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N E U T R O N - F L U X M E A S U R E M E N T S IN A 
C O N C E N T R I C - C Y L I N D E R F U E L E L E M E N T 

J a m e s N . A n n o , B a r r y P . F a i r a n d , and J o e l W. C h a s t a i n , J r . 

In research in support of the GCRE, neutron-flux measurements in a • 
con centric-cylinder fuel element were made in a gas-cooled in-pile loop operated 
adjacent to the core of the BRR. The fuel element comprised four concentric fuel 
cylinders. Each fuel annulus (outside diameters: 1.248, 1.018, 0.810, and 0.590 
in.) consisted of a 0,031-in.-thick core of UO2 dispersed in Type 347 stainless 
steel and clad on each side with 0.007 in. of Type 318 stainless steel. The 
element was 24 in. long and the total uranium-235 content was approximately 
192 g. 

Radial, vertical and peripheral flux distributions were studied. The 
vertical flux profile was cosine-shaped with a peak-to-average ratio of 1.26. The 
peripheral variation around the loop wall could also be fitted to a cosine curve 
(with a peak-to-average ratio of 1.10). The average radial flux depression from 
the outer fuel cylinder to the center of the element was a factor of 2.14. 

Power generation in the element calculated from flux measurements 
agreed to within 10 per cent with the power generated by measuring gas flow 
rate and temperature rise across the fuel element. The ratio of peak-to-average 
power density was found to be 1.75. 

INTRODUCTION 

A s p a r t of the m a t e r i a l s r e s e a r c h p r o g r a m for t h e G a s - C o o l e d R e a c t o r E x p e r i ­
m e n t ( G C R E ) , an i n - p i l e g a s - c o o l e d loop h a s b e e n i n s t a l l e d a t t h e B a t t e l l e R e s e a r c h 
R e a c t o r . (1) T h i s loop h a s b e e n o p e r a t i n g s i n c e M a r c h , 1958 , a n d h a s b e e n u s e d to t e s t 
bo th f l a t - p l a t e a n d c o n c e n t r i c - c y l i n d e r fuel e l e m e n t s . N e u t r o n - f l u x m e a s u r e m e n t s w e r e 
m a d e in e a c h fuel e l e m e n t p r i o r to i t s o p e r a t i o n in t he l oop . F l u x m e a s u r e m e n t s wi th 
t h e f l a t - p l a t e fuel e l e m e n t ( d e s i g n a t e d a s M a r k I for r e f e r e n c e p u r p o s e s ) h a v e b e e n r e ­
p o r t e d p r e v i o u s l y . (^) T h i s r e p o r t p r e s e n t s m e a s u r e m e n t s m a d e wi th a c o n c e n t r i c -
c y l i n d e r e l e m e n t ( M a r k II) a n d i n c l u d e s a x i a l , r a d i a l , a n d p e r i p h e r a l f lux d i s t r i b u t i o n s . 

T h e o b j e c t i v e of the f lux m e a s u r e m e n t s w a s (1) to p r e d i c t t he d i s t r i b u t i o n of p o w e r 
g e n e r a t i o n ( f i s s i o n i n g ) , a n d (2) t o p r e d i c t t h e t o t a l p o w e r of t h e l o o p . F r o m a n e n g i ­
n e e r i n g s t a n d p o i n t , the d i s t r i b u t i o n of p o w e r i s f r e q u e n t l y the m o r e i m p o r t a n t b e c a u s e 
of i t s r e l a t i o n to the d e t a i l e d t e m p e r a t u r e a n d s t r e s s d i s t r i b u t i o n s . A l s o , t he t o t a l 
p o w e r of the loop c a n be m e a s u r e d by o v e r - a l l h e a t - b a l a n c e m e t h o d s m o r e a c c u r a t e l y 
t h a n by a b s o l u t e f l u x - m e a s u r e m e n t t e c h n i q u e s . 

(1) References at end. 
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DESCRIPTION OF FACILITIES AND FUEL, SPECIMEN 

Battel le R e s e a r c h Reac to r , In-Pi le Loop, 
and Loop Mock-Up 

The Battel le Resea rch Reactor (BRR) is a modified pool type operat ing at 
1-megawatt power . (3) The core is composed of MTR-type fuel e lements suspended 
f rom a bridge into a large pool of wa te r . Normal ly the reac to r is operated at one end 
of the pool where the pool walls a re modified to form a s tal l a r e a . In this location six 
b e a m tubes and a t h e r m a l column par t ia l ly cover th ree faces of the co re . The fourth 
(open) face of the core is used for large exper iments which a r e suspended in the pool. 

The loop is a h i g h - p r e s s u r e gas rec i rcu la t ing loop with the ent i re c i rculat ing 
s y s t e m submerged in the r eac to r pool.(-^) The tes t e lement is ve r t i ca l when in position 
in the loop and the center line of the fuel e lement is near the center line of the reac tor 
fuel. The ent i re loop is suspended from a second, movable br idge which is independent 
of the core b r idge . With this a r r angemen t the loop can be moved away frort^ the core 
face for maintenance . During operat ion the front of the loop is about 1/8 in. f rom the 
core face. Even with this proximity the interact ion between the core and loop is sma l l , 
as evident f rom the smal l react iv i ty contribution of the loop ( less than 0. 001 Ak). 

