable length of time during t ransient operation of a 
reac tor with a la rge negative t empera ture coefficient, it is neces sa ry to 
add react ivi ty, at a ra te equal to the ra te that the negative t empera ture 
coefficient is removing reactivi ty, from the time that the t empe ra tu r e -
l imited power peak is reached until the des i red energy re lease has been 
obtained. In TREAT this is accomplished by dropping a t rans ient rod-*-
at a p rede te rmined rate which is set by adjusting the downward force on a 
t ransient rod-dr ive air cylinder and the opening of a needle valve in a 
hydraulic sys tem connected to the bottom of the cylinder. Since the t r an ­
sient rod does not have a constant worth per inch over its ent ire length 
and since the reac tor t empera tu re -ene rgy relat ionship is nonlinear, the 
instantaneous rate of react ivi ty addition can only be made to approximately 
the rate required to give a truly "constant power" type of burs t . 

Initially the sustaining rod was re leased by a p rogrammed time 
signal based on the time requi red for the reac tor to reach its tempera ture-
l imited peak power for a given initiating kgx- But experience showed that 
a small e r r o r in initial per iod caused a relat ively large e r r o r in re lease 
t ime, since 8 to 14 per iods a re required for the power to reach the peak. 
Therefore , a circuit was designed to re lease the sustaining rod when the 
ra te of change of power with respec t to time went negative by a p rede te r ­
mined amount. A schematic block diagram of this circuit is shown in 
Fig . 36. It was found necessa ry to block the positive derivative of power 
signal in order to maintain the des i red sensitivity without saturat ing the 
amplifier. Such saturat ion would introduce an unacceptable time delay in 
the re lease of the rod. The diode connected ac ros s the feedback r e s i s t o r 
in the amplifier circui t blocked this undesirable signal very effectively. 

OUTPUT VOLTAGE e 
FROM SAFETY • " " * 
CIRCUIT 

^h AMPLIFIER 
E -#-

DIODE 

ADJUSTABLE 
LEVEL 
TRIP 

RELAY J -0 ROD 
CONTROL 

-dN 
dT 

Fig. 36. Negative Derivative Trip Circuit Diagram 



Figures 37 and 38 show data for power vs t ime obtained for two 
typical flat-top-type t rans ien ts , together with data from the normal type o 
t ransient with the same initial per iod. The magnitude of the power peaks 
is very sensitive to initiating react ivi ty additions. Typically, an e r r o r of 
0.01 percent kgx will cause an e r r o r of 5 percent in the power peak. 
Therefore , a "constant power" type of burs t , which maintains the power 
within ±10 percent of the des i red value, is about the best than caji be ex­
pected on a routine bas i s . 
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IV. Control Rod Modification (H. Lawroski) 

The poison sections of the TREAT reac tor control rods were modi­
fied by mixing epoxy r e s i n with graded boron carbide to prevent movement 
of the poison in the control rods during operation of the r eac to r . Previously , 
some e r r a t i c react ivi ty additions were obtained for t rans ien ts based on 
control rod positioning. These deviations could be explained by movement 
of the boron carbide in the poison sect ions. 

New poison sections were examined by X-raying the internals of the 
rods . F igure 39 is a posit ive copy of the X rays of the rods as received 
from Argonne, I l l inois. These rods had not been in the r eac to r previously 
and had not received any shocks other than in normal shipping. The rods 
had been filled by vibrat ing the tubes while adding the boron carbide . The 
rods shown in Fig. 39 were in a ver t ica l position. Rod C appeared to be well 
compacted, whereas Rods A, Bj and D showed slight void spaces at the top. 

The rods were j a r r e d ver t ical ly , s imi la r to the motion of the rods 
in use in the r eac to r , but less vigorously. F igure 40 shows the rods after 
this t r ea tment . This j a r r i ng further compacted the boron carbide to in­
c r e a s e the void spaces . Rod C showed only a slight effect, but Rod A ap­
pea red to have a void space of approximately ^ i^- K was expected that 
further shocking of the rods would inc rease the voids. 

The rods were inverted, j a r r e d once, and X-rayed again. The r e ­
sults a r e shown in F ig . 41 . The powder moved back into the voids. 

A qualitative exper iment to observe the moveraent of the compact 
powder was made using a 500-cc glass graduate , whose inner d iameter was 
approximately the sarae as that of the rods . The powder, after compaction 
by vibrat ing, moved in slugs when the graduate was inverted. This indi­
cated that there could be separa t ion of the B4C in the rods and that the void 
space might vary (depending upon the friction) to maintain the position of 
the compaction in the rod. Also, in the case of the rods in the r eac to r , by 
stopping and s tar t ing the rod drives the poison could move during reac tor 
opera t ions . 

Two f i l lers were tes ted to fix the B4C powder in the rods : Bake-
lite 2600, which was a thermose t t ing res in ; and epoxy res in ERL 2 774 
with ha rdener ZZL 0816. Both p las t ics were obtained from the Union 
Carbide P las t i c s Company. Bakelite 2600 is a phenolic r e s in and is set 
by heating to 300°F for approximately 60 minutes . The epoxy r e s in 
ERL 2 774 when mixed with its ha rdener ZZL 081 6 s t a r t s to harden in ap ­
proximate ly 30 minutes at 77°F. The shor t workable per iod of the epoxy 
r e s in r equ i re s rapid handling of any mix tures once the ha rdener has been 
added. Both p las t ics have good shock p roper t i e s and^ when mixed with 
sol ids , the epoxy (75 vol % solid) has a base shrinkage of l ess than 0.1%. 
No data were available on the radiat ion res i s t ance of these two r e s i n s . 
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H 

Fig. 39. X-ray Photograph of TREAT Control Rods 

Fig. 40. X-ray Photograph of TREAT Control Rods after Vertical J a r r i ng 

Fig. 41 . X- ray Photograph of TREAT Control Rods 
after Inversion and Ja r r ing 



A raixture of 50 pa r t s Bakelite 2600 and 50 pa r t s B4C powder was 
baked at 300°F. The solidified mixture was quite porous . This was prob­
ably due to degassing of the powder during the baking operation. There 
was also some inclusion of a i r during the mixing of the powder with the 
res in , since this mixture is very viscous and a dense s lu r ry . 

A tes t batch of epoxy res in and B4C was made and allowed to harden. 
There was some porosi ty , but this was due p r imar i ly to the inclusion of 
a i r during the mixing operation. However, the general appearance of the 
solid was sat isfactory. 

To deternaine an optimum par t ic le size and B4C-epoxy res in rat io, 
severa l batches of the mixture were tested. Smaller par t ic le size and 
lower B4C-epoxy res in rat io yielded more fluid, eas ie r -working s l u r r i e s . 
However, higher concentrations of B4C are desirable to maintain the 
react ivi ty worth of the rod. The B4C powder as removed from the rod was 
found to be too coarse (there were pieces as large as-5—in. mesh) . By 
grinding in a ball mill the maximum par t ic le size was reduced to allow 
passage through a 10-mesh screen . Mixtures which had B4C concentra­
tions grea te r than the rat io of 100 volume par t s B4C and 80 volume par t s 
res in were found to be too viscous for filling rods . This mixture , due to 
the filling of void spaces among the B4C par t ic les by the epoxy res in , 
yielded a final volume fraction of B4C of approximately 0.7 to 0.75 as 
measured by the final volume of the mix ture . 

A charging apparatus was fabricated to fill the control rods . A 
schematic of the assembly is shown in F ig . 42. Since the mixture was quite 
viscous, ni trogen was used to push the charge into the control rod. 
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Fig. 42 

Schematic of Charging Apparatus 
for Filling TREAT Control Rods 

,FEMALE END 
FITTING 
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Each control rod had a void volume of approximately 100 in.^ P r i o r 
to adding the hardener to the mix ture , 85 in.^ of B4C was blended with 
55 in.^ of ERL 2 774 until a consis tent s l u r ry was obtained. The pipe cap 
was removed from the charging pipe and the appara tus was set up in a 
ver t ical position, as shown in Fig . 39- The ha rdener ZZL 081 6 (11 in.^) 
was added to s lu r ry and mixed well. 

The mixture was charged to the 4-in. s teel pipe and the pipe cap 
was replaced. A ni t rogen line from a p r e s s u r e reducer was connected to 
a fitting in the pipe cap. The plunger and pis ton were then pushed down til l 
the piston r e s t ed on the top of the charge . Approximately 50 psi of nitrogen 
p r e s s u r e was applied to force the B4C-epoxy mixture through the ^ '- in. 
tubing and into the control rod. An O-r ing was used to prevent leakage 
from the male adapter . The piston was kept in contact with the top of the 
charge to prevent the gas from pushing a hole in the s l u r r y . As the rod 
filled with the mix ture , the a i r was vented through a-|--in. hole in the male 
fitting at the top of the rod. When the s l u r r y s t a r t ed to come out the vent 
hole a smal l sc rew was inse r t ed to prevent further escape . The ni t rogen 
p r e s s u r e was then inc reased to 250 ps i to reduce the size of any entra ined 
a i r bubbles. After p r e s s u r i n g for approximately 5 min, the"2"-in. tubing 
was pinched to close off the rod. The operat ion from pouring the charge 
into the pipe to the closing off of the tubing requ i red about 15 to 20 min. 

The rod was allowed to sit until the epoxy hardened completely. 
The male adapter was then removed and the charging orifice was tapped 
for inser t ion of a s tee l plug. X rays verif ied complete filling of the rods . 

At f i rs t , two control rods were filled and t r i ed in the r eac to r . The 
react ivi ty worth was essent ia l ly the same as the original rods . These rods 
were s c r a m m e d at leas t 50 t imes and then X- rayed again to examine them 
for internal physical changes. None were observed. 

The remaining 8 control rods were then filled in a s imi l a r manner 
and placed in operat ion in the r e a c t o r . 

V. Radiation Effects on P r e s s u r e T r a n s d u c e r s (J. F . Boland and F . S. Kirn) 

Unbonded, s t r a in gauge-type p r e s s u r e t r a n s d u c e r s have been used 
to indicate capsule p r e s s u r e in a number of the exper iments conducted in 
TREAT. P r e s s u r e t r a n s d u c e r s made by three leading manufac tu re r s have 
been used in ranges between 15 and 1000 ps i . Examinat ion of the p r e s s u r e 
vs t ime data obtained from a numiber of t r ans ien t s in the range of 2x l0^^nvt 
showed that extraneous p r e s s u r e s ignals , which va r i ed between a few and 
many percent of maxirnum t r ansduce r range , were consis tent ly observed. 
Therefore , a s e r i e s of t e s t s were made, in which the p r e s s u r e t r a n s d u c e r s 
were open to a tmospher ic p r e s s u r e , to a t tempt to isolate the cause of the 
extraneous p r e s s u r e signals and to reduce or e l iminate themi if poss ib le . 
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A schemetic block diagram of the circui t normally used for r eco rd ­
ing the p r e s s u r e signals is shown in Fig. 43. This is a s tandard, d i rec t -
current circui t often used for recording the output of s t ra in gauge bridges 
and therefore will not be discussed. A variat ion of this circui t was also 
used. In this case a low-impedance path to ground for common mode 
signals is provided by connecting a 500-ohm re s i s to r from the power 
supply leads to ground. This is shown in dotted lines on Fig. 43. 
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Fig. 43. Diagrams of Circuit and C a r r i e r Circuit for 
Recording TREAT P r e s s u r e Signals 

A standard, c a r r i e r - t y p e s t ra in gauge bridge ins t rument sys tem 
was used in some of these t e s t s , and the schematic block diagram of this 
circuit is also shown in F ig . 43. 

Figure 44 shows the response of a 150-psi t ransducer obtained 
with the three measur ing circui ts descr ibed above. Also plotted a re the 
instantaneous and integrated reac tor powers , which are proportional to 
the instantaneous and integrated neutron and gamma fluxes at the t r a n s ­
ducer. As can be seen from this figure, the extraneous p r e s s u r e signal 
is apparently a function of both instantaneous and integrated power when 
the ungrounded d i r ec t - cu r r en t circui t is used; but the instantaneous 
power effect is essent ia l ly eliminated when either the c a r r i e r circuit or 
balanced-to-ground, d i r ec t - cu r ren t circui t is used. It is postulated that 
the instantaneous effect is caused by ionization cur ren ts set up in the lead 
wi res , or possibly in the t ransducer itself. S. H a r r i s of Atomics Inter­
national has reported-'- s imi lar effects when lead -wires without t r ansducers 
were subjected to t rans ients in KEWB. However, he did not repor t any 
integrated flux effects, possibly because the integrated flux in KEWB is 
from one to two o rders of magnitude below that obtained in TREAT. 

S. H a r r i s , T rans . ANS, Vol. 2, No. 2 (Nov., 1959). 
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The 20 mi ls of cadmium reduced the signal by a factor of three over that 
from the ba re t ransducer . The gamma shield reduced the signal by about 
30%. However, the effectiveness of the gamma shield could be accounted 
for by the reduction of neutron flux inside the shield as measured by 
neutron-sensi t ive foils. Therefore , it appears that the extraneous p r e s ­
sure signal which follows integrated power is p r imar i ly caused by neutrons. 

In severa l runs the t ransducer signals were followed for several 
minutes after the t rans ient . The t ransducers recovered in an apparently 
exponential manner . There also appeared to be a charac te r i s t i c decay 
constant for each t ransducer . 

F igure 46 shows typical recover ies of two t r ansduce r s . Num­
ber 16691 displays an e-folding recovery time of about 10 sec , and 
#3590 a recovery time of 25-30 sec . There is considerable uncertainty 
in the decay rate because of the relative small deflection on the r eco rde r 
t r a c e s . 
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TRANSDUCER RECOVERY RATE 
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3590 T = 25 SEC. 

30 40 50 

TIME IN SECONDS 
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Fig. 46. Transducer Recovery Rate 
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In summary , the following qualitative resu l t s may be s ta ted with 
regard to radiat ion sensit ivi ty of the t r a n s d u c e r s : 

1. The extraneous p r e s s u r e signal which follows the instantaneous 
power can be essent ia l ly el iminated by using c a r r i e r - t y p e -
c i rcui ts or by providing a balanced low-impedance path to 
ground for ionization cu r ren t s if a d i r ec t - cu r r en t - t ype c i rcui t 
is used. 

2. The extraneous p r e s s u r e signal which follows the in tegrated 
power is p r i m a r i l y caused by neut rons . No way has been found 
to el iminate it except to provide adequate neutron shielding, 
which is very difficult if not impossible for many capsule- type 
exper iments . 

3. Differences in manufacturing methods or m a t e r i a l s used by 
three manufac turers do not seem to make any appreciable dif­
ference in the neutron sensit ivi ty of the t r a n s d u c e r s , nor does 
the p r e s s u r e range of the t r ansducer consis tent ly affect this 
sensi t ivi ty. However, each t r ansduce r does have a c h a r a c t e r ­
ist ic r i se and recovery time constant which may change con­
s iderably between t r ansduce r s of the same range and type. 

