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DISTRIBUTION AND TRANSPORT OF TRITIUM I N  THE PEACH BOTTOM HTGR 

R .  P.  Wichner 
F. F. Dyer* 

ABSTRACT 

This  r e p o r t  completes t h e  f i rs t  phase of a two-phase e f f o r t  
t o  d e s c r i b e  and understand t r i t i u m  product ion  and movement i n  an 
ope ra t ing  high-temperature  gas-cooled r e a c t o r  (HTGR) system. The 
p r i n c i p a l  o b j e c t i v e  of phase 1 i s  t o  r e p o r t  t h e  f i n d i n g s  on tr i t-  
ium concen t r a t ions  i n  co re  components acqui red  du r ing  t h e  Peach 
Bottom Surve i l l ance  Program, which d e a l t  w i th  f i s s i o n  product  
mig ra t ion  i n  gene ra l ,  and a follow-on t a s k  devoted s p e c i f i c a l l y  
t o  t r i t i u m .  Adminis t ra t ive  procedures  are being developed f o r  
t h e  second phase of t h e  work t o  be  performed i n  t h e  Fede ra l  
Republic of Germany under t h e  ausp ices  of t h e  i n t e r n a t i o n a l  
"umbrella agreement" on gas-cooled r e a c t o r  (GCR) development. 
I n  t h i s  e f f o r t ,  computer model p r e d i c t i o n s  of t r i t i u m  t r a n s p o r t  
i n  t h e  r e a c t o r  system w i l l  be  compared wi th  observed concentra-  
t i o n  l e v e l s .  

The types  of d a t a  on t r i t i u m  concen t r a t ion  i n  co re  compo- 
nents  acqui red  inc lude  (1) r a d i a l  d i s t r i b u t i o n  of t r i t i u m  i n  t h e  
g r a p h i t e  p a r t s  of s i x  f u e l  e lements ,  ( 2 )  a x i a l  concen t r a t ion  pro- 
f i l e s  i n  f i v e  f u e l  e lements ,  ( 3 )  concen t r a t ion  l e v e l s  i n  t h e  
f u e l ,  ( 4 )  concen t r a t ion  p r o f i l e s  i n  t h e  f i s s i o n  product  t r a p s  of 
f o u r  f u e l  e lements ,  and (5) concen t r a t ion  measurements i n  a 
g r a p h i t e  r e f l e c t o r  element.  
f a i l u r e  f r a c t i o n s ,  g r a p h i t e  BET s u r f a c e  areas, and l i t h i u m  
impuri ty  l e v e l  de te rmina t ions  i n  g r a p h i t e  t o  assist d a t a  i n t e r -  
p r e t a t i o n .  
in format ion  i s  inc luded  from t h e  ope ra t ions  r e p o r t s  of t h e  
Ph i l ade lph ia  E l e c t r i c  Company, which summarize o n - s i t e  t r i t i u m  
measurements of t h e  coolan t  and e f f l u e n t  streams, and t h e  r e s u l t s  
of a s p e c i a l  t r i t i u m  survey conducted by General  Atomic Company 
(GAC) i n  1971. 

Also r epor t ed  are f u e l  p a r t i c l e  

To augment t h e  d a t a  r e s u l t i n g  from our  measurements, 

W e  have gone beyond t h e  p r i n c i p a l  o b j e c t i v e  of desc r ib ing  
concen t r a t ion  l e v e l s  i n  a n  a t t e m p t  t o  o b t a i n  a pre l iminary  
understanding of t h e  sources  and f a t e  of t r i t i u m  born i n  t h e  
Peach Bottom co re .  Of t h e  approximately 2200 C i  born dur ing  
core  2 ope ra t ion ,  55% i s  es t imated  t o  be  from t e r n a r y  f i s s i o n ,  
3.3% from neut ron  r e a c t i o n s  wi th  l i t h i u m  impuri ty  i n  t h e  
g r a p h i t e ,  1 .9% from neut ron  r e a c t i o n s  wi th  3He i n  t h e  c o o l a n t ,  

* 
Analy t i ca l  Chemistry Div is ion .  
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and an  unexpectedly l a r g e  s h a r e  ( 4 0 % )  from 'OB, p r i m a r i l y  i n  
t h e  c o n t r o l  rods  and t o  a lesser e x t e n t  i n  t h e  bu rnab le  poi- 
son e lements .  

Concent ra t ion  p r o f i l e  d a t a  i n d i c a t e  t h a t  t h e  t r i t i u m  from 
'OB i n  t h e  poisoned f u e l  elements remained i n  p l a c e ,  and thus  
we  f e e l  (wi th  no d i r e c t  evidence) t h a t  t h e  t r i t i u m  born i n  t h e  
c o n t r o l  rods  w a s  a l s o  immobile. However, t r i t i u m  from t h e  o t h e r  
sou rces  migra ted  s i g n i f i c a n t l y .  About 60% of t h e  t r i t i u m  due 
t o  f i s s i o n  migrated from t h e  f u e l  and depos i t ed  i n  nearby graph- 
i t e  o r  passed wi th  t h e  f u e l  element purge flow t o  t h e  f i s s i o n  
product t r a p p i n g  system. Although t h e r e  are i n s u f f i c i e n t  d a t a  
t o  f i r m l y  f i x  t h e  f a t e  of t h e  t r i t i u m  c a r r i e d  wi th  t h e  purge 
flow, t h e  major p o r t i o n  ($go%) probably passed f r e e l y  through 
t h e  t r a p p i n g  system t o  r e j o i n  t h e  primary coo lan t .  

Our estimate f o r  t h e  amount of t r i t i u m  t h a t  permeated 
through t h e  steam-generator t ub ing  (1.1 Ci) i s  about a f a c t o r  
of 4 less t h a n  a p rev ious  estimate by GAC personnel .  Discharges 
v i a  t h e  l i q u i d  waste and off-gas systems were e s t ima ted  from 
c o n c e n t r a t i o n s  r epor t ed  i n  t h e  o p e r a t i o n s  r e p o r t s .  It i s  su r -  
p r i s i n g  t h a t  t r i t i u m  d i scha rge  as s o l i d  waste ( t r i t i a t e d  water 
adsorbed on c l a y )  exceeded l i q u i d  and gaseous d i scha rges .  The 
q u a n t i t y  of t r i t i u m  i n  t h e  s o l i d  wastes was determined from t h e  
e s t ima ted  t r a n s p o r t  t o  t h e  chemical p u r i f i c a t i o n  system v i a  t h e  
steam-generator purge flow. Leakage estimates through t h e  con- 
tainment vessel were i n s i g n i f i c a n t  compared w i t h  gaseous d i s -  
charge  through t h e  s t a c k .  

I n  g e n e r a l ,  a f a i r l y  good t r i t i u m  mass ba lance  w a s  ach ieved .  
Of t h e  p o r t i o n  b e l i e v e d  t o  have been mobile (1325 C i ) ,  about  83% 
i s  accounted f o r  as measured inventory  i n  c o r e  components and 
e s t ima ted  d i scha rge  f lows .  The remainder probably r e s i d e d  as 
unmeasured inven to ry  i n  unsampled r e a c t o r  components, p r i n c i p a l l y  
i n  t h e  permanent r a d i a l  r e f l e c t o r  and ex-core f i s s i o n  product  
t r a p s .  

1. INTRODUCTION 

1.1 Objec t ive  and Scope 

The p r i n c i p a l  o b j e c t i v e  of t h i s  work i s  t o  ga in  a complete under- 

s t a n d i n g  of tritium product ion ,  d i s t r i b u t i o n ,  and leakage  i n  a r e c e n t l y  

ope ra t ed  high-temperature gas-cooled r e a c t o r  (HTGR). This  o b j e c t i v e  h a s  

been subdiv ided  i n t o  two phases:  (1) p r e s e n t a t i o n  of observed t r i t i u m  

l e v e l s  i n  t h e  f u e l ,  c o o l a n t ,  and e f f l u e n t  streams of t h e  Peach Bottom 

HTGR, a l o n g  wi th  t r i t i u m  d i s t r i b u t i o n s  observed i n  t h e  c o r e  and r e f l e c t o r  
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g r a p h i t e ;  and ( 2 )  mathematical  modeling of t r i t i u m  product ion  and d i s t r i -  

bu t ion  i n  t h e  Peach Bottom r e a c t o r ,  i nc lud ing  a c r i t i c a l  comparison of 

model p r e d i c t i o n s  wi th  obse rva t ions .  Th i s  r e p o r t  completes phase 1 of t h e  

o v e r a l l  o b j e c t i v e ;  phase 2 i s  t o  be  performed i n  t h e  Fede ra l  Republ ic  of 

Germany under t h e  ausp ices  of  t h e  i n t e r n a t i o n a l  coopera t ive  agreement on 

t h e  development of gas-cooled r e a c t o r  (GCR) technology,  pending approva l  

of a d m i n i s t r a t i v e  procedures  which are c u r r e n t l y  i n  p rocess .  

I n  a d d i t i o n  t o  t h e  main o b j e c t i v e  of t h i s  r e p o r t ,  r e s u l t s  a re  pre- 

s en ted  and d iscussed  regard ing  t r i t i u m  t r a n s p o r t  p a t h s  i n  t h e  r e a c t o r ,  

and a t e n t a t i v e  o v e r a l l  t r i t i u m  mass ba lance  f o r  t h e  fou r  y e a r s  of c o r e  2 

ope ra t ion  has  been developed. However, i t  should be  emphasized t h a t  with- 

ou t  a comprehensive model f o r  t r i t i u m  movement from t h e  co re  t o  t h e  primary 

and secondary coolan t  and containment,  t h e s e  r e s u l t s  must be  cons idered  

pre l iminary .  

i n  an a t tempt  t o  f u r t h e r  t h e  goa l  of f u l l  understanding of t r i t i u m  behavior  

i n  t h e  r e a c t o r .  

of c o r e  2 are i d e n t i f i e d  as are  t h e  p r i n c i p a l  pathways f o r  t r i t i u m  movement 

from i t s  va r ious  sources  t o  t h e  f i n a l  l o c a t i o n s .  I n  a d d i t i o n ,  t h e  p r i n c i p a l  

gaps i n  t h e  d a t a  which could h inder  t h e  f u l l  modeling e f f o r t  are noted.  

Thus, a t  least a q u a l i t a t i v e  understanding of t r i t i u m  behavior  has  been 

a t t a i n e d  and t h e  groundwork l a i d  f o r  a more comprehensive modeling e f f o r t .  

Never the less ,  w e  have provided t h i s  a d d i t i o n a l  in format ion  

The major t r i t i u m  r e p o s i t o r i e s  a t  t h e  end of l i f e  (EOL) 

Much of t h e  d a t a  p re sen ted  h e r e  w a s  developed i n  t h e  cour se  of t h e  

Peach Bottom Surve i l l ance  Program conducted a t  Oak Ridge Na t iona l  Laboratory 

(ORNL) from 1972 through 1977. The purpose of t h i s  program w i t h i n  t h e  

l a r g e r  e f f o r t ,  t h e  Peach Bottom End-of-Life Program coord ina ted  by General  

Atomic Company (GAC), w a s  t o  provide  d a t a  f o r  v a l i d a t i n g  t h e  des ign  codes 

used t o  p r e d i c t  f i s s i o n  product  and temperature  d i s t r i b u t i o n s  wi th in  HTGR 

f u e l  e lements  and t h e  l e v e l  of primary c i r c u i t  a c t i v i t y .  

dur ing  t h i s  program and included i n  t h i s  r e p o r t  are t h e  fo l lowing:  

The d a t a  developed 

1. r a d i a l  d i s t r i b u t i o n s  of t r i t i u m  concen t r a t ions  i n  t h e  s l e e v e  and s p i n e  

g r a p h i t e  a t  approximately f o u r  l o c a t i o n s  i n  s i x  f u e l  e lements ,  

2 .  a x i a l  d i s t r i b u t i o n  of t r i t i u m  concen t r a t ion  i n  t h e  g r a p h i t e  p o r t i o n  of 

f i v e  f u e l  e lements ,  
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3 .  

4 .  

5. 

d a t a  on t r i t i u m  l e v e l s  i n  i n d i v i d u a l  p a i r s  of  f u e l  p a r t i c l e s  from one 

f u e l  element,  

ax ia l  d i s t r i b u t i o n  of t r i t i u m  c o n c e n t r a t i o n s  i n  t h e  f i s s i o n  product  

t r a p  of one f u e l  e lement ,  

de te rmina t ions  of f u e l  p a r t i c l e  f a i l u r e  f r a c t i o n s .  

The above informat ion  was e x t r a c t e d  from t h e  series of  f u e l  element 

examination r e p o r t s  publ i shed  i n  t h e  course of t h e  Peach Bottom S u r v e i l -  

l a n c e  Program and a r e l a t e d  paper.’ These d a t a  were subsequent ly  

augmented s p e c i f i c a l l y  t o  enhance t h e  o v e r a l l  p i c t u r e  of t r i t i u m  behavior  

i n  t h e  r e a c t o r .  The fol lowing informat ion  w a s  ob ta ined  i n  t h i s  follow-on 

s tudy :  

1-6 

t r i t i u m  c o n c e n t r a t i o n s  i n  a series of s i x  f u e l  compacts taken  from two 

f u e l  e lements ,  

l i t h i u m  impur i ty  levels i n  samples of sleeve and s p i n e  g r a p h i t e  taken  

from f u e l  element E06-01 and from a r a d i a l  r e f l e c t o r  block,  

BET s u r f a c e  area measurements on sleeve g r a p h i t e  and samples of char-  

c o a l  from a f i s s i o n  product  t r a p ,  

t r i t i u m  c o n c e n t r a t i o n s  throughout one r a d i a l  r e f l e c t o r  b l o c k ,  

a x i a l  t r i t i u m  c o n c e n t r a t i o n  p r o f i l e s  i n  t h e  c h a r c o a l  t r a p s  of  t h r e e  

f u e l  e lements .  

The above d a t a  sets r e l a t e  t o  t h e  behavior  of t r i t i u m  i n  t h e  Peach 

Bottom r e a c t o r  c o r e .  Tr i t ium c o n c e n t r a t i o n s  observed i n  t h e  primary and 

secondary coolan t  and i n  both  t h e  gaseous and l i q u i d  w a s t e  streams w e r e  

e x t r a c t e d  from r e f .  8 and from t h e  series of semiannual Peach Bottom opera- 

t i o n s  r e p o r t s  publ i shed  by t h e  P h i l a d e l p h i a  Electr ic  Company. References 9 

through 14 l i s t  t h e s e  r e p o r t s  f o r  t h e  p e r i o d  of c o r e  2 o p e r a t i o n .  

1 . 2  Regulatory C o n s t r a i n t s  on T r i t i u m  Discharges 

Regulatory guides  on maximum permi t ted  r a d i o a c t i v e  d i s c h a r g e s  from 
15 n u c l e a r  r e a c t o r s  are  set  f o r t h  i n  t h e  r e v i s e d  1 0  CFR 50 Appendix I. 

Although t h e s e  guides  are s p e c i f i c a l l y  f o r  l igh t -water  r e a c t o r s  (LWRs), 
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they  have been a p p l i e d  t o  t h e  For t  S t .  Vrain HTGR and hence, u n t i l  aug- 
16 mented, may be assumed t o  apply  t o  HTGRs.  I n  a r e c e n t  review, Gainey 

summarized t h e  p o r t i o n s  of t h e s e  r e g u l a t i o n s  p e r t a i n i n g  t o  t r i t i u m  releases 

and compared them wi th  i n t e r n a t i o n a l  practice.  

The r e v i s e d  Appendix I of 10 CFR 50 p l a c e s  no s p e c i f i c  l i m i t s  on 

t r i t i u m  concen t r a t ions  i n  l i q u i d  o r  gaseous e f f l u e n t s  from r e a c t o r s  o r  on 

t o t a l  annual release ( i n  c u r i e s )  of t r i t i u m  o r  o t h e r  r a d i o n u c l i d e s .  I n s t e a d ,  

releases of a l l  r ad ionuc l ides  from a r e a c t o r  are l i m i t e d  by t h e i r  annual  

dose o r  dose  commitment t o  any i n d i v i d u a l  i n  a n o n r e s t r i c t e d  area. S ince  

t h e  b i o l o g i c a l  h a l f - l i f e  of t r i t i u m  is s h o r t  (10 d a y s ) ,  t h e  annua l  dose and 

dose commitment t o  a n  i n d i v i d u a l  a r e  v i r t u a l l y  i d e n t i c a l .  

Doses from l i q u i d  releases are  l i m i t e d  t o  3 m i l l i r e m s  t o  t h e  whole 

body and 10 m i l l i r e m s  t o  any organ p e r  yea r  pe r  r e a c t o r .  Dose e s t i m a t i o n  

must i nc lude  a l l  pathways of exposure.  T r i t i u m  is n o t  e x p l i c i t l y  mentioned, 

bu t  is  simply one of t h e  numerous n u c l i d e s  t h a t  c o n t r i b u t e  t o  t h e  t o t a l  

dose.  However, i t  appears  t o  be a major c o n t r i b u t o r  t o  t h e  annual  dose ;  

f o r  example,  Gainey r e p o r t s 1 6  t h a t  t h e  maximum annual  dose t o  an average  

a d u l t  r e s u l t i n g  from t h e  o p e r a t i o n  of a 1000-MW(e) HTGR equipped w i t h  a 

coo l ing  tower would be 0.38 mi l l i r em/yea r ,  o r  more than  1 2 %  of t h e  t o t a l  

annual  dose allowed under Appendix I. 

Gaseous d i scha rges  are l i m i t e d  by t h e  r e v i s e d  Appendix I t o  y i e l d  a 

maximum dose  of 5 mi l l i r ems /yea r  t o  t h e  whole body and 1 5  mi l l i r ems /yea r  

t o  t h e  s k i n  pe r  r e a c t o r  f o r  any i n d i v i d u a l  i n  a n  u n r e s t r i c t e d  area. 

Guide l ines  f o r  implementation of c o n t r o l  technology are given i n  

Appendix I i n  t e r m s  of t h e  c o s t  of c o n t r o l  measures per  u n i t  of reduced 

annual  popu la t ion  dose w i t h i n  50 m i l e s  of t h e  r e a c t o r .  

must be i n s t a l l e d  when an  annual c o s t  of $1000 ( c a p i t a l  p lus  ope ra t ing )  

w i l l  e f f e c t  a 1 man-rem dose  r educ t ion  p e r  yea r  i n  a 50-mile r a d i a l  zone. 

Cont ro l  measures 

S ince  t h e  execu t ive  r e o r g a n i z a t i o n  a c t  of 1970,  t h e  Environmental 

P r o t e c t i o n  Agency (EPA) has  played an i n c r e a s i n g  r o l e  i n  t h e  r e g u l a t i o n  

of r a d i o a c t i v e  releases and, e v i d e n t l y ,  w i l l  s e t  t h e  r e g u l a t i o n s  t o  be 

enforced  by t h e  Nuclear Regulatory Commission (NRC). The necessary  
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modeling work r equ i r ed  i n  t h e  i n t e r p r e t a t i o n  of t h e  s t a n d a r d s  w i l l  be  

performed by t h e  EPA. 

Environmental r a d i a t i o n  s t anda rds  have r e c e n t l y  been s e t  f o r t h  by 

t h e  EPA i n  40 CFR 1 9 0 . ' ~  

t h e  fo l lowing:  

The main p o i n t s  i n  t h e  s t a n d a r d s  a p p e a r  t o  be  

1. The maximum annual  dose t o  a member of t h e  p u b l i c  i s  set  a t  

25 m i l l i r e m s  t o  t h e  whole body, 75 m i l l i r e m s  t o  t h e  t h y r o i d ,  and 25 m i l -  

lirems t o  any o t h e r  organ as a r e s u l t  of releases from a l l  uranium f u e l  

c y c l e  a c t i v i t i e s  ( i . e . ,  releases from t h e  e n t i r e  f u e l  c y c l e  i n d u s t r y  i n  

t h e  United S t a t e s ) .  

129 2 .  S p e c i f i c  l i m i t s  ( i n  c u r i e s )  are s e t  f o r  emiss ions  of 8 5 ~ r ,  I, 
and a lpha-emi t t ing  t r a n s u r a n i c s  from t h e  t o t a l  uranium f u e l  c y c l e  a c t i v i -  

t ies  p e r  gigawatt-year of e l e c t r i c  power produced. 

It  should b e  noted t h a t  as i n  10 CFR 5 0 ,  t r i t i u m  i s  n o t  s p e c i f i c a l l y  

mentioned i n  t h e  EPA r e g u l a t i o n s .  Furthermore,  t h e r e  i s  no EPA ru le -  

making procedure i n  process  t h a t  relates s p e c i f i c a l l y  t o  t r i t i u m  releases. 

Thus t r i t i u m  r e l e a s e  is no t  an HTGR r e g u l a t o r y  problem a t  t h i s  t i m e ,  bu t  

t h i s  s i t u a t i o n  could change i n  view of t h e  s i g n i f i c a n t  p o r t i o n  of t h e  

maximum-allowable dose pe r  r e a c t o r  caused by t r i t i u m  release from cur- 

r e n t l y  designed HTGRs. 

* 

1 . 3  Summary of Relevant D e s c r i p t i v e  L i t e r a t u r e  

The b a s i c  d e s c r i p t i v e  document on t h e  Peach Bottom HTGR i s  t h e  f i n a l  

hazards summary r e p o r t  (FHSR)I8 p l u s  t h e  a d d i t i o n s  r e l a t i v e  t o  t h e  major 

changes t h a t  were i n s t i t u t e d  fo l lowing  co re  1 o p e r a t i o n .  Informat ion  

on t h e  c o n f i g u r a t i o n  and composition of t h e  v a r i o u s  types  of f u e l  elements 

i s  provided i n  t h e  ear l ier  f u e l  examination r e p o r t s  of t h e  survei l lance 

program, and t h e  Q25 f u e l  t es t  elements (ou t  of 804 t o t a l )  are d e s c r i b e d  

i n  a r e p o r t  by Turner e t  a1.20 

f i s s i o n  product  p u r i f i c a t i o n  and chemical c leanup systems is provided  by 

Burne t te  e t  a l .  Valuable d e s c r i p t i v e  in fo rma t ion ,  p a r t i c u l a r l y  w i t h  

r e f e r e n c e  t o  neu t ron  f l u x  d i s t r i b u t i o n s ,  i s  provided by Wal l ro th  e t  a l .  