The core loading used during loop operat ion and the location of the loop re la t ive 
to the core a re shown in Figure 1. The core contains 31 fuel e l emen t s , with the loop 
located in a pocket formed by the core face and two of the e l emen t s . The nea re s t r e ­
ac tor control rod is separa ted f rom the loop by a single row of fuel e l ements . This rod 
is used as a safety rod and is always withdraw^n from the core during operat ion. 

Fo r the flux m e a s u r e m e n t s , a specia l mock-up of the loop was const ructed which 
duplicates the loop in the vicinity of the r eac to r core both in dimensions and m a t e ­
r i a l s . (^) Before operat ing a new fuel e lement in the loop, detailed flux m e a s u r e m e n t s 
a r e made with the e lement in the mockup. * Measurements of the neutron flux in both 
the loop and mock-up verify that the two a r e identical nuc lea rwise . 

Descr ipt ion of the Mark II Element 

The Mark II e lement is composed of four concentr ic fuel cyl inders surrounded by 
an insulating jacke t . A sketch of the e lement c r o s s section is shown in F igure 2. Each 
cylinder consis ts of th ree 120-deg segments held together by special c l ips . The fuel 
p la tes a r e supported by the a r m s of a spider welded to a cen t ra l column support . The 
insulat ing jacket is a s ta in less s t ee l -Thermof lex - s t a in le s s s tee l sandwich. 

Each fuel cylinder is 0. 045 in. thick (including cladding), contains highly en ­
r iched u ran ium in the form of 25 w/o UO2 d i spe r sed in a Type 347 s ta inless s tee l core 
m a t r i x , and is clad with 0 .007- in . Type 318 s ta in less s tee l . The fuel-bear ing length 

*On occasions when the loop was available, the flux measurements were made in the actual loop. 

T j i i j i i i m i l '^I'l'ii'^' •;; 
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of each cylinder is 24 in. (closely matching the fuel length in the Battel le Reactor core) . 
The uranium-235 content of each cylinder is given in Table 1. 

TABLE 1. FUEL CONTENT OF CYLINDERS IN MARK II ELEMENT 

Cylinder 
Inside Diamete r , 

in. 
Uranium-235 

Content, g 

1 

2 

3 

4 

0.500 

0.720 

0.9 28 

1. 158 

Total 

26.72 

4 1 . 12 

54.38 

70. 13 

192. 35 

EXPERIMENTAL PROCEDURES 

The neutron fluxes were mapped by the activation technique. Manganese- i ron 
w^ires (0. 033 in. in d iameter by 28 in. long) containing approximately 15 w^/o manganese 
were act ivated to obtain flux dis t r ibut ions in the tes t specimen. Absolute flux m e a s u r e ­
ments were made by activating gold foils 0. 001 in. thick by 1/2 in. in d i ame te r . Cad­
mium ra t ios were de te rmined with 0. 015-in. -thick cadmium sleeves for the manganese -
i ron wi res and 0. 020-in.-thick cadmium covers for the gold foi ls . 

The wi res were positioned in the fuel e lement by specia l j igs at tached to the ends 
of the e lement . Gold foils were attached with Mylar t ape . The element was then in­
se r t ed into ei ther the loop or loop mock-up and i r r ad i a t ed at low reac to r power (400 to 
1000 w). Low-power i r rad ia t ion was sufficient to obtain the des i r ed activity in the 
wi re s and foils and minimized the induced radioact ivi ty in the tes t e lement . The low 
induced radioactivi ty in the element pe rmi t t ed d i rec t a c c e s s to it to remove the foils and 
wi res for counting after a decay per iod of only a few h o u r s . 

The l inear i ty of the ionization chamber , monitor ing r eac to r power , was checked 
s eve ra l t imes during the p r o g r a m by comparing it with a f ission chamber to a s s u r e that 
no significant e r r o r s were introduced by extrapolat ing the flux data to full r eac to r 
power. In genera l , indicated power was co r r ec t ed by about 10 per cent to account for 
ins t rument response to r e s idua l core gamma r a y s . Also , act ivations were co r r ec t ed 
for i r rad ia t ion during r eac to r s ta r tup and shutdown. 

After i r rad ia t ion the w i r e s were cut into 1-in, lengths and the activity of each 
length was counted. The counting equipment included th ree photomult ipl ier channels . 