VI. Gamma Flux in TREAT Core (F. S. Kirn) 

A se r i e s of exper iments was undertaken to determine the gamma 
flux in the TREAT core for a given power level or total dose obtained dur­
ing a t rans ien t . An Argonne-type IC 25B ion chamber with lead plates was 
the only non-neutron sensi t ive chamber available which had sufficient 
dynamic range . It was ca l ibra ted in the MTR gamma facility along with 
two other IC 25B chambers : one containing thor ium p la tes , and the other 
B^ -coated aluminum p la tes . 

The gamma facility consis ts of spent MTR fuel e lements in a non-
cr i t ica l c lus ter under about 13 feet of water . Vert ical ins t rument tubes , 
in which counter or samples to be i r r ad ia ted may be placed, a re provided 
at various distances from the assembly of fuel e lements . The facility has 
establ ished a secondary monitor by in terca l ibra t ing an ionization chamber 
against chemical dos imeters of both the Fe''"^ and Ce++++ ion type. Our 
three chambers were placed in a thimble about 6 in. from the edge of the 
c luster where , according to the MTR moni tor , the flux was 3.86 x 10 r pe r 
hour. ^Table XXVII gives the resu l t s obtained for these chambers in t e r m s 
of ionization cu r ren t . 
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Table XXVII 

IONIZATION CURRENTS OBTAINED FROM 
INTERCALIBRATING CHAMBERS 

Chamber 

Pb P l a t e s 

Th P la t e s 

B^°-A1 P l a t e s 

Model No. 

IC25-57348 

IC25-57349 

IC25- -

r / h o u r 

3.86 X 10^ 

3.86 X 10^ 

3.86 X 10^ 

Amperes 

1.26 X 10-^ 

1.55 X 10-^ 

0.49 X 10-^ 

(Amp)(hr) / r 

3.2 X 1 0 - " 

4.0 X 1 0 - " 

1.27 X 1 0 - " 

The n o i s e l e v e l of the c h a m b e r s was on the o r d e r of 10"^^ a m p . 

The g a m m a c h a m b e r was t h e n put in the c e n t e r of the T R E A T c o r e , 
du r ing both s t e a d y - s t a t e and t r a n s i e n t cond i t i ons , and c o m p a r e d to the 
r e a c t o r p o w e r . Tab le XXVIII shows the r e s u l t s , u s ing the c a l i b r a t i o n of 
Tab le XXVII. 

Table XXVIII 

CALIBRATION OF GAMMA CHAMBER 

R u n 

S.S. 

Trans ien t (Flat top) 

S.S. 

Chamber 
Data 

1.8 X 10-^ amp 

6.00 X 10-^ a m p - h r 

1.74 x 10- ' ' amp 

Reactor 
Data 

10 kw 

148 m-w-sec 

1 kw 

r/(M-w)(sec) 

1.4 X 10^ 

1.3 X 10^ 

1.4 X 10* 

r /hr /k-w 

5 . 4 x 1 0 * 

5.1 X 10* 

5.4 X 10* 

The g a m m a flux a s a funct ion of pos i t i on was a l s o d e t e r m i n e d in 
the n o r t h face i n s t r u m e n t ho le . F i g u r e 47 shows the r / ( M w ) ( s e c ) as a 
funct ion of pos i t i on m e a s u r e d in th i s ho le . 

In conjunct ion with the ion iza t ion c h a m b e r it was dec ided to m e a s ­
u r e the flux u s i n g c h e m i c a l d o s i m e t e r s . T h e s e so lu t i on - type d o s i m e t e r s 
w e r e supp l i ed by E . T u r k and J . Dunbar of MTR. 

The d o s i m e t e r s w e r e the s a m e type as w e r e u s e d in c a l i b r a t i n g 
the m o n i t o r in the M T R g a m m a fac i l i ty . Solut ions of e e r i e su lpha te a r e 
u s e d in the r a n g e g r e a t e r t han 1 0^ r and f e r r o u s su lpha te in the r a n g e of 
10^ r and l e s s . T h e s e d o s i m e t e r s w e r e p l a c e d in the s a m e r e l a t i v e p o s i ­
t ion a s the g a m m a c h a m b e r . C o m p a r i s o n b e t w e e n the d o s i m e t e r and the 
g a m m a c h a m b e r was not good. Tab le XXIX i l l u s t r a t e s the d i s a g r e e m e n t . 
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Fig. 47 
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POSITION OF COUNTER CENTERLINE FROM CORE EDGE 

It can be seen from Table XXIX that the gamma chamber reads below the 
iron dosimeter by a factor of 2 and below the cer ium dosimeter by a factor 
of 4 -5 . Because of this disagreement , a few additional experi inents a re 
planned to determine the neutron sensitivity of the de tec tors , the possible 
effect of the gamma-energy spectrum on the different de tec tors , and a 
c ross check of MTR chemical dos imeters with Argonne chemical dos imete rs . 

Table XXIX 

COMPARISON OF DOSIMETER AND GAMMA CHAMBER CALIBRATION 

Run 

T r a n s i e n t 

S.S. 

F l a t top 

S.S. 

I n t e g r a t e d 
Po-wer 

M-w- s e c 

100 M-w-sec 

(10kw)(3 min ) 

146 M w - s e c 

(100kw){25 min) 

C h a m b e r 

D o s e ( r ) 

1.95 X 10^ 

2.1 X 10^ 

r /(M-w)(sec) 

1.4 X 10^ 

1.3 X 10^ 

1.4 X 10 ' 

F e D o s i m e t e r 

Dose ( r ) 

4 .6 X 10 

r / ( M w ) ( s e c ) 

3.1 X 10 ' 

Ce D o s i m e t e r 

Dose ( r ) 

5 X 105 

10^ 

r / ( M w ) ( s e c ) 

5 x 1 0 ' 

7 x 1 0 ' 
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D. BOILING REACTOR EXPERIMENT V (BORAX V) 

I. Introduction (R. E. Rice) 

Since this is the f i rs t quar te r ly r epor t on the BORAX V project 
covering work in p r o g r e s s for some three y e a r s , a genera l review of work 
to dat^_is presented , as well as a specific repor t of act ivi t ies in the per iod 
during Ju ly -Sep tember , I960. 

The p r i m a r y objectives of the proposed BORAX V p rog ram a re to 
test nuclear superheating concepts and to advance the a r t of boiling water 
reac tor design by performing exper iments to improve the understanding of 
factors l imiting the stability of boiling r eac to r s at high power dens i t ies . 

In 1957 the idea for another boiling reac tor in the BORAX se r i e s 
was conceived by personnel of both the Idaho Division and Reactor Engi­
neering Division of Argonne National Labora tory . In August, 1958, the 
Laboratory made a formal p re l iminary proposal to the AEC for cons t ruc ­
tion of an ex t remely flexible boiling r eac to r exper imental facility to be 
called BORAX V and operated as a modification of and addition to the 
existing BORAX plant at the National Reactor Testing Station in Idaho. 
In October, 1958, the p re l iminary proposal was approved and author iza­
tion to proceed with Title I design and cost es t imat ion was given. 

Norman Engineering Company, Bever ly Hil ls , California, was 
selected as a rch i tec t -eng ineer to per form the design and specification 
of the s i te , buildings, and plant with the exception of the r eac to r . The 
a rch i tec t -eng ineer , in cooperat ion with the ANL Idaho Division staff, 
s tar ted work in late Feb rua ry , 1959. The Title I r epor t was submitted 
in Apri l , 1959; and approved by the AEC in May, 1959. The Title II design 
proceeded without delay and contract drawings and specifications were com­
pleted in September , 1959. 

The Idaho Division of ANL has the p r ime responsibi l i ty for the 
BORAX V project . The BORAX V staff of the Idaho Division did the p r e ­
l iminary design of reac to r and plant, and have done, or a r e doing, the 
detailed mechanical design and some development of fuel and core s t r u c ­
tu re , r eac to r physics design and calculat ions , heat and hydraul ics design, 
reac tor control and instrumentat ion design, r eac to r vesse l design, fuel 
handling, hazards r e p o r t s , in -core ins t rumentat ion development, e tc . In 
addition, the Reactor Engineering Division has a s s i s t ed in the conceptual 
design stage, has run s imulated boiling fuel e lement burnout and super ­
heated s team heat t r ans fe r coefficient exper iments , and has done develop­
ment work on and modified the control rod d r ives . The Metallurgy Division 
p repared the specifications and will inspect the boi ler and superhea te r fuel 
e lements . Centra l Shops is continuing fabricat ion development work on 
both the boi ler and superhea te r fuel a s s e m b l i e s . 



II. Reactor and Plant (R. E. Rice) 

1. Design Summary 

Some of the plant util ized in the previous BORAX exper iments 
is incorporated in the BORAX V systera, but the r eac to r and its building, 
as well as the control building, located-5 mile from the reac to r , a re new. 
A cutaway view of the BORAX V facility is shown in Fig. 48, 

BORAX V is designed as an ext remely flexible sys tem. Three 
separa te core configurations a r e provided: a boiling core with a central ly 
located superhea te r , a boiling core with a per iphera l ly located superheater , 
and a boiling core without superhea te r . In all cases it is possible to oper­
ate with ei ther na tura l or forced circulat ion of water through the core . 
Water se rves as the modera to r in both the boi ler and superheater regions 
of the core , and as coolant in the boiling region. The superheater is cooled 
by s team. 

The reac to r vesse l is a cylinder with ell ipsoidal heads , S j ft ID 
x 16 ft high internal ly , made of carbon steel clad internally with s ta inless 
s teel . The core is centered about 4 ft from the bottom. The top portion of the 
ves se l is used as a s team dome. Control rods a r e driven from below the 
vesse l . 

Each of the three co re s is 24 in. high and has an effective 
d iameter of 39 in. when containing the maximum of 60, four - inch-square 
fuel a s sembl ie s a r r anged in an 8 x 8 a r r a y with the corner a s sembl ies 
miss ing . The cent ra l superhea te r core will contain 12 fuel a s sembl ies 
in the cent ra l posit ion, while the per iphera l superhea te r core will con­
tain 16 fuel a sse inb l ies , 4 in the middle of each outer row. Each square 
cel l of 4 a s sembl i e s is surrounded by adjacent con t ro l - rod channels. 
Exper iments will be run with the full complement of 60 fuel a s sembl ies 
as well as with reduced number s . The BORAX V reac to r with a cent ra l 
superhea te r is shown in Fig. 49. 

The coolant flow paths inside the r eac to r vesse l a r e as follows: 
Water flows up through the boiling core and the r i s e r above the core by 
e i ther forced or na tura l c i rcula t ion. The s team formed in the core con­
tinues up into the s team space while the water flows down through the 
annular downcomer a r e a between the core and the reac to r vesse l . Feed-
water , introduced at the top of the downcomer, subcools the recirculat ing 
wa te r and helps to inc rease the ra te of natural c i rculat ion. Fo r the boi l ­
ing core case , the s team leaves the p r e s s u r e vesse l through a 6-in. s team 
line. In the superheating c o r e s , the s team from the s team dome enters the 
inlets to the superhea te r fuel a s sembl i e s , makes one pass down through half 
the superhea ter a s s e m b l i e s , mixes in the lower p lenums, and makes a 
second pass up through the remainder of the superhea te r a s sembl i e s . 
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It then leaves the p r e s s u r e vesse l through flexible tubing and the 
superhea ted-s team outlet nozzles . Because BORAX V is using the 
tu rb ine -genera to r -condense r system of its p r e d e c e s s o r s , the 600-psig 
s team mus t be reduced in p r e s s u r e and t empe ra tu r e before entering 
the turbine. 

Nine control rods , driven from below, a r e made of Alcoa 
X-8001, a luminum-clad Bora l . The drive mechan i sms a r e those for­
mer ly used on EBWR, modified for use in BORAX V. 

A s u m m a r y of some of the design cha rac t e r i s t i c s of 
BORAX V is given in Table XXX. 

Table XXX 

DESIGN CHARACTERISTICS OF BORAX V 

Operating p r e s s u r e 
Maximum Steam Temp, Superheated 
Maximum Steam Temp, Saturated 
Nominal Design Full Power 
Maximum Plant Capacity 
Design Maximum Temp of Superheat Fuel Plate 
Limiting Temp of Boiling Fuel Rod Center 
Forced-c i rcu la t ion System Flow 
Average Power Density at 20 Mw 

Boiling Zone 
Centra l Superheat Zone 

600 psig 
850°F 
489°F 
20 Mw(th) 
40 Mw(th) 
1200°F 
5000°F 
10,000 gpm 

95 kw/l of core 
80 kw/l of core 

Fu r the r details of the reac tor and plant design a r e given in 
P re l imina ry Design and Hazard Report - BORAX V, ANL~6l20 (February 
I960). Since this repor t was wr i t ten the designs of the r eac to r fuel and 
a few other minor i tems have changed but, in genera l , ANL-6120 is sti l l 
accura te . 

2. Status 

ANL personnel a r e installating reac to r controls and ins t rumen­
tation in the control building. Modifications to the existing turbogenera tor 
plant have been minor . ANL has p rocured and instal led a new s team sep­
a ra to r . The cooling water side of the condenser tubes has been chemically 
cleaned, leak- tes ted , and inspected. To p r epa re for accidental or tes t 
defects in the superhea te r fuel e lements , the a i r - e j e c t o r exhaust sys tem 
has been redesigned to include an after cooler and d e - m i s t e r for mois tu re 
removal , an AEC-type f i l ter , an activated charcoal f i l ter for iodine r e ­
moval, and a stack radioactivity monitor . Also included will be a blower 
and a i r -d i lu t ion valve to a s s u r e that the free hydrogen in the sys tem is 
kept below explosive l imi t s . 



III. Fuel and Core (R, E. Rice, J . D. Cerchione, R. W. Adamson,* and 
D, H, Drummond**) 

The design of the fuel e lement for both boiler and superheater fuel 
has been changed since ANL-6120 was wri t ten. The diameter of the boiling 
fuel rod has been enlarged and the number of rods per assembly reduced to 
facil i tate fuel handling and reduce cost . The superheat fuel assembly has 
been changed by reducing the number of fuel plates per e lement from 5 to 4. 

1, Boi ler Fuel 

BORAX V has individually removable boi ler fuel rods made of 
uranium oxide pel lets clad with a 0,015-in.-thick, Type 304 s ta inless steel 
tube, as shown in Fig. 50, The rod OD is ™ in., and there is a maximum 
radial gap of 2 mi l s between the pellet and clad. The rod, which is filled 
with helium at a p r e s s u r e of 1 a tm, has a fission gas expansion space which 
also contains an Inconel~X spring to allow for the differential expansion 
between the UO2 pellets and the cladding tube. Latching pins a r e located 
in the tip of the rod, and a compress ion spring and manipulator fitting 
a r e on the head. The nominal enr ichment of the UO2 is 4.95%, although 
a number of rods with an enr ichment of 9.9% will also be available to 
adjust react ivi ty and flatten the power distribution. 