1- 3 

An i n t r o d u c t i o n  t o  t h e  o p e r a t i o n  of t h e  

2 1  

22-24 

* 
However, a I4C rule-making procedure is i n  p rocess .  
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i n  t h e i r  r e p o r t s  concerning t h e  p o s t i r r a d i a t i o n  examination of  f u e l  tes t  

elements  18, 4 ,  and 6 ,  r e s p e c t i v e l y .  

More s p e c i f i c a l l y  w i t h  r e s p e c t  t o  t r i t i u m  behavior  i n  HTGRs,  t h e  
1 6  fol lowing r e p o r t s  are most h e l p f u l .  sum- 

marizes  much of t h e  t r i t i u m  l i t e r a t u r e  p e r t a i n i n g  t o  HTGRs, and Forsy th  

provides  an a n a l y s i s  of t r i t i u m  product ion ,  m i g r a t i o n ,  and removal from 

t h e  Dragon r e a c t o r 2 5  as w e l l  as an a n a l y s i s  of t r i t i u m  behavior  i n  a 

h y p o t h e t i c a l  1500-MW(t) HTGR. 26 The b i b l i o g r a p h i e s  i n  t h e s e  t h r e e  reviews 

c o n t a i n  most of t h e  p e r t i n e n t  l i t e r a t u r e ;  however, numerous r e f e r e n c e s  are 

made t h e r e i n  t o  i n t e r n a l  documents and p e r s o n a l  communications. An ear l ie r  

work by Compere e t  a1.27 d i s c u s s e s  t r i t i u m  sources  and pathways i n  HTGRs 

f o r  u s e  i n  c o n s t r u c t i n g  a n  a n a l y t i c a l  model d e s c r i b i n g  d i s t r i b u t i o n  and 

release. The model, TRITGO, s p e c i f i c a l l y  d e a l t  w i t h  F o r t  S t .  Vrain 

parameters .  I n  a d d i t i o n ,  a number of tritium modeling s t u d i e s  have been 

performed by a group i n  t h e  JGl ich  I n s t i t u t e  f o r  Reactor  Development. 

The r e c e n t  review by Gainey 

The 

r e s u l t s  of some of t h e s e  s t u d i e s  are summarized i n  a paper by Rohrig 

e t  a l .  28 

The l i t e r a t u r e  regard ing  tritium and hydrogen permeation through 

v a r i o u s  metals and a l l o y s  i s  q u i t e  e x t e n s i v e .  F o r t u n a t e l y ,  an e x c e l l e n t  

review by Strehlow and Savage2' t i e s  t o g e t h e r  many of t h e  apparent  incon- 

s i s t e n c i e s  i n  prev ious  i n v e s t i g a t i o n s .  

measured t r i t i u m  permeation through t h e  Peach Bottom steam-generator 

tubes  and e s t i m a t e d  leakage rates through t h e  steam genera tor .  

Yang e t  a l .  30 s p e c i f i c a l l y  

S tudies  regard ing  t h e  r e t e n t i o n  of t r i t i u m  i n  HTGR f u e l  p a r t i c l e s  are 
given i n  r e f .  31  and by Walter 32933 f o r  bo th  Triso-  and Biso-coated p a r t i -  

c les .  These s t u d i e s  and o t h e r s  on t h i s  s u b j e c t  have been c a r e f u l l y  

reviewed by Gainey." 

t h e  d i f f u s i o n  c o e f f i c i e n t  of t r i t i u m  i n  p y r o l y t i c  g r a p h i t e  and some i n t e r -  

p r e t a t i o n  of  t h e  f a c t o r s  t h a t  a f f e c t  t h e  d i f f u s i o n  rate. 

A r e c e n t  t rea t i se  by Causey34 provides  va lues  f o r  

Adsorpt ion and d e s o r p t i o n  k i n e t i c s  of hydrogen and t r i t i u m  from HTGR 

Some of c o r e  g r a p h i t e  and f u e l  m a t r i x  material w a s  s t u d i e d  by Fischer .  35 

t h e  specimens s t u d i e d  were p a r t i a l l y  oxid ized ,  and i t  w a s  found t h a t  1 . 5  

t o  2.0% o x i d a t i o n  approximately doubled t h e  e q u i l i b r i u m  loading  of t r i t i u m  
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on g r a p h i t e .  I n  a d d i t i o n ,  t h e  d e s o r p t i o n  experiments  were conducted i n  

a f a s h i o n  t h a t  allowed c a l c u l a t i o n  of e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t s .  

1 . 4  Brief  D e s c r i p t i o n  o f  t h e  Peach Bottom HTGR 

The Peach Bottom primary loop is  shown s c h e m a t i c a l l y  i n  F i g .  1.1. 

The primary c i r c u i t  c o n s i s t e d  of two l o o p s ,  each of which conta ined  a 

helium compressor and a steam g e n e r a t o r .  The t o t a l  helium f low of 

210,000 kg/hr  (463,000 lbm/hr)  w a s  d i v i d e d  e q u a l l y  between t h e  two l o o p s ,  

which had a combined volume of approximately 232 m3 (8200 f t  ). 

l a r g e  d u c t ,  p ressure-conta in ing  material  of bo th  primary loops  w a s  carbon 

s tee l .  Details  regard ing  valves, compressors,  r e a c t o r  i n t e r n a l  f low con- 

f i g u r a t i o n ,  and steam-generator tubing geometry are provided i n  S e c t .  

1 1 - D  of  r e f .  18. 

3 A l l  t h e  

The c o o l a n t  temperatures  a t  t h e  c o r e  i n l e t  and o u t l e t  of t h e  r e a c t o r  

vessel were 345 and 714"C, r e s p e c t i v e l y ,  and t h e  primary loop p r e s s u r e  

w a s  nominally 32.8 a t m .  The coolan t  e x i t e d  from t h e  r e a c t o r  i n  t h e  i n n e r  

p i p e  of a c o n c e n t r i c  duct  arrangement c o n s i s t i n g  of a n  o u t e r  42-in.-OD 

p i p e  and an i n n e r  30-in.-OD p ipe .  The thermal  b a r r i e r  i n s i d e  t h e  i n n e r  

p i p e ,  f a b r i c a t e d  from laminated 304 s t a i n l e s s  s tee l ,  maintained t h e  i n n e r  

w a l l  temperature  below 371°C. 

The Peach Bottom steam g e n e r a t o r s  and t h e  c o n c e n t r i c  duc t  connect ing 

t h e  r e a c t o r  w i t h  them are descr ibed  i n  d e t a i l  i n  t h e  r e p o r t  on t h e  m e t a l -  

l u r g i c a l  

End-of-Life Program. Feedwater e n t e r e d  a n  economizer bundle ,  which con- 

s i s t e d  of low-carbon s t ee l  t u b e s ,  and w a s  discharged t o  t h e  steam drum. 

Condensate from t h e  drum w a s  conducted t o  t h e  e v a p o r a t o r  s e c t i o n  of t h e  

steam g e n e r a t o r ,  composed of silicon-low-carbon s t e e l  t u b i n g ,  and back t o  

t h e  steam drum. 

s u p e r h e a t e r  s e c t i o n  and on t o  t h e  t u r b i n e .  

s i z e s  used i n  t h e  steam genera tor  are summarized i n  Table  1.1. The c o l d  

duct ,  which extended from t h e  steam-generator o u t l e t  t o  t h e  compressor 

and on t o  t h e  e n t r y  r e g i o n  of t h e  c o n c e n t r i c  p i p e ,  c o n s i s t e d  of 28-in.-OD 

carbon s t e e l  p ipe .  

e ~ a m i n a t i o n ~ ~  conducted by GAC as a p a r t  of  t h e  Peach Bottom 

Vapor from t h e  steam drum passed i n t o  a n  Incoloy  800 

Tubing materials and tube  



e 
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u 
Fig .  1.1. Primary loop schematic for the Peach Bottom HTGR. 



Table 1.1. Materials, s u r f a c e  area, and tempera ture  range  of t ub ing  i n  t h e  

Peach Bottom steam g e n e r a t o r s  30 

Sur face  Outs ide  I n s i d e  Average m e t a l  
area a diameter  d iameter  tempera ture  range 

Sec t ion  Material (m2 1 ( 4  (4 (K) 
P 
0 

Economizer Low-carbon s teel  212 1.270 0.955 513-593 

Evaporator S i 1 i c on-1 ow -carbon 
steel 474 1.905 1 .461  5 9 3 4 1 8  

6 9 3-8 5 3 1.270 Superhea ter  Incoloy  800 275 1.905 

a For two s t e a m  gene ra to r s .  

. 
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A diagram of t h e  Peach Bottom f u e l  element i s  provided i n  F ig .  1.2.  

The helium coolant  f low i s  upward, e x t e r n a l  t o  t h e  8.89-cm-diam (3.5-in.)  

g r a p h i t e  sleeve. A small p o r t i o n  of t h i s  f low (about 0.45 k g / h r  p e r  f u e l  

element) was drawn i n t o  t h e  purge h o l e  i n  t h e  t o p  of t h e  element and pro- 

ceeded downward i n  t h e  element i n  t h e  gaps between t h e  sleeve and f u e l  

and between t h e  f u e l  and g r a p h i t e  s p i n e .  These gaps are i l l u s t r a t e d  i n  

Fig.  1.3. The purge gas  proceeded through t h e  ac t ive  p o r t i o n  of t h e  

element,  passed through t h e  charcoa l  f i l t e r s ,  and e n t e r e d  t h e  f i s s i o n  

product  cleanup system descr ibed  i n  Sect.  2 . 2 .  

The f u e l  p a r t i c l e s  were Biso-coated k e r n e l s  of (Th,U)C wi th  an 

i n i t i a l  thorium:uranium r a t i o  o f  e i t h e r  5 . 5 : l  o r  18 .5 : l .  There were 

two s e p a r a t e  product ion  runs  of f u e l  p a r t i c l e s  producing somewhat d i f -  

f e r e n t l y  s i z e d  p a r t i c l e s .  No documentation e x i s t s  on how many of each 

type  of f u e l  p a r t i c l e  were used o r  how they  were deployed throughout t h e  

c o r e ,  except  t h a t  each f u e l  compact c o n s i s t e d  of  one type  of f u e l  p a r t i -  

c le .  The smaller low-thorium f u e l  p a r t i c l e s  had k e r n e l s  wi th  average 

d iameters  of 300 pm, compared w i t h  400-um k e r n e l  diameter  and 135-pm 

c o a t i n g  t h i c k n e s s  f o r  t h e  l a r g e  p a r t i c l e s .  Fue l  p a r t i c l e  s p e c i f i c a t i o n s  

f o r  c o r e  2 are summarized i n  t h e  f a c i l i t y  change amendment t o  t h e  FHSR. 

The v a r i o u s  t y p e s  of f u e l  compacts and g r a p h i t e s  used i n  t h e  c o r e  a re  

summarized i n  Chap. 2 of  r e f s .  1 and 2 .  

2 

1 9  

According t o  t h e  revised FHSR,19 t h e  low-thorium f u e l  p a r t i c l e s  i n  

c o r e  2 experienced a maximum burnup of 13% f i s s i o n s  per i n i t i a l  metal 

atom (FIMA),  a maximum f a s t  fluence of 4 . 8  x I O 2 '  neutrons/cm , and a 

maximum f u e l  temperature  of 1510°C. 

less s e v e r e  c o n d i t i o n s :  

Design c a l c u l a t i o n s  p r e d i c t e d  t h a t  no f u e l  reached t h e s e  maximum tempera- 

t u r e s  u n t i l  700 full-power i r r a d i a t i o n  days had been a t t a i n e d ,  a f t e r  which 

less t h a n  1% of t h e  f u e l  was s u b j e c t e d  t o  t h e  s t a t e d  temperature  extremes. 

2 

The high-thorium f u e l  experienced 

5% FIMA, 2.7 x lo2' neutrons/cm , and 1200°C. 2 

Temperatures w i t h i n  t h e  s ix  f u e l  elements examined i n  t h e  Peach 

Bottom S u r v e i l l a n c e  Program were e s t i m a t e d  i n  a thermal  a n a l y s i s  e f f o r t  

performed a t  GAC.37 S ince  t h e s e  elements were c a r e f u l l y  s e l e c t e d  t o  b e  

r e p r e s e n t a t i v e  of p a r t i c u l a r  f u e l  element types and l o c a t i o n s ,  t h e  s tudy 
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Fig. 1 . 2 .  Fuel element f o r  t h e  Peach Bottom HTGR. 
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Fig. 1.3. Cross section of the Peach Bottom fuel element showing 

nominal preirradiation dimensions. ( A l l  dimensions in cm.) 
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provides  a reasonably d e t a i l e d  tempera ture  d i s t r i b u t i o n  and h i s t o r y  w i t h i n  

t h e  co re .  

An i d e a l  core  c r o s s  s e c t i o n  is shown i n  F i g .  1 . 4 .  The ac t ive  c o r e  

was a 277.4-cm-diam (109.2-in.) r i g h t  c y l i n d e r  w i t h  a 228.6-cm (90-in.)  

h e i g h t .  The r a d i a l  r e f l e c t o r  c o n s i s t e d  of a 27-cm-thick (10.5-in.)  

r e p l a c e a b l e  zone and a 33-cm-thick (13-in.) permanent zone. The upper 

and lower r e f l e c t o r  zones had a combined l e n g t h  of 137.2 c m  (54 i n . ) .  

Table 1 .2  l i s t s  t h e  e s t i m a t e d  masses of g r a p h i t e  i n  each of t h e s e  zones 

computed from t h e  nominal f u e l  element and c o r e  dimension and us ing  t h e  

fo l lowing  g r a p h i t e  d e n s i t i e s :  1 . 9  g/cm f o r  t h e  s l e e v e ,  1 .85 g/cm3 f o r  

t h e  s p i n e ,  1 . 8  g/cm3 f o r  t h e  r e f l e c t o r  g r a p h i t e s ,  and 1 . 7 1  g/cm3 f o r  f u e l  

m a t r i x  material, aga in  as g iven  i n  t h e  FHSR. The volume of m a t r i x  

material i n  t h e  c o r e  w a s  approximated from t h e  t o t a l  volume of t h e  f u e l  

compacts and a 0.86 es t imated  volume f r a c t i o n  f o r  t h e  m a t r i x  determined 

from photomicrographs shown i n  r e f .  3. The FHSR g i v e s  t h e  d e n s i t y  of t h e  

m a t r i x  material as  1 . 7 1  g/cm . 

3 

3 

In a d d i t i o n  t o  804 f u e l  element l o c a t i o n s ,  t h e  c o r e  conta ined  35 con- 

t r o l  rods and 19 emergency shutdown guide  t u b e s .  The g r a p h i t e  sleeve 

material f o r  t h e  c o n t r o l  r o d s  and emergency tubes  w a s  i d e n t i c a l  t o  t h a t  

of t h e  f u e l  element sleeves and i s  inc luded  i n  t h e  t o t a l  s l e e v e  mass 

given i n  Table  1 .2 .  

The r e a c t o r  conta ined  a permanent inventory  of 1.1 kg of n a t u r a l  boron 

as zirconium b o r i d e  d i s t r i b u t e d  w i t h i n  t h e  hollowed s p i n e s  of 60 f u e l  ele- 

ments. 

boron as boron c a r b i d e .  

helium t h a t  w a s  drawn from t h e  primary coolan t  i n  t h e  v i c i n i t y  of t h e  

i n l e t  plenum and r e j o i n e d  t h e  primary c o o l a n t  a t  t h e  c o r e  e x i t .  

tritium born i n  t h e  c o n t r o l  rods ,  i n  p r i n c i p l e  a t  least ,  had a v a i l a b l e  a 

d i r e c t  pathway t o  t h e  primary coolan t .  

w a s  encased i n  g r a p h i t e  tubes  (hollowed s p i n e s )  and t h u s  s h i e l d e d  from 

t h e  f u e l  element purge f low t h a t  passed through each element.  

( a s s o c i a t e d  w i t h  Table  5.47) shows t h a t  t r i t i u m  born i n  t h e  poisoned s p i n e s  

d i d  n o t  escape  t o  t h e  purge gas f low (and hence t h e  primary c o o l a n t ) .  

I n  a d d i t i o n ,  t h e  c o n t r o l  rods  conta ined  a v a r i a b l e  inventory  of 

Each c o n t r o l  rod  w a s  purged i n t e r n a l l y  w i t h  

Hence, 

The boron i n  t h e  poisoned s p i n e  

Sec t ion  5.3 
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Table  1 . 2 .  Graphi te  d e n s i t i e s  and masses i n  t h e  c o r e  

Densi ty  Mass 
(g/cm3> (g) 

Graphi te  mass 

Sleeve 1 .9  
6 8.64  x 1 0  
6 Spine 1.85 4.48 x 10 

Axial r e f l e c t o r  1.8 6 8.33 x 10 
6 

7 

6 

Removable r a d i a l  r e f l e c t o r  1.8 9.26 x 10 

Permanent r a d i a l  r e f l e c t o r  1.8 1.37 x 10 

Fuel  ma t r ix  material 1 . 7 1  5.75 x 10  
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2 .  SOURCES AND PATHWAYS OF TRITIUM I N  PEACH BOTTOM 

2 . 1  Sources 

The l i t e r a t u r e  regard ing  t h e  product ion  rates of t r i t i u m  i n  n u c l e a r  

r e a c t o r s  has been summarized by Gainey. T h i s  review a l s o  compares t h e  

c a l c u l a t i o n s  of Compere e t  a l .  , 27 Forsyth,  26 and an i n t e r n a l  GAC document 

on t r i t i u m  product ion  rates i n  a 3000-MW(t) HTGR, s o  t h a t  t h e  major t r i t i u m  

sources  i n  t h e  Peach Bottom HTGR are f a i r l y  clear.  

16 

The l a r g e s t  t r i t i u m  source  w a s  due t o  t e r n a r y  f i s s i o n  of 235U, and 

s i n c e  233U accounted f o r  about 25% of t h e  t o t a l  f i s s i l e  inventory  a t  t h e  

end of c o r e  l i f e ,  t e r n a r y  f i s s i o n  of 233U w a s  a l s o  a s i g n i f i c a n t  cont r ibu-  

t o r .  

s i o n  are l i s t e d  i n  Table  2 . 1 ,  taken from Gainey." 

f o r  235U i n c r e a s e s  w i t h  neut ron  energy, a t r e n d  a n t i c i p a t e d  a l s o  f o r  

233U. 

t r i t i u m  y i e l d  of 1 .0  x 10 

spectrum i r r e s p e c t i v e  of f i s s i l e  p a r e n t ,  seems t o  be reasonable .  

Some exper imenta l  v a l u e s  of t r i t i u m  y i e l d s  from 233U and 235U f i s -  

Note t h a t  t h e  y i e l d  

Thus, t h e  s i m p l i f i c a t i o n  used by Compere e t  a1. ,27 who employed a 
-4 a t o m / f i s s i o n  f o r  f i s s i o n s  i n  an HTGR f l u x  

Table  2 .1 .  Some r e p o r t e d  l i t e r a t u r e  v a l u e s  f o r  t r i t i u m  
16 y i e l d s  from 235U and 233U f i s s i o n  (Gainey ) 

4 T r i t i u m  y i e l d  [ a t o m s / f i s s i o n  (x10 11 
233u 235u 

- - .~~ -~ 

1.1 0.85 * 0.09 Thermal neut rons  

0.88 * 0.07 0.75 2 0.08 Thermal neut rons  

0.95 k 0.08 Thermal neut rons  

0.8 k 0.01  Thermal n e u t r o n s  

2.0 - 2 . 2  F a s t  neutrons 

According t o  Compere27 and Forsyth,  26 fo l lowing  t e r n a r y  f i s s i o n  i n  

importance,  tritium is  produced via t h e  fol lowing two r e a c t i o n s  a t  

approximately equal  rates i n  HTGRs: 
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CJ = 2280 ba rns ,  3He (n ,  P)  T t h  

6 L i  (n ,  a ) T  0 = 408 ba rns .  t h  

The e f f e c t i v e  thermal  c r o s s  s e c t i o n s  given f o r  t h e s e  r e a c t i o n s  i n  Table  2 . 1  

are those  r epor t ed  by Compere e t  a l . 27  averaged f o r  t h e  neut ron  energy 

range  0 t o  2.39 e V .  

Peach Bottom HTGR employed fou r  neut ron  energy groupings of which t h e  

lowest ,  o r  " thermal ,"  group w a s  t h e  0- t o  2.38-eV range ,  e f f e c t i v e  thermal  

c ros s  s e c t i o n s  employed h e r e  should be averaged over  t h i s  energy range i n  

order  t o  u t i l i z e  f l u x  l e v e l  in format ion  genera ted  by GAC. 

S ince  neu t ron ic s  c a l c u l a t i o n s  performed a t  GAC on t h e  

I n  l a r g e  HTGRs, where as much as 5% of t h e  hel ium inven to ry  r e s i d e s  
3 i n  t h e  co re ,  i t  i s  s t a t e d  t h a t  ( r e f .  16)  t h e  H e  concen t r a t ion  e q u i l i -  

b r a t e s  i n  about  40 days provided t h e  hel ium leakage r a t e  exceeds 0.2%/day. 

(Actua l ly ,  des ign  c a l c u l a t i o n s  u s u a l l y  assume a primary system leakage  

of O.Ol%/day; hence e q u i l i b r a t i o n  times f o r  3He are f a r  l o n g e r  than 40 

days i n  l a r g e  HTGRs.) I n  t h e  Peach Bottom HTGR, a f a r  smaller p o r t i o n  of 

t h e  helium inventory  was i n  t h e  co re ,  s o  t h e  H e  burnout  ra te  w a s  n o t  

s i g n i f i c a n t .  However, t h e  hel ium leakage  (hence makeup) r a t e  was much 

h ighe r ,  about  0 .8%/day,  e s t a b l i s h i n g  a 3He concen t r a t ion  e q u i l i b r i u m  i n  

about 125 days. 