• •• •• 



two of w h i c h h a d p r i n t - o u t d e v i c e s wh ich a u t o m a t i c a l l y p r i n t e d t he t o t a l coun t s shown on 
t h e s c a l e r of e a c h c i r c u i t a t the end of a coun t ing p e r i o d . The t h i r d c h a n n e l o p e r a t e d 
c o n t r o l c i r c u i t s a t t he end of a p r e s e t count a n d w a s u s e d for t i m i n g the o t h e r two c o u n t ­
ing c h a n n e l s . T h i s p r o c e d u r e a u t o m a t i c a l l y c o m p e n s a t e s for d e c a y t i m e of the a c t i v a t e d 
w i r e . A s a m p l e c h a n g e r m o v e d t h e w i r e s e g m e n t s f r o m a s t o r a g e h o p p e r to a p o s i t i o n 
u n d e r t h e f i r s t c o u n t e r . E a c h p i e c e w a s c o u n t e d and m o v e d a u t o m a t i c a l l y to a s e c o n d 
c o u n t e r w h e r e i t w a s c o u n t e d a s e c o n d t i m e ; t h e w i r e w a s t h e n m o v e d to a s t o r a g e 
h o p p e r . The d a t a f r o m t h e two c h a n n e l s w e r e c o m p a r e d to d e t e c t s p u r i o u s coun t s o r 
i n c o n s i s t e n c i e s . When good a g r e e m e n t w a s i n d i c a t e d , the d a t a f r o m t h e two c h a n n e l s 
w e r e a v e r a g e d to o b t a i n t he a c t i v i t y of e a c h w i r e . 

A b s o l u t e F l t ix M e a s u r e m e n t s 

S ince t h e m a n g a n e s e - i r o n w i r e a c t i v i t i e s w e r e u s e d to o b t a i n r e l a t i v e f lux d i s ­
t r i b u t i o n s , a b s o l u t e coun t ing w a s no t r e q u i r e d . H o w e v e r , to o b t a i n t h e n e u t r o n f lux 
f r o m t h e g o l d - f o i l a c t i v i t i e s the a b s o l u t e a c t i v i t y w a s d e t e r m i n e d . A c t i v i t y m e a s u r e ­
m e n t s w e r e m a d e wi th a s c i n t i l l a t i o n s p e c t r o m e t e r e q u i p p e d wi th a 1 -3 /4 by 2 - in , 
H a r s h a w s o d i u m iod ide t h a l l i u m - a c t i v a t e d c r y s t a l and a DuMont Type 6929 p h o t o m u l t i ­
p l i e r t u b e . 

The t h e r m a l - n e u t r o n f lux w a s o b t a i n e d f r o m the g o l d - f o i l a c t i v i t y by t h e r e l a t i o n 

C „ ( 1 - ^ 

w h e r e 

4> = ^ - ^ ^ ^ , (1) 
Z M (1 - e-^T)(e-A,t) E 

a c t g ' PP 

0 = t h e r m a l - n e u t r o n f lux , n / ( c m ^ ) ( s e c ) 

Cp = coun t r a t e a t the p h o t o p e a k of g o l d - 1 9 8 ( c o r r e c t e d for b a c k g r o u n d ) , 
c o u n t s p e r s e c 

CR = c a d m i u m r a t i o 

^g^cl = m a c r o s c o p i c t h e r m a l a c t i v a t i o n c r o s s s e c t i o n for go ld , cm*^ p e r g 

Mg = m a s s of gold f o i l , g 

X = d e c a y c o n s t a n t of g o l d - 1 9 8 , s e c 

T = d u r a t i o n of foil i r r a d i a t i o n , s e c 

t = t i m e a f t e r i r r a d i a t i o n e n d e d t h a t Cp w a s o b s e r v e d , s e c 

E p p = p h o t o p e a k e f f i c i ency of c o u n t e r . 



The photopeak efficiency was de termined by cal ibrat ing the counter with a s tandard 
ces ium-137 source in the form of a 1 /2- in , -d iameter disk to match the foil geometry , 
using the known relat ionship between photo efficiency and g a m m a - r a y energy for the 
c rys t a l , Backsca t te r ing of gammas was reduced by suspending the scint i l lat ion head 
from the ceiling of the counting room in a Lucite sample holder . 

FLUX DETERMINATIONS 

Unperturbed Flux Distr ibut ions at the Core Face 

The unper turbed neutron-flux dis t r ibut ion was m e a s u r e d in the pool water ad ­
jacent to the core face in the normal vicinity of the loop. The flux was mapped in the 
pocket formed by the fuel e lements protruding from the core (see F igure 1) in a volume 
24 by 5 by 6 in. Th i r t y - s i x manganese - i ron w i r e s , each 24 in, long, and spaced as 
shown in Figure 3, were suspended between two plas t ic p la tes supported on the co rne r s 
by aluminum rods . The w i r e s were positioned ver t ica l ly to match approximately the 
location of the tes t element during loop operat ion. After i r r ad ia t ion the activated wi res 
were cut into 1-in. segments and counted. 

To show^ the g ross unper turbed flux var ia t ion in the hor izonta l p lane , the re la t ive 
flux averaged over each wire is given below the wire location in F igure 3, As seen 
from this d i a g r a m , in a plane pa ra l l e l with the core face the flux peaks near Posi t ion 54 
and then d e c r e a s e s gradually toward Posi t ion 51, The average behavior of the flux 
perpendicular to the core face is shown graphical ly in this same f igure. The c h a r a c ­
t e r i s t i c ref lector flux peak is observed 3/4 to 1 in. f rom the core face. A shor t d i s ­
tance beyond the peak the flux at tenuates with a re laxat ion length of about 6 cm, which 
is cha rac t e r i s t i c of t he rma l -neu t ron attenuation near the c o r e . (4) The ve r t i ca l fltix 
var ia t ion (not shown) is roughly a cosine dis t r ibut ion with a peak - to -ave rage flux ra t io 
of 1.33. 