The individually removable fuel rod feature of the boiler fuel 
a s sembl i e s is shown in Fig, 51. The assembly is made of a square , X-8001 
aluminum tube which has a square - to - round t rans i t ion nozzle welded to 
its lower end. The 49 fuel rods a r e held between an upper grid and a lower 
grid, both made of Type 304 s ta in less s teel . The upper grid is 4 in. long 
to guide the fuel rod into the p roper hole in the lower grid. The fuel rod 
is latched in position and held in tension between the two grids by means 
of the pin on the tip and the compress ion spring on the rod head. This 
fuel assembly also has a removable orifice plate in the lower nozzle, which 
will be used in exper iments to determine the effect of entrance orificing on 
reac tor stability when natural c i rculat ion is employed. The individually 
removable rod feature pe rmi t s changing of the water-fuel ra t io , varying 
the fuel enr ichment of rods within the fuel assembly , and the replacement 
of fuel rods with poison rods to adjust reactivity and flatten power 
distr ibution. 

In Apri l , I960, a contract for the fabrication of 3000 boiling 
fuel rods of 4,95% enr ichment and 500 of 9.90% enrichment was awarded 
to the Westinghouse Corp. Delivery is scheduled for November, 1960-
January , 1961, Fabr ica t ion development and detailed design of the boiler 

*On loan from California Polytechnic Institute, San Luis Obispo, Cal, 

**On loan from Montana State College, Bozeman, Mont, 
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fuel assembly boxes was completed and m a t e r i a l p rocu remen t is now under 
way in Central Shops. Seventy-five a s sembl i e s have been o rdered . 

2. Superheater Fuel 

The superhea te r fuel assem.bly (see Fig. 52) is made of four fuel 
plates held in place by side plates and -g-in—diameter s ta in less s teel spacer 
discs between the p la tes . The fuel plate has a core m a t r i x of lightly en­
riched UOz-stainless s tee l and is clad with Type 304 ELC s ta in less s teel . 
Because they a r e cooled on one side only, the two outside fuel plates in each 
element have only about half the fuel loading of the inside p la tes . Each 4 -
plate element is contained in a rec tangular , s ta in less s teel tube which fo rms 
a static s team-insula t ing annulus between the outer fuel plates and the tube. 
Five fuel e lements a r e welded into an assembly which has a long, double-
walled downcomer, or r i s e r tube, at the top and a short , double-walled 
nozzle at the bottom. The lower nozzle has a flange against which is seated 
a hol low-metal "O" ring seal , and on the upper tube is mounted a hold-down 
spring. The water mode ra to r c i rcu la tes between the fuel e lements . One of 
the pr incipal design fea tures of this thin, f la t -plate e lement is its excellent 
radiat ion and conduction shutdown cooling p roper t i e s to the surrounding 
modera to r . 

Bids for the fabricat ion of 840 enriched superheat fuel plates 
were opened June 1, I960. In late August, negotiations with the low bidder 
were concluded when the bidder refused to accept the t e r m s of the proposed 
contract . Negotiations with the second low bidder were begun, but by the 
end of this r epor t per iod a cont rac t had not yet been signed. 

Fabr ica t ion development work on the superheat fuel a s semb l i e s 
is proceeding at Centra l Shops and Metal lurgy Division. Fabr ica t ion of the 
4-plate element by both Nicrobraze and e lec t ron beam welding techniques 
has been t r ied . At p resen t , the mos t promis ing as sembly method is a 
furnace b raze using GE 81 alloy with the e lement in a Hastelloy C brazing 
fixture sealed in a vacuum can. A mockup of a complete ins t rumented 
superheat fuel a s sembly is being made to develop fabricat ion methods and 
for l a t e r use in p r e s s u r e - d r o p and vibrat ion t e s t s using a i r to s imulate 
superheated s team. 

3. Core S t ruc ture 

A thorough s t r e s s analysis and design study was made on the 
superhea te r flood and dra in manifolds and plenum chambers for both the 
cent ra l and per iphera l ly located s u p e r h e a t e r s . The re ference design 
manifold has sufficient flexibility without expansion joints to keep s t r e s s e s 
well below allowable l im i t s . S t r e s s analyses of the geometr ica l ly complex 
co re - suppor t p la tes have been made both by modified tube sheet theory and 
gr id beam theory. The s t r u t s , ring f langes, and hold-down pla tes for al l 
three core s t ruc tu re s have also been analyzed. 



o 

Oey SQUARE W//?£. SPAC£/^~S 

030 /?(7i/A/D W/R£ S/=ACA/?S 

1 
_M 

s^cr/OA/ A -A 
OA'^L/I^T/M^ &IPJ 

3srs 

K//7r r 

"O'A'/AS SEAL 

^ Y 

Fig. 52 Superheater Fuel Assembly for BORAX V 



107 

To facilitate easy reloading of complete core s t ruc tu re s , no 
bolts a re used to hold the core s t ruc tu res in place within the reac tor v e s ­
sel . Instead, the core s t ruc ture is supported by eight tubular legs which 
slip over tapered guide dowels to r e s t on pads in the bottom of the r eac to r 
vesse l . The core s t ruc tu res a r e centered at the top and held down by 
6 gussets inside the top head of the vesse l . Thus, when the top head is r e ­
moved, the core s t ruc ture is free to be lifted out by means of the remotely 
operated building c rane . 

To allow for the differential expansion between the core s t r uc ­
ture and reac tor vesse l a la rge Belleville spring is located between the 
gussets and core s t ruc ture top-r ing-f lange. A schematic drawing of this 
a r rangement is shown in Fig. 53. The deflections which have been consid­
ered in the design of the Belleville spring a r e : 

1. the elongation of the reac tor vesse l due to the internal 
p r e s s u r e of 600 ps i ; 

2. the elongation of the carbon steel vesse l due to the in­
c rease in t empera ture from 70°F to 500°F; 

3. the shortening of the core s t ruc ture due to the Belleville 
spring compress ive load; and 

4. the elongation of the s tainless steel core s t ruc ture due to 
the change in t empera ture from 70°F to 500°F. 

HOLD-DOWN GUSSET 

UPPER 
BEARING RING 

(S S 3 0 1 a 
STELLITE FACE] 

LOWER 
BEARING RING 

(S S 304 a 
STELLITE FACE 

BELLEVILLE 
SPRING 

(SS I7-4PH) 

Fig. 53 

Belleville Spring 



F o r a l l t h r e e c o r e s t r u c t u r e s , w h e n n a t u r a l c i r c u l a t i o n is be ing 
u s e d , a s p r i n g f o r c e of 20 ,000 pounds h a s b e e n s e l e c t e d to hold the s t r u c ­
t u r e s f i r m l y in p l a c e . F o r f o r c e d - c i r c u l a t i o n c o n d i t i o n s , b e c a u s e of the 
h y d r a u l i c l if t ing f o r c e on the c o r e s t r u c t u r e and b e c a u s e of the g a s k e t load 
r e q u i r e d to s e a t the hol low m e t a l " O " r ing s e a l b e t w e e n the f o r c e d c o n v e c ­
t ion baffle and the c o r e s u p p o r t p l a t e , a B e l l e v i l l e s p r i n g load of 60,000 pounds 
i s r e q u i r e d . S p r i n g s for bo th cond i t ions have b e e n d e s i g n e d to e x e r t the 
r e q u i r e d f o r c e a f t e r h e a t i n g and p r e s s u r i z a t i o n of the c o r e s t r u c t u r e and 
r e a c t o r v e s s e l . 

A s u m m a r y of the d e s i g n f o r m u l a u s e d in the B e l l e v i l l e s p r i n g 
c a l c u l a t i o n s fo l lows : 

/3 = Mt 4/EI^ (1) 

6 = 2 [OA sin(^ +d ) - AB] (2) 

M^ = - ^ [OA c o s (d+ j6) - ^ A ] (3) 

TT ro 
d = tan"^ ( A B / O B ) (4) 

Ix = Ix cos^ jB + iL sin^ 3̂ + Î ^x s in 2 |3 (5) 

a t = Mtro (y / lx ) , (6) 

w h e r e : 

/3 = ang le of r o t a t i o n of s p r i n g c r o s s s e c t i o n 

M^ = m o m e n t a p p l i e d p e r uni t of c i r c u m f e r e n t i a l l eng th of n e u t r a l 
a x i s of s e c t i o n 

rg = r a d i u s of n e u t r a l a x i s 

6 = de f l ec t ion of l oad a p p l i c a t i o n p o i n t s 

P = to t a l s p r i n g l o a d 

,u = coef f ic ien t of f r i c t i o n 

A = a b s o l u t e v a l u e of [OA s in (B+ 0) - r j 

I^ and I = m o m e n t of i n e r t i a of the s p r i n g c r o s s s e c t i o n about i t s own 
a x i s of s y m m e t r y 

I^ - m o m e n t of i n e r t i a of the s p r i n g c r o s s s e c t i o n abou t s p r i n g 
d i a m e t e r t h r o u g h the n e u t r a l a x i s . 

Ol = hoop s t r e s s 



109 

Detailed designs of all three core s t ruc tu res , hold-down boxes, 
chimneys, and superheater drain and flood manifolds have been completed. 
Mater ial p rocurement for these i tems is proceeding in Central Shops. 

IV. Heat and Hydraulics Engineering (R. A. Cushman) 

1. Introduction 

The work on heat and hydraulics performed through the end 
of 1959 is presented in ANL-6120, Pre l iminary Design and Hazards Re­
port - BORAX V. Calculational techniques and design philosophy a r e 
presented in that repor t . This summary covers changes in the design of 
BORAX V since that t ime, as well as the additional work performed. 

Two basic changes have been nnade in the core for BORAX V. 
The boiling fuel assembly now consis ts of 49 rods , each 0.375 in. in d iam­
eter , ra ther than of 100 rods , each 0.260 in. in d iameter . The superheater 
fuel assembly remains s imi lar in concept, but each of the 5 elements per 
assembly now contains four fuel plates ra ther than five, and each has three 
0.062-in.-thick coolant channels ra ther than 4 coolant channels of 0.045-in. 
thickness. These basic changes will be discussed more fully la te r in this 
section. 

2. Experimental Work 

a. Boiling Burnout Tests 

Results of natural circulation boiling burnout t es t s using 
paral le l tubes with 0.332-in. ID to simulate flow outside of the fuel rods 
in the former ly planned 100-rod boiling assembly were reported in 
ANL-6120. Since that t ime R. P. Anderson and E. A. Spleha of Reactor 
Engineering Division have run additional na tura l -c i rcula t ion boiling burn­
out tes ts with para l le l tubes to simulate the performance of the 49-rod 
assembly. Using two para l le l tubes, each 24 in. long and of 0.562-in. ID 
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(corresponding to the equivalent diameter of the fuel rods away from the 
side walls of a boiling fuel assembly when the rods a r e uniformly spaced 
within the assembly) , heat fluxes up to 514,000 Btu/(hr)(ft^) were obtained 
without the occurrence of burnout. This heat flux was the maximum ob­
tainable from the power supply on the test loop. A further test was made 
on the same tubes after slightly flattening the middle 18 in. to produce an 
equivalent d iameter in this region of 0.474 in. (the equivalent diameter of 
the rod in a boiling fuel assembly when a square pitch of 0.500 in, was used 
to make the equivalent d iameter of the edge, corner and inter ior rods 
equal). Once again a heat fliox of 514,000 Btu/(hr)(ft^) was obtained without 
the occurrence of burnout. 

VARIABLE AXIAL VOID 
(A) INITIAL ESTIMATE 
(8) IMPROVED ESTIMATE 

In order to overcome 
the limitation on the power 
supply, a different test loop 
and tes t section were used for 
the next tes t . The ea r l i e r tes t 
section had a uniform wall thick­
ness over the heated length and 
therefore produced a uniform 
heat flux. For this final tes t , 
in an effort to produce an axial 
power distribution s imi lar to 
that of the reactor (see Fig. 54), 
the two para l le l tubes had v a r i ­
able wall thicknesses as a func­
tion of length. The minimum 

wall thickness occur red 8 in. from the inlet end of the section, and the 
thickness increased uniformly from that point to each end. There was 
consequently an axial variat ion in heat flux, with a peak- to-average heat 
flux of 1.35. The res-ults of the tes t a re given in Table XXXI. Instability 
was f i rs t observed during Run #11, and the amplitude of the oscillations 
increased with increasing power levels on successive runs until burnout 
occurred during Run #14, with a peak heat flux of 1.09 x 10^ Btu/(hr)(ft^) 
and an average of 8.05 x 10^ Btu/(hr)(ft^). 

10 20 30 4 0 50 6 
DISTANCE FROM BOTTOM OF CORE,cm 

Fig, 54 Axial Power Density of the 
Boiling Core of BORAX V 

Table X X X I 

RESULTS OF BOILING BURNOUT TEST 

Run 
No 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

Power 
(kw) 

304 
30 4 
40 56 
50 02 
60 8 
721 
79 9 
901 
901 
94 8 

100 0 
105 8 
110 5 
115 1 

Average 
Power 
Density 
(kw/l) 

226 
226 
301 
371 
451 
536 
594 
669 
669 
704 
744 
786 
820 
855 

Maximum 
Power 

Density 
(kw/l) 

306 
306 
408 
503 
611 
726 
805 
906 
906 
954 

1008 
1065 
n i l 
1161 

Average 
Heat Flux 

[Btu/(hr)(ft2)] 

212 
212 
282 
350 
425 
505 
556 
630 
630 
663 
697 
736 
772 
805 

Maximum 
Heat Flux 

x l 0 3 
[Btu/(hr)(ft2)] 

287 
287 
382 
447 
576 
684 
753 
854 
854 
898 
944 
997 

1046 
1090 

Makeup 
Water 

Flow Rate 
(IWsec) 

. 
-

0 0193 
0 0259 
0 0328 
0 0453 
0 0489 
0 0774 
0 0796 
0 0850 
0 0987 
01111 
01169 

Steam 
Flow 
Rate 

(lb/sec) 

0 0086 
0 0086 
0 0171 
0 0250 
0 0333 
0 0597 
0 0660 
0 0772 
0 0771 
0 0855 
0 0921 
0 0978 
0 1018 

Inlet 
Sub-

cooling 
(°F) 

24 
17 
20 
20 
37 
33 
38 
49 

42 8 
449 
46 7 
47 1 
48 9 

Exit 
Quality 

(%) 

14 
14 
28 
40 
53 

10 3 
12 2 
149 
14 9 
17 5 
202 
201 
216 

BURNOUT 

Total 
Flow 
Rate 

(lb/sec) 

0 620 
0 6139 
0 6203 
0 6276 
0 6230 
0 5804 
0 5417 
0 5164 
0 517 
0 488 
0 455 
0 487 
0 471 

Inlet 
Water 

Velocity 
(ft/sec) 

5 28 
5 23 
5 28 
534 
5 31 
494 
4 62 
4 40 
4 40 
416 
3 87 
415 
4 01 

Makeup 
Water 
Temp 
CF) 

100 
100 
100 
100 
100 
400 
370 
370 
370 
397 
404 
396 
386 
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b. Superheated Steam Heat Transfer Exper iments 

Work was completed, and a repor t [ j . B. Heineinan, An 
Exper imenta l Investigation of Heat Trans fe r to Superheated Steam in Round 
and Rectangular Channels, ANL-6213,(Sept. I960)] i ssued on the subject of 
convective heat t ransfe r coefficients for superheated s team. The following 
is quoted from the repor t : 

SUMMARY AND CONCLUSIONS 

"Forced convection heat t ransfe r to superheated s team in 
turbulent flow was experimental ly invest igated, utilizing two channel 
geome t r i e s : a round tube, 0.333 in. ID x 12.00 in., and a thin r e c ­
tangular channel, 0.047 in. wide, aspect ra t io , 26.6:1 , and 12.00 in. 
in length. The exper iments encompassed a Reynolds number range 
from 20,000 to 370,000, p r e s s u r e range from 300 to 1500 psia , inlet 
superheat from 5 to 160 F°, and film t empera tu re differences from 
30 to 550 F°. 