3 

Tr i t ium may a l s o  be produced from 'OB i n  n a t u r a l  boron e i t h e r  d i r e c t l y  

v i a  

"B(n,Za)T (2.3)  

o r  v i a  t h e  chain 

0 = 1630 ba rns ,  7 
"B(n,a) L i  t h  

7 L i  (n ,  n ' a )  T . 
A s  f o r  t h e  thermal-neutron r e a c t i o n s  ( 2 . 1 )  and (2.2), t h e  va lue  of 

t he  c r o s s  s e c t i o n  f o r  r e a c t i o n  (2.4)  given i n  Table  2 . 1  is t h e  e f f e c t i v e  

va lue  averaged over t h e  thermal  group energy range  as r e p o r t e d  i n  r e f .  2 7 .  

The c r o s s  s e c t i o n s  f o r  t h e  f a s t -neu t ron  r e a c t i o n s  [ (2 .3 )  and (2..5)1 are 
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* 
shown i n  Fig.  2 . 1  as a func t ion  of i n c i d e n t  neut ron  energy. Although 

t h e  r e a c t i o n  I0B(n, 2a)T i s  u s u a l l y  ca tegor ized  as a f a s t -neu t ron  r e a c t i o n ,  

t h e  l / v  s e c t i o n  extending t o  about 10 keV appears  t o  have some s i g n i f i -  

cance.  Never the less ,  i n  t h e  estimates of t r i t i u m  product ion rates given 

i n  Sect. 6.1.4,  we w i l l  assume t h e  e f f e c t i v e  f a s t  c ros s - sec t ion  va lue  

given by Gainey16 of 0.050 barn,  averaged over  neut ron  ene rg ie s  g r e a t e r  

than  0.18 MeV.  Presumably, t h i s  e f f e c t i v e  c r o s s  s e c t i o n  takes  t h e  lower 

energy range i n t o  account .  

The c r o s s  s e c t i o n  f o r  t h e  f a s t  r e a c t i o n  7Li (n ,n 'a )T  i s  a l s o  d isp layed  

i n  F ig .  2 . 1  as a f u n c t i o n  of neutron energy. This  appears  t o  be t r u l y  a 

f a s t  r e a c t i o n  wi th  a th re sho ld  energy of 2.281 MeV. As above, we w i l l  

employ t h e  average f a s t  c ros s - sec t ion  va lue  of 0.153 barn  f o r  t h i s  r e a c t i o n  

e f f e c t i v e  over  t h e  neutron energy range i n  excess  of 0.18 MeV. Table 2 . 2  

summarizes t h e  s i g n i f i c a n t  neut ron  r e a c t i o n s  producing t r i t i u m  and t h e  

assumed e f f e c t i v e  c r o s s  s e c t i o n s  used i n  Sec t .  6 . 1  f o r  t r i t i u m  product ion 

ra te  estimates. 

The r e l a t i v e  va lues  of tritium product ion  rates from t h e s e  fou r  sources  

are i l l u s t r a t e d  i n  Table  2.3, which l i s t s  r e s u l t s  of t h r e e  r e p o r t e d  ca l cu la -  

t i o n s  f o r  similar, l a r g e  HTGRs. I n  t h e s e  s t u d i e s ,  60 t o  69% of t h e  t r i t i u m  

source  w a s  from t e r n a r y  f i s s i o n ,  1 2  t o  23% from H e ,  8 t o  24% from L i ,  and 

t h e  ba lance  from 'OB. Our estimates f o r  t h e  Peach Bottom HTGR developed i n  

Sec t .  6 . 1  are i n  accord as t o  t h e  re la t ive importance of t e r n a r y  f i s s i o n ,  

bu t  w e  c a l c u l a t e  a s i g n i f i c a n t l y  h igher  r e l a t i v e  importance of t h e  'OB 

source ,  p r i n c i p a l l y  from r e a c t i o n s  i n  t h e  c o n t r o l  rods .  Concurren t ly ,  our  

e s t ima tes  of t h e  importance of t h e  L i  and H e  sources ,  which are based on 

a c t u a l  impuri ty  l e v e l  measurements, a r e  much lower than  i n d i c a t e d  by t h e  

t h r e e  s t u d i e s  shown i n  Table  2.3. 

3 6 

6 3 

2.2 Tr i t i um Transpor t  Pa ths  

The s i m p l i f i e d  f lowsheet  of t h e  r e a c t o r  primary c i r c u i t  and cleanup 

systems shown i n  Fig.  2 . 2  i l l u s t r a t e s  t h e  p r i n c i p a l  source  l o c a t i o n s  and 

pathways f o r  t r i t i u m  i n  t h e  Peach Bottom r e a c t o r .  The major sources  are 

* 
Courtesy of R.  M. Wes t f a l l ,  Neutron Physics  Div is ion .  
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Table  2.2. E f f e c t i v e  c r o s s  s e c t i o n s  f o r  s i g n i f i c a n t  

n e u t r o n  r e a c t i o n s  producing t r i t i u m  

Cross s e c t i o n  Energy range 
React ion  Symbo 1 (ba rns )  (eW Source 

3He (n,  P 1 T 0 2280 0-2.38 

'Li(n,a)T 0 4 08 0 -2 .38  

3 

6 

27 

27 

16 

1630 0-2.38 27 

16 

6 
0 '  0.050 >0.18 x 10 

0 

I0B(n,2a)T 10 

10 
7 "B(n,a) L i  

7 L i  (n ,n '  a)  T 6 0.153 >0.18 x 10 *7' 

Table 2.3. Comparison of c a l c u l a t e d  t r i t i u m  product ion  
16  ra tes  i n  a 3000-MW(t) HTGR 

Product ion  rate (Ci /year )  

I 0 B  
Ternary Pa th  Pa th  

Reference f i s s i o n  3He 6 L i  (2.4) (2 .5) (2.3) T o t a l  

27 9,213 1771 3843 410 376 15,614 

26 19,866 6716 2376 Neglected 28,958 

I n t e r n a l  11,000 3680 2813 919 18,412 
GAC 
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t e r n a r y  f i s s i o n  i n  t h e  f u e l  and n e u t r o n  r e a c t i o n s  wi th  'OB i n  t h e  c o n t r o l  

rods  and poisoned s p i n e s .  I n  c l o s e  p h y s i c a l  a s s o c i a t i o n  w i t h  t h e  f i s s i o n  

source  i s  t h e  t r i t i u m  produced i n  t h e  m a t r i x  material  from both  tramp f u e l  

and l i t h i u m  contaminant.  The two o t h e r  p r i n c i p a l  t r i t i u m  sources  are t h e  

c o r e  g r a p h i t e  (from l i t h i u m  contaminat ion)  and t h e  helium coo lan t  i n  t h e  

c o r e  (from t h e  3He contaminant ) .  

Pathways f o r  t r i t i u m  migra t ion  i n  t h e  co re  and steam g e n e r a t o r  a r e  

i n d i c a t e d  by t h e  bold  arrows i n  F ig .  2 .2 .  T r i t i um may mig ra t e  from t h e  

f u e l  through t h e  pyrocarbon c o a t i n g  and matrix material d i r e c t l y  i n t o  

t h e  helium purge gas flow. A l t e r n a t i v e l y ,  some of t h e  t r i t i u m  formed i n  

t h e  f u e l  may p a s s  i n t o  t h e  s l e e v e  g r a p h i t e ,  e i t h e r  d i r e c t l y  a t  p o i n t s  of 

c o n t a c t  w i th  t h e  f u e l  compact o r  through t h e  purge flow gap, where i t  

may pass  i n t o  t h e  helium coo lan t  a long  w i t h  t h e  t r i t i u m  born i n  t h e  s l e e v e  

g r a p h i t e .  

I n  a d d i t i o n ,  t h e  t r i t i u m  born i n  t h e  c o n t r o l  rods  due t o  neu t ron  

r e a c t i o n  wi th  boron and t h a t  formed i n  t h e  r a d i a l  r e f l e c t o r  due t o  l i t h i u m  

impur i ty  c o n t e n t  could p a s s  d i r e c t l y  i n t o  t h e  helium c o o l a n t .  

t r o l  rods  are purged wi th  a small flow of p u r i f i e d  helium (100 l b  /h r  f o r  

a l l  rods)  which j o i n s  t h e  main coo lan t  i n  t h e  v i c i n i t y  of t h e  upper 

plenum. This purge flow, i n  p r i n c i p l e ,  could  be a v e h i c l e  f o r  t r a n s -  

p o r t i n g  a p o r t i o n  of t h e  c o n t r o l  rod t r i t i u m  t o  t h e  main c o o l a n t .  I n  

a d d i t i o n ,  t h e  r a d i a l  r e f l e c t o r  b locks  and removable r e f l e c t o r  elements 

w e r e  cooled by a s m a l l  f r a c t i o n  of t h e  main coo lan t  flows and t h e r e f o r e  

could have picked up a p o r t i o n  of t h e  t r i t i u m  born wi th in  t h e  b lock  o r  

element.  

The con- 

m 

A s m a l l  p o r t i o n  of t h e  t r i t i u m  picked up by t h e  f u e l  element purge 

flow w a s  permanently r e t a i n e d  i n  t h e  f i s s i o n  product t r a p  l o c a t e d  w i t h i n  

t h e  base  of each f u e l  element,  bu t  t h e  major p o r t i o n  l e f t  t h e  c o r e  i n  t h e  

purge s t ream and en te red  t h e  f i s s i o n  product  t r a p p i n g  system. 

I f  t h e  dew p o i n t  of t h e  f u e l  element purge gas w a s  s u f f i c i e n t l y  h igh ,  

some water con ta in ing  HTO would condense i n  t h e  c o o l e r  upstream from t h e  

f i r s t  cha rcoa l  de lay  bed. 

c o o l e r  downstream of t h e  compressor i n  t h e  Freon-cooled bed, w a s  conducted 

t o  t h e  l i q u i d  waste system. 

This condensate,  t o g e t h e r  w i t h  t h a t  from t h e  
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It was es t imated  t h a t  HT,  which i s  t h e  p r i n c i p a l  chemical form f o r  

tritium i n  t h e  r e a c t o r  c o o l a n t ,  would be delayed f o r  on ly  a few hours  by 

t h e  water- and Freon-cooled d e l a y  beds.” Only a small degree  of perma- 

nent  chemisorpt ion on c h a r c o a l  would occur  a t  t h e s e  i n t e r m e d i a t e  tempera- 

t u r e s  ( s e e  Sect. 6 . 3 . 1 ) .  P e r i o d i c a l l y  (approximately y e a r l y  d u r i n g  r e a c t o r  

shutdowns),  t h e  de lay  beds were r e g e n e r a t e d  by a l lowing  them t o  w a r m  up; 

d u r i n g  t h i s  process  any adsorbed HT i n  t h e  bed desorbed,  a l o n g  w i t h  o t h e r  

g a s e s ,  and e n t e r e d  t h e  containment volume. Ul t imate ly ,  a f t e r  d i l u t i o n  

and moni tor ing ,  t h e  gases  r e l e a s e d  d u r i n g  r e g e n e r a t i o n  of t h e  de lay  beds 

l e f t  t h e  r e a c t o r  as gaseous e f f l u e n t .  However, any t r i t i u m  e n t e r i n g  t h e  

beds as HTO, which w a s  a small p o r t i o n  of t h e  t o t a l  t r i t i u m  a t  t h i s  p o i n t ,  

would probably have been permanently r e t a i n e d  i n  t h e  bed. 

Therefore ,  i t  appears  t h a t  t h e  water- and Freon-cooled d e l a y  beds d i d  

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

s i g n i f i c a n t l y  a f f e c t  t h e  q u a n t i t y  r e l e a s e d .  This  i s  seemingly i r o n i c  s i n c e  

t h e  c h a r c o a l  t r a p s  i n  t h e  f u e l  elements conta ined  s i g n i f i c a n t  q u a n t i t i e s  of 

permanently t rapped  t r i t i u m .  Data p r e s e n t e d  i n  Sec t .  5 show t h a t  t h e  f u e l  

element t r a p  conta ined  an average of about  400 UCi/g of t r i t i u m  a t  EOL, 

which means t h a t  o n l y  450 kg of  c h a r c o a l  would have been needed t o  perma- 

n e n t l y  t r a p  t h e  es t imated  350 C i  t h a t  e n t e r e d  t h e  purge gas  f low i n  f o u r  

y e a r s  of opera t ion .*  
-t amount of c h a r c o a l .  

The c o l d  de lay  beds conta ined  f a r  more t h a n  t h i s  

About 10% of t h e  p u r i f i e d  helium l e a v i n g  t h e  Freon-cooled bed w a s  

d i v e r t e d  t o  l iqu id-n i t rogen-cooled  c h a r c o a l  beds .  This  system w a s  o r i g i -  

n a l l y  in tended  t o  c a p t u r e  argon and krypton  ( a s  w e l l  as methane, n i t r o g e n ,  

and HT) f o r  b o t t l i n g  and shipment t o  a d i s p o s a l  area. However,as opera ted ,  

t h e  off-gas  from t h e  f r e q u e n t  r e g e n e r a t i o n  of t h e  l iquid-ni t rogen-cooled 

>k 
Estimated i n  Sect. 6 . 3 . 1 .  
The reason  f o r  t h e  re la t ive i n e f f e c t i v e n e s s  of t h e  water- and Freon- t 

cooled d e l a y  beds f o r  t r i t i u m  r e t e n t i o n  is demonstrated by F i g .  6 . 3 .  
Adsorpt ion of t r i t i u m  on charcoa l  i s  n e a r  t h e  minimum a t  t h e s e  tempera tures-  
t o o  low f o r  chemisorpt ion but  t o o  h igh  f o r  p h y s i c a l  a d s o r p t i o n .  On t h e  o t h e r  
hand, a s i g n i f i c a n t  p o r t i o n  of t h e  f u e l  element c h a r c o a l  t r a p  w a s  a t  a s u f -  
f i c i e n t l y  h igh  temperature  f o r  chemisorpt ion t o  be  e f f e c t i v e .  
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beds was c o l l e c t e d  i n  a holdup t a n k  f o r  assay  and subsequent ly  d ischarged  

t o  t h e  containment volume. Opera t iona l  r e p o r t s  i n d i c a t e  t h a t  more 

than  99% of t h e  t r i t i u m  a c t i v i t y  i n  t h e  s t a c k  off-gas  f low o r i g i n a t e d  from 

t h e  r e g e n e r a t i o n  of t h e  l iquid-ni t rogen-cooled beds.  This  was confirmed 

by d i s c u s s i o n s  wi th  o p e r a t i n g  personnel .  

A smaller helium purge f low (Q200 vs %lo00 lb / h r  f o r  t h e  f u e l  element 
m 

purge) was drawn from t h e  steam g e n e r a t o r  t o  t h e  chemical cleanup system, 

which c o n s i s t e d  of  a n  o x i d i z e r  u n i t  and a molecular-s ieve dehydra tor  

(Fig.  2 . 2 ) .  Gaseous HT w a s  converted t o  HTO i n  t h e  o x i d i z e r  and drawn 

o f f  t o  t h e  waste d i s p o s a l  d r a i n  tank  (WDDT) from t h e  condenser downstream 

from t h e  u n i t .  Addi t iona l  HTO w a s  removed by t h e  molecular-s ieve dehydra- 

t o r  downstream from t h e  o x i d i z e r .  A t  f requent  i n t e r v a l s ,  t h e  molecular  

sieve w a s  r e g e n e r a t e d ,  r e l e a s i n g  t h e  t rapped  water which w a s  a l s o  con- 

ducted i n t o  t h e  WDDT. A vent  on WDDT c o n t r i b u t e d  t o  t h e  presence of 

t r i t i a t e d  humidity i n  t h e  containment atmosphere. A f t e r  t h e  c o n t e n t s  of 

t h e  WDDT were assayed ,  t h e  l i q u i d s  were adsorbed on c l a y  and shipped o f f -  

s i t e  as s o l i d  wastes. 

Some of t h e  t r i t i u m  t h a t  e n t e r e d  t h e  primary coolan t  c i r c u i t ,  p r i -  

mar i ly  as HT, d i f f u s e d  through t h e  steam-generator tub ing  and e n t e r e d  t h e  

secondary c o o l a n t ,  where i t  i s  expected t o  have exchanged r a p i d l y  w i t h  

hydrogen i n  water .  

system, i s o t o p i c  exchange would render  HTO t h e  dominant t r i t i u m  s p e c i e s .  

Thus t h e  t r i t i u m  t h a t  d i f f u s e d  through t h e  steam genera tor  tub ing  w a s  

u l t i m a t e l y  drawn i n t o  t h e  containment sump ( v i a  condensate  from t h e  con- 

denser  purge o r  condenser blowdown), which served  as a c o l l e c t i o n  p o i n t  

f o r  l i q u i d  w a s t e s .  

Since water molecules  predominated i n  t h e  secondary 

2 . 3  Liquid Waste Removal System 

18 The Peach Bottom FHSR i d e n t i f i e s  f o u r  classes of l i q u i d  wastes. 

Class A ,  normally r a d i o a c t i v e  l i q u i d s ,  i n c l u d e s  t h e  c a u s t i c  s o l u t i o n  

and water from t h e  r e g e n e r a t i o n  of t h e  o x i d i z e r  i n  t h e  chemical c leanup 

system, water condensed from t h e  o x i d i z e r  i n  t h e  chemical  cleanup system, 

water condensed from t h e  r e g e n e r a t i o n  of t h e  molecular  s i e v e  dehydra te r ,  
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and o i l  d ra ined  from c o n t r o l  d r i v e  and compressor l u b r i c a t i o n  systems.  

Although no t  e x p l i c i t l y  mentioned, t h e  condensate  from t h e  steam drum 

and condenser purge are a l s o  i n  t h i s  ca tegory .  

Class B ,  p o t e n t i a l l y  r a d i o a c t i v e  l i q u i d s ,  i n c l u d e s  v a r i o u s  r e a c t o r  

and l a b o r a t o r y  f l o o r  d r a i n s  and coo l ing  water from v a r i o u s  helium and 

equipment coo le r s .  

Classes C and D are nonrad ioac t ive  l i q u i d s  and s a n i t a r y  sewage, 

r e s p e c t i v e l y .  

Class A and B l i q u i d s  (except  t h e  condensate  from t h e  chemical c leanup 

system) were d i r e c t e d  t o  a r e s e r v o i r  i n  t h e  containment vessel termed t h e  

containment o r  radwaste  sump and then  t r a n s f e r r e d  t o  t h e  waste r e c e i v e r  

tanks  l o c a t e d  o u t s i d e  t h e  containment.  The wastes w e r e  then  s e n t  t o  t h e  

radwaste  system o r ,  i f  r a d i o a c t i v i t y  l e v e l s  w e r e  found t o  be  s u f f i c i e n t l y  

low, d i r e c t l y  t o  t h e  waste monitor  t anks  f o r  d i scha rge  t o  t h e  main cool ing  

water e f f l u e n t  a t  a c o n t r o l l e d  ra te .  A more complete d e s c r i p t i o n  of t h e  

l i q u i d  waste system is  provided i n  Fig .  V1-1 and Table  V1-1 of r e f .  18. 

Following i n i t i a l  r e a c t o r  ope ra t ion ,  an a d d i t i o n a l  c o l l e c t i o n  tank  

w a s  i n s t a l l e d  f o r  condensate  from t h e  o x i d i z e r  and dehydra tor  u n i t s  i n  

t h e  chemical c leanup system and f o r  t h e  scrubber  s o l u t i o n s  used f o r  

r egene ra t ing  t h e  o x i d i z e r .  The mot iva t ion  f o r  t h e  placement of t h i s  

a d d i t i o n a l  vessel, WDDT, w a s  t o  i s o l a t e  the  h i g h l y  c a u s t i c  r egene ra t ion  

s o l u t i o n  from t h e  l i q u i d  waste system and thereby prevent  co r ros ion .  How- 

eve r ,  s i n c e  t h e s e  l i q u i d s  conta ined  t h e  h i g h e s t  levels of t r i t i a t e d  water 

of a l l  l i q u i d  wastes, t h e  WDDT a l s o  provided a means f o r  s i g n . i f i c a n t l y  

reducing t h e  q u a n t i t y  of t r i t i u m  discharged  wi th  t h e  l i q u i d  waste flow. 

Operat ion of t h e  WDDT i s  not  descr ibed  i n  t h e  FHSR because of i t s  la te  

i n s t a l l a t i o n ;  however, s u r v e i l l a n c e  personnel  r e p o r t e d  t h a t  i t  w a s  vented 

t o  t h e  containment and thereby  c o n t r i b u t e d  t o  t h e  observed tritium levels 

i n  t h e  containment atmosphere.  Operat ions personnel  r e p o r t  t h a t  t h e  

l i q u i d  c o n t e n t s  of t h e  WDDT w e r e  adsorbed on a clay-type s o r b e n t ,  packaged, 

and shipped o f f s i t e  as s o l i d  wastes. 

WDDT allowed t o  p a s s  i n t o  t h e  l i q u i d  waste system f o r  d i s p o s a l  t o  

Conowingo Pond. 

A t  no t i m e  were t h e  l i q u i d s  i n  t h e  
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2 . 4  Gaseous Waste Removal System 

The primary r o u t e  f o r  removal of r a d i o a c t i v e  gaseous wastes from t h e  

r e a c t o r  was via  t h e  l iquid-ni t rogen-cooled d e l a y  beds i n  t h e  f i s s i o n  pro- 

duc t  c leanup system ( s e e  F ig .  2 . 2 ) .  Approximately monthly, t h e s e  beds 

were allowed t o  w a r m  f o r  r e g e n e r a t i o n ,  a t  which t i m e  t h e  desorbed gases ,  

p r i n c i p a l l y  argon and krypton wi th  some n i t r o g e n  and methane, were co l -  

l e c t e d  i n  t h e  gaseous waste i s o l a t i o n  t ank ,  i n v e n t o r i e d ,  and r e l e a s e d  t o  

t h e  containment volume f o r  d i s p o s a l  v ia  t h e  s t a c k .  The removal r o u t e  f o r  

a l l  o t h e r  gaseous wastes as w e l l  w a s  by e n t r y  i n t o  t h e  containment atmo- 

sphere and, a f t e r  f i l t r a t i o n  and d i l u t i o n  w i t h  about 20,000 scfm of  a i r ,  

d i s p e r s a l  through t h e  off-gas  s t a c k .  