Since the data indicate a fair ly gradual change in the flux dis t r ibut ion in this r e ­
gion, accura te positioning of the loop is not c r i t i ca l . This fact great ly expedites p o s i ­
tioning the loop at the s t a r t of each r eac to r operat ing cycle . 

Radial and Ver t i ca l F lux Distr ibut ions 

The f i rs t s e r i e s of flux m e a s u r e m e n t s in the concent r ic -cy l inder fuel element 
consis ted of rad ia l and ve r t i ca l p lo t s , obtained by activating six manganese - i ron wi res 
located along a par t i cu la r r ad iu s . The a r rangement of the w i r e s in the fuel element and 
the i r re la t ion with r e spec t to the r eac to r core a r e shown in F igure 4, Cor rec t ions to 
the wire act ivi t ies due to var ia t ion of the cadmium ra t io along the rad ius were smal l 
and to a good approximation the wire activity i s a d i rec t indication of the t h e r m a l -
neutron flux. 
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The average rad ia l flux behavior obtained by averaging the rad ia l plots along each 
1-in, ve r t i ca l section of the element is shown graphical ly in Figure 5, The curve 
drawn through the data points a s s u m e s that the pr inc ipal fltix drop occurs a c r o s s the 
fuel plate with very little drop a c r o s s the gas coolant channel. Data from the c r i t i c a l -
a s sembly exper iments with s imi l a r fuel e lements support this assumpt ion. It was found 
that the flux dec reased from the surface of the outer fuel cylinder to the center of the 
element by a factor of 2. 20 ± 0. 03 s tandard deviation. The smal l deviation f rom the 
average indicates that the rad ia l flux behavior is approximately independent of ve r t i ca l 
location in the e lement , A much sma l l e r flux drop , approximately a factor of 1. 12, 
occurs a c r o s s the insulat ing s leeve . 

The ve r t i ca l flux profile was also obtained from these s ix manganese - i ron w i r e s . 
The cor rec t ions to the wire act iv i t ies for axial var ia t ion of the cadmium rat io were 
negligible and hence the profi les a re t he rma l -neu t ron flux d is t r ibut ions . As mentioned 
prev ious ly , it was found that the ve r t i c a l flux profile was approximately independent of 
r ad ia l location. Wires act ivated around the per iphery of the fuel e lement showed that 
the ve r t i ca l d is t r ibut ion was a lso insensi t ive to pe r i phe ra l (angular) posi t ion. The 
magnitude of the flux i s , of c o u r s e , s t rongly dependent on rad ia l location and to a l e s s e r 
extent on pe r iphe ra l location. The average ve r t i ca l behavior of the flux is shown graph­
ically in F igure 6. 

The ve r t i ca l flux dis tr ibut ion has approximately a cosine behavior with the peak 
flux occurr ing about 13 in. f rom the top of the fuel region (approximately 1 in, below 
the fuel center l ine). At the lower end of the t e s t element a sma l l fltrsc peak is observed . 
This peak is apparent ly due to neutron ref lect ion from the water and a luminum 2 in. 
below the e lement (see F igure 1). At the upper end of the fuel e lement no peak is ob ­
served since the gas-f i l led loop piping extends seve ra l feet above the e lement . As seen 
f rom the graph the ve r t i ca l var ia t ion of the flux i s not s eve re ; the ve r t i c a l p e a k - t o -
average flux ra t io is only 1, 26, 

Superimposed on the graph of the tes t e lement data is the ve r t i ca l flux profile for 
the center of the r eac to r fuel e lement immedia te ly in front of the loop. It should be 
noted that the core flux peaks below the fuel center line and this fact, in addition to the 
re la t ive axial location of loop and r eac to r c o r e , i s respons ib le for the slight a s ymmet ry 
of the ve r t i ca l flux profile about the center line of the t e s t e lement . A damping effect of 
the ve r t i ca l flux var ia t ion f rom core to loop is a lso apparent . The ve r t i ca l peak- to -
average flux ra t io in the core fuel e lement is 1,40 compared with 1, 26 for the tes t e l e ­
ment in the loop. Since the unper turbed flux m e a s u r e m e n t s in the pool water at the 
location normal ly occupied by the loop indicated a peak- to -ave rage rat io of 1,33, it may 
be a s sumed that about one-half of this damping is due to geomet r ica l effects. It is p o s ­
sible that the other half of the dainping effect i s due to axial neutron s t r eaming in the 
loop. This speculation is supported by data f rom exper i inents with the GCRE c r i t i ca l 
assembly(5) in which the axial flux dis tr ibut ion with the core flooded was compared with 
the dis tr ibut ion with the core not flooded. 