"Concerning the round channel exper iments , the following 
conclusions may be drawn: 

1. Convection coefficients may be predic ted within i lO per 
cent, using the following equations and the p rope r t i e s found in 
Tables 1 and 2: 

hDe / G D . ^ ° " ' ' '- '•^'^' ' - ^-°-°^ —(^)-(¥);a)-

and 

kf 

for (6<L/De<60) 

hDe / G D e \ ° - ' V c t . M \ ' / ' 
= 0.0133 kf V Mf 

for (L/De>60) 

nr) f 
2. Pa r t i cu l a r attention should be paid to the type of unheated 

ent rance section preceding the heated length of channel. The f i r s t of 
the above equations is applicable when this precedent section is 
16 d iamete r s in length. It may be safely used (with respec t to l imi t ­
ing surface t empera tu re s ) for sho r t e r unheated sect ions and should 
closely apply for a more fully developed velocity profile (unheated 
L / D e > l 6 ) , because of the relat ively weak influence of L / D Q . 



3. Making allowances for the unheated entrance section, 
the data substant iates the exper iments of McAdams, Kennel, and 
Addoms(^) within l 5 percen t even to a Reynolds number of 
370,000. 

4. The Di t tus-Boel ter equation, 

0.80 . . 1/3 
hDg / GDg 
---?-= 0.023 ~— 
kf \ Mf 

0.0.3,-.) • (Vi)̂  

when compared to the p resen t study, yields values of the coefficient 
which a r e 11.5 percent , high in the lower Reynolds range (25,000) 
and 1.8 percent high in the upper range (370,000). It is conjectured 
that this is due, in pa r t , to the unsett led question of co r r ec t s team 
conductivity values . 

"Concerning the thin rectangular channel exper iments , the 
following observat ions a re made: 

1. The vena contrac ta caused by the sharp-edged entrance 
condition influences the heat t ransfe r coefficient to a length of 
approximately 75 equivalent d i ame te r s , including the unheated 
entrance length of 13 d i ame te r s , 

2. There is no observable difference between the rec tan­
gular data and the round channel cor re la t ion in the L/De range from 
60 to 121. Even if it is postulated that the flow is not fully es tabl ished 
in this region, there is no evidence that any ser ious dec rease in coef­
ficient will occur beyond this range, even according to the data of 
Levy, Fu l le r , and Niemi, ( l") whose data run to an L/De of approxi­
mately 180." 

3. Thermal Distort ion of Superheater Fuel Element 

The effects of t empera tu re gradients in the superheater fuel 
element a r e being investigated. A simulated superhea ter fuel e lement with 
s ta in less steel ra ther than s ta in less steel plus UO2 fuel plates was heated 
to 550°F, and then one side of the element was dipped into liquid nitrogen 
at -320°F. No measurab le dis tort ion resul ted. 

Apparatus has been const ructed for additional tes ts of the rmal 
dis tor t ion. A two-plate s imulated fuel element can be radiantly heated on 
the outer surfaces of the two plates while a i r is forced through the enclosed 
coolant channel. Thermocouples a r e at tached to the outer surfaces of the 
p la tes . It is possible to m e a s u r e the var ia t ion of the overal l thickness 
(two plates plus coolant channel) of the assembly while heating is in p roces s 
and thus determine the distort ion, if any. P re l imina ry resul ts indicate no 
ser ious d is tor t ions . 
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4. Flow Through a Boiling Fuel Assembly 

The a i r -wa te r flow tes t loop which was built for check out of 
in-core instrumentat ion was used to determine the accuracy of the core 
p r e s s u r e - d r o p calculational techniques. For the flow of water at the loop 
t empera tu re , fairly good agreement between calculated and experimental 
p r e s s u r e drops was obtained, with the difference represen ted by a constant 
factor. Good agreement was also obtained on the value of the flow of water 
which would lift the boiling fuel assembly (see Table XXXII). 

Table XXXII 

TEST FLOW THROUGH A BOILING FUEL ASSEMBLY 

Flow, 
gpm 

100 
200 
300 
400 
500 
390 
465 

7500 
7500 
7500 

P r e s s u r e Drop , 
p s i 

Ca l cu l a t ed 

0.38 
1.5 
3.4 
6.1 
9.4 
5.8 
8.2 

M e a s u r e d 

0.46 
1.8 
4.1 
7.2 

10.6 
6.8 
9.0 

12.0 
13.2 
14.0 

Weight , in Addi t ion 
to F u e l A s s e m b l y , 
R e q u i r e d to R e s i s t 

Lif t ing, lb 

C a l c u l a t e d 

12 
31 
57 
68 
75 

M e a s u r e d 

10 
26 
49 
62 
78 

Pre l iminary tes ts have been made to determine the effect on 
the fuel assembly performance of the p r e s s u r e drop caused by flowmeters 
in the boiling fuel assembly . Ear ly resul ts indicate that the orificing ac ­
tion will not ser iously affect the capability of the assembly to deliver its 
power in the reac to r . 

5 . Analytical "Work 

a. Boiling Core 

The change in the boiling fuel assembly , from one-hundred, 
0.260-in. d iameter rods to for ty-nine, 0.375-in. d iameter rods , which was 
dictated by fuel-handling and fuel-fabrication considerat ions , resul ted in 
revisions in the heat t ransfer and hydraulic analysis of the boiling core . 
The flow a rea per assembly v/as unchanged, but the heat t ransfer surface 
was reduced. The resultant increase in equivalent d iameter increased the 
burnout heat flux so that the total power production was unchanged. The 
two rods with different d iameters a re compared in Table XXXIII. The most 
recent boiling burnout t es t resu l t s indicate that the maximum allowable heat 
flux can safely be set at 600,000 Btu/(hr)(ft ) (corresponding to a calculated 
fuel rod center t empera ture of 5000°F). 
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Table XXXIII 

COMPARISON OF BOILING FUEL RODS WITH DIFFERENT DIAMETERS 

Rod 
OD 

(in.) 

0.260 

0.375 

No. of 
Rods P e r 
Assembly 

100 

49 

Total Rod 
C r o s s - s e c t 
Area (in.^) 

5.31 

5.41 

Flow 
Area 
(in.^) 

8.64 

8.59 

Heating 
Surface 

(ft^) 

13.65 

9.60 

Fr ic t ion 
De 

(in.) 

0.364 

0.474 

q" 
Burnout 

[Btu/(hrXft^)] 

390,000 
(based on 
De = 0.332 
in.) 

1,090,000 

q" Design 
Maximum 

[Btu/(hrXft2)] 

300,000 

600,000 

Max. 
Temp 
("F) 

2,000 

5,000 

Prob lems have been submitted for IBM 704 machine ca l ­
culation using the RECHOP code to determine the operational cha rac t e r ­
is t ics of the boiling fuel assembl ies under widely var ied conditions of inlet 
subcooling, power level, and p r e s s u r e drop due to orificing the flow. These 
calculations a re based on the present upper and lower boiling assembly 
fuel support gr ids and should not change markedly from ear l ie r calculations. 

The spacing of the rods within the boiling fuel assembly 
has been established. If the rods a r e spaced uniformly, i .e. , if each rod 
has associated with it j ^ of the flow a rea within the assembly, the edge and 
corner rods have lower equivalent d iameters than the inter ior rods due to 
the presence of the wall of the fuel assembly box. Figure 55 shows the 
variat ion of the equivalent d iameter of the edge, co rne r , and cent ra l rods 
as a function of rod spacing. 

H 375 • 

7 X 7 ARRAY O F -
RODS ( I - ' DIAM ) 

O O O O O O O 
o o oo o o o 
O O G O O O O 

1. o o o o o o o 
o o o o o o o 
o o o o o o o 
o oooqoo "m^ 

EQUIVALENT DIAMETCR OF VARIOUS 

RODS VS CENTER TO CENTER ROD 

SPACING 

40 45 50 55 6 0 t>S 

PITCH BETWEEN INTERIOR RODS —INCHES 

Fig. 55 

Equivalent Diameter of 
Various Rods vs Center to 
Center Rod Spacing 
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A ^ - in . rod-spacing was selected for BORAX V with a resul tant 0.47-in. 
equivalent d iameter for rods in all th ree locations. This spacing tends 
to bunch the rods within the box and leaves an additional water gap around 
the outside of the 7 x 7 a r r a y . The additional water gap causes an in­
c rease in the peak- to-average flux within a fuel assembly , as shown in 
Fig. 56. The peak- to-average flux in the assembly goes from 1.17 with 
uniform spacing to 1.26 with the •j-in. pitch, but the combined effect of 
the improved burnout heat flxox and more severe fltix peaking allows an 
increase in the maximum reactor power. 

-e-|-9-° 

I 0 

530 
PITCH 

FLUX PEAKING DUE TO WATER GAP 
VS INCREASE IN WATER GAP THICK­
NESS DUE TO DECREASING ROD 
PITCH (COMPARED TO CASE WITH 
EQUAL FLOW AREA FOR ALL RODS) 

520 
PITCH 

510 
PITCH 

5 0 0 
PITCH 

Fig. 56 

Water Gap Fliix Peaking vs 
Rod Pi tch 

04 0 6 08 
ADDITIONAL WATER GAP-

10 

•INCHES 

b. Superheating Region 

The design of the superheater fuel assembly has been 
changed from that presented in ANL-6120, as has been mentioned ea r l i e r . 
The chief reason for revising the design was the fact that the calculated 
maximum surface tempera ture with the five-plate element was only 
1100°F, ra ther than the 1200°F design l imit . This indicated that the de­
sign was overconservat ive and failed to take maximum advantage of the 
proper t ies of the fuel element ma te r i a l s . 

Because of the charac te r i s t i c s of a gas-cooled reac tor , 
which cause much of the approach to the maximum permiss ib le t empera ­
ture to be taken up by the tempera ture r i se of the coolant, it is possible 
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to dec rease the amount of heat t ransfer surface without as great a co r ­
responding increase in the fuel element surface t empera tu re . In the 
p resen t case , a reduction of 25 percent in the heat surface accompanied 
by an inc rease in the channel th ickness from 0.045 to 0.062 in. (which 
resu l t s in a reduced heat t r ans fe r film coefficient) caused only a 100°F 
r i se in the maximum surface t empera tu re . This, together with a r e a p ­
p ra i s a l of hot channel fac tors , resul ted in a maximum surface t emper ­
a ture of 1160°F with the four-plate element. An additional beneficial 
resu l t was a dec rease in p r e s s u r e drop from 40 to 26 ps i through the 
two passes of the superhea te r . Also, the number of fuel plates to be 
fabricated was decreased 20 percent , from 5 to 4 plates per element, 
with a consequent reduction in fabrication cos t s . The neutron economy 
has been improved since there has been a reduction in the amount of 
s ta in less steel and a slight increase in the modera tor associa ted with 
each element . The ability to dissipate the shutdown heat by radiation 
cooling has been increased since there is one l ess radiating surface to 
be considered. The differences between the two elements a re summa­
rized in Table XXXIV, which applies to the cent ra l superheater when the 
reac to r is operating at 40 Mw. 

Table XXXIV 

COMPARISON OF 4 - AND 5-PLATE SUPERHEAT FUEL ELEMENTS 

Maximum Surface Tempera tu re (°F) 
P r e s s u r e Drop through 2-pass Core (psi) 
Thickness of Water between Elements (in.) 
Approximate Stainless Steel in Elemental 

Cell (v/o) 
Average Heat Flux [Btu/(hr)(ft^)] 

5-plate 
Element 

1100 
40.5 

0.335 

28.1 
75,700 

4-plate 
Element 

1160 
26 

0.367 

24.4 
101,500 

Figure 57 p resen t s the s team t empera tu re and fuel element 
surface t empera tu re as a function of axial position for the hottest and a v e r ­
age channel in the cent ra l superhea ter when the reac tor is operating at 
40 Mw. A machine p r o g r a m for the IBM 704 has recently been p repared 
and is cur rent ly being checked out on the machine to calculate individual 
fuel plate and coolant channel t empe ra tu r e s as a function of axial position 
for any power level and combination of hot channel enthalpy r i se and film 
t empera tu re drop fac tors . 



117 

Fig. 57 

Axial, Steam and Fuel 
Plate Tempera ture 
Profi les 

0 4 8 12 16 20 2 4 - 0 4 8 12 16 2 0 24 

I St PASS DISTANCE ALONG PASS —INCHES Z^ PASS 

V. Reactor Physics ( j . I. Hagen and A. W. Solbrig, J r . ) 

1. Introduction 
The nuclear design effort for BORAX V is outlined in this 

section. P r i o r to the quar te r covered by this repor t , the final or " re fe r ­
ence" fuel loadings were established for all three configurations, i .e. , 
all boiling core , central superheater with per iphera l boi ler , and centra l 
boiler with per iphera l superheater . The jus t - c r i t i ca l loadings for the 
hot, power-producing condition (15% average s team voids in the boiler 
with 19% of the total power of 30.5 Mw being produced within the super­
heater) were obtained by analysis of a mat r ix of one- i terat ion, two-group, 
Univac RE-6 problems. A range of constants was obtained for these p rob­
lems by the use of the MUFT IV and SOFOCATE codes. Homogenized 
number densit ies (adjusted for disadvantage factors) and self-shielding 
factors were supplied as input for these codes. 

The two-group RE-6 problems were compared with four-
group RE-6 and three-group, two-dimensional PDQ problems . The only 
significant d isagreement occurred in the power distribution between the 
central boiler and the per iphera l superheater . (Apparently this configura­
tion is not well represented by the concentric cylinders of RE-6.) It was 
necessary to decrease the source integral for the superheater obtained 
from the one-dimensional RE-6 code to 16.6% to bring about agreement 
with the PDQ resu l t s . An increased loading was then calculated to provide 
sufficient reactivity for equilibrium xenon and samar ium over r ide . 

