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ABSTRACT 

This r e p o r t  f i r s t  d e s c r i b e s  t h e  p h y s i c a l  c1iaracterist : i .r-s 
of a PWR f u e l  assembly. A m o d e l .  of  the assemb1.y i s  t h e n  
d e f i n e d ,  and a two-dimensional gamma-ray s t i i e l d i n g  c:<jt2e i s  
a p p l i e d  t o  t h e  model t o  cal .cul.ate t h e  dose ra te  from a bare 
f u e l  assembly. The r e s u l t s  of t h e  c a l c u l a t i o n s  are t h e  dose  
rates from the i3ssembl.y a t  p o i n t s  on t h e  s u r f a c e  o f  t h e  
assenilil.y, on s p a t i a l  s u r f a c e s  1 m from a s i d e  and t.he end 
piece o f  t h e  assembly, and on spatial.. surfaces 2 111 from a 
s i d e  and the end p i e c e  of the assembly. Tlose i-ates are 
c a l c u l a t e d  f o r  as -genera ted  mixed f i s s i o n  productis and 
f o r  a 1ini.forml.y d i s t r i b u t e d  'Co s p i k e .  Factors are. g iven  
t o  account  f o r  t h e  e f fec . t  o f  decay on the dose rat:es. 

1. INTRODUCTION 

The purpose of t h i s  document i s  t o  p r e s e n t  t h e  dose rate shararter- 

i s t ics  of  s p e n t  PWR fuel.. The c h a r a c t e r i s t i c s  of  a f u e l  assembly t h a t  

are cons idered  here are : 

1. the dose rate from t h e  f i s s i o n  product  gamma r a y s  in t w o  d ihens ions  

as f u n c t i o n s  of decay time and d i s t a n c e ,  and 

2 .  the dose rate from a uni formly  d i s t r i b u t e d  s p i k e  i n  two dimensions 

as f u n c t i o n s  of decay t i m e  and d i s t a n c e .  

The two-dimensional c a l c u l a t i o n s  are needed t o  account  f o r  t he  complex 

v a r i a t i o n  i n  dose ra te  r e s u l t i n g  from t h e  f i n i t e  length.  (if the f u e l  

assembly, geometr ic  e f f e c t s ,  and t h e  nonuniform d i s t r i b u t i o n  of t h e  

f i s s i o n  p r o d u c t s  i n  t h e  f u e l .  

-I; 
Computer S c i e n c e s  D i v i s i o n ,  UCC-NI). 
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1.1 D e s c r i p t i o n  of  the Fue l  Assembly 

The p h y s i c a l  c h a r a c t e r i s  t i c s  of  a t y p i c a l  PWR fuel. assembly are  

suiiunarized i n  Table  1. The most fundamental  p a r t  of  t h e  f u e l  assemb7.y 

i s  a uranium di-oxide ( U O 2 )  fuel .  pe l le t : ,  which i s  a r i g h t  c i r cu l . a r  

c y l i n d e r  about  0 .8  c m  i n  d ikmeter  and 1.35 c m  l o n g .  P e l l e t s  are 

s t acked  i n  a Z i r c a l o y  tube  t o  a h e i g h t  of  360 t o  380 cm, and t h e  ends  

of t h e  tube  are s e a l e d  by welded Z i r c a l o y  p l u g s .  The Z i r c a l o y  tube  

c o n t a i n i n g  t h e  f u e l  p e l l e t s  i s  c a l l e d  a f u e l  e l emen t ,  and i s  shown 

s c h e m a t i c a l l y  i n  F i g .  1. The f u e l  e lements  are then  a r r anged  i n  a 

s q u a r e  a r r a y  t h a t  i s  h e l d  t o g e t h e r  by Incone l  g r i d  s p a c e r s  a long  t h e  

l e n g t h  of  t h e  f u e l  e l emen t s  and w i t h  two s t a i n l e s s  s t e e l  end p i e c e s .  