FIGURE 5, RADIAL FLUX DISTRIBUTION 



FIGURE 6. VERTICAL FLUX DISTRIBUTION 



P e r i p h e r a l F lux Distr ibution 

The second s e r i e s of flux measu remen t s consis ted of mapping the flux distr ibution 
around the per iphery of the fuel e lement . '~ Six manganese - i ron wi res were a r ranged at 
60-deg in tervals around the per iphery of the insulating sleeve of the e lement . The 
average pe r iphe ra l var ia t ion of the flux obtained from the wire act ivi t ies is shown in 
F igure 7. The angular var ia t ion was near ly independent of ve r t i ca l location as indicated 
by the fact that the s tandard deviation of the data was only about ±3 per cent from the 
value plotted on the graph, i . e . , the re la t ive pe r i phe ra l var ia t ion at each hor izonta l 
c r o s s section was approximately the s a m e . The curve shown in the figure is a cosine 
given by the empi r i ca l formula 

0(0) = C 1 + 0.103 cos e - 2TT 
(2) 

w h e r e C i s a c o n s t a n t and 9 i s t h e counte rc lockw^ise a n g l e f r o m the n o r m a l t o t h e c o r e 
f a c e . As s e e n f r o m t h e s e d a t a , t he m a x i m u m flux o c c u r s abou t 40 deg frona t h e n o r m a l 
and the m i n i m u m is j u s t o p p o s i t e t h i s l o c a t i o n . The p e r i p h e r a l p e a k - t o - a v e r a g e f lux 
r a t i o i s only 1. 1 0 3 , i n d i c a t i n g a p p r o x i n a a t e l y a 20 p e r c e n t f lux d e c r e a s e f r o m the f ront 
to t he r e a r of t he e l e m e n t a l o n g t h e r a d i u s at 40 d e g . T h e c o s i n e b e h a v i o r i n d i c a t e s a 
l i n e a r fltix d r o p a c r o s s t he e l e m e n t . T h i s g r a d i e n t f r o m r o u g h l y t h e c e n t e r of the c o r e 
out in to t he poo l i s to b e e x p e c t e d and w a s i n d i c a t e d by the u n p e r t u r b e d f lux 
m e a s u r e m e n t s . 

T h e r a d i a l f lux p l o t s w e r e m a d e at 0 = 353 d e g , w h e r e it w a s found t h a t t he r a d i a l 
d e p r e s s i o n f r o m the o u t e r fuel c y l i n d e r to t he c e n t e r of t he e l e m e n t w a s a f a c t o r of 
2, 20, Wi th the o b s e r v e d p e r i p h e r a l v a r i a t i o n it i s e s t i m a t e d t h a t t he m a x i m u m r a d i a l 
d e p r e s s i o n ( o c c u r r i n g at 0 = 40 deg) i s 2 . 36 and t h e a v e r a g e d e p r e s s i o n i s 2. 14. 

P O W E R P R E D I C T E D F R O M F L U X M E A S U R E M E N T S 

T h e f lux d i s t r i b u t i o n s o b t a i n e d f r o m the w i r e a c t i v i t i e s w e r e n o r m a l i z e d to a b s o ­
lu te t h e r m a l n e u t r o n f lux by the go ld - fo i l a c t i v a t i o n ( c o r r e c t e d for e p i c a d m i u m a c t i v a ­
t ion) a t the f ron t of the e l e m e n t a t the h o r i z o n t a l c e n t e r l i n e . T h e t h e r m a l - n e u t r o n f lux 
a t t h i s l o c a t i o n w a s 3 . 70 x 10-^^ n / ( c m ' ^ ) ( s e c ) . S ince t he f l uxes w e r e m e a s u r e d a t the 
o u t e r s u r f a c e of t h e fuel c y l i n d e r s , a d e p r e s s i o n f ac to r m u s t be i n c l u d e d in t he c a l c u ­
l a t i o n s to r e l a t e the s u r f a c e f lux to t h e a v e r a g e fl\ax in the fue l . A s s u m i n g t h a t the 
r a d i a l f lux d e p r e s s i o n s i n d i c a t e d in F i g u r e 5 a r e r e p r e s e n t a t i v e , t h e d e p r e s s i o n f a c t o r 
w a s o b t a i n e d by a s s u m i n g e x p o n e n t i a l a t t e n t u a t i o n b e t w e e n t he end po in t s of t h e f lux i n 
e a c h fuel c y l i n d e r wi th no d r o p a c r o s s t h e g a s coo lan t c h a n n e l s . 

•The fuel element used for these measurements was a twin to that used for the radial and vertical distributions. 

^ ^ • • • •• • •• • • 
• •K • • • • • • • • 
**^^ • • • • • • • • • • • • 
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FIGURE 7, PERIPHERAL VARIATION OF NEUTRON FLUX 



The power generated in each fuel cylinder due to t he rma l -neu t ron fissioning is 

EN^Of 

U 
Pi = 0s .k imi ^ ^ (3) 

where 
P^ = power generated in the ith fuel cylinder due to t he rma l -neu t ron 

fissioning, w 

0g. = average thernaal -neutron flux at the outer surface of the ith fuel 
cylinder (averaged axially and around the pe r iphe ry ) , n / (cm^)(sec) 

kj = rat io of the average flux in the in te r io r of the ith fuel cylinder to 
the surface flux of that cylinder 

m^ = m a s s of u ran ium-235 in the ith fuel cy l inder , g 

E = sensible heat energy per fission in the e lement , w - s e c per fission 

NQ = Avogadro 's number , 6. 02 x 10^3 a toms pe r g-mole 

Of = mic roscopic fission c ro s s sect ion, (584 ± 10) x 10"^'* cm^ per a tom'") 