2. Design P r o g r e s s during the Reporting Quar ter 

Several aspects of the design problem were undertaken. 
Tables XXXV and XXXVI accompanying this section presen t the principal 

STEAM TEMPERATURE a FUEL 

• ELEMENT SURFACE TEMPERATURE 

VS POSITION FOR CENTRAL 

SUPERHEATER AVERAGE CHANNEL 

a HOT CHANNEL REACTOR 

POWER 4 0 MEGAWATTS 

MAXIMUM DESIGN TEMPERATURE 
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resu l t s as of the close of this period. Table XXXV is a general strmmary 
of the r eac to r calculations and Table XXXVI p resen t s data obtained for 
use in possible cr i t ica l experiments as well as for use when f i rs t a s s e m ­
bling the BORAX V core . 

Table XXXV 

NUCLEAR DESIGN OF BORAX V 

Loading 

g U^^yFuel Rod, Boiler 
% Enrichment 
Total Loading, kg U^̂ ^ 

g U^^^Subassembly, Superheater 
% Enrichment 
Total Loadings, kg U^ '̂ 

Stainless Steel Poison Rods 

Number of Rods Required to 
Depress Reactivity-

Control Rods 

p Hot, Operating - p Cold 
Flooded Superheater 

1 Superheater Flooding Worth 

Hot - 15% Voids in Boiler 
Hot - 0% Voids in Boiler 
Cold - 0% Voids in Boiler 

%Ap in Boiler Voids 

Hot, 15% Average Voids to 0% 
Unflooded Superheater 

Hot, 15% Average Voids to 0% 
Flooded Superheater 

%Ap in Temperature (Boiler 0% Void) 

Hot to Cold, Unflooded SH 
Hot to Cold, Flooded SH 
Boiler Only, Hot to Cold, 

Unflooded Superheater 
Boiler Only, Hot to Cold, 

Flooded Superheater 

All Boiling 

Just 
Critical 

11.1 

_ 
-
-

0.210 

-
-
-

-

Ref. 

16.2 
5 

47 

_ 
-
-

15 

* 

-
-
-

4.2 

-

6.5 
-

-

-

Central SH 

Just 
Critical 

13.85 

400 

0.194 

Ref. 

16.2 
5 

38.1 

430 
93 
5.2 

0 

* 

2.6 
1.8 
0.5 

3.5 

2.7 

7.2 
5.9 

6.7 

5.7 

Peripheral SH 

Just 
Critical 

11.2 

600 

0.171** 

Ref. 

16.2 
5 

34.4 

680 
93 

10.9 

17 

* 

1.1 
0.8 
0.4 

4.1 

3.8 

7.4 
7.0 

6.9 

6.5 

*Calculations incomplete. 

**Calculated with 16.2-g U^^^rod (depressed with B " ) and 655-g U^VSH subassembly. 

Note; Changes in reactivity, p, are given as 

Ap = pi - p2 = 
K, eff, 1 Kgff _ I 

K, eff. K, eff. 
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Table XXXVI 

CRITICAL SIZES AND WORTHS OF ASSEMBLIES 

Core 
Description 

Boiler Assemblies only, 
16.2 g U^^Vrod (cold, 
clean, 0% void) 

SH Assemblies only, 
430 g U^"/assembly 
(cold, clean, flooded) 

SH Assemblies only, 
680 g U^VAssembly 
(cold, clean, flooded) 

Critical 
Radius 

(cm) 

21.4 

37.0 

19.3 

No. of 
Assemblies 
in Crit ical 

Core 

11.2 

33.4 

9.0 

Worth of 1 
Assembly at 
Core Edge 

(%Ap) 

2.5 

0.5 

3.4 

Worth of 
Central 

Assembly 
(%Ap) 

7.4 

Critical 
Mass (kg) 

8.9 

14.4 

6.2 

a. Fuel Rods 

It was decided, p r imar i ly for economic reasons , that the 
same set of fuel rods should serve for all three cores and that the loading 
for these rods should be that required in the centra l superheater , as this 
case required the highest enrichment . It was also decided that a number 
of s tainless steel and /or boron-s ta in less steel poison rods would be used 
to substitute for fuel rods as needed in the pure boiling and per iphera l 
superheater co re s . During the present repor t period, calculations were 
made to obtain the worth of these poison rods . The approximate numbers 
required for suppression of reactivity are l is ted in Table XXXV. 

b. Two-dimensional Calculations 

Two-dimensional flxxx plots were obtained in x-y geometry 
for all three cases and in r - z geometry for the centra l superhea te r -
per iphera l boi ler . In the la t te r problem the variat ion in s team voids was 
taken into account by use of d i scre te regions with different void fract ions. 
The overal l average was the same 15% used for all one-dimensional p rob­
lems on the reac tor at power. The s ta inless steel s t ruc ture in the water 
reflector above and below the core was homogenized with the water and 
s imilar ly represented in d iscre te regions. The reactivity for this problem 
was, however, in good agreement with previous r e su l t s . 

c. Control Rod Calculations 

PDQ problems were run to check the ability of the control 
rods to provide adequate shutdown in all three configurations. In the 
superheating reac to r , it is par t icular ly important that there be stofficient 
shutdown when the superheater is flooded and the reac tor cold. P r e l i m i ­
nary resul ts a r e l i s ted in Table XXXV. 



d. General Fac to r s Affecting Reactivity 

Several RE-6 problems were run to simulate the flooded 
superheater , hot and cold, and to es tabl ish t empera tu re and s team void 
worth. Other problems a re being run to obtain information at an in te r ­
mediate t empe ra tu r e . Results available at the end of this quar te r a re 
l is ted in Table XXXV. 

3. Final Design and Hazards Report 

Studies d i rec ted toward the writing of the Final Design and 
Hazards Report have been initiated. These studies include a survey of the 
l i t e ra tu re to a s s e s s the danger and probability of a me ta l -wa te r react ion, 
and to find a suitable method of t reat ing the kinetics problem in the event 
of an excursion. 

a. Meta l -Water Reaction 

While the probabili ty of a s ta inless s tee l -water reaction 
actually occurr ing is remote because of many inter locks and operational 
c a r e , an excursion under some conditions could bring about melting of 
superheater p la tes . Live s team passing a c r o s s these at high velocity is a 
factor that r equ i re s investigation. F r o m resu l t s obtained with TREAT 
(Chemical Engineering Division exper iments) and other sources , a p e s s i ­
mis t ic guess would suggest between a 4 to 10% react ion possible . 

b . Nuclear Excurs ion Analysis 

Studies of the SPERT excurs ion exper iments together with 
a general survey of re la ted work v/ere c a r r i e d on in order to investigate 
methods of t reat ing the kinet ics problem and, in par t i cu la r , to obtain a 
quantitative descr ipt ion of probable shutdown mechanisms under excur­
sion conditions. An exceedingly unlikely chain of events could lead to 
ra ther rapid injection of cold water into the hot boi ler by the forced con­
vection pump. The result ing r a m p - r a t e of react ivi ty addition could be as 
high as 20% per second. 

Univac p rob lems were submitted to obtain the prompt 
neutron lifetime by the l / v the rmal poison method. P re l imina ry problems 
to obtain adjoint fluxes have been p repa red . The adjoint flioxes will be used 
as input to the RE-185 code, which calculates effective delayed neutron f r a c ­
tion and prompt neutron lifetime, 

4. Coupling Theory 

Soine investigation into the application of coupled reac tor theory 
was begun. It is felt that some s e m i - e m p i r i c a l re lat ionships might be 
es tabl ished which would enable a predict ion of the overal l effect of a change 
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in one region, as well as possibly to obtain an insight into the future experi­
mental behavior of BORAX V when operated as a superheating r eac to r . 
During the past qua r t e r , severa l special Univac problems were run to ob­
tain source dependence of one region on the other for selected c a s e s . 

VI. Reactor Control and Instrumentat ion (W. R, Wallin and R. N. Curran) 

1. Reactor Control 

Three fea tures of the e lec t r ica l p a r t of r eac to r control differ 
from previous BORAX reac to r s and EBWR: 

a. Control rods may be operated in groups , as descr ibed in 
ANL-6120. Two-speed revers ing motors with s t a r t e r s a r e 
employed to drive the four in termediate control rods s u r ­
rounding the center rod individually at a given speed or in 
the group of 4 at one-fourth speed. This is a convenience 
to the opera tor in that only three lever switches a r e needed 
to manipulate control rods . 

b . There a r e three s c r a m inter locks requi red for superhea te r 
operat ions: Low m a i n - s t e a m flow, High superheat fuel 
t e m p e r a t u r e , and Superheater flood-valve open. A l a r m s 
provide a warning that the f i r s t two s c r a m s a re being 
approached. 

c. A scanning sys tem provides a warning if any one of 
40 superhea te r fuel thermocouples indicates a fuel t e m ­
pe ra tu re above 1250°F. The scanning sys tem consis ts of 
a stepping switch with action initiated by a moto r -d r iven 
switch. The sys tem samples at the ra te of one t h e r m o ­
couple every 1.5 sec. The thermocouple selected is 
balanced against a s tandard voltage equal to the des i red 
a l a r m or s c r a m point. When a voltage difference, c rea ted 
by the thermocouple output exceeding the s tandard output, 
is seen by an amplif ier , the s c r a m or a l a r m relay is 
actuated. The s c r a m thermocouple is selected manually, 
not by the scanner . Using the same 40 thermocouples , a 
selecting sys tem using a manual ro ta ry switch, relay t r e e , 
and stepping switch pe rmi t s one of these thermocouples to 
be recorded continuously. All of this is accomplished r e ­
motely using only 16 conductors , whereas 80 conductors , 
1 . 

-J mile long, would be requi red without these switching and 
scanning s y s t e m s . 



2. Nuclear Instrumentat ion 

The log power amplif ier used on BORAX IV has been modified 
to use a semiconductor log conver ter in a t empera tu re -con t ro l l ed a tmos ­
phere to provide long-t ime stability. The l inear power amplifier 8-decade 
range switch has been changed to use a Ledex sys tem. This reduced the 
number of wi res requi red to the remote control building. Potent iometers 
have been instal led on the control console so the operator can observe and 
adjust the t r ip level setting of the safety high-flxix c i rcu i t s . 

3. Radiation Monitors 

A commerc ia l ly available fission product monitor to monitor 
continuously a condensed s team sample or a reac to r water sample has 
been purchased. This unit col lects activated par t i c les on a r es in column 
which is monitored with a scinti l lat ion counter feeding a log ra te me te r 
through a pulse-height analyzer . 

As a r esu l t of the redesign of the a i r - e j ec to r - exhaus t sys tem, 
a new stack monitor has been purchased. This unit will monitor for both 
par t icula te and gas activity. 

4. P r o c e s s Instrumentat ion and Control 

The major port ion of the p roces s instrumentat ion and control 
was o rde red from the Minneapolis Honeywell Company on a per formance-
type specification. To use the main control valves as driving function 
controls for t r ans fe r function exper iments , high-speed operation was de ­
s i red . The valves were specified to be capable of following oscillations 
up to a frequency of one cycle per second with ampli tudes as follows: 

Main Feedwater -Cont ro l Valve - 10% of 120 gpm 
Main-Steam, B a c k - P r e s s u r e - C o n t r o l Valve - 20% of 60,000 l b / 

hr at 600 psig 
Vent-Steam, B a c k - P r e s s u r e - C o n t r o l Valve - 20% of 45,000 l b / 

hr at 100-600 psig 

This is equivalent to 10% and 20%, respect ively, of full power at 20 Mw. 
These valves were subcontracted to the F i she r Governor Company to obtain 
the fas tes t e lectropneumatic valves available. 

Underload testing of these valves using water at 735 psig for 
the feedwater valve and compres sed a i r at 300 psig for the steam valves 
revealed that the s team valves have a flat response to 0.2 cps. By increasing 
the e lec t r ica l control signal 20 to 30 percent above that required for flat 
response , these valves can be made to oscil late at one cps . No improvement 
beyond this point is possible without sacrificing the requi rement for tight 
shutoff. 
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The wate r - l eve l control sys tem is specified to maintain recorded 
water level to within 1 in, of set point in the 66-in.-ID reac tor vesse l during 
normal operation with a maximum deviation of 3 to 4 in, for a 60,000 Ib /h r 
load change. This is equal to closing the main s team valves at full power 
(20 Mw). To per form a computer analysis of this control sys tem, Honeywell 
required response cha rac t e r i s t i c s of the t r a n s m i t t e r s . Special underload 
testing of these t r a n s m i t t e r s showed that the response of the p roces s 
p r e s s u r e - t o - c u r r e n t t r ansmi t t e r is flat to one cps , and the differential 
p r e s s u r e - t o - c u r r e n t signal will be down about 2 db for the 400-in.-of-H2O 
t r ansmi t t e r and about 5 db for the 1 00- in . -of-water t r a n s m i t t e r . With a 
knowledge of the responses of ampl i f ie rs , r e c o r d e r s , and other compo­
nents, the control sys tem response can now be determined and sett ings of 
control devices can be establ ished. 

Measurement of water level in the reac tor will be accomplished 
by means of a differential p r e s s u r e device connected to the standpipe out­
side the reac tor vesse l . To improve the accuracy of this device, two fea tures 
a re added to the system used previously. The measur ing column and ref­
erence leg will be heated by a s t eam- t rac ing line to mainta in the t e m p e r a ­
ture equal to that of reac tor wate r . A densi ty-compensat ing signal taken 
from the reac to r p r e s s u r e r eco rde r will c o r r e c t the output of the differential 
p r e s s u r e t r an smi t t e r . 

The automatic water level control is a t h ree -e l emen t , a l l -
e lec t r ic sys tem s imi la r to that used for ALPR and EBWR, but designed 
by Minneapolis Honeywell especial ly for BORAX V. The b a c k - p r e s s u r e -
control system uses two valves , each taking its control signal from the 
reac tor p r e s s u r e t r ansmi t t e r when in automatic control . When the main-
s team, b a c k - p r e s s u r e - c o n t r o l valve has opened to provide maximum 
permiss ib le s team flow to the turbine the vent valve opens to exhaust 
s team to a tmosphere for powers higher than 20 Mw. These valves can 
also be controlled manually. 

Valves and t r a n s m i t t e r s required by the construct ion cont rac tor 
for installation have been received. The r e c o r d e r s , indica tors , and control 
components a r e being instal led as they a re received, 

^I^ ' Control Rods (R. E. Rice) 

The control rods for BORAX V consis t of five 14 x 14-in. cruci form 
rods , one located in the center , with four equispaced in an intermediate 
ring, and four 7 x 14-in. T-shaped rods located on the core edge, one in the 
center of each flat. These rods a r e made of Bora l , clad with X-8001 a lumi­
num alloy and have an X-8001 aluminum follower and a s ta in less steel ex-
tension shaft. In the p re l iminary design, these rods were -r- in. thick and 
were made with -j--in,-thick Bora l which had 35 w/o B4C in the "meat ." 