Th i s  squa re  fuel.  e lement  a r r ay ,  c a l l e d  a f u e l  assembl-y, i s  shown 

s c h e m a t i c a l l y  i n  F ig .  2.  The PlJR f u e l  assembly cons ide red  i n  t h i s  

r e p o r t  c o n t a i n s  a 1 7  x 1 7  a r r a y  of  f u e l  el-cments;  however, on ly  2 6 4  

of t h e  maximum p o s s i b l e  289 fuel.  e lement  l o c a t i o n s  i.n tlie assembly are 

occupied by f u e l  e lements .  The remain ing  l o c a t i o n s  are occupied w i t 1 1  

con t ro l - rod  gui-de th imbles  and w i t h  in s t rumen t  s h e a t h s  e The guide  t u b e s  

a l s o  s e r v e  t o  connect  t h e  two s t a i n l e s s  s t ee l  end p ieces .  A f u l l - l e n g t h  

photograph o f  a PWR f u e l  assernb1.y i s  shown i n  F ig .  3 .  

1 . 2  L i m i t a t i o n s  

The f u e l  assembly c h a r a c t e r i s t i c s  summarized i n  t h i s  r e p o r t  were 

developed u s i n g  a s p e c i f i c  s e t  of  assumpt ions  concern ing  t h e  fue l  compo- 

s i t i o n  and i r r a d i a t i o n  c o n d i t i o n s .  A s  a r e s u l t ,  t h e  c h a r a c t e r i s t i c s  are 

n o t  a p p l i c a b l e  i n  d e t a i l  t o  a l l  s i t u a t i o n s .  The fo l lowing  i t e m s  summarize 

the ~t id jo r  l i m i t a t i o n s  of t h e  r e s u l t s  p r e s e n t e d  h e r e :  

1. The r e s u l t s  w e r e  s p e c i f i c a l l y  c a l c u l a t e d  f o r  a 275U-enriched PWR 

f u e l  assembly. These r e s u l t s  should  a l s o  b e  r easonab ly  a c c u r a t e  f o r  

3U-enriched and pl utonium-enriched PWR f u e l  a s sembl i e s  a t  s h o r t  

decay times and less t h a n  a c t u a l  dose rates for- l o n g e r  decay t i m e s .  
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1 
Table  1. P h y s i c a l  c h a r a c t e r i s t . i c s  of a PWR f u e l  assembly 

- -~ 

Overall assembly l e n g t h ,  m 4.059 

Cross s e c t i o n ,  c m  21.4 x 21.4 

Fuel  e lement  l e n g t h ,  m 3.851 

Active f u e l  h e i g h t ,  m 3.658 

Fuel  e lement  OD, c m  0.950 

Fuel  e lement  a r r a y  1 7  x 1 7  

F u e l  e lements  p e r  assembly 264 

T o t a l  weight  o f  assembly,  kg 657.9 

Nominal .  volume of assembly, m3  

Composition of  assembly,  kg 

0.186" 

Uranium 461.4 

uo 2 523.4 

Z i r c a l o y  108. qb 

Hardware 

T o t a l  metal 

26.1' 

134.5 

a 

b I n c l u d e s  Z i r c a l o y  c o n t r o l - r o d  g u i d e  th imbles .  

Based on o v e r a l l  o u t s i d e  dimension. 

C 
I n c l u d e s  s t a i n l e s s  steel  n o z z l e s  and Inconel-718 g r i d s .  
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F i g .  1. Schematic of  a PWR f u e l  e lement .  (Reproduced from r e f .  2 )  
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F i g .  3 .  Photograph of a PWR f u e l  assembly. (Suppl ied  by c o u r t e s y  
t h e  Westinghouse E l e c t r i c  C o r p o r a t i o n )  
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2 .  

3. 

4 .  

The r e s u l t s  are based on  a f u e l  assembly burnup of 33,000 MWd(t) 

p e r  m e t r i c  t o n  of i n i t i a l  uranium as m e t a l .  The dose  rate from 

t h e  assembly is  roughly  p r o p o r t i o n a l  t o  burnup a t  decay t i m e s  

l o n g e r  t h a n  a f e w  y e a r s  and is  d i r e c t l y  dependent  on t h e  f u e l  

s p e c i f i c  power ( i . e . ,  kW/kg f u e l )  a t  d i s c h a r g e .  A t  i n t e r m e d i a t e  

t i m e s ,  t h e  dose rate depends on b o t h  burnup and s p e c i f i c  power. 