Under normal o p e r a t i o n ,  several p i e c e s  of equipment were vented t o  

t h e  containment volume. The most important  d i s c h a r g e s  w e r e  t h e  nonconden- 

s a b l e s  from condenser purge l i n e s  ( s e e  F ig .  2 . 2 ) .  I n  a d d i t i o n ,  t h e  waste 

d i s p o s a l  d r a i n  t a n k ,  which c o l l e c t e d  HTO-containing l i q u i d s  from t h e  

cleanup system, c o n t r i b u t e d  t r i t i a t e d  humidity t o  t h e  containment.  

During r e a c t o r  o p e r a t i o n ,  t h e  es t imated  containment volume of 
3 720,000 f t  w a s  p r e s s u r i z e d  t o  8 p s i g  w i t h  n i t r o g e n  obta ined  from tank  

cars. Evident ly ,  t h e  small bu t  u n s p e c i f i e d  f low of n i t r o g e n  provided t o  

main ta in  containment p r e s s u r e  dur ing  r e a c t o r  o p e r a t i o n  a l s o  served  t o  

sweep vented gases  t o  t h e  containment exhaust  plenum and then  t o  t h e  s t a c k  

Technica l  s p e c i f i c a t i o n s  r e s t r i c t e d  leakage  from t h e  containment t o  t h e  

o u t s i d e  a i r  t o  0.2%/day a t  t h e  8-psig p r e s s u r e ,  and containment leakage 

tests performed i n  1972 i n d i c a t e d  t h a t  t h e  a c t u a l  leakage ra te  w a s  less 

than  t h e  s p e c i f i e d  amount. 

leakage rate of O.l%/day w a s  observed a t  t h e  f u l l  containment p r e s s u r e .  

The p r i n c i p a l  leakage  p o i n t s  were i d e n t i f i e d  as t h e  main personnel  a i r  

l o c k  and one of several e l ec t r i ca l  p e n e t r a t i o n s .  

I n  t h r e e  consecut ive  tests,  an average 10 

During p e r i o d s  of r e a c t o r  shutdown when access t o  t h e  containment 

w a s  necessary ,  t h e  i n e r t - n i t r o g e n  containment atmosphere w a s  rep laced  w i t h  

a i r  t o  a l l o w  maintainance work. The t r i t i u m  inventory  i n  t h e  containment 

w a s  thereby  p e r i o d i c a l l y  disposed of a t  t h e s e  t i m e s  via d i s p e r s a l  through 

t h e  s t a c k .  
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2.5 Contaminated S o l i d  Wastes 

A s  no ted  above, t h e  l i q u i d  c o n t e n t s  of t h e  WDDT were adsorbed on c l a y  

and disposed of as s o l i d  wastes. Other contaminated s o l i d  wastes (equip- 

ment, c l o t h i n g ,  e t c . )  conta ined  i n s i g n i f i c a n t  amounts of t r i t i u m .  

2.6 Summary of Pathways 

The v a r i o u s  t r i t i u m  pathways i n  t h e  Peach Bottom r e a c t o r  are  p r e s e n t e d  

i n  Sects.  2.2 t o  2 .5  and i n  Fig.  2.2.  D e t a i l e d  modeling of t r i t i u m  behavior  

i n  t h i s  r e a c t o r  may r e q u i r e  d e s c r i p t i v e  informat ion  t h a t  i s  n o t  a v a i l a b l e  i n  

t h e  o p e r a t i o n  r e p o r t s ,  t h e  FHSR, and t h e  v a r i o u s  GAC documents. F u r t h e r  

d e s c r i p t i o n s  may b e  needed i n  t h e  fo l lowing  areas: 

1. Information i s  needed on t h e  behavior  of  t h e  t h r e e  sets of char-  

c o a l  de lay  beds i n  t h e  f i s s i o n  product  t r a p p i n g  system wi th  r e s p e c t  t o  

t r i t i u m .  T r i t i u m  as  HT w a s  n o t  cons idered  i n  t h e  d e s i g n  of t h e s e  beds ;  

n e v e r t h e l e s s ,  t h e r e  w a s  some HT holdup i n  t h e s e  beds and t h e r e f o r e  some 

HT release dur ing  bed regenera t ion .  

2. Data regard ing  t h e  purge ra te  of t h e  main condenser and b o i l e r  

blowdown r a t e  are r e q u i r e d  t o  model t h i s  tritium pathway from t h e  secon- 

dary c o o l a n t  t o  t h e  l i q u i d  waste system. 

3. Tr i t ium inventory  de te rmina t ions  on t h e  c o n t e n t s  of t h e  WDDT, 

which may be  a v a i l a b l e  i n  t h e  a r c h i v e  of t h e  o p e r a t i o n  r e c o r d s ,  would be 

h e l p f u l  i n  more f i r m l y  e s t a b l i s h i n g  t h e  q u a n t i t y  of tritium disposed of 

as s o l i d  waste. (An i n d i r e c t  de te rmina t ion  of t h i s  amount i s  presented  

i n  Sect. 6 .3 .2 . )  

3 ,  MATERIAL PROPERTIES 

3 . 1  T r i t i u m  Sorp t ion  on Graphi te  and Charcoal 

It  is  g e n e r a l l y  agreed t h a t  t h e  s o r p t i v e  c a p a c i t y  of g r a p h i t e  f o r  HT 

ac t s  as a b u f f e r  and s t r o n g l y  i n f l u e n c e s  t h e  q u a n t i t y  of triti-um t h a t  e n t e r s  

t h e  coolan t .  Ear ly  i n  c o r e  l i f e ,  t r i t i u m  levels  i n  t h e  coolan t  should 

remain low whi le  t h e  f r e s h  g r a p h i t e  i s  be ing  loaded w i t h  tritium.38 I n  



a d d i t i o n  t o  t h e  a d s o r p t i v e  behavior  on g r a p h i t e ,  tritium model development 

r e q u i r e s  d a t a  on t h e  r e t e n t i o n  and d e s o r p t i o n  of bo th  HT and HTO from char-  
coa l .  The c h a r c o a l - f i l l e d  f i s s i o n  product  t r a p s  i n  t h e  f u e l  e lements ,  

which are unique t o  t h e  Peach Bottom des ign ,  were found t o  permanently 

r e t a i n  s i g n i f i c a n t  q u a n t i t i e s  of tritium. However, much of t h e  t r i t i u m  

e v i d e n t l y  passed through t h e  t r a p s  t o  t h e  c h a r c o a l  d e l a y  beds i n  t h e  chemi- 

c a l  c leanup system. These beds,  a l though n o t  designed f o r  t r i t i u m  r e t e n -  

t i o n ,  may have s i g n i f i c a n t l y  a f f e c t e d  t h e  g e n e r a l  l eve l  of t r i t i u m  i n  t h e  

containment atmosphere [ i . e . ,  r e a c t i v a t i o n  of  t h e s e  beds by a l lowing  them 

t o  warm allowed release of adsorbed HT (bu t  n o t  HTO) t o  t h e  containment 

atmosphere].  

Some convent iona l  wisdom regard ing  t h e  a d s o r p t i o n  of hydrogen on 

carbon i s  g iven  by Trapnel13' based on experiments  conducted by Barrer 

and Ridea l  i n  t h e  t h i r t i e s .  According t o  T r a p n e l l ,  hydrogen is  p h y s i c a l l y  

adsorbed on c h a r c o a l  i n  i n c r e a s i n g  amounts wi th  decreas ing  temperature  f o r  

levels  below about -7OOC. Above -7OOC and up t o  about 3OO0C, l i t t l e  

a d s o r p t i o n  occurs ;  however, above 300°C t h e  c a p a c i t y  aga in  rises as chemi- 

s o r p t i o n  rates i n c r e a s e .  I n d i c a t i o n s  are  t h a t  s o r p t i v e  c a p a c i t y  a g a i n  

f a l l s  as temperatures  i n  t h e  1400 t o  16OOOC range are approached. 

These f e a t u r e s  are borne o u t  i n  t h e  b r i e f  review of t h i s  s u b j e c t  

by Gainey.16 Figure  3.1, t a k e n  from Gainey and based on d a t a  p r e s e n t e d  

by Redmond and Walker," p r e s e n t s  d a t a  on TSP n u c l e a r  g r a p h i t e  f o r  t e m -  

p e r a t u r e s  between 900 and 15OO0C. Note t h a t  f o r  low t r i t i u m  p r e s s u r e s  

t h e  e q u i l i b r i u m  loading  i n  g r a p h i t e  i n c r e a s e s  up t o  Q1lOO°C and subse- 

q u e n t l y  f a l l s  a t  h i g h e r  temperatures .  

The degree of low-temperature s o r p t i o n  of H2 on a c t i v a t e d  charcoa l ,  

t aken  from D ~ s h m a n , ~ '  i s  i n d i c a t e d  i n  Table  3.1. 

p e r  u n i t  p r e s s u r e  of H 

-183OC, and only a small v a r i a t i o n  of loading  p e r  u n i t  a p p l i e d  p a r t i a l  

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

on c h a r c o a l  a t  low temperature  and on TSP g r a p h i t e  a t  h igh  temperature  

are compared i n  Table  3 . 1 .  

on g r a p h i t e  per  u n i t  H 

The q u a n t i t y  adsorbed 

i n c r e a s e s  w i t h  decreas ing  temperature  from 0 t o  2 

Equil ibr ium hydrogen l o a d i n g s  

Contrary t o  t h e  d a t a  f o r  charcoa l ,  a d s o r p t i o n  

p a r t i a l  p r e s s u r e  f a l l s  s i g n i f i c a n t l y  wi th  2 
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Table  3.1. Equi l ibr ium H and T loadings  on c h a r c o a l  and g r a p h i t e  2 2 

T2 o r  H2  
p a r t i a l  H 2  o r  T 2  adsorbed 

Temperature p r e s  s u r  e per  u n i t  p r e s s u r e  
( " C )  (mm Hg) ( cc  STP/g.mm Hg) Material Source 

-183 7 
0.023 

-78 7.9 
67.5 

722.0 
0 17.4 

744.0 

6.8 
11.1 -3 

7.8 x i ow3  
7.4 x 10  

7.6 x 
2.2 x 
2 . 1  x 10 

-3 

900 1 
100 
7 60 

1100 1 
100 
760 

1500 1 
100 
760 

900 0.85 

0.85 

0 .  85 

9 x 10:; 
4 .4  x 
7.8 i o  

0 .  016-4 
5 x 

9 . 1  x 10 

4 x 
2.4 x 10 

0 .  oia-4 

0.03 

0.069 

4.3 

4 1  
H2  on a c t i v a t e d  Dushman 

c h a r c o a l  

H2 on TSP Redmond 
n u c l e a r  
g r a p h i t e  Walker 

and 40 

35 F i s c h e r  T2 on m a t r i x  
g r a p h i t  e 

T2 on m a t r i x  
g r a p h i t e  (1.9% 
oxidized)  

T 2  on AL2-500 
g r a p h i t e  

0.85 8.3  x T2 on AL2-500 
g r a p h i t e  (1.5% 
oxidized)  
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i n c r e a s i n g  p r e s s u r e ,  a t  l ea s t  i n  t h e  range 1 t o  760 mm Hg. [For r e f e r e n c e ,  

10 ppmv ( p a r t s  per  m i l l i o n  by volume) H 

responds t o  0.38 mm Hg.] However, i t  i s  perhaps s u r p r i s i n g  t o  n o t e  t h a t  

loadings  on g r a p h i t e  a t  low p a r t i a l  p r e s s u r e  a t  tempera tures  from 1100 t o  

15OOOC exceed t h o s e  r e p o r t e d  f o r  a c t i v a t e d  c h a r c o a l  down t o  - 7 8 O C .  

a t  50 a t m  o p e r a t i n g  p r e s s u r e  cor- 2 

35 Table  3.1 a l s o  l i s t s  d a t a  p r e s e n t e d  by F i s c h e r  on m a t r i x  g r a p h i t e  

and on a coal-based n u c l e a r  g r a p h i t e  d e s i g n a t e d  AL2-500. Nuclear  g r a p h i t e  

types  A12-500 and TSP show very similar e q u i l i b r i u m  l o a d i n g s  f o r  T and 

H f o r  comparable temperatures  and p a r t i a l  p r e s s u r e s .  The TSP g r a p h i t e  

adsorbed 9 x lov3 cc STP/g a t  900°C and 1 mm p a r t i a l  p r e s s u r e ,  which i s  

only about a f a c t o r  of 2 d i f f e r e n t  from t h a t  r e p o r t e d  by F i s c h e r  f o r  

unoxidized AL2-500 a t  t h e  same tempera ture  w i t h  0.85 mm Hg tritium p a r t i a l  

p ressure .  (However, F i s c h e r ' s  t a b u l a t e d  v a l u e s  r e p r e s e n t  c o n c e n t r a t i o n s  

averaged over  t h e  e n t i r e  sample volume. 

t o  t h e  t r i t i u m  source  were about a f a c t o r  of 5 h i g h e r . )  F i s c h e r ' s  d a t a  

a l s o  show t h a t  a d s o r p t i o n  on matrix g r a p h i t e  exceeds t h a t  of moderator 

o r  s t r u c t u r a l  q u a l i t y  n u c l e a r  g r a p h i t e  by a f a c t o r  of 7 and t h a t  o x i d a t i o n  

of from 1 .5  t o  1.9% i n c r e a s e s  a d s o r p t i o n  by about a f a c t o r  of 2. The h igh  

s o r p t i v i t y  of matrix g r a p h i t e  as w e l l  as t h e  i n c r e a s e  of s o r p t i o n  w i t h  

degree of o x i d a t i o n  are  b o t h  undoubtedly r e l a t e d  t o  s u r f a c e  area e f f e c t s .  

Therefore ,  whenever p o s s i b l e , i t  would be  h e l p f u l  t o  p r e s e n t  t r i t i u m  sorp-  

t i o n  d a t a  i n  terms of i n t e r n a l  s u r f a c e  area r a t h e r  t h a n  p e r  u n i t  mass of 

g r a p h i t e  o r  charcoa l .  

2 

2 

Loca l ized  c o n c e n t r a t i o n s  a d j a c e n t  

Never the less ,  Fig.  3 .1  and Table  3 . 1  i l l u s t r a t e  reasonably  w e l l  t h e  

a n t i c i p a t e d  behavior  of both t h e  Peach Bottom c o r e  g r a p h i t e  and t h e  low- 

temperature  d e l a y  beds wi th  r e s p e c t  t o  e q u i l i b r i u m  c a p a c i t y  of H o r  HT. 

However, t h e  s o r p t i v e  behavior  of t r i t i u m  on t h e  f u e l  element c h a r c o a l  

o p e r a t i n g  a t  i n t e r m e d i a t e  temperatures  of ' ~300°C i s  n o t  covered by t h e s e  

d a t a .  

2 

Addi t iona l  d a t a  r e p o r t e d  by Dushman4' i n d i c a t e  t h a t  t h e  r e t e n t i v i t y  

of c h a r c o a l  f o r  H 0 a t  about room temperature  g r e a t l y  exceeds t h e  c a p a c i t y  

f o r  H The d i f f e r e n c e  a t  room tempera ture  

i s  about a f a c t o r  of 1600 i n  terms of moles adsorbed per  gram p e r  u n i t  

a p p l i e d  p a r t i a l  p r e s s u r e .  F u r t h e r ,  Dushman observes  t h a t  c h a r c o a l s  tend 

2 
when compared on a molar b a s i s .  2 
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t o  r e t a i n  from 2 . 3  t o  10 mg/g of mois ture  on d e s o r p t i o n  under even h a r s h  

c o n d i t i o n s .  

beds as HTO ( t h e  smaller p o r t i o n  of t h e  t o t a l  t r i t i u m )  w a s  probably com- 

p l e t e l y  adsorbed i n  t h e  de lay  beds and d i d  n o t  desorb w h i l e  t h e  beds were 

being regenera ted .  

I n  view of t h i s ,  t h e  t r i t i u m  t h a t  a r r i v e d  a t  t h e  delayed 

3 . 2  Fuel  P a r t i c l e  F a i l u r e  F r a c t i o n s  

Fuel  p a r t i c l e  f a i l u r e  f r a c t i o n s  i n  e i g h t  compacts taken  from two 

i r r a d i a t e d  Peach Bottom f u e l  elements were determined by a h o t - c h l o r i n e  

l e a c h i n g  procedure.  I n  t h i s  method, t h e  mass of thorium and uranium 

removed by c h l o r i n a t i o n  i s  used as  a measure of t h e  degree of p a r t i c l e  

f a i l u r e .  

Bottom f u e l  compact was t o o  l a r g e  f o r  t h e  a v a i l a b l e  c h l o r i n a t i o n  appara tus .  

A method w a s  t h e r e f o r e  devised f o r  c u t t i n g  a sample (%lo g) from t h e  com- 

p a c t  and e l e c t r o l y t i c a l l y  c l e a n i n g  t h e  c u t  s u r f a c e s  i n  a h o t  ce l l .  The 

c l e a n i n g  o p e r a t i o n  removed f u e l  p a r t i c l e s  damaged by c u t t i n g  t o  keep them 

from be ing  counted as normally f a i l e d  p a r t i c l e s .  A c l e a n  s u r f a c e  w a s  

ob ta ined  by a c o n t r o l l e d ,  e l e c t r o l y t i c  d e c o n s o l i d a t i o n  of t h e  s u r f a c e  

zone a t  room temperature  employing a movable anode p laced  a d j a c e n t  t o  t h e  

damaged s u r f a c e  of t h e  specimen. 

The e x i s t i n g  procedure had t o  be  modif ied because t h e  Peach 

* 

The method w a s  i n i t i a l l y  t e s t e d  i n  a c o l d  l a b o r a t o r y  u s i n g  samples 

from an u n i r r a d i a t e d  a r c h i v e  compact, w i t h  r e s u l t s  shown i n  Table  3 . 2 .  

Each sample conta ined  Q14,OOO t o  %17,000 f u e l  p a r t i c l e s ,  

i n d i c a t e  t h e  amounts of uranium and thorium leached and t h e  l e a c h  t i m e  

and temperature .  The two l e a c h  c o n d i t i o n s  t e s t e d  showed similar f a i l u r e  

f r a c t i o n s .  The measured thorium/uranium r a t i o  i n  t h e  l e a c h a t e  c o r r e -  

sponded c l o s e l y  t o  t h e  expected r a t i o  of 5.5, thereby  lending  conf idence  

t o  t h e  procedure.  The last  two columns i n  t h e  t a b l e  i n d i c a t e  t h e  calcu-  

l a t e d  p a r t i c l e  f a i l u r e  f r a c t i o n  based on a mean p a r t i c l e  mass of  198 ug 

observed f o r  t h e  a r c h i v e  compact and va lues  of 8 1 . 3  pg of thorium and 

15.0 pg of uranium per  k e r n e l  based on t h e  observed mean k e r n e l  s i z e  and 

t h e  t h e o r e t i c a l  d e n s i t y  o f  (Th,U)C Both thorium and uranium l e a c h  masses 

Columns 4 t o  7 

2' 

* 
Method developed by J .  L.  Bo t t s ,  A n a l y t i c a l  Chemistry Div is ion ,  who 

a l s o  c a r r i e d  o u t  t h e  r e l a t e d  measurements. 



Table  3 . 2 .  P a r t i c l e  f a i l u r e  f r a c t i o n s  f o r  Peach Bottom archive compact 

Sample P a r t i c l e s  Ch lo r ina t ion  c o n d i t i o n s  Metal recovered  Th/U F a i l u r e  ra te  (%) 
mass Mass Numbera T i m e  Temp. Th U weight based onb :  
(8) (g) (hr)  ("0 (mg) (Le) r a t i o  Th U 

0 .294  0.296 8.6586 2.8585 14 ,400  46 1000 3.47 635 5.46 

8.4610 2.8573 14 ,400  46 1000 3 .31  581  5.70 0 .283  0.269 

0 .244  0.236 9.9006 3.3384 1 6 , 9 0 0  6 1500 3.25 619 5.25 

9.3094 3.4566 17 ,500  6 1500 4.36 800 5.45 0.306 0.305 

Av 0 .28  0 .28  

a 

b81 ,3  1-18 of thorium and 1 5  pg of uranium per  p a r t i c l e .  

198 ug p e r  p a r t i c l e .  

w c 
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y ie lded  an average f a i l u r e  f r a c t i o n  of 0.28% f o r  t h e  f o u r  a r c h i v e  compact 

samples.  

It w a s  subsequent ly  determined (by t o t a l  deconso l ida t ion  and ana lyses  

of e l e c t r o l y t e ,  ma t r ix ,  and r e s idue )  t h a t  about 0.18% of t h i s  a r c h i v e  

f a i l u r e  f r a c t i o n  w a s  due t o  heavy-metal contaminat ion of  t h e  ma t r ix .  Thus, 

t h e  observed f a i l u r e  ra te  of t h e  a r c h i v e  sample  w a s  a c t u a l l y  0.10%, wi th  

t h e  ba lance  (0.18%) due t o  m a t r i x  contaminat ion.  

P a r t i c l e  f a i l u r e  f r a c t i o n  r e s u l t s  are shown i n  Table  3 . 3  f o r  e i g h t  

f u e l  compacts conta ined  i n  two f u e l  e lements .  Element E l l - 0 7  r ece ived  

700 equ iva len t  full-power days (EFPDs) of i r r a d i a t i o n ,  and F03-01 w a s  an 

end-of - l i fe  (EOL) element ,  r ece iv ing  900 EFPDs of i r r a d i a t i o n .  A s  shown i n  

t h e  t a b l e ,  t h e  measured thorium/uranium r a t i o  i n  t h e  leached heavy metal 

(column 4) i s  u s u a l l y  less than  t h a t  p r e d i c t e d  from neu t ron ic s  considera-  

t i o n s  (column 3).  This w a s  poss ib ly  caused by t h e  g r e a t e r  d i f f i c u l t y  i n  

completely cap tu r ing  ThC14 due t o  i t s  l o w  vapor  p r e s s u r e  r e l a t i v e  t o  U C 1  

Consequently, t h e  f a i l u r e  f r a c t i o n  de te rmina t ions  based on leached  uranium, 

which a r e  h ighe r ,  are probably more r e l i a b l e .  