ATT = atomic weight of u r an ium-235 , 235, 1 g per g-mole , 

A value of 180 mev per fission (2. 86 x lO"-*- ^ w - s e c per fission) has been estinaated as 
the energy absorbed in the element per f iss ion. This value includes 5.5 mev for gamma 
absorpt ion, 0. 5 mev for neu t rons , and 9 mev for b e t a s . Using these values and the 
m e a s u r e d f luxes, the power was calculated for each fuel cyl inder . The calculat ions a re 
summar i zed in Table 2, 

TABLE 2, POWER GENERATED IN THE MARK II F U E L CYLINDERS 
DUE TO THERMAL-NEUTRON FISSIONING 

Cylinder 
m i . 0si^ 

n / (cm2)(sec) k i 
P i , 
w 

1 

2 

3 

4 

26,72 

4 1 , 12 

54.38 

70. 13 

1. 15 X 10l2 

1.31 X 10l2 

1,77 X 10l2 

2.46 X 10l2 

0.985 

0.944 

0.863 

0.850 

1,290 

2,180 

3,560 

6,280 

Total 13,310 
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Power Genera ted by Epicadmium Neutrons 

The power generated in the fuel e lement by neutrons with energies above the cad­
mium cutoff energy (approximately 0. 4 ev) was es t imated from the m e a s u r e d gold-foil 
cadmium ra t io of 2. 48 at the front of the element (0-deg angular or ientat ion) . A s ­
suming that the cadmium rat io does not vary significantly throughout the element and 
that the epicadmium flux has a 1/E dis t r ibut ion, the r a t i o , R, of ep icadmium- to - the rma 
power i s 

R = r ^ 

where 
mic roscop ic t h e r m a l activation c ro s s sect ion for gold, 
96 X 10-24 cm2 per atom(6) 

resonance f ission in tegra l for u r a n i u m - 2 3 5 , 
271 X 10-24 cm^ per atom("7) 

resonance activation in tegra l for gold, 
1558 X 10-24 cm2 per atom(8) 

cadmium ra t io for gold. 

With these va lues , R i s 0, 019 and thus the epicadmium power is only about 2 per cent of 
the t he rma l -neu t ron induced power . Since this contribution i s s m a l l , little e r r o r is in­
t roduced in the to ta l power by the assumpt ion of constant cadmium rat io throughout the 
e lement . 

With the above a s sumpt ions , the flux m e a s u r e m e n t s predic t a total power genera ­
tion of approximately 13, 6 kw. This indicates an average power density of 70. 7 w per g 
of u ran ium-235 . The ra t io of peak power density in the element to the average power 
density was calculated f rom the flux dis t r ibut ions to be approximately 1. 75. 

DISCUSSION OF ERRORS 

The e r r o r s assoc ia ted with the m e a s u r e m e n t of the re la t ive neutron-f lux d i s t r ibu­
t ions a r e pr incipal ly those incu r red in counting and a re general ly smiall. As mentioned 
prev ious ly , cor rec t ions on the wi re act iv i t ies for axial var ia t ion of the cadmium ra t io 
were found to be negligible. A smal l co r rec t ion on the r ad ia l flux dis tr ibut ions is n e c ­
e s s a r y due to r a d i a l var ia t ion of the manganese - i ron cadmium ra t i o . Measurements 
through comparable th icknesses of fuel in a f lat-plate e lement indicated a max imum 

(4) 
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c o r r e c t i o n of 5 p e r c e n t in c o m p a r i n g t h e w i r e a c t i v i t i e s on t he s u r f a c e of t he o u t e r fuel 
c y l i n d e r wi th t h o s e a t the c e n t e r . T h i s e r r o r p r o b a b l y r e p r e s e n t s the m a x i m u m e r r o r 
a s s o c i a t e d wi th t h e r e l a t i v e f lux d i s t r i b u t i o n s . H o w e v e r , the e r r o r in t he c a l c u l a t i o n of 
loop p o w e r due to t h i s s o u r c e i s m u c h s m a l l e r s i n c e t h e o u t e r fuel c y l i n d e r s p r e d o m i ­
n a t e the p o w e r g e n e r a t i o n , a s s e e n f r o m T a b l e 2. 