These r e s u l t s  are  n o t  a p p l i c a b l e  t o  BWR f u e l  a s s e m b l i e s  because of 

t h e i r  c a s e - s p e c i f i c ,  nonsymmetrical  burnup d i s t r i b u t i o n  and much 

smaller amount of uranium p e r  assembly as compared w i t h  t h e  PWR. 

Neutrons are n o t  c o n s i d e r e d  i n  t h e  d o s e  c a l c u l a t i o n s .  The dose  

ra te  from n e u t r o n s  e m i t t e d  by s p e n t  * 5U-enriched and 3U-enriched 

PWR f u e l  i s  s m a l l  compared w i t h  t h a t  f r o m  t h e  g a m a  r a y s .  The dose  

r a t e  from n e u t r o n s  e m i t t e d  by s p e n t  plutonium-enriched f u e l  i s  

s i g n i f i c a n t  a t  l o n g e r  decay t i m e s ,  as n o t e d  i n  i t e m  1 above, 

2. DOSE RATES FROM A PWR FUEL ASSEMBLY 

This  s e c t i o n  d e s c r i b e s  s h i e l d i n g  c a l c u l a t i o n s  f o r  a PWR f u e l  

assembly which r e s u l t  i n  t h e  p r e d i c t i o n  of t h e  dose rate as a f u n c t i o n  

of  p o s i t i o n  re la t ive  t o  t h e  assembly. Most p r e v i o u s  d o s e - r a t e  c a l c u -  

l a t i o n s  have t r e a t e d  t h e  f u e l  assembly as an i n f i n i t e l y  long s o u r c e  

of  r a d i a t i o n  e m i t t i n g  a s p e c i f i e d  number of gamma r a y s  p e r  u n i t  l e n g t h .  

The dose ra te  w a s  t h e n  c a l c u l a t e d  as a f u n c t i o n  of  one dimension,  t h e  

d i s t a n c e  from t h e  l i n e  s o u r c e .  However, t h i s  t y p e  of a n a l y s i s  i s  

i n a c c u r a t e  because i t  i g n o r e s  t h e  d e c r e a s e  i n  d o s e  t h a t  r e s u l t s  from 

t h e  f i n i t e  l e n g t h  of  t h e  assembly and t h e  lower burnup a t  t h e  ends  of 

t h e  f u e l  assembly. Furthermore,  a one-dimensional c a l c u l a t i o n  cannot  

p r e d i c t  t h e  dose ra tes  n e a r  t h e  c o r n e r s  and on t h e  end of t h e  f u e l  

assembly. Thus, a two-dimensional c a l c u l a t i o n  i s  r e q u i r e d  t o  real is t i -  

c a l l y  de te rmine  t h e  dose ra te  a t  m u l t i p l e  p o i n t s  sur rounding  t h e  s p e n t  

f u e l  assembly. 

S e c t i o n  2 .1  d e s c r i b e s  t h e  two-dimensional PWR f u e l  assembly model 

and t h e  c a l c u l a t i o n a l  t o o l s  used i n  de te rmining  t h e  d o s e  rates. S e c t i o n  

2.2 p r e s e n t s  t h e  c a l c u l a t e d  dose rates f o r  t h e  case where t h e  r a d i a t i o n  

s o u r c e  is  nonuniformly d i s t r i b u t e d  f i s s i o n  products .  S e c t i o n  2 .3  
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p r e s e n t s  t h e  c a l c u l a t e d  dose rates f o r  t h e  case where t h e  r a d i a t i o n  

s o u r c e  i s  a uni formly  d i s t r i b u t e d  s p i k e  (60Co). 

2 . 1  C a l c u l a t i o n a l  Model and Methods 

The PWR f u e l  assembly d e s c r i b e d  i n  S e c t .  1.1 w a s  much t o o  d e t a i l e d  

f o r  use  i n  t h e  two-dimensional s h i e l d i n g  c a l c u l a t i o n s  d i s c u s s e d  h e r e i n .  