4' 

Table 3.3. P a r t i c l e  f a i l u r e  f r a c t i o n  i n  i r r a d i a t e d  

Peach Bottom HTGR f u e l  

Th/U Percent  of f a i l e d  p a r t i c l e s  
Element Compact weight ra t  i o  based on: 

No. No. Calc.  Meas. Th U 

E l l - 0 7  2 
13 
16 
28  

F03-01 2 
13  
19 
28 

Arch i v e  
(av of 4 )  

7.11 
7.82 
7.78 
6.94 

6.51 
8.17 
7.86 
6.46 

5.50 

7.64 
4.83 
9.58 
3.68 

3.54 
6.80 
3.43 
5.43 

5.47 

0.68 
0.25 
0.22 
0.33 

0.17 
1.55 
0.35 
0.27 

0.28 

0.64 
0 .41  
0.18 
0.63 

0 .31  
1.87 
0.79 
0.33 

0. 28a 

0.18% due t o  ma t r ix  contaminat ion.  a 
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From t h e s e  l i m i t e d  uranium-based d a t a ,  w e  can n e v e r t h e l e s s  conclude 

t h a t  (1) t h e  percentage  of f a i l e d  p a r t i c l e s  a t  700 EFPDs (element E l l - 0 7 )  

was only s l i g h t l y  h igher  than  t h e  background v a l u e  of 0.28% obta ined  f o r  

t h e  a rch ive ;  ( 2 )  t h e  f a i l e d  p a r t i c l e  f r a c t i o n  f o r  t h e  900-EFPD case 

(F03-01)  averaged 0.55% above background, compared w i t h  0.19% f o r  700 EFPDs, 

and s i n c e  t h e  two elements  w e r e  i r r a d i a t e d  a t  approximately e q u a l  tempera- 

t u r e s ,  a s l i g h t  i r r a d i a t i o n  s e r v i c e  e f f e c t  on f a i l u r e  f r a c t i o n  i s  observed; 

and ( 3 )  t h e  f u e l  p a r t i c l e  f a i l u r e  f r a c t i o n  a t  EOL was probably <1%, about 

one-fourth of which was background ( i . e . ,  due t o  manufactured f a i l u r e s  

and m a t r i x  contaminat ion) .  

3.3  Lithium Impurity i n  Graphi te  and Fuel  

Table  3 .4  g i v e s  t h e  c o n c e n t r a t i o n s  of l i t h i u m  measured i n  s e l e c t e d  

samples of Peach Bottom g r a p h i t e  and f u e l .  Components analyzed inc luded  

two a r c h i v e  specimens of f u e l  element sleeves,  a specimen of s p i n e  and 

sleeve taken  from element E06-01, samples of t h e  r a d i a l  r e f l e c t o r  element 

A18-08, and a specimen of f u e l  taken from one a r c h i v e  f u e l  compact. Each 

component was sampled a t  only  one a x i a l  l o c a t i o n ;  t h e  samples on which 

l i t h i u m  impuri ty  de te rmina t ions  were made a re  given i n  t h e  t a b l e .  

Table  3 . 4 .  Concent ra t ion  of l i t h i u m  i n  g r a p h i t e  and 

f u e l  of t h e  Peach Bottom HTGR 

Sample 
d e s c r i p t i o n  

L i  c o n c e n t r a t i o n  
Samples analyzed (PPb) 

<3 - Archive sleeve QA 3290 3 

Archive sleeve QA 1010 

E06-01 s leevea  

O v e r a l l  sleeve average 

E06-01 sp inea  

Ref l e c t o r  elementb A18-08 

8 k 4  

9 

7 5 1  

<1 - 

7 * 4  
Archive f u e l  compact 5 10 

Charcoal t r a p  of element F05-05 2 15  

a 

bSamples c u t  from c r o s s - s e c t i o n a l  specimen l o c a t e d  a x i a l l y  2 f t  
Samples c u t  from s e c t i o n  a d j a c e n t  t o  compact. 

from bottom of element.  
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A l l  a n a l y s e s  were performed by spark-source mass spectrometry,  whereby 

a specimen i s  exposed t o  sparks  genera ted  by a 20-kV a l t e r n a t i n g  c u r r e n t  

forming s i n g l y  charged i o n s  t h a t  are analyzed i n  a mass spec t rometer .  Sam- 

p l e s  used i n  t h i s  s tudy  were formed by core  d r i l l i n g  g r a p h i t e  r o d s  about 

3 mm i n  diameter  by 10  mm long. 

and n e g a t i v e  e l e c t r o d e s  i n  t h e  mass spec t rometer .  The more abundant 7 L i  

i s o t o p e  was measured p r i n c i p a l l y  because t h e  doubly charged carbon i o n s  

i n t e r f e r e  wi th  t h e  d e t e c t i o n  of s i n g l y  charged L i  i ons .  

Two of t h e  rods  were used as t h e  p o s i t i v e  

6 

3.4 BET Surface  Areas of Graphi te  and Charcoal 

The BET s u r f a c e  areas of Peach Bottom HTGR g r a p h i t e  samples and 

c h a r c o a l  from t h e  f i s s i o n  product  t r a p  of a f u e l  element are given i n  

Table  3 . 5 .  The measurements were c a r r i e d  o u t  u s i n g  argon as t h e  adsorb- 

i n g  gas .  The g r a p h i t e  specimens t e s t e d ,  i n c l u d i n g  samples from t h e  a r c h i v e  

sleeve, t h e  sleeve and s p i n e  of f u e l  element E06-01, and r a d i a l  r e f l e c t o r  

element A 1 8 - 1 8 ,  were prepared  by c o r e  d r i l l i n g  small c y l i n d e r s  (Q5 mm diam 

by 10 mm l e n g t h )  from b u l k  material. Severa l  such specimens, s u f f i c i e n t  

f o r  a combined weight of 5 t o  6 g ,  were employed f o r  t h e  a n a l y s i s .  

Table 3 . 5 .  BET s u r f a c e  areas of g r a p h i t e  and c h a r c o a l  

from Peach Bottom HTGR 

Surface  area 
Specimen d e s c r i p t i o n  (m2 /g> 

Archive sleeve QA 3240 <O.l 
E06-01 sleeve 0.2 

E06-01 s p i n e  1.06 

A18-08 r a d i a l  r e f l e c t o r  0.36 

Charcoal from F03-01 f i s s i o n  product  t r a p  1190 
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4.  ONSITE SURVEILLANCE OF TRITIUM AND HYDROGEN 

This  s e c t i o n  summarizes t h e  r e s u l t s  of o n s i t e  r o u t i n e  and spec ia l  

survey measurements of tritium and hydrogen t h a t  were c a r r i e d  out  by t h e  

Ph i l ade lph ia  E l e c t r i c  Company and t h e  General  Atomic Company (GAC). These 

measurements c o n s i s t e d  mainly of va lues  f o r  t h e  c o n c e n t r a t i o n s  of hydrogen 

and tritium i n  t h e  primary coolan t  (p re sen t  as H 2 ,  HT,  H 2 0 ,  and HTO) and 

t h e  concen t r a t ion  of HTO i n  t h e  secondary coo lan t .  The r e s u l t s  r epor t ed  

he re  were taken  p r i n c i p a l l y  from r e f .  8. Also summarized are t h e  l i q u i d  

and gaseous releases of tritium t h a t  were t a b u l a t e d  i n  t h e  monthly and 

semiannual ope ra t ions  r e p o r t s  submi t ted  by t h e  P h i l a d e l p h i a  Electr ic  

Company t o  t h e  U.S. Atomic Energy Commission. 9-14 

4 .1  Tr i t i um i n  t h e  Primary and Secondary Coolants  

F igu res  4 . 1  t o  4.3  show t h e  concen t r a t ions  of t r i t i u m  t h a t  were 

measured i n  t h e  primary and secondary c o o l a n t s  i n  1971, 1973, and 1974, 

r e s p e c t i v e l y .  These d a t a  were taken  from r e f .  8 ,  which r e p o r t e d  t h a t  

sampling d i f f i c u l t i e s  i n v a l i d a t e d  measurements i n  1972. From l a t e  1972 

u n t i l  f i n a l  shutdown i n  1974, t r i t i u m  i n  both  t h e  primary and secondary 

coo lan t s  w a s  monitored on numerous occas ions  each y e a r .  The measurements 

of H i n  t h e  primary coo lan t  involved o x i d i z i n g  t h e  HT t o  HTO S O  t h a t  t h e  

measured a c t i v i t y  r ep resen ted  t h e  sum of t h e  HT and HTO o r i g i n a l l y  i n  t h e  

coo lan t .  I n  1974, a Cary i o n i z a t i o n  chamber w a s  used t o  cont inuous ly  

monitor t h e  HT concen t r a t ion  i n  t h e  primary coo lan t .  This  measurement 

involved r o u t i n g  a s m a l l  sample f l o w  of primary coolan t  through a l i q u i d -  

ni t rogen-cooled t r a p  t o  de lay  a l l  a c t i v i t i e s  except  HT. The tritium 

presen t  as HTO w a s  t hus  removed,and t h a t  p r e s e n t  as HT w a s  measured by 

pass ing  t h e  coo lan t  through an i o n i z a t i o n  chamber. The r e s u l t s  are 

p l o t t e d  i n  F ig .  4 .3 ,a long wi th  t h e  sum of t h e  HT and HTO l e v e l s  i n  t h e  

primary coo lan t  and HTO concen t r a t ions  i n  t h e  secondary coolan t  t h a t  were 

measured independent ly .  A s  shown i n  t h e  f i g u r e ,  t h e  sum of t h e  HT and 

HTO c o n c e n t r a t i o n s ,  compared wi th  t h e  s e p a r a t e l y  measured HT level,  i n d i -  

ca t e s  t h a t m o s t  of t h e  t r i t i u m  i n  t h e  primary coo lan t  w a s  i n  t h e  HT form. 

Although no va lues  f o r  t h e  concen t r a t ions  of HTO i n  t h e  hel ium are given 

3 
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i n  r e f .  8 ,  i t  w a s  s t a t e d  t h a t  t h e  HTO w a s  s e v e r a l  o r d e r s  of magnitude 

lower than HT. 

A s  noted i n  Sect. 3.1, a c t i v a t e d  c h a r c o a l  cooled  t o  l i qu id -n i t rogen  

temperature  adsorbs a s i g n i f i c a n t  amount of HT. However, t h e  f a c t  t h a t  

t h e  sum of t h e  HT and HTO c o n c e n t r a t i o n s  i n  t h e  coolan t  determined by a 

d i f f e r e n t  procedure w a s  observed t o  be equa l  t o  t h e  HT c o n c e n t r a t i o n  

measured by t h e  cont inuous  monitor i n d i c a t e s  t h a t  t h e  l i qu id -n i t rogen-  

cooled cha rcoa l  removed only a s m a l l  p o r t i o n  of t h e  HT i n  t h e  cont inuous 

sample  and that t h e  t r i t i u m  present  as HTO w a s  small  compared wi th  t h e  

amount i n  HT. S ince  t h e  cont inuous t r i t i u m  moni tor ing  system w a s  e m p i r i -  

c a l l y  c a l i b r a t e d  wi th  a stream of helium con ta in ing  a known concen t r a t ion  

of HT, i t  i s  p o s s i b l e  t h a t  a cons t an t  f r a c t i o n  of t h e  HT i n  both  t h e  

coolan t  and c a l i b r a t i n g  gas w a s  adsorbed and thus  r e s u l t e d  i n  a c o r r e c t  

measurement of HT i n  t h e  coo lan t .  Fu r the r  evidence i n d i c a t i n g  t h a t  

hydrogen (and t h u s  HT) is adsorbed on l iqu id-n i t rogen-cooled  c h a r c o a l  i s  

provided by t h e  d a t a  presented  i n  Sec t .  4 . 5 .  The p l o t s  of H2 concentra-  

t i o n  i n  t h e  coolan t  v s  t i m e  i n  F igs .  4 . 4  t o  4.7 show l a r g e  i n c r e a s e s  of 

H i n  t h e  coo lan t  dur ing  warmup of l iqu id-n i t rogen-cooled  cha rcoa l  t r a p s  

(Fig.  4 . 4 )  and dur ing  a per iod  when t h e  t r a p s  were bypassed (F ig .  4 . 7 ) .  

Therefore ,  t h e  adso rp t ion  of HT and H on cha rcoa l  i n  t h e  l i qu id -n i t rogen-  2 
cooled t r a p  played a s i g n i f i c a n t  r o l e  i n  e s t a b l i s h i n g  t h e  d i s t r i b u t i o n  of 

t r i t i u m  i n  the reactor. 

2 

4.2  S p e c i a l  T r i t i um Survey 

During t h e  second h a l f  of 1971 ,  GAC made a s p e c i a l  survey t o  d e t e r -  

mine (1) a material ba lance  f o r  t r i t i u m  i n  t h e  r e a c t o r  and ( 2 )  t h e  main 

sources  of tritium i n  t h e  waste d i s p o s a l  system. The l o c a t i o n s  from 

which samples were taken and t h e  concen t r a t ions  of t r i t i u m  found are 

g iven  i n  Table  4 . 1 .  Although r e f .  8 states t h a t  H i n  t h e  s t a c k  e f f l u e n t  

w a s  measured, no concen t r a t ions  were given.  

3 
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Table 4 . 1 .  Typical levels of tritium found during tritium 
a surveys at Peach Bottom 

~ -~ 

HTO b HT + HTO 
Sample location (UC i / cm3) (PC i /ml) 

Fuel element purge 5 

Containment atmosphere 5 

Air room atmosphere 

Outside air 

85Kr holdup tanks 

N2-Ar holdup tanks 

Deaerator 

Condensate 

Steam drum 1 

Steam drum 2 

ND' 

ND 

1 x 

6 x lom3 

Air ejector 2 

Main coolant loop 1 2 

Main coolant loop 2 2 

Waste disposal drain tank 400 

a Reproduced from ref. 8. 

Concentrations refer to nominal reactor conditions of temperature 

ND = nondetected; levels were at or below background for the 

b 
and pressure. 

C 

instrumentation. 
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4 . 3  E f f e c t s  of Hydrazine i n  Secondary Coolant on Hydrogen 

Levels  i n  Primary Coolant 

Hydrazine w a s  added t o  t h e  secondary c o o l a n t  water t o  scavenge 

occluded oxygen and thereby  reduce t h e  c o r r o s i o n  r a t e .  The decomposition 

of hydrazine i n  t h e  secondary coolan t  w a s  i n i t i a l l y  cons idered  a p o s s i b l e  

source  of t h e  higher-than-expected s t e a d y - s t a t e  levels  of hydrogen i n  t h e  

primary c o o l a n t .  

ou t  over  a p e r i o d  of several days dur ing  which t h e  leve l  of hydraz ine  w a s  

dropped from 150 t o  1 5  ppm and maintained f o r  about  seven days.  Levels 

of t r i t i u m  and hydrogen i n  t h e  primary coolan t  were monitored p r i o r  t o ,  

during,  and fo l lowing  leve l  r e d u c t i o n .  The r e s u l t s  of t h i s  s tudy ,  taken  

from r e f .  8 ,  are presented  i n  F ig .  4 . 8 .  

To t e s t  t h i s  hypothes is ,  a s p e c i a l  s tudy  w a s  c a r r i e d  

Although i t  i s  n o t  ev ident  from t h e  r e s u l t s  p l o t t e d  i n  F i g .  4 . 8 ,  

r e f .  8 s t a t e d  t h a t  t h e  t r i t i u m  and hydrogen levels  i n  t h e  primary c o o l a n t  

dropped about  20% fo l lowing  r e d u c t i o n  of t h e  hydraz ine  level.  Such a 

s l i g h t  r e d u c t i o n  showed t h a t  hydrazine i n  t h e  secondary c o o l a n t  d i d  n o t  

s i g n i f i c a n t l y  i n f l u e n c e  t h e  observed t r i t i u m  and hydrogen levels  i n  t h e  

primary c o o l a n t .  During t h e  per iod  of t e s t i n g  w i t h  reduced hydraz ine  

levels, an unscheduled r e d u c t i o n  i n  r e a c t o r  power a l s o  occurred ,  r e s u l t -  

i n g  i n  marked r e d u c t i o n s  of t h e  t r i t i u m  and hydrogen levels i n  t h e  primary 

coolan t .  These p e r i o d s  of reduced power, a long  w i t h  t h e  observed varia- 

t i o n s  of t h e  hydrogen and t r i t i u m  levels ,  are i n d i c a t e d  i n  F ig .  4.8 .  

A f t e r  t h e  power r e t u r n e d  t o  normal, t h e  levels of t r i t i u m  and hydrogen 

r o s e  t o  t h e i r  p rev ious  v a l u e s .  F igure  4 . 8  shows t h a t  t h e  level of  t r i t i u m  

i n  t h e  secondary c o o l a n t  w a s  n o t  s i g n i f i c a n t l y  i n f l u e n c e d  by t h e  hydrazine 

tes t  o r  t h e  power r e d u c t i o n .  

4 . 4  Releases of T r i t i u m  i n  Liquid and Gaseous Wastes 

9-14 to Table  4.2  l i s t s  t h e  t r i t i u m  a c t i v i t i e s  t h a t  were r e p o r t e d  

have been r e l e a s e d  v ia  l i q u i d  and gaseous wastes. 

i n  w a s t e  e f f l u e n t s  p r i o r  t o  t h e  second h a l f  of 1971 w a s  n o t  d i s c u s s e d  i n  

t h e  o p e r a t i o n s  r e p o r t s  (with t h e  except ion  of May 1971) .  The s o u r c e s  of 

t h e  l i q u i d  and gaseous wastes were b r i e f l y  d e s c r i b e d  i n  Sects. 2 .3  and 

2.4 of t h i s  r e p o r t .  

The a c t i v i t y  of t r i t i u m  
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Table 4.2. T r i t i u m  r e l e a s e d  i n  l i q u i d  and gaseous waste 

from t h e  Peach Bottom HTGRa 

T r i t i um a c t i v i t y  (Ci) 
Year I n  l i q u i d  waste I n  gaseous waste 

19 70b 

1971 

1972 

1973 

1974 

T o t a l  

2.0 

1 . 7  

5 .O 

2.7 

9.4 

3.5 

0.9 

6.2 

24.3 

31.4 

a 9-14 
Data t aken  from semiannual o p e r a t i o n s  r e p o r t s .  

bRecords n o t  a v a i l a b l e .  

4.5 Levels  of Hydrogen and Water i n  t h e  Primary Coolant 

P l o t s  of t h e  hydrogen c o n c e n t r a t i o n s  i n  t h e  primary c o o l a n t  f o r  t h e  

y e a r s  1971 through 1974, g iven  i n  r e f .  8, are  reproduced as F igs .  4.4 

through 4.7. 

except f o r  an o c c a s i o n a l  "spike" when t h e  hydrogen c o n c e n t r a t i o n  i n c r e a s e d  

t o  110 ppmv. The hydrogen i n  t h e  s p i k e s ,  which u s u a l l y  occurred  du r ing  

r e a c t o r  s t a r t u p ,  w a s  thought t o  be p r i n c i p a l l y  from t h e  o i l  t h a t  l eaked  

i n t o  t h e  primary system from t h e  helium c leanup p l a n t .  

d i s c u s s i o n  of o i l  i n g r e s s  i n t o  t h e  primary c o o l a n t  sys t em. )  

Genera l ly ,  t h e  hydrogen l e v e l  ranged between 5 and 20 P P m  

(See r e f .  8 f o r  a 

Although moi s tu re  moni tors  were inco rpora t ed  i n  t h e  primary c i r c u i t ,  

l i t t l e  in fo rma t ion  w a s  publ i shed  concerning moi s tu re  levels i n  t h e  c o o l a n t ,  

perhaps because t h e  level  w a s  f r e q u e n t l y  t o o  low t o  be  d e t e c t e d .  A con- 

c e n t r a t i o n  v a l u e  of 0.006 ppmv w a s  r e p o r t e d  f o r  May 1974. The moi s tu re  

monitors,  which con ta ined  a hydra ted  form of phosphorus pentoxide  (P 0 
2 5  

1 .5  H 0) i n  an e l e c t r o l y t i c  c e l l ,  were found t o  have a s h o r t  f u n c t i o n a l  

l i f e t i m e .  

t o  dehydra t e ,  t h u s  caus ing  t h e  cel ls  t o  mal func t ion .  

2 
It w a s  p o s t u l a t e d  t h a t  t h e  extremely d ry  helium caused t h e  P 0 

2 5  
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5. MEASURED TRITIUM LEVELS I N  FUEL ELEMENTS 

AND A REFLECTOR ELEMENT 

T h i s  s e c t i o n  g i v e s  t h e  r e s u l t s  of  t r i t i u m  measurements on s i x  Peach 

Bottom HTGR f u e l  e lements  and one removable r e f l e c t o r  element.  The f u e l  

e lements  s t u d i e d  included E06-01, which w a s  i r r a d i a t e d  384 EFPDs; Ell-07, 

a 701-EFPD element;  and elements  E14-01, F03-01, E01-01, and F05-05, which 

were i r r a d i a t e d  898 EFPDs. The l a s t  f o u r  e lements  w e r e  opera ted  t h e  

e n t i r e  l i f e  of c o r e  2 and were removed a f t e r  t h e  r e a c t o r  w a s  s h u t  down 

f o r  decommissioning on October 31, 1974. Pre- and p o s t i r r a d i a t i o n  

dimensions and d e s o r p t i o n s ,  c o r e  l o c a t i o n s ,  and o t h e r  d e t a i l e d  descr ip-  

t i ve  material regard ing  t h e s e  elements  are provided i n  publ ished examina- 

t i o n  r e p o r t s .  Element E14-01 w a s  unique i n  t h i s  series i n  t h a t  i t  w a s  

one of t h e  60 elements  t h a t  contained a poisoned s p i n e .  