T h e p r i n c i p a l e r r o r in the m e a s u r e m e n t s i s a s s o c i a t e d wi th d e t e r m i n i n g the a b s o ­
lu te t h e r m a l - n e u t r o n f lux . T h e e s t i m a t e d e r r o r in the t h e r m a l - n e u t r o n f lux a t the 
n o r m a l i z i n g p o s i t i o n w a s c a l c u l a t e d f r o m E q u a t i o n (1) u s i n g a p r o p a g a t i o n of k n o w n 
e r r o r s in : (1) c e s i u m s t a n d a r d a c t i v i t y , (2) m i c r o s c o p i c a c t i v a t i o n c r o s s s e c t i o n of 
g o l d - 1 9 8 , (3) d e t e c t i o n e f f i c i ency of the c o u n t e r , (4) c a d m i u m r a t i o , and (5) e x p e r i ­
m e n t a l e r r o r s a s s o c i a t e d wi th t he foi l i r r a d i a t i o n , i n c l u d i n g s u c h i t e m s a s p o s i t i o n i n g 
t h e gold foi l i n t h e m o c k - u p , p o s i t i o n i n g the m o c k - u p a t t he c o r e f a c e , c o r r e c t i n g t he 
i n d i c a t e d r e a c t o r p o w e r for i n s t r u m e n t r e s p o n s e to g a m m a r a y s , e t c . T h e e r r o r c o n ­
t r i b u t e d by S o u r c e (5) w a s e s t i m a t e d by e x a m i n i n g t h e r e s u l t s of r e p e a t e d go ld - fo i l 
a c t i v a t i o n s a t s e v e r a l d i f f e ren t r e a c t o r p o w e r l e v e l s , i r r a d i a t i o n t i m e s , coun t ing t i m e s , 
a n d d e c a y p e r i o d s , and the m a x i m u m d e v i a t i o n f r o m the a v e r a g e v a l u e w a s found to be 
a b o u t 7 p e r c e n t . T h e t o t a l e s t i m a t e d e r r o r in t he a b s o l u t e f lux d e t e r m i n a t i o n i s ±14 
p e r c e n t . 

S ince t h e m a g n i t u d e of e r r o r i n t r o d u c e d by a s s u m p t i o n s c o n c e r n i n g the fine s t r u c ­
t u r e of t he f lux i s not k n o w n , an e s t i m a t e of t h e e r r o r a s s o c i a t e d wi th the p o w e r c a l c u ­
l a t i o n i s m o r e q u a l i t a t i v e . A s s i g n i n g r e a s o n a b l e l i m i t s to t h e e r r o r in f ine s t r u c t u r e 
b e h a v i o r and u s i n g the known d e v i a t i o n s in the m i c r o s c o p i c f i s s i o n c r o s s s e c t i o n , e n e r g y 
p e r f i s s i o n , and a b s o l u t e f lux , the e r r o r a s s o c i a t e d wi th t h e c a l c u l a t e d p o w e r i s e s t i ­
m a t e d to be about 20 to 25 p e r c e n t . T h e a b s o l u t e fltax d e t e r m i n a t i o n i s r e s p o n s i b l e for 
t h e l a r g e s t p o r t i o n of t h i s e s t i m a t e d e r r o r . 

C O M P A R I S O N O F F L U X - D E T E R M I N E D P O W E R 
WITH H E A T - B A L A N C E P O W E R 

D u r i n g loop o p e r a t i o n the c o o l a n t - g a s t e m p e r a t u r e i n c r e a s e a c r o s s t he t e s t e l e ­
m e n t and the gas flow r a t e a r e m e a s u r e d c o n t i n u o u s l y , p e r n a i t t i n g a p o w e r d e t e r m i n a ­
t i on i n d e p e n d e n t of t he f lux m e a s u r e m e n t s . T h e loop p o w e r o b t a i n e d f r o m t h e AT a n d 
f l o w - r a t e m e a s u r e m e n t s d o e s not i n c l u d e r a d i a l h e a t l o s s t h r o u g h the loop b e t w e e n the 
g a s i n l e t and o u t l e t . H o w e v e r , s i n c e the fuel c y l i n d e r s a r e c o n t a i n e d in a n i n s u l a t i n g 
s l e e v e ( s e e F i g u r e s 2 and 4 ) , t h i s l o s s i s e s t i m a t e d t o be v e r y s m a l l c o m p a r e d w i t h the 
t o t a l loop p o w e r . P o s s i b l e e r r o r s in d e t e r m i n i n g t h e loop p o w e r by t h i s h e a t - b a l a n c e 
m e t h o d i n d i c a t e a p r e c i s i o n of t h e o r d e r of 10 p e r c e n t . 

It w a s o b s e r v e d d u r i n g o p e r a t i o n of the loop t h a t the p o w e r l e v e l w a s a f f ec t ed by 
the p o s i t i o n of t he r e a c t o r c o n t r o l r o d s . D u r i n g a r e a c t o r o p e r a t i n g c y c l e * , t h r e e 
s h i m - s a f e t y c o n t r o l r o d s a r e m o v e d i n c r e m e n t a l l y f r o m a b o u t 65 to 90 p e r cen t w i t h ­
d r a w n to c o m p e n s a t e for x e n o n - p o i s o n i n g e f f e c t s , t e m p e r a t u r e c h a n g e s , fue l d e p l e t i o n , 
e t c . U n d e r s p e c i a l c o n d i t i o n s s u c h a s s t a r t u p a f t e r an e x t e n d e d shu tdown p e r i o d o r 

•The reactor is operated continuously at full power for 12-day intervals separated by 2-day shutdown periods for maintenance and 
change of experiments. 