Thus, it w a s  n e c e s s a r y  t o  s i m p l i f y  t h e  assembly d e s i g n  t o  make t h e  

s h i e l d i n g  c a l c u l a t i o n  f e a s i b l e .  The f i r s t  s t e p  w a s  t o  make t h e  f u e l  

assembly symmetr ical  i n  t h e  t h i r d  ( c i r c u m f e r e n t i a l )  dimension by 

approximating i t  as a r i g h t  c i r c u l a r  c y l i n d e r  w i t h  about  t h e  same c r o s s -  

s e c t i o n a l  area as t h e  s q u a r e  assembly. Next, t h e  normal ly  heterogeneous 

n a t u r e  of t h e  f u e l  assembly ( i - e . ,  a i r ,  c l a d d i n g ,  and f u e l )  w a s  e l i m i n a t e d  

by uni formly  mixing a l l  of t h e  f u e l  assembly c o n s t i t u e n t s  w i t h i n  t h e  

assembly volume. S ince  no Z i r c a l o y  c r o s s - s e c t i o n  d a t a  w e r e  r e a d i l y  

a v a i l a b l e ,  s t a i n l e s s  steel  w a s  s u b s t i t u t e d  f o r  t h e  Z i r c a l o y  i n  t h e  f u e l  

assembly on a gram-for-gram b a s i s .  F i n a l l y ,  minor approximations concerning 

t h e  s i z e s  of t h e  f u e l  assembly end p i e c e s  and g a s  plenum made t h e  f u e l  

assembly symmetr ical ,  so t h a t  o n l y  one-fourth of i t  had t o  b e  cons idered  

i n  t h e  c a l c u l a t i o n s .  The r e s u l t  of t h e s e  t h r e e  approximat ions  w a s  a 

much s i m p l e r  c a l c u l a t i o n a l  model of t h e  f u e l  assembly t h a t  v e r y  c l o s e l y  

approximated t h e  a c t u a l  dose c h a r a c t e r i s t i c s  of t h e  f u e l  assembly. 

The atom d e n s i t i e s  of t h e  materials c o n s i d e r e d  i n  t h e  two-dimensional 

s h i e l d i n g  c a l c u l a t i o n  are g iven  i n  Table  2 .  Only t h o s e  materials t h a t  

would have a s i g n i f i c a n t  impact on t h e  s h i e l d i n g  p r o p e r t i e s  of  t h e  f u e l  

assembly w e r e  i n c l u d e d .  A schemat ic  diagram of  t h e  geometr ic  model used 

i n  t h e  c a l c u l a t i o n  is  g iven  i n  Fig.  4 .  The c y l i n d r i c a l  f u e l  assembly 

w a s  assumed t o  have 360-cm-long f u e l  e lements  and i d e n t i c a l  end p i e c e s  

1 2  c m  i n  l e n g t h .  The d iameter  of t h e  model assembly w a s  t a k e n  t o  b e  

24 c m .  However, as noted  above, symmetry c o n s i d e r a t i o n s  r e s u l t e d  i n  t h e  

c a l c u l a t i o n  having  t o  account  f o r  o n l y  one-quar te r  of t h e  f u e l  assembly. 

The p o r t i o n  of t h e  assembly c o n s i d e r e d ,  as i n d i c a t e d  by t h e  d o t t e d  l i n e s  

i n  F ig .  4 ,  c o n s i s t e d  of 180 c m  of f u e l  e lement  and 1 2  c m  of end p i e c e  

w i t h  a d iameter  of 1 2  c m .  The dose rates w e r e  c a l c u l a t e d  on t h e  s i d e  

and t h e  end s u r f a c e s  of  t h e  f u e l  assembly, on s p a t i a l  s u r f a c e s  1 m from 
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Table  2 .  Material composi t ions  i n  dose ra te  
ca l cu la t ions  f o r  a PWK f u e l  assembly 

E 1 e men t 
o r  C o n c e n t r a t i o n  

i s o t o p e  (atoms barn-' ern-') 

2 3 5 u  

2 3 % u  

0 

C r a  

Fe a 

N i a  

0 

N 

_l--.l__l_ F u e l  assenibQ 

6 . 8  

6 .7  

1 . 6  li l o w 2  

1 . 2  

4.5 

6 . 2  x 

A i r  -.- 

1.1 

3 . 4  x 

a 
S t a i n l e s s  s teel  ( C r ,  Fe ,  N i )  s u b s t i t u t e d  
f o r  Zircaloy on a gram-for-gram b a s i s .  
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ORNL DWG 78-22202 

END PIECE 12 cm 

FUEL RODS 360 cm 

END PIECE 12 cm 

l+----+ 
24 cm 

12 crn END PIECE 

180 cm FUEL RODS 

PHYSICAL MODEL 
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Fig .  4 .  PWR f u e l  assembly model used i n  dose rate c a l c u l a t i o n s .  
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t h e  s i d e  and t h e  end of t h e  fuel .  assembly,  aud on s p a t i a l .  s u r f a c e s  2 rii 

from t h e  s i d e  and t h e  end of t h e  f u e l  assembly. These s i x  s u r f a c e s  are 

d e p i c t e d  s c h e m a t i c a l l y  i LI Fig .  5 .  