The t r i t i u m  levels i n  t h e s e  f u e l  e lements  were f i r s t  s t u d i e d  as p a r t  

of a broader  program concerned wi th  f i s s i o n  product  s u r v e i l l a n c e  i n  t h i s  

r e a c t o r .  I n  t h i s  e a r l y  phase of t h e  s tudy ,  measurements of t r i t i u m  levels  

were r e s t r i c t e d  mainly t o  t h e  r a d i a l  d i s t r i b u t i o n s  of t r i t i u m  (along w i t h  

I 4 C  and 90Sr) i n  t h e  sleeves and s p i n e s  of t h e  elements.  

l i m i t e d  p a r t  of t h e  s tudy  included t h e  de te rmina t ion  of t r i t i u m  i n  t h e  

upper r e f l e c t o r  assembly, i n  t h e  bottom connector ,  and i n  a few f u e l  par- 

t i c l e s .  These d a t a ,  which have been a b s t r a c t e d  from t h e  publ i shed  examina- 

t i o n  r e p o r t s ,  are more e x t e n s i v e  than  t h e  d a t a  used i n  t h e  p r e s e n t  

study. 

measurements performed i n  t h e  s u r v e i l l a n c e  work. More comprehensive 

t r i t i u m  t r a n s p o r t  ana lyses ,  which may b e  conducted a t  some f u t u r e  t i m e ,  

would l i k e l y  make f u r t h e r  u s e  of  t h i s  body of information.  

t h e  t r i t i u m  r a d i a l  p r o f i l e s  provide informat ion  on t r i t i u m  d i f f u s i o n  i n  

g r a p h i t e ;  t r i t i u m  c o n c e n t r a t i o n s  i n  t h e  purge h o l e  p o r t i o n  of f u e l  element 

may be used as a measure of t r i t i u m  levels  i n  t h e  primary coolan t  i f  

equi l ibr ium s o r p t i o n  d a t a  are provided;  s i m i l a r l y ,  t h e  a x i a l  c o n c e n t r a t i o n  

p r o f i l e s  i n  f u e l  element c h a r c o a l  t r a p s  may b e  used t o  determine t r i t i u m  

c o n c e n t r a t i o n  i n  t h e  purge gas . )  

A much more 

1- 6 

They are inc luded  here t o  provide  a record  of a l l  t r i t i u m - r e l a t e d  

(For  example, 
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I n  a la ter  s tudy  d i r e c t e d  s p e c i f i c a l l y  toward a n  understanding of 

t h e  behavior  of t r i t i u m ,  a d d i t i o n a l  measurements of t r i t i u m  w e r e  made on 

t h e  prev ious ly  s t u d i e d  f u e l  e lements ,  and t h e  d i s t r i b u t i o n  of t r i t i u m  i n  

a Peach Bottom r e f l e c t o r  b lock  w a s  determined. Other p r o p e r t i e s  r e l a t e d  

t o  t h e  levels  of t r i t i u m  ( e . g . ,  t h e  c o n c e n t r a t i o n s  of 6 L i  i n  g r a p h i t e  

components) were a l s o  s t u d i e d  and r e s u l t s  are r e p o r t e d  i n  Sec t .  3.4 .  

The measurements made under t h e  programmatic s t u d i e s  are  summarized i n  

Sect. 1.1. 

One o b j e c t i v e  of t h e  expanded exper imenta l  s t u d i e s  w a s  t o  determine 

t h e  e f f e c t s  of o p e r a t i n g  temperatures  on t h e  release of t r i t i u m  from 

Peach Bottom f u e l .  I n  t h i s  p o r t i o n  of t h e  work, t r i t i u m  w a s  measured 

i n  bulk  f u e l  specimens, weighing several grams and c o n t a i n i n g  several  

thousand p a r t i c l e s ,  t aken  from s i x  f u e l  compacts t h a t  had opera ted  over  

a wide temperature  range.  

I n  a d d i t i o n ,  t h e  d a t a  regard ing  t r i t i u m  leve ls  i n  t h e  f u e l  element 

c h a r c o a l  t r a p s  were augmented dur ing  t h i s  p e r i o d  of t i m e .  The c h a r c o a l  

t r a p s  were n o t  only a s i g n i f i c a n t  r e p o s i t o r y  f o r  t r i t i u m  i n  c o r e ,  b u t  

perhaps more i m p o r t a n t l y ,  t r i t i u m  levels i n  t h e  f u e l  element purge f low 

could p o s s i b l y  be  i n f e r r e d  from t h e  measured levels  i n  t h e  t r a p .  It w a s  

hoped t h a t ,  i n  t u r n ,  t h i s  could be  used as a measure of tritium leakage  

from t h e  c o r e  t o  t h e  ex-core f i s s i o n  product  t r a p p i n g  system. 

5 . 1  Radia l  D i s t r i b u t i o n s  i n  Sleeves and Spines  

Tables  5 . 1  through 5 . 4 1  summarize t h e  measured r a d i a l  d i s t r i b u t i o n s  

of tritium i n  t h e  sleeves and s p i n e s  of t h e  s i x  Peach Bottom HTGR f u e l  

elements c i t e d  above. The d a t a  a re  t a b u l a t e d  as m i c r o c u r i e s  of  t r i t i u m  

per  gram of g r a p h i t e  a t  t h e  given r a d i a l  d i s t a n c e  from t h e  s u r f a c e  ad ja-  

c e n t  t o  t h e  f u e l .  A s  i n d i c a t e d  i n  Sect. 1.1, t h e s e  r e s u l t s  were a b s t r a c t e d  

from t h e  series of r e p o r t s  d e s c r i b i n g  t h e  examinat ions of t h e  f u e l  ele- 

ments. 1-6 

The mean t r i t i u m  a c t i v i t y  v a l u e s  given i n  t h e  r a d i a l  d i s t r i b u t i o n  

t a b l e s  w e r e  d e r i v e d  by numerical  i n t e g r a t i o n  of  t h e  r a d i a l  d i s t r i b u t i o n s  

and are  used i n  Sect. 5 .2  t o  d e f i n e  t h e  a x i a l  d i s t r i b u t i o n s  of t r i t i u m  i n  
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Table 5.1. Radial distribution of tritium found in E06-01 

spine at compact 7 
(corrected to January 6, 1972) 

Thickness Distance to center 
of cuta of cut from OD Tritium activity 

Sample (mm> (mm> (Wi/g) 

1 1.59 
2 2. 54 
3 3. 18 
4 3. 18 
5 3. 18 
6 7. 27 

1. 02 3. C6E+OO 
3. 08 1. 63E+00 
5. 94 1. 07&+00 
9. 1 1  1. C7E+00 
12.29 1. 06E+00 

9. 00E-01 17.51 
Mean 1. 52E+00 

a Thickness of sample milled from spine. 

Table 5.2. Radial distribution of tritium found in E06-01 

sleeve at compact 7 

(corrected to January 6, 1972) 

Thickness Distance to center 
of cuta of cut from ID Tritium activity 

Sample (mm) (mm> ( v W d  

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  

0.92 
1.02 
1.02 
1.02 
1. 02 
1.02 
1.02 
1.02 
0. 64 
0. 64 

0.44 
1.41 
2 .42  
3. 44 
4.45 
5. 47 
6. 49 
7.50 
8. 33 
8.96 

4. 56L+ 0 1 
2*87L+01 
1*OSE+O 1 
5. OLIE+OO 
6. 68E+00 
6. 84E+ 0 0  
6. 72E+ 0 0 
6.44E+ 0 0  
8. 32E+ 0 0 
1.00E+01 

Mean 1. 28&+0 1 

a Thickness of sample milled from sleeve. 
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Table 5.3. Radial distribution of tritium found in E06-01 

spine at compact 16 

(corrected to January 7, 1972) 

Thickness Distance to center 
of cuta of cut from OD Tritium activity 

Sample (mm) ( m d  (uCi/g) 

1 1.59 
2 2.54 
3 3. 1 8  
4 3. 1 8  
5 3. 1 8  
6 3. 1 8  
7 4. 1 4  

0.98 2 * 9 1 E + 0 0  

5 .90  1. 44E+00 
9. 0 8  1. 16E+00 

12. 2 5  8. 70E-01 

19 .08  1. 1 7 t + 0 0  
Mean 1. 61E+00  

3. 0 4  1.80E+00 

15 .43  1. 11E+00 

a Thickness of sample milled from spine. 

Table 5 . 4 .  Radial distribution of tritium found in E06-01 

sleeve at compact 16 

(corrected to January 7, 1972) 

Thickness Distance to center 
of cuta of cut from ID Tritium activity 

Sample (mm) ( m d  (uCi/g) 

1.96  
1 .02  
1 .02  
1. 0 2  
1.02 
1 .02  
1 .02  
0. 64 
0. 64 

0.96 
2.45 
3.47 
4. 48 
5. so 
6. 5 1  
7.53 
8. 35 
8.99 

1. 13E+01  
1. 03E+01 
1. 57O+O 1 
1. 69E+O 1 
1. SSE;+Ol 
1. 72E+O 1 
1=9SE+O1 
2. SOL;+Ol 
2*85L+01 
1 6 7 t +  0 1 Mean 

~- 

a Thickness of sample milled from sleeve. 
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Table 5.5. Radial distribution of tritium found in E06-01 

spine at compact 26 

(corrected to January 7 ,  1972) 

Thickness Distance to center 
of cuta of cut from OD Tritium activity 

Sample (mm> (mm> (?JCi/g) 

1 2.35 
2 1. 78 
3 3. 18 
4 3. 18 
5 3. 18 
6 6. 92 

1.85 1*44E;+OO 
3.85 1.00E+00 
6. 25 7. OOE-01 
9.45 6. 30E-0 1 

12. 64 5. IOE-01 
17. 69 4.20E- 0 1 

Mean 8. 69E;- 0 1 

a Thickness of sample milled from spine. 

Table 5.6. Radial distribution of tritium found in E06-01 

sleeve at compact 26 

(corrected to January 7,  1972) 

Thickness Distance to center 
of cuta of cut from ID Tritium activity 

Sample (mm> (mm) (vCi/g) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

0 . 9 2  
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
0. 64 
0. 64 

0.45 
1. 42 
2.43 
3.45 
4.47 
5. 48 
6. 50 
7. 51 
8. 34 
8.97 

6- 02E+00 
4. 4 l E + 0 0  
4. 31E+00 
3.89&+00 
3. 52E+ 0 0 
4. 16L+OO 
5*65E+00 
5. 71E+00 
7. 72&+00 
9. 4 8 E + 0 0  

Mean 5.29 E+ 0 0 

Thickness of sample milled from sleeve. a 
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Table 5 . 7 .  Radial distribution of tritium :Eound in E l l - 0 7  

spine at compact 5 

(corrected to September 14, 19'73) 

Thickness Distance to center 
of cuta of cut from OD Tritium activity 

Sample (mm) (mm) (lJCi/g) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  

0. 13 
0.30 
0.30 
0.76 
0. 7 6  
0. 76 
0. 7 6  
0. 76 
1 .  52 
1.59 
3. 18 

0. 0 6  
0. 32 
0. 70 
1. 27 
2. 03 
3. 56 
5. 08 
6- 6 0  
9. 27 

17.20 
19. 60 

a Thickness of sample milled from spine. 

4. 19E+OO 
5. 146+00 
3 * 8 8 E + 0 0  
4. 66E+00 
5. 0 1 E + 0 0  
4. 65E+ 0 0 
4. 40E+00 
3. 50E+00 
3. 48L+ 0 0 
2. 79E+OO 

Mean 3. 89E+00 
2. 5asi+oo 

Table 5.8. Radial distribution of tritium found in E l l - 0 7  

sleeve at compact 5 

(corrected to September 14, 1973) 

Thickness Distance to center 
of cuta of cut from ID Tritium activity 

Sample ( m d  (mm) (lJ.ci/g) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  

0. 13 
0. 13 
0. 13 
0.25 
0.76 
0. 76 
0. 76 
0. 76 
0. 76 
0. 38 
0 .20  

0. 0 6  
0. 19 
0. 32 
0. 51 
1. 40 
2. 92 
4. 46 
5.97 
7.49 
8.83 
9. 50 

1. 29E+O 1 
2*86E+01 
7. 13E+01 
9. 34E+O 1 
2*92E+ 0 1 
1*80E+O 1 
1. 14E+01 
1. 13E+01 
9. 50E+00 
1. lOE+01 
2. 16E+01 

Mean 2. 05E+O 1 

Thickness of sample milled from sleeve. a 
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Table 5 .9 .  Radial distribution of tritium found in E l l - 0 7  

spine at compact 1 2  

(corrected to September 1 4 ,  1973) 

Thickness Distance to center 
of cuta of cut from OD Tritium activity 

Sample (mm) (mm) ( P W d  

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  

0.20 
0. 30 
0. 38 
0. 76 
0. 76 
0. 76 
0. 76 
0. 76 
1. 52 
1.59 
3. 18 

0. 1 0  
0.39 
0. 77 
1.35 
2.11 
3. 63 
5. 16 
6. 68 
9.35 

16.99 
19.40 

1. 66 t+01 
1. 1 l t + O  1 
8. 64L+O 0 
7. 33t+00 
6. 15E+00 
4. 66 t+00  
3. 59E+00 
2. 58E+ 0 0 
2. 03E+00 
8. 60t -0  1 
8. OOE-01 

Mean 3. 99E+ 0 0 

Thickness of sampled milled from spine. a 

Table 5.10. Radial distribution of tritium found in Ell-07 

sleeve at compact 1 2  

(corrected to September 14, 1973) 

Thickness Distance to center 
of cuta of cut from ID Tritium activity 

S amp le (mm) (mm) (pci/g) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

0. 1 3  
0. 13 
0. 1 3  
0.25 
0. 76 
0.46 
0. 76 
0. 76  
0. 76 
0. 38 
0. 13 

0. 0 6  
0. 19 
0. 32 
0. s1 
1.53 
2.90 
4. 27 
5.79 
7. 32 
8. 65  
9.  30 

3. 13E;+01 
2. 75E+O 1 
2. 76E+ 0 1 
2. 34E+O 1 
8. 74E+O 1 
5. 54E+O 1 
6. 02E+Ol 
7. 17E+O 1 
1. 27E+01 
1. 1 lE+01 
1. 23E+O 1 

Mean 4. 59E+0 1 

a Thickness of sample milled from sleeve. 
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Table 5.11. Radial distribution of tritium found in E l l - 0 7  

spine at compact 18 

(corrected to September 14, 1 9 7 3 )  

Thickness Distance to center 
of cuta of cut from OD Tritium activity 

Sample (mm) (mm> (VCi / g> 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  

0. 25 
0. 38 
0. 38 
0. 76 
0. 76 
0. 7 6  
0. 7 6  
1.52 
1. 52 
1.59 
3. 18 

0. 13 
0.45 
0. 83 
1. 4 0  

3. 68 
5 .21  
7.11 

10. 1 6  
17. 0 0  
19. 40 

2. 16 

7 * 4 7 E + 0 0  
5. 49E+00  
7 * 2 3 E + 0 0  
4 * 9 3 E + 0 0  
4*02t+00 
3. 1 4 t + 0 0  
2. 35E+00 
1. 90t+00 
3.0 1E+00 
1 * 0 1 E + 0 0  
9 * 9 0 E - 0  1 

Mean 3. 06E+00 

a Thickness of sample milled from spine. 

Table 5.12. Radial distribution of tritium found in E l l - 0 7  

sleeve at compact 18 

(corrected to September 14, :L973) 

Thickness Thickness to center 
of cuta of cut from ID Tritium activity 

Sample (mm) (mm> (vci/g> 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  

0. 1 3  
0. 13 
0. 1 3  
0. 1 3  
0.76 
0 .76  
0. 76 
0. 76 
1. 27 
0. 38 
0- 23 

0. 0 6  
0. 1 9  
0. 32 
0.45 
1. 27 
2. 79 
4. 32 
5. 84 
7. 37 
8. 70 
9.40 

3*2SE+O 1 
2*33E+O 1 
1. 32E+O I 
3*80E+00 
4. 57E+00  
4. 7SE+00 
5. 70E+00 
9. 10E+00  
1. 43E+O 1 
2. 47E+O 1 
2*84E+O 1 

Mean 1. I 6E+ 0 I 

a Thickness of sample milled from sleeve. 
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Table 5.13. Radial distribution of tritium found in Ell-07 

spine at compact 28 
(corrected to September 14, 1973) 

Thickness Distance to center 
of cuta of cut from OD Tritium activity 

Sample ( m d  (mm) (uci/g) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
1 1  

0.20 
0. 38 
0. 38 
0. 76 
0.76 
0. 76 
0. 76 
0. 76 
0. 71 
1.59 
3. 18 

0. 1 0  
0.39 
0. 78 
1*35 
2. 1 1  
3. 63 
5. 16 
6. 68 
8. 18 
17. 18 
19.56 

1. 36E+01 
3. 72b+00 
2. 38E+00 
2*27&+00 
2. 09E+00 
2. 03E+00 
1. 78E+00 
1. 58E;+OO 
I *  61E+00 
1*02E+00 
1. 03&+00 
2. 0 1 E+ 00 Mean 

a Thickness of sample milled from spine. 

Table 5.14. Radial distribution of tritium found in Ell-07 

sleeve at compact 28 
(corrected to September 14, 1973) 

Thi cknes s Distance to center 
of cuta of cut from ID Tritium activity 

Sample (mm> (mm) (uci/g) 

I 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  
12 

0. 13 
0. 13 
0. 13 
0. 13 
0. 38 
0.76 
0. 76 

0 .76  
0. 76 
0. 38 
0.25 

0. 76 

0. 06 
0. 19 
0. 32 
0. 45 
0. 70 
1. 27 
2. 79 
4. 32 
5. 84 
7.37 
8. 70 
9.  40 

3. 16E+00 
1. 06E+01 
7. 71E+00 
5. 74E+00 
3. 34E+00 
2. 41E+00 
1*96E+00 
2. OSE+00 
2*26E+ 0 0 
3. 22E+ 0 0 
4. 38E+ 0 0 
7. 74E+ 0 0 

Mean 3, 26E+00 

Thickness of sample milled from sleeve. a 
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Table 5.15. Radial distribution of tritium found in E14-01 

sleeve at compact 7 

(corrected to October 31, 1'374) 

Thickness Distance to center 
of cuta of cut from ID Tritium activity 

Sample (mm> (mm> ( P W d  

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  

0. 13 
0. 13 
0. 13 
0. 25 
0.76 
0. 76 
0.76 
0. 76 
0.76 
0. 38 
0. 18 

0. 06 
0. 19 
0. 32 
0. 51 
1. 40 
2.90 
4. 5 0  
6. 00 
7. 5 0  
8 .80  
9. 5 0  

Thickness of sample milled from sleeve. a 

2*22E+O 1 
5. 07E+01 
4. 70E+Ol 
4. 30E+O I 
5.00E+01 
4. 72E+O 1 
5. 26E+O 1 
5. 17E+ 0 1 
5. 68E+O 1 
4. 69E+O 1 
6. 49E+O 1 

Mean 5.2 7E+ 0 1 

Table 5.16. Radial distribution of tritium found in E14-01 

spine at compact 23 

(corrected to October 31, 1974) 

Thickness Distance to center 
of cuta of cut from OD Tritium activity 

Sample (mm> (mm> (vCi/g) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  

0. 13 
0.25  
0. 25 
0.38 
0.38 
0. 76 
0. 7 6  
0.76 
0. 7 6  
0. 76 
0.89 

0. 0 6  
0. 2 5  
0 -  51 
0. 83 
1.21 
2.54 
4. 0 6  
5. 59 
7.  1 1  
8. 64 
9-  46 

8. 07E+00 
4. 32E+ 0 0 
3. 54L+ 0 0 
3. 44E+00 
3. 51E+00 
3. 08E+00 
2.08E+00 
2.12E+00 
2. 17E+00 
2. 78t+00  
6*25E+00 

Mean 3. 9 4 E +  0 0 

a Thickness of sample milled from spine. 
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Table 5.17. Radial distribution of tritium found in E14-01 

sleeve at compact 23 

((corrected to October 31, 1974) 

Thickness Distance to center . 

of cuta of cut from ID Tritium activity 
Sample (mm) (md (vc i /g)  

I 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  

0. 13 
0. 13 
0. 13 
0.25 
0.76 
0. 76 
0.76 
0. 76 
0. 76 
0. 38 
0.15 

0. 06 
0.19 
0. 32 
0. 51 
1. 40 
2. 92 
4. 45 
5. 97  
7.49 
8. 8 3  
9.47 

3. 09E+ 0 0 
2. 57E+01 
1. 74E+OI 
1. 07E+OI 
9. 86E+00 
1.22E;+ 0 1 
1. 43E+O 1 
1. 73E+01 
2*24E+O 1 
2. 60t;+01 
3*84E+O 1 

Mean 1 * 8 0 E + O  1 

Thickness of sample milled from sleeve. a 

Table 5.18. Radial distribution of tritium found in E14-01 

spine at compact 28 

(corrected to October 31, 1974) 

Thickness Distance to center 
of cuta of cut from OD Tritium activity 

Sample (m) (mm) (vCi/g) 

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

0. 13 
0.25 
0.25 
0. 38 
0.38 
0. 76 
0.76 
0. 76 
0. 76 
0.76 
0.89 

0. 06 
0. 25 
0.51 
0. 8 3  
1.20 
2. 54 
4. 06 
5. 59 
7.11 
8. 64 
9. 46 

1*20E+O 1 
1. 17E+01 
4 * 8 5 E + 0 0  
4*91E+00 
5. 17E+00 
5 * 2 4 E +  0 0 
4*41E+OO 
3. 66L+OO 
3*24E+00 
3. UlE+00 
5*00E+00 
4. 79 E+ 0 0 Mean 

a Thickness of sample milled from spine. 
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Table 5.19. Radial distribution of tritium found in E14-01 

sleeve at compact 28 

(corrected to October 31 ,  1974) 

Thickness Distance to center 
.of cuta of cut from ID Tritium activity 

Sample (mm) (mm> (vCi/g> 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  

0.13 
0. 13 
0.13 
0.25 
0. 69 
0. 76 
1. 52 
1. 52 
0. 76 
0.38 
0. 13 

0. 06 
0. 19 
0. 32 
0. 51 
1. 36 
2.85 
3.99 
5. 51 
7.42 
8. 7 5  
9.39 

a Thickness of sample milled from sleeve. 