In o rder to inc rease the c learance between rods and the 2-in. channels in 
the core s t ruc ture shroud, the overal l thickness of the rods has been r e -
duced to Y6 i^i. 3-n.d the Boral is now j j in. thick, but has 50 w/o of B4C in 
the "meat ," The cladding of X-8001 aluminum is still ^ in. thick. 

SNG problems were run to a sce r t a in the effect of an increased 
water thickness in the control rod channels, Thermalizat ion appeared to 
inc rease only slightly with the thinner rod. 

Two sets of control rods a r e needed. The rods for the boiling core 
have a s troke and follower length of 29 in., and the poison can be moved 
5 in. above the core for ce r ta in clean core exper iments . The rods for the 
two superheat cores have a stroke and follower length of only 24 in. because 
the superheater flood and drain manifolds l imit the s t roke . 

Detailed design of the control rods was completed this quar te r and 
ma te r i a l s procurenaent is under way at Central Shops, 

VIIL Control Rod Drives (M. Tr i l lhaase) 

BORAX V will use the control rod drives originally used on EBWR, 
but modified to mee t the requ i rements of BORAX V. Before it was decided 
to modify and use the EBWR control rod dr ives on BORAX V, all known 
Amer ican manufacturers of reac to r control rod drives were contacted in 
an effort to select the bes t dr ives available at reasonable cost . Screw and 
nut dr ives with l inear sea l s , rack and pinion drives with ro tary sea l s , and 
even one novel design utilizing a worm gear with generated rack, were con­
sidered. However, when the EBWR drives were made available to BORAX 
at no cost , the choice became obvious. These dr ives a r e of the screw and 
nut type, with l inear seal . Modifications have been made to satisfy BORAX 
c h a r a c t e r i s t i c s , to improve per formance , and to achieve simplification 
where experience showed this to be p rac t i ca l . 

Of p r i inary importance a r e the improvements made in the seal 
housing to achieve more effective flushing. This was a problem with EBWR, 
and the buildup of radioactive crud resul ted in a high level of radiation at 
the d r ives . An improved bushing and a baffle in the housing should e l imi ­
nate this trouble in BORAX, 

To insure more positive unlatching, the stub shaft has been a l tered. 
The notch is now c i rcumferent ia l and a slight bevel (2-2°) el iminates hes i ­
tation by the latch ro l l e r s when sc ramming . The external dashpot on the 
EBWR dr ives was found to be superfluous and has been eliminated. P e r ­
formance has been improved by modifying the shape of the internal dashpot 
plunger. Other changes made include shortening the s t roke from 48 to 
29 or 24 in., and installing mechanical s tops. The stroke is set by l imit 
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switches and can be readily changed again mere ly by reposit ioning these 
switches. The possibi l i ty of damage to reac tor internals caused by defec­
tive l imit switches failing to l imit the stroke is el iminated by mechanical 
stops which back up the switches. 

All dr ives complete with motors and change gea r s will be shipped 
to the BORAX si te . For flexibility in control it was decided to have two 
speeds available on the in termedia te control rods and new two-speed gear 
motors have been bought for this purpose . The change gea r s provide a 
choice of three gear ra t ios between the gear motors and d r ives . 

The control rod dr ives for BORAX V a re now a lmos t complete 
and ready for shipment to Idaho. Work reinaining to be done cons is t s of 
installing baffles in seal housings, installing "rod down" indication 
switches, and completing assembly . 

IX. Reactor Vesse l (R. W, Thiel and R. P . Hearn) 

1. Introduction 

The conceptual design of the p r e s s u r e vesse l is based on 
five p r ime r equ i r emen t s : it should be capable of operat ing with super ­
heating c o r e s ; it should be suitable for fo rced-c i rcu la t ion exper iments ; 
the operating p r e s s u r e should be high enough so data ga thered a r e com­
merc ia l ly meaningful; the re should be many vesse l openings to provide 
versa t i l i ty ; and the vesse l should have a useful life of about five y e a r s . 
The ves se l size v/as based upon core design and hydraulic r equ i r emen t s . 

Final design consis ted of a vesse l of 5 ft 6 in. ID x 1 6 ft long. 
The shell thickness was IT- in. and the heads were 3-T in. , al l of A-212-B 
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carbon steel made to f ine-gra in p rac t i ce . A -j^-in. in ternal cladding of 
Type 304 s ta in less steel was provided. A total of 40 nozzles was p r o ­
vided, including 9 for control rods . 

Sufficient detail design was done to prove the feasibil i ty of the 
vesse l , to provide the n e c e s s a r y cor re la t ion to re la ted equipment and 
s t r uc tu r e s , to pe rmi t the wri t ing of a specification, and to provide a bas i s 
for cost e s t ima tes and bid evaluation. (A detailed descr ip t ion of the p r e s ­
sure vesse l and its functions is set forth in ANL-6120, P r e l i m i n a r y Design 
and Hazards Report , Boiling Reactor Exper iment V.) 

In Apr i l , 1959, the invi tat ion-to-bid package was r e l eased and 
on August 3, a contract was signed with the Nooter Corpora t ion of St. Louis , 
Missour i for $123,900 for a Feb rua ry 15, I960, de l ivery date. 



The fabr ica tor ' s design work was sufficiently complete by 
ear ly September to permi t order ing the shell plate and heads and flanges, 
which were the f i rs t i tems needed by their shop. 

In the meant ime a general steel s tr ike s tar ted on July 12, 1959, 
and continued until November 7th (116 days). Foreign steel sources were 
investigated but nothing useful was developed. As a resul t of the s t r ike , 
the contract delivery date was extended to June 19, I960. 

Later - than-scheduled del iver ies to the fabricator of the above-
mentioned basic pa r t s further complicated the procurement schedule. AEC 
expediting ass i s t ance , a DMS E-2 pr ior i ty rating, and BDSA direct ives 
were of little help in this regard . 

General fabrication s tar ted in mid-March , I960, on receipt of 
the main closure flanges. Boiler shop work proceeded at good pace, but 
machining work peculiar to this type of vesse l was new to the fabricator 
and was a source of considerable t rouble, both procedural ly and t imewise. 
However, the quality of finished work from all departments was excellent. 

A noteworthy item was observed during fabrication. The top 
and bottom heads had been ordered to be dished j in, beyond the usual 
2:1 ellipsoidal shape to allow for expected shrinkage due to the welding-in 
of the severa l nozzle re inforcements . Actual shrinkage was of the order 
of -(, m. 

ANL inspection has been on an intermittent ra ther than a 
resident b a s i s , since Nooter has a capable and conscientious 
inspection group who operate with virtually unquestioned authority within 
the company. The ANL inspectors served more as advisers and expediters 
than as moni tors . 

2. Report Per iod 

a. Fabr icat ion 

By the beginning of the repor t period, all ma te r i a l s were on 
hand at the fabr ica tor ' s shop, except some recently revised "O" rings for 
D.S.D. Couplings. These were received during the quar te r . 

During this qua r t e r , the welding-in of the several nozzle 
reinforcements was completed and the vesse l was s t r e s s - r e l i eved . No 
appreciable distort ion was found after s t r e s s relief. Subsequent to this 
operation, the reinforcements were machine-bored, the nozzles fitted 
and welded, machining was completed, all bolts were fitted, radiography 
was completed, and the 1% boron-s ta in less steel thermal shield was fitted. 
The feedwater spa rge r s and the vesse l lifting devices were completed. 



It became neces sa ry to build up a port ion of the the rmal 
shield in o rder to provide the specified plate th ickness . This was accom­
plished sat isfactor i ly through the use of bo ron- s t a in l e s s fil ler s t r ips applied 
by the Heliarc p r o c e s s . La te r machining was found to be poss ible , though 
somewhat difficult. Workmanship continued to be general ly excellent, and 
machining continued to be the f ab r i ca to r ' s pr incipalproblena. 

The "plow-through" welded cladding p r o c e s s , developed 
for this job, gave some trouble and procedura l revis ions had to be developed. 

When s ta in less steel having a moderate ly low carbon con­
tent is e lec t rode-depos i ted on a h igher -ca rbon steel backing, the carbon 
from the backing m a t e r i a l diffuses into the s ta inless deposit and resu l t s 
in a h igher - than-des i red carbon content in the finished deposit . 

In the "plow-through" p roces s an ELC s ta in less steel sheet 
is f i rs t laid against the backing ma te r i a l . The s ta in less steel e lect rode is 
then applied over the sheet in a manner that burns through the sheet and 
penet ra tes the backing. This method is capable of producing a s ta inless 
steel cladding surface with a carbon content of the o rde r of 0,08%. 

b . Cleaning, Final Inspection and Testing 

General fabricat ion was completed on September I6th and 
the cleaning and final inspections were s tar ted . Some difficulty was en­
countered in removing the free iron inclusions from the surface of the 
Lukens s ta in less s teel clad. Repetitive sandblasting, grinding, and p a s s i ­
vation finally produced the requi red cladding surface. As-bui l t dimensions 
were all found to be within the specified to le rances . 

In p repara t ion for hydrostat ic tes t ing, a number of s t ra in 
gages and a br i t t le coating were applied. Testing was done with deminer -
alized wate r . The vesse l specifications requi re leakage at a t es t p r e s s u r e 
of 1275 psig. During severa l t e s t s , leakage occur red at the main c losure 
flanges at about 900 psig. Several cor rec t ive m e a s u r e s were at tempted, 
unsuccessfully, including the use of gasket shimming m a t e r i a l borrowed 
from EBWR. The attending representa t ive of the gasket manufacturer 
then recommended modifications of the flange gasket grooves . The vesse l 
was dismant led and remachining began on September 30th. ANL inspectors 
were at the Nooter plant for 10 vis i t s with a total of 38 days during this 
quar te r , 

c. Contract Amendments 

During this qua r t e r , the final contract amendment was 
negotiated and the contract p r ice was increased , thereby, to $128,235, 
This r ep re sen t s a total inc rease of 3.5% over the original p r i ce . The major 
portion of this increase resu l ted from additions to the scope of work. 



X. Fuel-handling System (D, Brown) 

The fuel-handling sys tem for BORAX V may be divided into three 
subsys tems: 

1. reloading of fuel with the reac to r vesse l head on; 

2. reloading of fuel and core s t ruc tu res with the vesse l head 
removed; and 

3. the s torage and handling of fuel, core s t ruc tu res and core 
components. 

1. For reloading through nozzles in the top head of the r eac to r 
vesse l , the p re l iminary design of a tool with an extendable grappler has 
been completed. This tool will be used p r imar i ly with the boiling core . 
The grappler is novel in that a waterproof push-pull type of solenoid is 
used to actuate the grappler , A model of the grappler head has been made 
and tes ted continuously under water for three days. Due to l imitat ions of 
building height, the crane hook has a maximum height of fifteen feet above 
the main floor. H a one-piece rod with grappler were used to remove fuel 
a s sembl i e s , the length of such a rod would be twenty feet. So the tool 
height has been reduced by combining a telescoping rod with an extendable 
a r m . The tool is mounted on top of a coffin, which in turn is mounted on a 
f rame direct ly above one of the fuel-handling nozzles in the vesse l head. 
The coffin support f rame may be adjusted so that the coffin can be mounted 
over any one of the five fuel-handling nozzles . 

This tool will operate as follows: The telescoping rod is in­
se r ted through the nozzle, and the grappler is lowered to approximately 
shroud height. The grappler then may be extended to a maximum radius 
of ten inches from the nozzle center l ine by means of a bal l screw dr ive . 
The grappler may also be rotated about the nozzle center l ine , enabling 
the grappler to gr ip any fuel e lement within a ten-inch radius of the nozzle 
center l ine . By using all five fuel-handling nozzles , fuel a s sembl ies from 
the ent i re boiling core may be renaoved with the vesse l head on. 

The fuel-handling coffin, used for both head-on and head-off 
operat ions , will be a modified vers ion of an existing BORAX coffin. Modi­
fication is neces sa ry so that the superheat elements can be accommodated 
and so that the fuel-handling tool can be mounted on the coffin. The natural 
uranium port ion of the old coffin will be used to conserve on space r equ i r e ­
ments . Also, the doors of the existing coffin will be redesigned so that 
more positive closing is obtained after the fuel element is hoisted into the 
coffin. This will make for safer t ranspor ta t ion of the fuel a s sembl i e s . 



2. When re t r ieving ei ther boi ler or superheater assenablies with 
the vesse l head removed, the coffin will be placed direct ly over the fuel 
element to be removed, A grappler s imi la r to the one used on the vesse l 
head-on handling tool will r e t r i eve the boiling a s sembl i e s . The design of 
the superheat fuel a s sembly grappler is not yet complete , A spool piece, 
which bolts onto the reac to r flange, is provided so that the water level in 
the vesse l may be r a i sed to provide adequate shielding when rais ing fuel 
into the coffin, 

3. A mockup of a portion of the core in a water tank is being 
fabricated to check the feasibility of the fuel-handling tools , and the under­
water lighting. Another use of the tank is to determine if a per i scope is 
necessa ry for viewing the grappling head and fuel e lement with the vesse l 
head on. 

The w a t e r - s t o r a g e pit will be used for fuel handling and for 
cooled or t empora ry storage of the fuel a s sembl ies and the boiling fuel 
rods . The boiling fuel a s sembl ie s will be s tored in the BORAX IV storage 
racks . New holders have been designed for the individual fuel rods . Tools 
and fixtures for inser t ing and removing the fuel rods in the fuel assembly 
submerged in the water s torage pit have been designed. The old BORAX 
reac tor pit and vesse l will be converted to a dry s torage a r e a for fuel 
a s sembl ies and miscel laneous radioactive core components . 

The th ree core s t r u c t u r e s : pe r iphera l superheat , cent ra l 
superheat and boiling, will be s tored in the dry s torage pit . P re l imina ry 
designs of the lifting fixture and storage stands have been completed. The 
control rods will also be s tored in the dry s torage pit during core changes. 
Lifting hooks have been designed for this operat ion. 

Hand tools and a concrete block shield have been considered 
to remove the flood and drain manifold from the superhea ter core s t r u c ­
tu r e s . P r e l im ina ry design of hand tools has been completed for the 
miscel laneous operat ions of removing the core s t ruc ture and components . 
These tools encompass the following operat ions: uncoupling of the 
t empera tu re -compensa ted coupling, removal of flow bushings in the core 
support plate , operat ion of boi ler fuel assembly hold-down la tches , and 
removal of chimneys and hold-down boxes . 