'The c a l c u l a t i o n s  were performed u s i n g  the  DOT-IV3 and FAI,STF4 

computer codes .  DOT i s  a two-dimensional d i s c r e t e - o . r d i n a t e s  computer 

code t h a t  w a s  used t o  c a l c u l a t e  the [ : ransport  of t h e  f u e l  asse1dl.y 

radiatj.011 w i t h i n  the assembly i t s e l f  - 4n RZ geometry was used s i n c e  

the asseinbly was being approximated as a c y l i n d e r .  The code iises t h e  

mu1t:igroup gamma-ray spectrum given  i n  Table  3 as a c o s i n e - d i s t r i b u c e d  

s o u r c e  and the f u e l  assembly model g i v e n  i n  F ig .  5 t.o c a l c u l a t e  t h e  

gainma-ray f l u x  i n  many volume in te rva1 .s  w i t h i n  and near t h e  stir face of 

t h e  f u e l  a s s m b l y .  T h e  gamma-ray fl.inxes were conver ted  t o  dose  rates 

u s i n g  Henderson 's  convers ion  f a c t o r s ,  which are a f u n c t i o n  of t h e  

gziiiii~q-ray energy .  The E'ALSTF code was tlhen used t o  c a l c u l a t e  t h e  dose 

rates a t  p o i n t s  away f-t-o-m t h e  r 'uel  assembly where t h e  use of DOT would 

r e q u i r e  a p r o h i b i t i v e l y  l a r g e  amount of computer: t i m e .  FALSTF u s e s  t h e  

effc2ct ive gamma-ray s o u r c e  c a l c u l a t e d  by DOT and t h e  fczel assembly 

geometry t o  c a l c u l a t e  the gamma-ray f l u x  and t h e  dose r a t e  at: many p o i n t s  

witi1i.n a few meters of t h e  assembly. A s  with  t h e  DOT results, tl-kc? gamma- 

r a y  i n t e n s i t :  i.es were convct.l-ted t o  d.ose rates u s i n g  Henderson 's  convers ion  

f a c t o r s .  

5 

5 

The a b s o l u t e  dose ra tes  a f t e r  a decay t L m e  of 10 y e a r s  were ca lcu-  

l a t e d  w i t h  DOT and FALSTF and were based on t h e  IIission product: gamma-ray 

spectrum given i n  Table  3 ,  which was c a l c u l a t e d  w i t h  a modif ied v e r s i o n  

of O R K E P J . ~ ' ~  

t a k e n  from t h e  EvaI.uated Nuclear  Data F i l e ,  P a r t  B ,  Version I V  (ENDF/R--1V). 

This  v e r s i o n  of ORIGEN uses f i s s i o n  product  decay d a t a  
8 

The c a l c u l a t i o n s  r e q u i r e d  t o  o b t a i n  the v a r i a t i o n  i n  gamma-ray dose  

r a t e  as a fl.inctiori of t i m e  were per/formed u s i n g  the one-dimensional 

s h i e l d i n g  code ANISN.'  

conver ted  t o  r e l a t i v e  v a l u e s  by n o r m a l i z i n g  t h e m  t o  t h e  c a l c u l a t e d  dose 

rate a f t e r  a decay t i m e  of 10 y e a r s .  