s t a r t u p a t p e a k x e n o n shu tdown p o i s o n i n g , t h e c o n t r o l - r o d p o s i t i o n s m a y v a r y o v e r e v e n 
a w i d e r r a n g e . T h e p o s i t i o n s of t h e t h r e e - s h i m s a f e t y r o d s a t any p a r t i c u l a r t i m e d u r ­
ing the c y c l e w e r e a v e r a g e d to ob ta in a gang p o s i t i o n . The r o d s a r e g e n e r a l l y k e p t 
e v e n l y w i t h d r a w n a n d h e n c e the gang p o s i t i o n c o r r e s p o n d s c l o s e l y to the a c t u a l p o s i t i o n 
of the r o d s . A c o r r e l a t i o n of loop p o w e r v e r s u s gang c o n t r o l - r o d p o s i t i o n b a s e d u p o n 
the d a t a f r o m s e v e r a l r e a c t o r c y c l e s i s shown in F i g u r e 8. The s c a t t e r in t h e d a t a i s 
a t t r i b u t e d to e f fec t s of r e g u l a t i n g - r o d m o v e m e n t s , i n a c c u r a c i e s in t he p o w e r m e a s u r e ­
m e n t s , and d u p l i c a t i o n of loop p o s i t i o n a t t h e s t a r t of e a c h o p e r a t i n g c y c l e . As s e e n 
f r o m t h i s c o r r e l a t i o n , the loop p o w e r v a r i e s fromi a b o u t 16 to 1 2 , 5 kw d u r i n g a r e a c t o r 
c y c l e ( r o d p o s i t i o n s r a n g i n g f r o m 65 to 90 p e r cen t w i t h d r a w n ) . U n d e r s p e c i a l c o n d i ­
t i o n s loop p o w e r s up to 18 kw h a v e b e e n o b s e r v e d . 

The f lux m e a s u r e m e n t s u s e d to p r e d i c t a p o w e r of 13 . 6 kw w e r e m a d e a t a gang 
c o n t r o l - r o d p o s i t i o n of 9 1 . 0 p e r cen t w i t h d r a w n . T h e loop p o w e r m e a s u r e d by h e a t 
b a l a n c e a t c o r r e s p o n d i n g rod p o s i t i o n s i s 1 2 . 5 k w . 

T h e a g r e e m e n t b e t w e e n t h e two m e t h o d s i s w i th in 10 p e r cen t and in g e n e r a l i s 
b e t t e r t h a n would be e x p e c t e d , c o n s i d e r i n g the m a n y p o s s i b l e s o u r c e s of s i gn i f i can t 
e r r o r in c a l c u l a t i n g p o w e r f r o i n f lux m e a s u r e m e n t s . T h i s a g r e e m e n t w a s o b t a i n e d only 
a f t e r a l a r g e nunnber of s u p p o r t i n g e x p e r i m e n t s w e r e p e r f o r m e d and loop o p e r a t i o n w a s 
w e l l u n d e r w a y . 

SUMMARY AND CONCLUSIONS 

F l u x m e a s u r e m e n t s wi th the c o n c e n t r i c - c y l i n d e r fuel e l e m e n t y i e l d e d d a t a on the 
r a d i a l , v e r t i c a l , ajid p e r i p h e r a l v a r i a t i o n s . T o a good a p p r o x i m a t i o n i t w a s found t h a t 
t h e s e d i s t r i b u t i o n s w e r e s e p a r a b l e . The v e r t i c a l f lux d i s t r i b u t i o n w a s c o s i n e - s h a p e d . 
T h e fltix g r a d i e n t f r o m t h e r e a c t o r c o r e out in to t h e p o o l - w a t e r r e f l e c t o r c a u s e d a 
c o s i n e p e r i p h e r a l v a r i a t i o n a r o u n d t h e loop w a l l . C h a r a c t e r i s t i c p r o p e r t i e s of t he f lux 
a n d p o w e r d i s t r i b u t i o n a r e s u m m a r i z e d in T a b l e 3 , 

T A B L E 3, C H A R A C T E R I S T I C S O F T H E F L U X AND P O W E R DISTRIBUTION 
IN T H E C O N C E N T R I C - C Y L I N D E R F U E L E L E M E N T 

I t e m R a t i o of P e a J c - t o - A v e r a g e 

V e r t i c a l f lux d i s t r i b u t i o n 

P e r i p h e r a l f lux d i s t r i b u t i o n ' ^ ' 

P o w e r d e n s i t y 

1. 26 

1. 10 

1 .75 

(a) Measured around the periphery of the insulating sleeve. 

T h e a v e r a g e r a d i a l f lux d e p r e s s i o n f r o m t h e s u r f a c e of the o u t e r m o s t fuel c y l i n d e r to t he 
c e n t e r of t he e l e m e n t w a s a f ac to r of 2. 14 and t h e m a x i m u m r a d i a l d e p r e s s i o n ( o c c u r ­
r i n g a t 0 = 40 deg) w a s a p p r o x i m a t e l y 2. 36 . 
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The power predic ted by the flux m e a s u r e m e n t s agreed to within about 10 per cent 
of the loop power de te rmined by m e a s u r e m e n t of the gas flow ra t e and AT a c r o s s the 
tes t spec imen. The e r r o r assoc ia ted with the f lux-determined power was r a the r la rge 
(20 to 25 per cent) , due in pa r t to the uncer ta in t ies in measu r ing the absolute t h e r m a l -
neutron fltix. The power generated by epicadmium neutrons f issions was about 2 per 
cent of the power due to t h e r m a l f issioning. 
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