XL Superheater-fuel Assembly - sea l Test P r o g r a m (J, D, Cerchione) 

When installed, BORAX V superheater fuel a s sembl ie s mus t have a 
nearly perfect , water t ight seal between the individual a s sembl i e s and the 
reac tor co re - suppor t plate . This seal will prevent excess ive water leakage 
from the reac to r modera to r into the superheated s team ci rcui t . 
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A prog ram to tes t seals was initiated in 1959, and the testing of 
standard, commercia l ly available, metal l ic- type seals was undertaken to 
determine which would give the bes t perfornaance in BORAX V. A 600-psig 
seal tes t vesse l and mockup superheat fuel element were constructed for 

the tes t , as shown in Fig. 58. The 
advantages of using static metal l ic 
seals resul t from the low c o m p r e s ­
sive forces required for proper 
sealing and the ability to ineet the 
tempera ture requi rements . For 
seals of the size necessary for 
BORAX V, compress ive loads range 
from about 150 to 800 lb, while for 
ordinary Flexital l ic- type gaskets of 
comparat ive size a load of about 
10,000 lb would be required. Dis­
advantages of metall ic seals resul t s 
from the considerat ions that they 
require very para l le l seating su r ­
faces (because the seals only deflect 
0.005 to 0.030 in, when compressed) , 
that they require extremely smooth 
mating surfaces (16 to 32 m i c r o -
inches r m s ) , and that the seals must 
be kept as clean and smooth as pos ­
sible. The manufacturers r ecom­
mend that all of the seals be 

s i lver-pla ted to overcome slight deformities in seating surfaces . Most 
seals of this type may be used over and over again; however, the thin-
walled metal l ic "O" rings have a l imited life of about 6 or 7 compress ions . 

The t e s t s were conducted on three different types of seals from 
five different manixfacturers; the Cadillac Gage Company, Costa Mesa, 
California; the Hydrodyne Corporation, North Hollywood, California; the 
Advanced Products Company, North Haven, Connecticut; The D.S.D. Manu­
facturing Company, Hamden, Connecticut; and the United Aircraft Products 
Company, Dayton, Ohio, 
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Fig, 58 Seal Test Rig 

The various seals were placed on a mockup fuel element in the test 
vesse l , and ra tes of seal leakage were measured while varying compress ive 
forces on the seals and p r e s s u r e differentials ac ross the seals . A hydraulic 
cylinder mounted on top of the test vesse l was the source of the varying 
hold-down load, while a h igh-p ressu re gas bottle was used to adjust the 
p r e s s u r e in the plenum below the seal to give the required p r e s s u r e differ­
ential a c r o s s the seal . 

file:///line
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The p re l iminary resu l t s of the seal t es t s definitely establ ished the 
feasibility of using one or more of the seals on the BORAX V superhea ter 
fuel element. Good data were obtained as to the hold-down loads requ i red 
on the various sea l s , and these data agreed quite favorably with the r e s p e c ­
tive manufac tu re r ' s recommendat ions . The Cadil lac, Hydrodyne "Skinner," 
and Advanced sea l s , respect ively , requi red about 16, 53, and 100 lb load per 
l inear inch of seal for acceptable sealing. 

To simulate actual operating conditions m o r e closely, four la rge 
springs of varying loads were purchased to replace the hydraulic cylinder 
as the hold-down force on the sea l - t e s t vesse l . As a resu l t of tes ts con­
ducted during Apri l and May, I960, the s i lver -p la ted hol low-metal "O" 
ring was selected as the mos t des i rab le seal for BORAX V, and testing 
of other types of seals was discontinued. This selection was based on the 
fact that the "O" ring gave by far the bes t seal and was not appreciably 
affected by the p r e s s u r e d i f fe ren t ia lac ross the seal . In addition, the "Co­
ring seals a r e considerably m o r e economical . With an 800- to 900-lb 
spring hold-down load, which was slightly l e s s than the manufac tu re r ' s 
recommendat ions , leakage ra t e s on the "0 ' ' - r ing seal averaged 1 to 
2 c c / h r . 

Fo r p roper sealing and to prevent over s t r e s s ing , the "O" r ings 
mus t be deflected a specified amount, controlled by groove depth. They 
mus t further be backed up on e i ther the ID or OD to prevent ove r s t r e s s ing 
of the "0'= ring, 

5 

The cu r r en t reference design makes use of a s tandard 2g - in . d i am­
e ter , s i lver -p la ted "O" ring, p r e s s fitted inside its own integral r e t a ine r 
ring. This re ta ine r ring sat isf ies both of the above requ i rement s and 
el iminates the necess i ty of machining seal grooves for the "0"- r ing sea l , 
into ei ther the core support plate or the fuel e lement flange, which could 
collect d i r t and be difficult to clean. Several manufac tu re r s will supply 
the "O" rings in this manner . 

Extensive test ing of the s ta in less s tee l , s i lve r -p la ted "O" r ings , 
with p res su re -equa l i z ing holes , p r e s s fitted inside an integral re ta iner 
ring, was conducted with excellent r e su l t s . This type seal is shown on the 
mockup superheat fuel a s sembly in Fig. 59. Leakage ra t e s with a 20 to 
30-psi p r e s s u r e differential a c r o s s the seal and a hold-down force of 
600 to 800 lb averaged 1 to 4 c c / h r over prolonged per iods of t ime. 

In o rde r to facil i tate remote seal rep lacement on the fuel a s sembly 
and ease of inser t ion and removal into the r eac to r , three equally spaced 
s ta inless s teel leaf spr ings a r e instal led on the fuel e lement nozzle to r e ­
tain the "0"- r ing seal , A special "sliding door" jig will be used for r e ­
moval and replacement of seals on superheat fuel a s sembly nozzles 
remotely under water in the wate r s torage pit . P r e l i m i n a r y t e s t s of the 
nozzle leaf spr ings and seal removal and replacement jig proved very 
sat isfactory. 



Fig. 59 Superheater-fuel Assembly Seal 

To insure a minimum spring relaxation at the elevated t empera ­
tures in BORAX V, and to r e s i s t the corros ive a tmosphere , the superhea ter -
fuel-assembly-hold-down springs which apply the sealing load will be 
made of Inconel X naaterial . 

XII. In-core Instrumentation Development (E. J. Brooks) 

1. Introduction 

An extensive p rogram of m-core instrumentation is being 
developed for the BORAX V reac tor , with the intent of determining p a r a m ­
e te r s of reac tor operation to advance the design of boiling water types of 
r e a c t o r s . 

The measurement s descr ibed below i l lus t ra te the var iables 
which will be monitored. The use to which these measurement s will be 
placed can be briefly descr ibed as follows: 

Fuel Tempera tu res 

Such data will provide the operator with safety information, 
and will give information for calculating power distribution 
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and generat ion in the fuel. Overal l heat t r ans fe r coefficients 
for the boi ler fuel rods may be determined from m e a s u r e m e n t s 
of center fuel and water tenapera tures , thus giving some indi­
cation of the physical condition of the fuel. 

Water Tempera tu re s 

Measurements of water t empera tu re will be used to help obtain 
data on average boiling length (boiler fuel assenably), down-
comer rec i rcula t ion ra t e , and water subcooling. 

Flow Measurements 

Measurements of flow in individual a s sembl ie s will allow ca l ­
culation of power production at var ious assembly locations in 
the core . F lowmeters in ins t rumented boi ler fuel a s s e m b l i e s , 
in addition to the above, will also give data to de termine the 
ra te of generat ion of s team voids. 

P r e s s u r e Measurements 

Measurements of s team p r e s s u r e during t rans ien t test ing will 
be made to co r r e l a t e void generat ion, water t e m p e r a t u r e s , 
flow r a t e s , and other data obtained simultaneously. 

Flux Mapping 

These physics m e a s u r e m e n t s a r e to be used in obtaining radial 
and axial flux distr ibution and neutron spec t ra within the co re . 

2. Fuel Tempera tu re Measurements 

Boiler Fuel Rod Thermocouples 

For naeasurement of the UO2 t e m p e r a t u r e s at points along 
the axis of the fuel, tungsten vs 74% tungsten/26% rhenium therm.ocouples 
have been specified. Sample pieces of m a t e r i a l have been procured , and 
a re now undergoing res i s t ance and cal ibrat ion tes ts at t e m p e r a t u r e s up to 
4200°F. The thermocouples a r e insulated with magnes ium oxide or b e r y l ­
lium oxide, and sheathed with 0.063-in. d iameter tantalum tubing in the 
fuel a r ea . For passage through the boiling water region, the insulation used 
will be aluminum oxide, and the sheathing will be 0.085-in, d iamete r s ta in less 
steel tubing. On the bas i s of the tes t r e s u l t s , the vendor and final type of 
insulation will be selected for fabrication of production thermocouples for 
the fuel rods . 



Superheater Tempera tu re s 

Sample thermocouples representa t ive of final design have 
been p rocured commerc ia l ly and a r e cur rent ly being fabricated into 
mocked-up superheat fuel plates by Central Shops, The thermocouple 
design selected is a ch romel -a lumel type with aluminum oxide insulation 
and a 0.040-in. d iameter s ta inless steel sheath. The tip is bent to a 90° 
angle and flattened to 0.020-in. for inser t ion into a hole in the edge of the 
fuel p la te , where it is b r azed in p lace . Difficulties in this final assembly 
stage have now been overconae, and the design appears to be feasible to 
construct . 

3. Water Tempera tu re Measurements 

Saturation and Subcooled Regions 

Absolute t empe ra tu r e s will be de termined with ch romel -
a lumel , s ta inless s tee l - shea thed thermocouples , and t empera tu re differ­
entials will be determined by means of thermopiles const ructed of 
specially selected and aged chromel -a lumel thermocouples . Construction 
drawings of these ins t ruments a r e near ly completed, and it is intended to 
have a rel iable thermocouple vendor fabricate these i t ems . 

Tungsten res i s t ance t h e r m o m e t e r s , now commercia l ly 
avai lable, a r e being considered as a back-up for the above thermocouples 
and thermopi les . Data available indicate excellent stability and sensi t iv­
ity, and it appears that the only problem is that of obtaining suitably long 
extension leads on the t h e r m o m e t e r s . The vendor is cur rent ly working 
on a proposal regarding such ins t ruments . 

Boiler Fuel Assembly Water Tempera tu res 

A dummy fuel rod will be used to inse r t 12 thermocouples 
into the flowing s t r eam within a boi ler assenably. Construction drawings 
mus t yet be made on this " r ake . " The dummy rod will be furnished to a 
thernaocouple vendor for assembl ing the thermocouples into it. 

4. Flow Measurements 

Boiling Assembly 

A turbine- type m e t e r , as is shown in Fig. 60, is current ly 
undergoing a i r - w a t e r t e s t s at the ent rance of a boi ler fuel assembly naockup. 
An exit m e t e r of s imi la r design is on o rde r , with del ivery expected during 
November. Both m e t e r s will undergo further testing to verify their p e r ­
formance in measur ing flow rate and in determining void rat io in the 
assembly . 



F i g . 60 B o i l e r F u e l A s s e m b l y F l o w m e t e r 

A d r a g - d i s k type of f lownneter for the e n t r a n c e has b e e n 
r e c e i v e d , but w a s r e t u r n e d to the v e n d o r for r e p a i r of d a m a g e in s h i p m e n t . 
Th i s m e t e r wi l l be c o m p a r e d wi th the t u r b i n e m e t e r to d e t e r m i n e which is 
m o s t useful for the final des ign . The c o n s t r u c t i o n of the f l o w m e t e r is such 
that it m a y be e a s i l y raodif ied to obta in ve loc i ty m e a s u r e m e n t s in the r e a c ­
t o r d o w n c o m e r , should i t not be s a t i s f a c t o r y for u s e in the b o i l e r a s s e m b l i e s . 

S u p e r h e a t e r A s s e m b l y 

T h r e e s e t s of p r o p o s e d de s igns on a s u p e r h e a t e r fuel 
a s s e m b l y f l o w m e t e r have been exchanged b e t w e e n A N L and P o t t e r A e r o ­
nau t i ca l wi th P o t t e r ' s l a t e s t p r o p o s a l be ing u n s a t i s f a c t o r y b e c a u s e of 
i n t e r f e r e n c e s b e t w e e n the p ickup coi l and c o r e ho ld -down p l a t e . 

5. P r e s s u r e M e a s u r e m e n t s 

F i n a l de s ign is not c o m p l e t e on the m e t h o d of moun t ing the 
p r e s s u r e t r a n s d u c e r in the v e s s e l ; h o w e v e r , it is p lanned to s e a l a s t a n d a r d 



s t ra in gage-type t r ansducer or a newly developed var iab le - re luc tance 
t r ansducer in a p r e s s u r e - t i g h t housing which will operate in the r eac to r 
vesse l . 

6. Miscel laneous Measurements 

Final design is not completed on flux-mapping equipment, but 
use of wire activation and minia ture ionization chamber techniques a r e 
planned. 

A p re l imina ry design proposal has been discussed with a ven­
dor, with the intention of making measu remen t s on the core s t ruc ture 
Bellevil le spring deflection while at t empera tu re and p r e s s u r e , 

7. A i r - w a t e r Test Loop 

In o rde r to verify the per formance of the boiler fuel assembly 
flow and void-measur ing ins t ruments p r io r to installation in the co re , an 
a i r - w a t e r tes t loop has been const ructed and operated. 

F igure 61 i l lus t ra tes the bas ic features of the loop. In opera ­
tion, the rate of flow of water is de termined by FI-1 and F T - 1 , a i r flow 
by FI-2 and F T - 2 . The p r e s s u r e drop a c r o s s the fuel assembly is read 
on AP-1 and AP-2 . The var ious t empera tu re and p r e s s u r e gages a r e 
uti l ized in cor rec t ing naeasurements to s tandard conditions. 

The a i r - w a t e r mix ture is introduced at the fuel -assembly en­
t r ance , and for this reason loop operat ion differs from actual r eac to r con­
dit ions. To ca l ibra te the f lowmeter pai r for voids, two sets of runs a r e 
nece s sa ry : one set with water flow only, and the second set with a i r - w a t e r 
mix tu re . Also, because of this difference, two-phase p r e s s u r e - d r o p m e a s ­
u rements will show g r e a t e r loss than actually occur in the r eac to r and mus t 
be co r r ec t ed by a factor re la ted to the equivalent boiling length. 

The void fraction is m e a s u r e d by the gamma attenuator tech­
nique, which cons is t s of using a synchronous mo to r -d r iven thuliuna-170 source 
and photomult ipl ier combination to m e a s u r e attenuation of the a i r - w a t e r 
column. Data a r e p resen ted on a s t r ip char t r e c o r d e r . Operation of the 
sys tem was verif ied by interposing attenuation paths of known density. In 
actual use , "empty" and "full" at tenuation readings a r e obtained on the tes t 
section to compensate for source decay. 

Hydraulic data obtained to-date a r e repor ted e lsewhere in this 
r epor t (see Section IV). 
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XIII. Water Chemis t ry (D, Cissel and C. Miles) 

Chemis t ry ac t iv i t ies for the BORAX V reac tor plant will be conducted 
to control water conditions to the g rea tes t p rac t ica l extent and to observe 
the effects of basic p r o c e s s e s occurr ing in the plant; viz: 

(1) cor ros ion; 
(2) neutron activation; 
(3) radioactivity t r anspor t and deposition; 
(4) water dissociat ion; and 
(5) radiat ion-induced chemical reac t ions . 