The a b s o l u t e  dose ra tes  cal.culated by A N I S N  were 
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Table  3 .  F i s s i o n  p r o d u c t  gamma-ray i n t e n s i t y  from 
a 10-year-old PWR f u e l  assembly 

Energy i n t e r v a l  Gamma-ray i n t e n s i t y  
b o u n d a r i e s  (MeV) (photons sec-l assembly-’) 

Upper Lower 

4 . 0  3.0 2.88-t-08 

3 . 0  2.5 2.224-09 

2 . 5  2 .0  3.73-i-10 

2 . 0  1 . 5  1.58-i-12 

1.5 1 . 0  ’5 .11+1.3 

1 . 0  0.70 1.30+14 

0.70 0.45 1.55+15 

0.45 0.30 7.36i-13 

0.30 0 8.20+14 

-- 
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2 .2  F i s s i o n  Product  Dose Rate from a PWR Fuel  Assembly 

The dose ra te  ( i n  rem/hr) from a PWR f u e l  assembly has been ca lcu-  

l a t e d  u s i n g  t h e  methodology and t h e  model d e s c r i b e d  i n  S e c t .  2.1. The 

r e s u l t s  of t h e  c a l c u l a t i o n s  can be summarized by t h e  f o l l o w i n g  e q u a t i o n :  

Dose ra te  (rem/hr) = 23,400 x SG x DP, (1) 

where 

23,400 = dose ra te  on t h e  midplane s u r f a c e  of a 10-year-old 

PWK f u e l  assembly, rem/hr;  

SG = s o u r c e  shape  and geometry parameter  from F i g .  6 ( t h i s  

parameter i s  keyed t o  t h e  s u r f a c e s  i n  F ig .  5 ) ;  

DF = decay f a c t o r  from Fig .  7 account ing  f o r  f i s s i o n  product  

decay.  

A s  a n  example, l e t  us  assume t h a t  t h e  dose a t  a p o i n t  1 m p e r p e n d i c u l a r  

t o  t h e  end o f  t h e  f u e l  e lements  i n  t h e  assembly a t  a decay t i m e  of 10 

y e a r s  i s  of i n t e r e s t .  From F i g .  5 ,  t h e  p o i n t  a t  which t h e  dose  ra te  i s  

d e s i r e d  i s  on S u r f a c e  C ,  180 c m  from t h e  assembly midplane.  The s o u r c e  

and shape parameter ,  SG, i s  about  0.017 and is  o b t a i n e d  from Fig.  6 by 

u s i n g  t h e  curve  cor responding  t o  S u r f a c e  C a t  a d i s t a n c e  of 180 cm.  

The decay f a c t o r ,  DF, of 1.0 f o r  a t i m e  i n t e r v a l  of 1 0  y e a r s  i s  o b t a i n e d  

from F i g .  7 .  The dose r a t e  is  t h e n  

23,400 x 0.017 x 1 . 0  = 398 rem/hr .  

The SG parameter  shown i n  F ig .  6 accounts  f o r  b o t h  t h e  p o s i t i o n  of 

t h e  dose r e c i p i e n t  w i t h  r e s p e c t  t o  t h e  fue l  assembly and t h e  ax ia l  

v a r i a t i o n  i n  burnup w i t h i n  t h e  f u e l  assembly. The DF g iven  i n  F ig .  7 

accounts  f o r  t h e  decay of t h e  f i s s i o n  p r o d u c t s  and t h e  change i n  t h e  

gamma-ray spectrum w i t h  t i m e .  

The above procedure f o r  c a l c u l a t i n g  t h e  f i s s i o n  product  dose r a t e ,  

whi le  r e a s o n a b l y  a c c u r a t e  and versat i le ,  i s  somewhat cumbersome. 

T h e r e f o r e ,  t h e  f i s s i o n  product  dose ra te  from t h e  PWR f u e l  assembly i s  

a l s o  given e x p l i c i t l y  i n  F ig .  8 f o r  a decay t i m e  o f  10 y e a r s  and d i s c r e t e  

p o i n t s  on t h e  s u r f a c e s .  The v a l u e s  g iven  i n  F ig .  8 can b e  a d j u s t e d  t o  

o t h e r  decay t i m e s  by m u l t i p l y i n g  them by t h e  decay f a c t o r  g iven  i n  F ig .  7 .  
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2 . 3  Dose R a t e  from a PWR Fuel  Assembly Containing a 'Co Spike 