1. 52E+O 0 
1 9 1 E;+ 0 1 
1. 31E+01 
7*01L+OO 
5. 81E+00 
6. 30L+00 
7. !0E+00 
7. 70E+00 
8*80E+00 
1. @ 1 E + 0 1  
1.48E+01 
8. 2 5E+ 0 0 Mean 

Table 5.20. Radial distribution of tritium found in F03-01 

spine at compact 5 
(corrected to October 31, 1974) 

Thickness Distance to center 
of cuta of cut from OD Tritium activity 

Sample (mm> (mm) (vCi/g) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 

0.13 
0. 38 
0.76 
0. 76 
0.76 
0.76 
0.76 
0.76 
1.52 
1.59 
3. 18 

0. 06 
0. 32 
0.09 
1. 65 
2. 41 
3.94 
5-46 
6.99 
8.89 

16.20 
18. 60 

5*20E+O1 
1*92E+O 1 
5*97E+OO 
3. 12E+00 
4*98E+ 0 0 
4. 62E+ 0 0 
4*3SE*00 
3. 77E+00 
3 * 8 3 E + 0 0  
2. 3 1 E + 0 0  
2. 0 7E+00 

Mean 5- 30E+00 

a Thickness of sample milled from spine. 
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Table 5.21. Radial distribution of tritium found in F03-01 

sleeve at compact 5 

(corrected to October 31, 1974) 

Thickness Distance to center 
of cuta of cut from ID Tritium activity 

Sample (mm) (mm) ( V W d  

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  

0.25 
0.25 
0.46 
0. 38 
0. 76 
0. 76 
0. 76 
0. 7 6  
0.38 
0.25 

0. 1 3  
0. 38 
0. 74 
1 .54  
2. e 7  
3. 63 
5 .16  
7.44 
8. 70 
9. 4 0  

1. 42E+O 1 
4. 19E+01  
4. 18E+01  
1. 10E+02  
4. l l E + 0 0  
1. 47E+00 
1. 31E+00  
1.31E+00 
2 .42E+00 
1*25E+O 1 

Mean 1. 77E+Ol 

a Thickness of sample milled from sleeve. 

Table 5.22. Radial distribution of tritium found in F03-01 

spine at compact 12 
(corrected to October 31, 1974) 

Thickness Distance to center 
of cuta of cut from OD Tritium activity 

Sample (mm> (mm) ( V W d  

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 

0. 18 
0.38 
0.76 
0 .76  
0.76 
0.76 
0 . 7 6  
0. 76 
I *  52 
1.59  
3. 1 8  

0. 0 9  
0.37 
0.94 
1.70 
2. 46 
4.00 
5.51 
7. 04 
8.94 

16.20 
18. 6 0  

1*59E+O 1 
1.20&+0 1 
6. 31E+00 
6. 68E+00 
60 14E+00 
5*42E+00 
4. 76E+00 
4. 66E+00 
3. 73E+O 0 
2*54E+00 
2*48E+ 0 0  

Mean 5. 06E+ 0 0 

Thickness of sample milled from spine. a 
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Table 5.23. Radial distribution of tritium found in F03-01 

sleeve at compact 12 

(corrected to October 31, 1 9 7 4 )  

Thickness Distance to center 
of cuta of cut from ID Tritium activity 

Sample (mm> (mm> (uCi /g>  

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  

0. 13 
0.25 
0. 25 
0. 76 
0-  7 6  
0. 7 6  
0. 76 
0 .76  

0.25 
0.38 

0. 0 6  
0. 25 
0. 76 
1 .  65 
3. 2 0  
4. 70 
6. 20 
7- 70 
9 . 0 0  
9 . 4 0  

4. 53E+O 1 
5*43E+O 1 
4. 56E+O 1 
4. 65E+O 1 
6 . 9  1 E+ 0 1 
9. 0 3 E + 0 1  
7*99E+O 1 
6. 54E+O 1 
5*84E+O 1 
4*95E+Ol 

Mean 6. 8 4E+ 0 1 

Thickness of sample milled from sleeve. a 

Table 5 . 2 4 .  Radial distribution of tritium found in F03-01 

spine at compact 18 
(corrected to October 31, 1974)  

Th i ckne s s Distance to center 
of cuta of cut from ID Tritium activity 

Sample (mm) (mm> (u ci/d 

1 
2 
3 
4 
5 
4 
7 
8 
9 

1 0  
1 1  

0. 15 
0.38 
0. 76 

0. 7 6  
0 -  76 
0. 76 
0. 76 
1.52 
1.59 
3.18 

a. 76 

0. 08 
0 . 3 4  
0. 91 
1. 68 
2. 44 
3 .96  
5 .49  
7.01 
8 . 9 2  

17.15  
19.50 

1 .  0 1E+O 1 
6. 30E+00 
4. 40E+00 
4. 16E+00 
2- 69E+00 
3*01E+OO 
2. 75E+00 
2 * 8 3 E + 0 0  
2*82E+ 0 0 
2. 32E+ 0 0 
2. 02E+00 

Mean 3. 18E+00 
- ~- 

a Thickness of sample milled from spine. 
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Table 5.25. Radial distribution of tritium found in F03-01 

sleeve at compact 18 

(corrected to October 31, 1 9 7 4 )  

Thickness Distance to center 
of cuta of cut from ID Tritium activity 

Sample (mm) (md (uci/g> 

1 0.38 
2 0.38 
3 0.76 
4 0. 76 
5 0. 76 
6 0. 76 
7 0. 76 
8 0. 38 
9 0.28 

0. 1 9  
0.57 
1. 14 
2. 7 0  
4.20 
5. 70 
7.20 
8. 60 
9. 30 

1. 77E+01 
1. 67E+O 1 
1*98E+O1 
2. l l E + 0 1  
2*96E+O 1 
4. 58E+O 1 
7. 11E+01 
4. 18E+01  
4 * 3 5 € + 0 1  

Mean 3. 85E+O 1 

a Thickness of sample milled from sleeve. 

Table 5.26. Radial distribution of tritium found in F03-01 

spine at compact 28 

(corrected to October 31, 1974)  

Thickness Distance to center 
of cuta o€ cut from OD Tritium activity 

Sample ( m d  (mm> (vCi/g> 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  

0. 1 5  
0.38 
0 .76  
0. 76 
0. 76 
0. 76 
0. 76 
0. 76 
1. 52 
1.59 
3. 1 8  

0- 08 
0. 34 
0.91 
1. 68 
2.44 
3. 96 
5.49 
7.01 
8.92 

17.00 
19.40 

1- 42E+O 1 
7. 03E+00 
1 * 9 4 E + 0 0  
1 * 8 7 E + 0 0  
1*93E+00  
1. 46E+OO 
1 * 2 5 E + 0 0  
1.12E+00 
8. 70E-0 1 
5 - 2 0 E - 0 1  
4. 70E-01 

Mean 1. 67E+00  

a Thickness of sample milled from spine. 
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Table 5.27. Radial distribution of tritium found in F03-01 

sleeve at compact 28 
(corrected to October 31, 1974.) 

Thickness Distance to center 
of cuta of cut from ID Tritium activity 

Sample (mm) (mm) (uci/g> 

0. 38 
0. 38 
0. 76 
0.76 
0. 76 
0. 76 
0. 76 
0. 38 
0. 38 

0. 19 
0.57 
1. 51 
3.00 
4. 60 
6. 10 
7. 60 
8.90 
9. 70 

1. 7OE-01 
1. 60E+01 
1. 35E+01 
1. 41E+O1 
1.01E+01 
2*26E+ 0 1 
3*45E+O 1 
4.22E+ 0 1 
3. 39E+01 

Mean 2. 35E+ 0 1 

a Thickness of sample milled from sleeve. 

Table 5.28. Radial distribution of tritium found in E01-01 

sleeve at compact 4 
(corrected to October 31, 1974) 

Thickness Distance to center 
of cuta of cut from ID Tritium activity 

Sample (mm) (mm) (uCi/g) 

0.51 
0. 51 
0. 76 
0. 76 
0.76 
0.76 
0.76 
0. 51 
0 . 0 8  

0.26 
0. 66 
1.20 
2. 72 
4.24 
5. 76 
7. 28 
8.80 
9.60 

8. 82E+ 0 1 
2*23€+02 
1. 39E+O2 
1. 06E+01 
1. 04E+01 
1. O6E+01 
9*30E+00 
1. 05E+01 
3. 64E+O 1 

Mean 3. 83E+ 0 1 

Thickness of sample milled from sleeve. a 
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Table 5 . 2 9 .  Radial distribution of tritium found in E01-01 
sleeve at compact 1 2  

(corrected to October 31, 1 9 7 4 )  

Thickness Distance to center 
of cuta of cut from ID Tritium activity 

Sample ( m d  (?JCf/S> 

0. 51 
0 .25  
0. 76  
0 .76  
0. 76  
0. 7 6  
0 . 7 6  
0 . 0 2  
0. 15 

0. 25  
0. 64 
1 .  14 
2. 66 
4.18 
5. 7 0  
7.20 
8. 70 
9. 60 

4. 31E+O 1 
3*84E+O 1 
3*59E+O 1 
4*32E+O 1 
6. 1 2 E + 0 1  
6 .8  7E+O 1 
8 * 3 7 E + O  1 
1 .  00E+02 
7. 05E+O 1 

Mean 6*80E+O 1 

_ _ _  - - 

a Thickness of sample milled from sleeve. 

Table 5 . 3 0 .  Radial distribution of tritium found in E01-01 

sleeve at compact 18 
(corrected to October 31, 1 9 7 4 )  

Thickness Distance to center 
of cuta of cut from ID Tritium activity 

Sample (mm) (mm) ( ? J W g )  

0. 51 
0.25 
0.76  
0. 76 
0. 7 6  
0. 76 
0 .76  
0. 76 
0 . 0 8  

0. 25 
0. 64 
1.  14 
2. 66 
4. 18 
5. 70 
7- 22 
8. 74 
9 . 6 0  

1. 16E+O 1 

l r  40E+O 1 
1 .  54E+O 1 
1 * 8 1 E + 0 1  
2 .40E+O 1 
3. 71E+01  
7*82E+0 1 
9. S l E + O l  

Mean 3. 47E+O 1 

1. e s E +  o I 

_ _  

Thickness of sample milled from sleeve. a 
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Table 5.31. Radial distribution of tritium found in E01-01 

spine at compact 23 
(corrected to October 31, 1974.) 

Thickness Distance to center 
of cuta of cut from OD Tritium activity 

Sample (mm) (mm> (uCi/g> 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  

0.20 
0. 38 
0. 76 
0. 76 
0. 76 
0. 76 
0. 76 
0. 76 
1.52 
1.59 
3. 18 

0. 1 0  
0. 39 
0.97 
1.73 
2. 49 
4 . 0 1  
5. 54 
7. 06 
8. 58 

16.80 
19.20 

3*90E+00 
2. 72E+00 
2r 54E+00 
2. 04E+00 
2. 3SE+00 
2*21E+00 
2. 03E+00 
2. 0 3 E + 0 0  
1*98E+00 
1. 73E;+OO 
1. 77&+00 

Mean 2. 1 1  E+O 0 

a Thickness of sample milled from spine. 

Table 5.32. Radial distribution of tritium found in E01-01 

spine at compact 28 
(corrected to October 31, 1974) 

Thickness Distance to center 
of cuta of cut from OD Tritium activity 

Sample (mm) (m) (vci/g) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 

0 . 1 5  
0.38 
0.76 
0. 76 
0.76 
0.76 
0.76 
0.76 
1.52 
1.59 
3. 18 

0. 0 8  
0. 34 
0 .91  
1. 67 
2.43 
3.95 
5. 47 
6.99 
8.89 

17.28 
19.60 

6. 42E+O 0 
2*28E+00 
3. 13E+00 
3*29E+00 
3. 7 8 E + 0 0  
%48E+00 
2. 59E+ 0 0 
2. 39E+ 0 0 
2*26E+00 
1. 61E+00 
1. 43E+00 

Mean 2. 67E+ O O 

Thickness of sample milled from spine. a 
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Table 5.33. Radial distribution of tritium found in E01-01 

sleeve at compact 28 

(corrected to October 31, 1974) 

Thickness Distance to center 
of cuta of cut from ID Tritium activity 

Sample (mm> (w) (uCi/g> 

1 
2 
3 
4 
5 
6 
7 
8 
9 

0. 51 
0. 25 
0. 76 
0. 76 
0 -  76 
0. 76  
0. 76 
0. 76  
0 . 2 0  

0. 25 
0. 64 
1.  14 
2. 66  
4. 18 
5. 70 
7.22 
8.  74 
9. 60 

9. 50E+00 
1 .  55E+O 1 
8*80E+00 
8. 20E+00 
9. 6 O E ; + O O  
1.21E+01 
1*83E+O 1 
2. 69E+Ol 
4*23E+ 0 1 

Mean 1. 64E+O 1 

a Thickness of sample milled from sleeve, 

Table 5.34. Radial distribution of tritium found in F05-05 

spine at compact 5 

(corrected to October 31, 1974)  

Thickness Distance to center 
of cuta of cut from OD Tritium activity 

Sample (mm> (mm) (Wi/g> 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  

0. 13 
0. 38 
0. 7 6  
0. 76  
0. 76  
0. 7 6  
0. 7 6  
0. 76  
1 .  52 
1.59 
3.18 

0. 07 
0. 32 
0.89 
1. 65 
2. 40 
3.90 
5. 50 
7.00 
8. 90 
17.20 
19. 60 

4. 32E+O 1 
9. 50E+00 
8. 10E+00 
6*90E+00 
5*80E+00 
7*90E+00 
7*50E+00 
6. 60E+00 
6. 4OE+OO 
4. 00E+00 
3 * 9 0 E * 0 0  

Mean 7. 14E+ 0 0 

Thickness of sample milled from spine. a 
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Table 5.35. Radial distribution of tritium :found in F05-05 

sleeve at compact 5 

(corrected to October 31,  1974) 

Thickness Distance to center 
of cuta of cut from ID Tritium activity 

Sample (m) (mm) (uti / g) 

0- 64 
04 25 
0- 25 

0- 76 
0- 76 
0- 76 
0 -  76 
0- 18 

a -  76  

0- 32 
0- 77 
1 - 0 2  
2. 28 
3.80  
5. 30 
6- 80 
8- 40 
9 . 2 0  

Thickness of sample milled from sleeve. a 

6. 80L+OO 
3. 71E+01 
2. 19k+0 1 
8- 2Ok+00 
1- 30L+00 
1- o o E ; + o o  
1- 10E+UO 
1-  50E+00 
1- 9 0 E + O  1 

Mean 6- 27E+ 0 0 

Table 5.36. Radial distribution of tritium found in F05-05 

spine at compact 12 

(corrected to October 31, 19'74) 

Thickness Distance to center 
of cuta of cut from OD Tritium activity 

Sample (mm) (mm) (ucilg) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

0. 13 
0.38 
0. 76 
0.76 
0. 76 
0. 76 
0. 7 6  
1.52 
1-59 
3. 18 

0- 07 
0. 32 
0. 89 
2. 40 
3. 9 0  
5- 50 
7.00 
8 .90  
17.20 
19. 60 

9*50E+00 
9*90E+00 
1- O1E+O1 
7- 70E+00 
6*8OE+OO 
6*40E+00 
4. 60E+00 
6. 00E-Of 
8. 00E-01 
2*90E+00 

Mean 4- 75E+00 

a Thickness of sample milled from spine. 
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Table 5.37. Radial distribution of tritium found in F05-05 

sleeve at compact 12 

(corrected to October 31, 1974) 

Thi c kne s s Distance to center 
of cuta of cut from ID Tritium activity 

Sample (mm) (mm> (uci/g> 

0. 38 
0 . 2 5  
0. 7 6  
0 . 7 6  
0. 7 6  
0. 7 6  
0. 7 6  
0 -  25 

0. 19 
0 .89  
2 .20  
3. 70 
5 .20  
6. 70 
8. 20 
9 . 2 0  

5*97k+O 1 
7. 72E+O 1 
8. 87L+O 1 
8. 35E+01 
7. 05E+01 
5. 2 8 E +  0 1 
4.120+01 
2. 78L+01 

Mean 60 49L+ 0 1 

a Thickness of sample milled from sleeve. 

Table 5.38. Radial distribution of tritium found in F05-05 

spine at compact 18 

(corrected to October 31, 1974) 

Thickness Distance to center 
of cuta of cut from OD Tritium activity 

Sample (m) (mm) (vCi/g) 

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

0.18  
0. 38 
0. 7 6  
0. 7 6  
0. 7 6  
0. 7 6  
0. 76 
0 . 7 6  
1 .  52  
1.59 
3. 18 

0. 0 9  
0. 37 
0 . 9 4  
1 .  70 
2 .50  
4. 0 0  
5- 5 0  
7.00  
8-  90 

17.20 
19. 60 

7. 70E+00 
5- 20E+00 
4. 30E+00 
3*30E+00 
3.80E+00 
3. 60E+00 
3. 30&+00 
3. 00E+00 
2. 30E+00 
1.90E+00 
8. 00E-01 

Mean 3. 13E+ 0 0  

a Thickness of sample milled from spine. 
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Table 5.39. Radial distribution of tritium found in F05-05 

sleeve at compact 18 

(corrected to October 31, 19:74) 

Thickness Distance to center 
of cuta of cut from ID Tritium activity 

Sample (mm) (mm) (uCi/g> 

0. 51 
0.25 
0. 7 6  
0. 7 6  
0. 7 6  
0 . 7 6  
0. 7 6  
0. 13 

0 -  2 6  
1 .  15 
2. 4 0  
3 . 9 3  
5 .45  
6 . 9 7  
8 . 4 9  
9. 30 

~ ~ _ _  . ~ 

a Thickness of sample milled from sleeve. 

1. 3 4 t + 0 1  
1. 7 2 L + 0 1  
1. 87E+O 1 
2- 33O+O 1 
2 * 9 2 E + O  1 
4. 55t+O 1 
6. 48O+O 1 

Mean 3. 43L+ 0 1 
6. 610+01 

Table 5 . 4 0 .  Radial distribution of tritium found in F05-05 

spine at compact 28 

(corrected to October 31, 1 9 7 4 )  

Thickness Distance to center 
of cuta of cut from OD Tritium activity 

Sample ( m d  (mm) (Wi /g )  

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
I 1  

0. 13 
0.38 
0. 76 
0. 76 
0.76 
0. 76 
0. 76 
0. 76 
1 .  52 
1.59 
3. 18 

0. 07 
0. 32 
0.89 
1 .  70 
2. 40 
3. 90 
5. 50 
7. 0 0  
8.90  

17. 20 
19. 60 

2 * 2 6 E + O  1 
6*30E+00 
5.00E+00 
4. 10E+00 
4. 50E+00 
3. 70E+00 
3.1OE+OO 
2*50E+00 
2. 40E+00 
I *  80E+00 
1 .  70E+00 

Mean 3. 50E+00 

a Thickness of sample milled from spine. 
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Table  5.41. Radia l  d i s t r i b u t i o n  of t r i t i u m  found i n  F05-05 

sleeve a t  compact 2 8  

( c o r r e c t e d  t o  October 31, 1974)  

Thickness Dis tance  t o  c e n t e r  
of c u t a  of c u t  from I D  T r i t i u m  a c t i v i t y  

Sample (mm> (mm> (pCi/g> 

0.51 
0.76 
0. 76 
0. 76 
0. 76 
0.76 
0. 76 
0. 13 

0.26 
0. 64 
2. 16 
3- 68 
5.20 
6- 72 
8. 24 
9.10 

2. 39E+O 1 
1. 76E+01 
1. 48E+O 1 
1. 05L+01 
1. 51E;+01 
1. 76L+01 
2.19b+01 
2- 90t+01 
1 68E+ 0 1 Mean 

a Thickness of sample m i l l e d  from sleeve. 

t h e  sleeve and s p i n e .  The methods used t o  r a d i a l l y  d i s s e c t  t h e  sleeve and 

s p i n e  specimens and e f f e c t  radiochemical  a n a l y s i s  of t r i t i u m  were previous ly  

descr ibed  and w i l l  on ly  be  b r i e f l y  reviewed. The specimens were r a d i a l l y  

d i s s e c t e d  w i t h  a modif ied convent iona l  5 - f t  bed l a t h e  t h a t  w a s  opera ted  

remotely i n  a h o t  c e l l .  The powdered t u r n i n g s  from t h e  sleeve and s p i n e  

were c o l l e c t e d  and burned i n  a tube  f u r n a c e  a t  85OOC i n  a stream of mois t  

oxygen. Tr i t ium as HTO w a s  condensed i n  a t r a p  cooled wi th  a d r y  i ce -  

ace tone  ba th .  A t u b e  c o n t a i n i n g  alumina w a s  placed i n  t h e  gas  c i r c u i t  

upstream of t h e  HTO c o l l e c t i o n  t r a p  t o  condense and f i l t e r  ou t  rad ionucl ides  

2 

such as 137Cs t h a t  may have been p a r t i a l l y  vapor ized  i n  t h e  combustion 

chamber. The alumina f i l t e r  w a s  h e l d  a t  about 125OC t o  prevent  holdup of 

t h e  t r i t i a t e d  water. 

e l u t e d  w i t h  water i n t o  a volumetr ic  f l a s k ,  and t r i t i u m  w a s  measured by b e t a  

count ing a l i q u o t s  of t h e  s o l u t i o n  wi th  a l i q u i d  s c i n t i l l a t i o n  counter .  