These effects a r e re la ted to prac t ica l problems in the operation and test ing 
of the plant, such as component rel iabi l i ty, personnel radiat ion exposure , 
plant maintenance, and radioactive waste disposal . Knowledge of the effects 
is also essent ia l to the c o r r e c t analysis of component malfunction or fa i lure . 

The BORAX V power plant water t r ea tmen t components will be 
operated to maintain maximum attainable water purity under all operating 
conditions, with the following object ives: 

1. To maintain halide (especially chloride) concentrat ions in the 
r eac to r coolant as low as poss ib le , thus reducing the danger of 
hal ide-induced s t r e s s - c o r r o s i o n cracking of austenit ic 
s ta in less steel fuel e lement cladding and s t ruc tura l naembers , 

2. To maintain concentrat ion of all water impur i t i es , subject to 
neutron activation, as low as poss ible , thereby reducing coolant 
specific activity and curtai l ing the formation of long-lived 
act ivi t ies which can pose problems of plant maintenance, 
access ib i l i ty , and waste disposal . 

3. To maintain concentrat ions of all water impuri t ies as low as 
poss ible , thereby reducing the ca r ryove r of such impuri t ies 
in the sa tura ted s team from the boiling region with possible 
deposition in the superheat region. 

4. To reduce the danger of localized e lec t rochemica l cor ros ion 
due to deposition and reduction of heavy meta l s on cladding 
and core s t r uc tu r e s , 

5. To reduce concentrat ions of ionic and par t icula te impuri t ies 
which promote the dissociat ion of water under i r radia t ion. 

Against this background of control led water conditions, chemis t ry 
test work can be conducted, and compr i se s the following; 

1. radiochemical studies to identify and determine fission products 
and neutron-act ivat ion products in the plant s t r e a m s ; 



2. studies of cor ros ion-produc t species and concentrat ions in 

the plant s t r e a m s ; 

3. radioactivity deposition studies; 

4. water dissociat ion s tudies; and 

5. studies of radiat ion-induced chemical reac t ions . 

The implementat ion of chemis t ry control and test ing act ivi t ies r e ­
quires a sys tem for sampling the var ious plant s t r e a m s and for making 
cer ta in chemical m e a s u r e m e n t s . Accordingly, a p re l imina ry design of 
a sampling sys tem for the BORAX V plant, which has the following 
capabil i t ies , has been completed; 

1. internaittent sampling of the major plant s t r e a m s for labora tory 
chemical and radiochemical analyses of contained gases and 
sol ids; 

2. semicontinuous fi l tration of selected sample s t r e a m s to pe rmi t 
determinat ions of suspended solids concentrat ions and to p r o ­
vide samples of accumulated solids for chenaical and rad io­
chemical ana lyses ; 

3. semicontinuous flow of selected sample streanas through ion-
exchange columns to concentra te dissolved solids for labora tory 
ana lys i s ; 

4. continuous m e a s u r e m e n t of e lectrolyt ic conductivity in selected 
plant sample s t r e a m s ; 

5. continuous m e a s u r e m e n t of pH in selected plant sample s t r e a m s ; 
and 

6. continuous m e a s u r e m e n t of dissolved oxygen concentrat ions in 
selected plant sample s t r e a m s . 

During this r epor t per iod, p rocurement of equipment i tems for the 
BORAX V chemis t ry sampling panel was initiated. 

XIV. Contruction Status (R. E. Rice) 

1. History 

Bid invitations for the BORAX V construct ion contract were sent 
out in ear ly September , 1959, and the low bidder , Arr ington Construct ion Co. 
of Idaho Fa l l s , Idaho, was awarded the contract on November 12, 1959. 
Scheduled conapletion date was October 15, I960, and initial contract p r ice 
was $721,275. 
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In Apr i l , I960, the control building was completed and accepted 
by ANL. The new underbuilt power line between the Centra l Faci l i t ies Area 
and the BORAX site was completed and turned over to the Phil l ips P e t r o ­
leum Co. for operat ion. 

The following "Schedule X" i tems designed and specified by ANL 
or NECO and procured by ANL a re being furnished to the cont rac tor : 

Item Vendor 

Reactor Vessel Nooter Corp. 
10,000-gpm Forced Convection Pump Worthington Corp. 
150-gpm Circulating Pump P e e r l e s s Div. of Food Mach. Corp. 
Two 150-gpm Reactor Feed Pumps Byron Jackson Co, 
150-kw Reactor Water P r e h e a t e r Mongomery B r o s . 
P r o c e s s Control and Instrumentat ion 

System and Control Valves Minneapolis Honeywell 
Solenoid Tr ip Valves Ruggles-Klingman 
Condensate Deminera l ize r Nooter Corp. 

In addition, severa l i t ems such as a i r c o m p r e s s o r s , r eac to r 
water deminera l i ze r sys tem, makeup water deminera l i ze r sys tem and 
storage tank, feedwater s torage tank, and sump pump, from the existing 
BORAX plant a r e being reused. A port ion of the 14 and 16-in. s ta inless 
steel piping and valves originally fabricated for a forced-c i rcula t ion s y s ­
tem in EBWR is being used on BORAX V. By the end of this repor t period 
all of the above- l is ted i tems were on hand, with the exception of the reac tor 
vesse l . 

2. Status 

At the s t a r t of this r epor t period, July 1, I960, all excavation, 
including the 56-ft-deep reac to r pit in solid rock, was complete. The con­
c re te work for the r eac to r pit, subreactor room, access shaft, piping t rench 
between reac to r and turbine building, and new footings and grade beams for 
the r eac to r building were complete , and some of the high-density concrete 
shielding slabs had been poured. Most of the piping was installed, welded, 
and radiographed in the t rench between buildings, and installat ion of equip­
ment and piping in the equipment pit had begun. The t r ans fo rmer and con­
t ro l s for the 10,000-gpm pump were installed on the new substation slab, 
and wiring had begun. Mater ia l s for the prefabr icated meta l reac tor building 
were on the s i te . At this t ime, the overal l construct ion project was 53.5% 
complete , as compared with 67,5% scheduled. 

By the end of this r epor t per iod, October 1, I960, most of the 
concrete work was completed, including the piping t renches and floor slab 
in the r eac to r building, the high-density shielding s labs , the foundation and 
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floor slab for the H&V building, and mos t of the p iping- t rench cover s labs . 
The concrete block heating and ventilating building was finished, and ins ta l ­
lation of the r eac to r building heating sys tem and r eac to r pit exhaust sys tems 
was well advanced. The prefabr icated metal reac tor building was completed 
with the exception of a portion of the roof left off for the instal lat ion of the 
reac tor vesse l , and the in ter ior wainscoting. The sp i ra l s t a i r case and 
floor levels of grat ings were instal led in the access shaft and subreac tor 
room. 

The 10,000-gpm forced convection pump was instal led in the 
subreactor pit. Installation of equipment such as feed pumps, condensate 
f i l ters and demine ra l i ze r s , reac tor ion-exchange heat exchangers , con­
t rol valves and piping, was near completion in the equipment pit. Instal la­
tion of piping and valves in the eas t and west piping t renches in the r eac to r 
building was well along, and the batch emergency feed sys tem and boron-
addition system were in p lace . 

The e lec t r ica l subcontractor had completed al l ex te r ior e l ec ­
t r ica l work, including the new substation and branch power l ine, with the 
exception of the line between r eac to r and turbine building, and was in­
stalling wiring, conduit, and controls inside the reac to r building. 

At this time the construct ion contract was 79.5% complete , 
ve r sus 93% scheduled. Because of delays caused by the unexpected large 
amount of p r e s s u r e grouting in the f rac tured lava beneath the reac tor pit 
and by miscel laneous smal l changes and additions to the contract , the con­
t r ac t completion date was officially extended to November 4, I960 and the 
contract pr ice was up to $817,000. However, because of delay in cons t ruc ­
tion the actual completion date will obviously be l a t e r . 
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E. ARGONNE FAST SOURCE REACTOR (AFSR) 

G. S, Brunson 

The Argonne Fas t Source Reactor went cr i t ica l late in October, 
1959. After a brief checkout period for determinat ion of the permanent 
fuel loading and for the calibrat ion of control and shim rods, the lower 
core section was returned to Argonne for canning. The final core load­
ing was 21.52 kg of enriched uranium. 

Ear ly in January, I960, the canned fuel was re - ins ta l led and the 
reactor again was loaded to cr i t i ca l . Mechanical tune-up, such as a r e ­
modeling of the plug position indicator, continued. 

Shielding was found to be inadequate at var ious p laces . The nomi­
nal thickness of 4 1/2 in. of dense concrete was sufficient, but the hardness 
of the neutron spect rum made all penetrations a much grea te r problem 
than had been anticipated. As a result , special shielding has been added 
over the access tunnel, in a girdle around the reactor shield at the floor 
level, and at the end of the thernaal column. In addition, the manhole cover 
was rebuil t . 

The fluxes available have been explored and are shown in 
Table XXXVII for those who might want to make use of AFSR fluxes. 
Figure 62 shows the location of the experimental holes . Table XXXVIII 
l is ts the dimensions of these faci l i t ies . 

Table S X X r a 

FLUXES AVAILABLE IN AFSR 

Position 

Center of core(glory 
t ioieand foil recess) 

Center of grazing fiole 

• I nne r end of beam hole 

Inner end of beam hole 
liner 

Center of graphite hole 

#1 

Center of graphite hole 
12 

Beam hole 

Grazing hole 

Glory hole 

Vertical cooling duct 

Flux Characteristics 

glO 

117 

34 

-800 

' 

-

Cadmium 

"•f28 

0 147 

0 050 

0 059 

0 027 

Ratio for 

'"f24 

°"f25 

0 39 

0 31 

'^f25 

126 

127 

127 

151 

128 

Beams avail 
face of 

One Watt-hour Gives the Following 
Number of Fissions per Gram of 

U235 

6 0 x 1 0 ' 

I S x l o ' 

2 3 x 10' 

l O x l o ' 

ibie 1 foot out fr 
eactor shield 

U238 

88x10 ' 

9 0 X 10' 

14 X 108 

2 75x10? 

m 

IJenriched 

5 6x10' 

1 7 x 10' 

2 2 x l 0 ' 

9 4x10^ 

8 2 x l 0 ' 

1 0 X 10' 

Pu»9 

7 6 X 10' 

2 4 x l 0 ' 

2 8 x l 0 ' 

ISXIO ' 

l l x i o ' " 

1 4 X 10' 

L 

One watt Power 

Level Gives the 

Following Fluxes 
(n/cm2/sec) 

5 0x10^ 

1 5 X 10̂  

20x10^ 

8 0 X 10' 

15xl0« 

1 9 X 10̂  

10x10^ 

1 8 X 103 

1 3 X 10̂  

3 3x10^ 

'Not normally accessible 



Table XXXVIII 

DIMENSIONS OF EXPERIMENTAL FACILITIES 

Core including 0.005-in. nickel can 

Glory hole 
Horizontal axis of hole in tercepts axis of core 
0.15 in. above center of co re . Center point of 
hole is 6 6 ^ + ~ in. from face of shield Glory 
hole #1 , 66 4- +̂  i in. through Glory Hole #2. 

4 ID 

Grazing hole 
Horizontal axis of hole pas ses axis of core at a 
dis tance of 3.875 in. and lies 1.277 in, below cen­
ter of co re . Minimum blanket thickness between 
grazing hole and core is 0.984 in. Center point 
of grazing hole is 66 ^ _ ^ in. from face of shield 
through Grazing Hole #1 and 66— + TX •'•̂ ° through 
Grazing Hole #2, 

Beam hole 
Horizontal axis of hole in tercepts axis of core 
0.15 in. above center of co re . Hole itself t e r ­
minates in blanket 2.852 in. from axis of co re . 
Minimum blanket thickness between beam hole 
and core is 0.500 in. The beam hole l iner p r e ­
vents inser t ion of anything far ther than 4 in, from 
inner end of hole . 

Graphite t he rma l column 
Reactor is enabedded ^̂  1 ft into end of the rmal 
column. Minimum thickness of graphite be ­
tween 1st hole and reac tor is 1 ft, between 2nd 
hole and reac to r is 3 ft , Holes have been reamed 
to 2 J in. S t r ingers can be removed along axis 
of the rmal column to accept equipment up to 
16 X 16 in. Center of thermal column is 
66 i I J in. f rom ei ther shield face in ei ther hole . 

Miscel laneous 
Ross i a at delayed c r i t i ca l 
P rompt neutron lifetime (assuming 
^effective = 0,0068) 

Operational core loading 
Es t imated cr i t ica l m a s s 
Coolant flow 

diameter 
height 

4.51 in, 
4,55 in. 

d iameter 0.50 in. 
effective dia . 0,470 in. 
(with thimble) 

d iameter 1,078 in. 

d iameter 2.218 in. 
effective dia. 
(with l iner) 2.128 in. 

4 ft high 
4 ft wide 
5 ft 8 in. lon£ 

3.65 X 10^ sec-^ 

1.86 X 10"^sec 

21.524 kg enr iched U 
21.25 kg enr iched U 
~ 76 cfm 

115-v outlets for ins t rument use a r e white; black outlets a r e for 
utili ty u se . 



Fig. 62 Experimental Faci l i t ies at the AFSR. 

A Rossi-a lpha measure inent on the reac tor gave resu l t s in excel­
lent agreement with those obtained on TOPSY at Los Alamos. The 
alpha is 3.69 x 10^ sec"'^, corresponding to a neutron lifetime of about 
1.9 x 10-^sec , 

The operating instruct ions have been revised in the light of exper i ­
ence and will be published shortly. 

The experimental prograna associated with AFSR is just getting 
under way. A first model of a neutron spec t rometer has been built, ut i ­
lizing proton recoil from one scintillator to another. 

Currently we a r e working to bring background noise down to an a c ­
ceptable level by improving the electronics and chilling the phototube with 
dry ice . 



A second type of pro ton- recoi l spec t romete r is to be fabricated 
soon. This counter is designed to accept for analysis only those proton 
recoi l s which t rave l in a narrowly defined volume in the direct ion of the 
neutron beam, 

A third type of spec t rometer based on the principle of total ab­
sorption is to be tes ted . Its main component is a la rge , annular B^ F3 
counter which has a l ready been procured . 

The p rog ram for i r radia t ion of ma te r i a l s which might be used as 
spec t ra l indicators has begun. Samples of gold, copper, nickel, and man­
ganese were i r rad ia ted over a range of neutron spec t r a . 

Soon a represen ta t ive of Reactor Engineering Division will be 
using AFSR to tes t a Per low counter which, if successful, will be used 
in ZPR-I I I . Other work in the future, as now planned, will pursue the 
four ideas outlined above. 