The d o s e  rate frotn a PWR f u e l  assembly c o n t a i n i n g  a uniformly 

d i s t r i b u t e d  'Co  s p i k e  w a s  c a l c u l a t e d  u s i n g  t h e  methodology and model 

d e s c r i b e d  i n  S e c t .  2 . 1 .  Cobalt-60 w a s  s e l e c t e d  as t h e  s p i k e  based on 

t h e  work of S e l l e  e t  a l .  'OY1' The r e s u l t s  o f  t h e  c a l c u l a t i o n s  can b e  

summarized by t h e  f o l l o w i n g  e q u a t i o n :  

(2)  
C 
30 

Dose ra te  (rem/hr)  = 32,900 x - x SG x DF, 

where 

32,900 = dose ra te  on t h e  midplane s u r f a c e  o f  a PWR f u e l  assembly 

c o n t a i n i n g  30 p a r t s  o f  uniformly d i s t r i b u t e d  

m i l l i o n  p a r t s  of  i n i t i a l  uranium as m e t a l ,  

'Co p e r  

C = t h e  a c t u a l  c o n c e n t r a t i o n  of 6 o C o  i n  t h e  f u e l  assembly 

i n  p a r t s  p e r  m i l l i o n  p a r t s  of  i n i t i a l  uranium, 

SG = s o u r c e  shape and geometry parameter from Fig.  9 ( t h i s  

parameter  i s  keyed t o  t h e  s u r f a c e s  i n  F ig .  5 ) ,  

DF = decay f a c t o r  ( t a k e n  from Fig .  10) f o r  6oCo. 

A s  an example, l e t  us  de te rmine  t h e  dose  ra te  from 30 ppm of 6oCo 

immediately a f t e r  f a b r i c a t i o n  a t  t h e  s a m e  p o s i t i o n  t h a t  w a s  used i n  the 

f i s s i o n  product  example i n  S e c t .  2.2. In t h i s  example, C = 30, SG = 0.036 

(from F i g .  9 ) ,  and DF = 1.0  (from Fig .  l o )  s i n c e  t h e r e  i s  no decay a f t e r  

f a b r i c a t L o n .  Thus, t h e  dose ra te  i s  

-32,900 x (30/30) x 0.036 x 1.0 = 1184 rem/hr .  

The s o u r c e  shape and geometry parameter  shown i n  F ig .  9 accounts  

o n l y  f o r  t h e  p o s i t i o n  of t h e  dose  r e c i p i e n t  w i t h  r e s p e c t  t o  t h e  f u e l  

assembly s i n c e  t h e  s o u r c e  d i s t r i b u t i o n  w i t h i n  t h e  assembly i s  uniform. 

The decay f a c t o r  g iven  i n  F ig .  10 accounts  o n l y  f o r  t h e  decay o f  6oCo 

a f t e r  f a b r i c a t i o n  s i n c e  t h e  gamma-ray spectrum does n o t  change w i t h  time. 

A s  w i t h  t h e  f i s s i o n  product  s o u r c e ,  t h e  dose  ra tes  from t h e  30 ppm 

of  6oCo uniformly d i s t r i b u t e d  i n  t h e  PWR f u e l  assembly are g iven  i n  

F i g .  11 f o r  a z e r o  decay t i m e  and d i s c r e t e  p o i n t s  Qn t h e  s u r f a c e s .  
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Fig .  10. Decay of  6oCo s p i k e  a f t e r  f a b r i c a t i o n .  
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The dose  rates can b e  a d j u s t e d  s o  as t o  r e f l e c t  o t h e r  titnes o r  concent ra -  

t i o n s  s imply by m u l t i p l y i n g  t h e  v a l u e  t a k e n  from Fig .  11 by (C x DF/30). 

F i n a l l y ,  i t  should  b e  n o t e d  t h a t ,  even though E q .  ( 2 )  i s  o n l y  

a p p l i c a b l e  t o  6oCo, t h e  SG parameter  t h a t  -i.s given  i n  F i g .  9 i s  appl-ica- 

b l e  t o  any uniform1.y d i s t r i b u t e d  s o u r c e .  A l l  t h a t  is  r e q u i r e d  f o r  

a n o t h e r  s p i k e  i s  a s i n g l e  abso1.ute v a l u e  f o r  t h e  rnidpl-arie s u r f a c e  dose 

and t h e  c o n s t r u c t i o n  of a s tmple  DF-vs-time c u r v e  similar t o  F i g ,  1.0. 

2 . 4  Discussion 

The purpose of t h i s  d i s c u s s i o n  i s  t o  b r i e f l y  c o n t r a s t  and compare 

t h e  dose rate c a l c u l a t i o n s  f o r  t h e  f i s s i o n  product  and t h e  s p i k e .  An 

absol-ute  comparison of t h e  v a l u e s  i s  n o t  r e l e v a n t  s i n c e  t h e  i n t e n s i t y  

of t h e  f i s s i o n  product  s o u r c e  w i l l  v a r y  w i t h  burnup and ti.me and t h e  

i n t e n s i t y  of  t h e  s p i k e  s o u r c e  w i l l  v a r y  w i t h  t i m e  and can be changed 

a r b i t r a r i l y  by a d j u s t i n g  t h e  c o n c e n t r a t i o n  o f  t h e  s p i k e .  However, t h e  

d i f f e r e n c e s  i n  t h e  shapes  of  t h e  dose rates around t h e  f u e l  assembly 

and t h e  r e a s o n s  f o r  them are of  c o n s i d e r a b l e  i n t e r e s t .  These comparisons 

wil.1.  b e  drawn u s i n g  Figs .  8 and 11 s i n c e  t h e y  are easier t o  v i s u a l i z e  

when a b s o l u t e  dose ra tes  are ar ranged  i n  t h e i r  real geometr ic  p a t t e r n .  

The most s t a r t l i n g  c h a r a c t e r i s t i c  of  t h e  dose  ra te  p a t t e r n  from 

t h e  f i s s i o n  p r o d u c t s  ( F i g .  8) i s  t h e  r a p i d  d e c l i n e  i n  dose ra te  as one 

moves from t h e  assembly midplane t o  t h e  end of t h e  assemtt1.y. This  

d e c l i n e  r e s u l t s  from t h e  approximate ly  c o s i n e  shape of  t h e  f u e l  burnup,  

which d r o p s  t o  n e a r l y  z e r o  a t  t h e  end of the assembly. Thus, t h e  IJOz 

a t  t h e  ends  of  t h e  f u e l  e lements  i n  e f f e c t  acts  as a garnula s h i e l d i n g  

from t h e  more i n t e n s e  gamma r a y s  b e i n g  e m i t t e d  from the hi.gher-burnup 

f u e l  n e a r  t h e  midplane of t h e  assembly. A second aspect of  F ig .  8 t h a t  

i s  n o t  immediately e v i d e n t  by i n s p e c t i o n  is t h a t ,  as one moves away from 

t h e  assembly midplane i n  t h e  p e r p e n d i c u l a r  d i r e c t i o n ,  t h e  dose ra te  

d e c r e a s e s  more r a p i d l y  t h a n  would be t h e  case f o r  an  i n v e r s e  r e l a t i o n s h i p  

w i t h  d i s t a n c e .  The i n v e r s e  v a r i a t i o n  w i t h  d i s t a n c e  would r e s u l t  i f  the 

f u e l  assembly were i n f i n i t e l y  long .  The more r a p i d  d e c l i n e  i n  dose r a t e  

is  simply a r e f l e c t i o n  of t h e  f i n i t e  l e n g t h  of t h e  f u e l  assembly. 
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Comparison of t h e  dose rates from t h e  unj  formly d i s t r i b u t e d  s p i k e  

( F i g .  11) w i t h  t h o s e  f o r  t h e  cosine-shaped f i s s i o n  p r o d u c t  d i s t r i b u t i o n  

(F ig .  8 )  i n d i c a t e s  t h a t  t h e  presence  of s u b s t a n t i a l  amounts of  t h e  

s p i k e  i n  t h e  ends  of  t h e  f u e l  e lements  r e s u l t s  i n  a much l a r g e r  dose 

ra te  n e a r  t h e  ends  o f  t h e  assembly as compared w i t h  t h a t  a t  t h e  midplane.  

In f a c t ,  t h e  r a t i o  of t h e  dose ra te  on t h e  end p i e c e  s u r f a c e  t o  t h a t  a t  

t h e  midplane s u r f a c e  i s  about  50 t i m e s  l a r g e r  f o r  t h e  uni formly  d i s t r i b -  

u t e d  s o u r c e  t h a n  f o r  t h e  f i s s i o n  product  s o u r c e .  
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