A f t e r  combustion, t h e  H 2 0  and HTO i n  t h e  t r a p  were 

P l o t s  of t h e  r a d i a l  d i s t r i b u t i o n  of t r i t i u m  i n  t h e  sleeves and s p i n e s  

of e lements  El l -07,  F03-01, and F05-05 a re  shown i n  F igs .  5 . 1  t o  5 . 4 .  
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Each f i g u r e  r e p r e s e n t s  t h e  r a d i a l  t r i t i u m  d i s t r i b u t i o n  i n  t h e  s l e e v e s  

and sp ines  of t he  t h r e e  elements  a t  a given a x i a l  l o c a t i o n  s p e c i f i e d  

accord ing  t o  t h e  number 

s e c t e d  specimen. Although t h e  d a t a  show cons ide rab le  s c a t t e r ,  t h e r e  i s  

a l s o  much s i m i l a r i t y  among t h e  d i s t r i b u t i o n s  found i n  t h e  sleeves and t h e  

t h r e e  elements  a t  each a x i a l  l o c a t i o n .  For examp:Le, a d j a c e n t  t o  compact 5 

(F ig .  5 . 1 ) ,  t h e  c o n c e n t r a t i o n  of t r i t i u m  i n  t h e  s:Leeve r a p i d l y  reaches  a 

r e l a t i v e l y  h igh  maximum nea r  t h e  i n n e r  r a d i u s  about  1 t o  1 .5  mm from t h e  

i n s i d e  su r face .  The concen t r a t ion  then  f a l l s  r a p i d l y  w i t h  i n c r e a s i n g  

r a d i a l  l o c a t i o n  and remains l o w  (5 t o  10 uCi/g)  u n t i l  w i t h i n  Ql mm of t h e  

e x t e r i o r  s u r f a c e  and then  rises aga in .  Opposi te  compact 1 2 ,  F i g .  5 .2 ,  

t h e  concen t r a t ion  maximum occurs  more toward t h e  (center  of t h e  s l e e v e ,  

and t h e  d i s t r i b u t i o n  seems t o  be n e a r l y  symmetric,al around t h e  s l e e v e  

c e n t e r .  Opposi te  compacts 18 and 28 (Figs .  5 .3  a-nd 5 . 4 ) ,  t h e  d i s t r i b u t i o n s  

i n  t h e  s l e e v e s  are similar and reach  a maximum n e a r  t h e  s l e e v e  e x t e r i o r .  

* of t h e  compact t h a t  w a s  a d j a c e n t  t o  t h e  d i s -  

The r a d i a l  d i s t r i b u t i o n s  i n  t h e  s l e e v e s  of t h e  o t h e r  t h r e e  examined 

elements (E06-01, E14-01, and E01-01) were n o t  measured i n  as  many a x i a l  

l o c a t i o n s  as were t h o s e  f o r  which d a t a  are  p l o t t e d ;  however, t h e  r e a d e r  

may observe from t h e  t a b u l a r  d a t a  t h a t  t h e  l e v e l s  are s imi l a r  and t h e  

r a d i a l  p r o f i l e s  roughly e x h i b i t  t h e  a x i a l  dependence d i scussed  above. 

The concen t r a t ions  of tritium i n  t h e  s p i n e s  were a l l  lower than those  

i n  t h e  s l e e v e s ,  and t h e  d i s t r i b u t i o n s  w e r e  a l l  similar.  L i t t l e  o r  no 

dependency on a x i a l  l o c a t i o n  w a s  apparent  i n  t h e  r a d i a l  d i s t r i b u t i o n s .  

5.2 Axia l  D i s t r i b u t i o n s  i n  t h e  S leeves  and Spine 

Values r ep resen t ing  t h e  a x i a l  d i s t r i b u t i o n  of t r i t i u m  i n  t h e  s l e e v e s  

and s p i n e s  of t h e  f u e l  e lements ,  except  f o r  element E06-01, were de r ived  

from t h e  r a d i a l  d i s t r i b u t i o n s  r a t h e r  t han  be ing  m.easured d i r e c t l y .  

r e s u l t s  are given as mean concen t r a t ions  below each column of r a d i a l  

d i s t r i b u t i o n  d a t a  i n  Tables  5 .1  through 5 .41  and are summarized i n  

The 

* 
There w e r e  30 f u e l  compacts p e r  element,  numbered from t h e  bottom 

t o  t h e  top  of t h e  co re ;  each compact w a s  7.62 cm ( 3  i n . )  long.  
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Table 5 . 4 2 .  The a x i a l  c o n c e n t r a t i o n  v a l u e s  were der ived  from t h e  r a d i a l  
c o n c e n t r a t i o n  p r o f i l e  by summation of t h e  product  of t r i t i u m  c o n c e n t r a t i o n  

and weight of g r a p h i t e  r e p r e s e n t e d  i n  t h e  volumes between t h e  r a d i a l  c u t s .  

Thereby, a mass-averaged t r i t i u m  c o n c e n t r a t i o n  w a s  ob ta ined  f o r  each ax ia l  

l o c a t i o n .  

The r e s u l t s  are  p l o t t e d  i n  Fig.  5 . 5 ,  which shows t h e  a x i a l  d i s t r i b u -  

t i o n s  of t r i t i u m  i n  t h e  sleeves and s p i n e s  of f o u r  of t h e  Peach Bottom 

f u e l  elements ( E l l - 0 7 ,  F03-01, E01-01, and FO5-05). The p l o t t e d  d a t a  f o r  

t h e  sleeves and s p i n e s  are  average v a l u e s  f o r  t h e  f o u r  e lements  a t  each 

of t h e  a x i a l  l o c a t i o n s .  The s t a n d a r d  d e v i a t i o n s ,  shown as e r r o r  b a r s  

about  t h e  averages,  r e f l e c t  t h e  element-to-element v a r i a t i o n  among t h e  

s p i n e  and sleeve samples a t  t h e  given a x i a l  l o c a t i o n .  The two d a t a  p o i n t s  

w i t h  no i n d i c a t e d  e r r o r  refer  t o  de te rmina t ions  from a s i n g l e  f u e l  element. 

A s  can be  seen,  t h e  c o n c e n t r a t i o n  of 3H i s  g e n e r a l l y  much l a r g e r  i n  t h e  

sleeves than  i n  t h e  s p i n e s .  

For comparison, Fig.  5.5 a l s o  g ives  t h e  a x i a l  d i s t r i b u t i o n  of tritium 

i n  t h e  r e f l e c t o r  b lock  A18-08 (d iscussed  i n  Sect. 5 . 5 )  and t y p i c a l  t r i t i u m  

a c t i v i t i e s  found i n  t h e  bottom r e f l e c t o r  g r a p h i t e  and i n  c h a r c o a l  from t h e  

f i s s i o n  product  t r a p s  (d iscussed  i n  Sect.  5 . 3 ) .  The t r i t i u m  levels i n  t h e  

r e f l e c t o r  block l i e  between t h e  sleeve and s p i n e ,  and t h e  average t r i t i u m  

c o n c e n t r a t i o n  i n  a l l  t h e  f i s s i o n  product  t r a p s  measured w a s  about 300 uCi/g,  

as  i n d i c a t e d  i n  t h e  upper - le f t  corner  of  Fig.  5 . 5 .  

5 . 3  Levels  i n  t h e  Upper R e f l e c t o r  Assembly, F i s s i o n  Product  

Trap, and Bottom Connector 

The e x t e r n a l  r e g i o n s  of t h e  Peach Bottom f u e l  elements were sampled 

f o r  t r i t i u m  on t h r e e  occasions.  The upper r e f l e c t o r  of  element E06-01 

w a s  sampled a t  a l o c a t i o n  of 22 c m  from t h e  t o p  of t h e  element;  t h o s e  

d a t a ,  taken from r e f .  1, are  r e p o r t e d  i n  Table  5 . 4 3 .  The bottom connec- 

t o r s  of e lements  E l l - 0 7  and F03-01 were r a d i a l l y  sampled a t  a n  axial  loca- 

t i o n  j u s t  below t h e  p o i n t  where t h e y  connected t o  t h e  sleeves. These 

r e s u l t s ,  taken from r e f .  4 and l i s t e d  i n  Tables  5.44 and 5 . 4 5 ,  show t h a t  

t r i t i u m  levels n e a r  t h e  o u t e r  s u r f a c e  of t h e  bottom connector are somewhat 

h igher  t h a n  t h o s e  i n  t h e  i n t e r i o r  g r a p h i t e .  Although t h e  t h r e e  elements  



80 

Table  5.42. Axial d i s t r i b u t i o n  of t r i t i u m  i n  sleeves 

and s p i n e s  of Peach Bottom HTGR 

f u e l  e lements  

Reference T r i t i u m  d i s t r i b u t i o n  (LICi/g) 
I n  sleevea I n  spinea Element d a t e  Compact 

E06-01 

Ell-07 

E14-01 

F03-01 

E01-01 

F05-05 

1 /6 /72  

9/14/73 

10/31/74 

10/31/74 

10/31/74 

101 311 74 

2 
3 
4 
7 

10 
14 
16  
18  
22 
26 

5 
8 

12 
16  
18 
20 
28 

1 
7 
8 

16 
20 
23 
28 

5 
12 
18 
28 

4 
12 
18 
23 
28 

5 
12 
18 
28 

(5  9) 
(6.9) 

12 .8  (9.9) 
(15.9) 
(24.7) 

(11.3) 
(6.0) 

5 .3  (5.6) 

16.7 

20.5 

45.9 

11.6 

3.3 

52.7 

18 .0  
8.2 

17.7 
68.4 
38.5 
23.5 

38.3 
68.0 
34.7 

16.4 

6 . 3  
64.9 
34.3 
16.8 

(0.55) 

(0.61) 
1.52 (1.53) 

(1.69) 
(1.78) 

1 . 6 1  (1.57) 

(1.11) 
0.87 (1.11) 

3.9 

4.0 

3 .1  

2.0 

(6 5) 

(6.9) 
(6.9) 
(5.3) 

3.9 
4 .8  

5 . 3  
5 . 1  
3.2 
1 .7  

2 . 1  
2.7 

7 . 1  
4.7 
3 . 1  
3.5 

%slues i n  parentheses  were measured d i r e c t l - y  ; o t h e r  v a l u e s  were 
der ived  from r a d i a l  d i s t r i b u t i o n s .  
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Fig. 5.5. Axial distribution of tritium in fuel element sleeve and 
spine (average of observed concentrations in elements Ell-07, F03-01, 

E01-01, and FO5-05) and in radial reflector element A18-08. 
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Table  5.43. Radia l  d i s t r i b u t i o n  of t r i t i u m  i n  t h e  top  r e f l e c t o r  

of element E06-01, 22 c m  from t h e  top  of t h e  element 

( co r rec t ed  t o  January 6,  1972) 

Thickness  Dis tance  t o  c e n t e r  
of c u t a  of c u t  from OD Tr i t i um a c t i v i t y  
(a) (mm) (uCi/g) 

1.02 0.51 1 . 3  

2.03 2.03 0.2 

5.08 5.59 0.7 

1.02 13 .21  0.4 

Radia l  width of sample. a 

Table  5.44. Rad ia l  d i s t r i b u t i o n  of t r i t i u m  i n  t h e  bottom connector  

of element Ell-07 nea r  t h e  connector  t o  sleeve 

(co r rec t ed  t o  September 1 4 ,  197:3) 

Thickness Distance t o  c e n t e r  
of cu ta  of c u t  from OD Tr i t i um a c t i v i t y  

(mm) (a> (uCi/g> 

0 .51  

1.02 

1.02 

1.52 

1.52 

1.52 

1.52 

1.52 

1.59 

1.59 

0.25 

1.02 

2.03 

3.3 

0.94 

1.55 

2.16 

2.46 

3.55 

3.7 

4.51 

0.25 

0.24 

0.55 

0.29 

0.49 

0.22 

0.33 

0.26 

0.60 

a Rad ia l  width of sample. 
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Table 5 . 4 5 .  Radia l  d i s t r i b u t i o n  of t r i t i u m  i n  bottom connector 

of element F03-01 nea r  t h e  connec tor  t o  s l e e v e  

( c o r r e c t e d  t o  October 31, 1974) 

Thickness Dis tance  t o  c e n t e r  
of c u t  from OD T r i t i u m  a c t i v i t y  of cu ta  

(mm> (mm> ( p c i  / g) 

0.51 

1.02 

1.02 

1.52 

1.52 

1.52 

1.52 

1.52 

1.57 

1.59 

0.25 

1.02 

2.03 

3.30 

9 . 4  

15.5 

21.6 

24.6 

35.5 

37.1 

3.84 

0.24 

0.21 

0.21 

0.22 

0.22 

0.23 

0.23 

0.26 

0.47 

a Rad ia l  wid th  of sample. 

w e r e  opera ted  f o r  much d i f f e r e n t  times, t h e  levels are very  similar a t  

t h i s  element location. 

The tritium a c t i v i t y  l e v e l s  measured i n  g r a p h i t e  t h a t  surrounded 

t h e  purge gas e n t r y  tube  and i n  t h e  g r a p h i t e  of t h e  porous p lug  of 

element F03-01 are g iven  i n  Table 5 . 4 6 .  These d a t a  were ob ta ined  by 

c u t t i n g  t h e  top  r e f l e c t o r  assembly i n t o  a x i a l  s e c t i o n s  and d r i l l i n g  o u t  

t h e  i n n e r  s u r f a c e  of t h e  purge tube  from i t s  o r i g i n a l  diameter of 0 . 6 4  cm 

(1/4 i n . )  t o  0.79 cm (5/16 i n . ) .  

The porous p lug  was a l s o  a x i a l l y  s e c t i o n e d ,  and c o r e - d r i l l e d  samples 

were acqui red  from each s e c t i o n .  

specimens of Table 5.2 t h a t  t h e  t r i t i u m  l e v e l  i n  t h e  g r a p h i t e  sur rounding  

We n o t e  by comparison w i t h  t h e  sleeve 
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Table  5 .46 .  Axial d i s t r i b u t i o n s  of t r i t i u m  i n  t h e  g r a p h i t e  sur rounding  

t h e  purge gas  e n t r y  h o l e  and i n  t h e  porous p lug  

of element F03-01 

( c o r r e c t e d  t o  October 3 1 ,  1 9 7 4 )  

Sec t ion  T o t a l  
b leng  thb a c t i v i t y  T r i t i u m  a c t i v i t y  

Sample 
Lo c a t i o n  weight a 

( cm) ( I l W  (uCi/g> ( cm) ( s )  

C Samples from purge h o l e  

4 . 1  

12 .4  

20.4 

27 .3  

32.4 

37.2 

4 2 . 1  

2.99 

3.12 

2.77 

1.76 

1 .84  

1 .52  

1.79 

8 .1  2.57 

8.5 3.12 
0.86 

1.0 
7.6  3.82 1 .38  

5 . 2  3.52 

5 . 1  3 .83  

4 .4  4.04 

5 .4  5 .35  

Samples from porous p lug  

2.04 

2.08 

2.66 

2.99 

43 .4  1 .2  22 .73  

46 .6  1.2 27.88 

48 .0  1.7 24.22 

49 .8  1.9 33.7 

51.8 2.1 51.9 

54.0 2 .3  91 .3  

56.0 1.7 157 .3  

Dis tance  from t o p  of element t o  c e n t e r  of t h e  s e c t i o n .  a 

bThe purge h o l e  d iameter  w a s  1 / 4  i n . ,  and t h e  r a d i a l  t h i c k n e s s  of 

Data were obta ined  by c u t t i n g  t h e  t o p  r e f l e c t o r  i n t o  ax ia l  sec- 

t h e  g r a p h i t e  sample w a s  1 /32  i n .  

t i o n s  and d r i l l i n g  t h e  i n n e r  s u r f a c e  of purge tube  and p o r t i o n s  of t h e  
porous p lug .  

C 



t h e  purge h o l e  is s imi la r  t o  t h e  l e v e l s  found nea r  t h e  e x t e r i o r  s u r f a c e  

of t h e  upper r e f l e c t o r  r eg ion .  However, t h e  c o n c e n t r a t i o n  of t r i t i u m  i n  

t h e  porous p lug  w a s  found t o  be  much h ighe r  t h a n  t h a t  i n  t h e  a d j a c e n t  

g r a p h i t e  and inc reased  r a p i d l y  wi th  proximity t o  t h e  f u e l .  

f a c e  area of t h e  porous p lug  probably r e s u l t e d  i n  a g r e a t e r  t r i t i u m  uptake 

from t h e  helium than t h a t  e x h i b i t e d  by t h e  tube  g r a p h i t e .  

The h igh  sur -  

Two of t h e  more i n t e r e s t i n g  p o s s i b l e  t r i t i u m  s i n k s  i n  t h e  Peach Bottom 

The bottom f u e l  element are t h e  bottom r e f l e c t o r  and f i s s i o n  product  t r a p .  

r e f l e c t o r ,  a s o l i d  g r a p h i t e  c y l i n d r i c a l  body t h e  s i z e  of a f u e l  compact, 

i s  immediately below t h e  s t a c k  of f u e l  compacts. Below t h e  bottom r e f l e c -  

t o r  i s  t h e  f i s s i o n  product t r a p ,  which c o n s i s t s  of s e v e r a l  p a r a l l e l  channels  

f i l l e d  wi th  coconut s h e l l  a c t i v a t e d  cha rcoa l .  (Reference 3 g ives  a d e t a i l e d  

d e s c r i p t i o n  of t h e  f i s s i o n  product  t r a p  geometry.) 

swept by t h e  f u e l  f lows p a s t  t h e  bottom r e f l e c t o r  i n  f o u r  small V-shaped 

grooves t h a t  run a x i a l l y  a long  t h e  o u t e r  s u r f a c e  of t h e  bottom r e f l e c t o r ,  

through a g r a p h i t e  c l o t h  i n t o  t h e  f i s s i o n  product t r a p ,  and then  i n t o  

coo lan t  cleanup p l a n t .  One would expec t  t h e  t r i t i u m  c o n t e n t  of t h e  bot tom 

r e f l e c t o r  and f i s s i o n  product  t r a p  t o  be  i n d i c a t i v e  of t h e  t r i t i u m  c o n t e n t  

of t h e  purge gas as i t  ex i t s  t h e  f u e l  r e g i o n  of t h e  elements.  Element 

E14-01, w i th  i t s  poisoned s p i n e  c o n t a i n i n g  n a t u r a l  zirconium bor ide  ( a  

t r i t i u m  source)  w a s  of special  i n t e r e s t  because of t h e  p o s s i b i l i t y  of 

t r i t i u m  release from t h e  sp ine .  

Purge gas  t h a t  has  

Tr i t i um c o n c e n t r a t i o n s  w e r e  measured i n  t h e  bottom r e f l e c t o r  p i e c e s  

of elements E14-01 and F03-01 i n  samples d r i l l e d  from t h e  upper f a c e  

(toward t h e  f u e l )  i n  t h e  v i c i n i t y  of one of t h e  V-shaped grooves.  The 

f a c e  w a s  sampled i n  t h e  middle and about halfway between t h e  c e n t e r  and 

t h e  circumference.  Samples were t aken  from t h e  groove a t  ax ia l  l o c a t i o n s  

n e a r  bo th  ends and nea r  t h e  c e n t e r  of t h e  r e f l e c t o r  body. The depth  of 

sampling ranged from about  5 t o  15 mm. R e s u l t s  of t h e  a n a l y s i s ,  g iven  

i n  Table  5.47, i n d i c a t e  t h a t  t h e  t r i t i u m  d i s t r i b u t i o n s  i n  t h e  bottom 
3 r e f l e c t o r s  were f a i r l y  homogeneous. The H level i n  t h e  groove of t h e  

E14-01 r e f l e c t o r  appeared t o  b e  s l i g h t l y  lower than  t h a t  i n  t h e  f a c e ,  and 

t h e  o v e r a l l  level seemed t o  b e  s l i g h t l y  lower than  t h a t  i n  t h e  r e f l e c t o r  

of F03-01. 
element E14-01 c o n t r i b u t e d  s i g n i f i c a n t  amounts of t r i t i u m  t o  t h e  purge 

gas t h a t  e x i t e d  t h e  f u e l  reg ion  of t h i s  element. 

These r e s u l t s  g i v e  no evidence t h a t  t h e  poisoned s p i n e  of 
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Table 5.47. T r i t i um a c t i v i t i e s  i n  bottom r e f l e c t o r s  of f u e l  

e lements  E14-01 and F03-01 

( co r rec t ed  t o  October 31, 1974) 

Tr i t ium a c t i v i t y  (pCi/g) 
Element Samples from groove Samples from face  Meana 

E14-01 13.7 f 2 . 2  24.8 f 1.5  1 8 . 2  f 1 . 7  

FO 3-01 27.9 4~ 2.4 25.2 += 2.6 21.9 f 0 .5  

Overa l l  20.0 

a Uncer ta in ty  va lues  are s t anda rd  d e v i a t i o n s  on t h e  mean c a l c u l a t e d  
by : sample s t anda rd  d e v i a t i o n / f i .  

Tables  5.48 t o  5 .51  and Fig.  5 .6  g ive  t h e  a x i a l  d i s t r i b u t i o n s  of 

t r i t i u m  found i n  t h e  f i s s i o n  product  t r a p s  of e lements  Ell-07, F03-01, 

E01-01, and F05-05. S ince  i t  i s  known t h a t  cha rcoa l  has  a t  least  t h e  

p o s s i b i l i t y  of s i g n i f i c a n t l y  h igher  l i t h i u m  level:; than  g r a p h i t e  (because 

of i ts  lower f i r i n g  tempera ture) ,  l i t h i u m  l e v e l s  i n  t h e  c h a r c o a l  t r a p  were 

measured t o  determine i f  t h e  observed t r i t i u m  c o n c e n t r a t i o n  r e s u l t e d  from 

d e p o s i t i o n  from the  purge flow o r  from ‘Li. 

t h e  l i t h i u m  concen t r a t ion  i n  t h e  t r a p  c h a r c o a l  w a s  only 15 ppb, which i s  

f a r  t oo  low t o  account  for t h e  observed t r i t i u m  concen t r a t ions .  Therefore ,  

i f  equ i l ib r ium s o r p t i o n  d a t a  w e r e  known f o r  HT on cha rcoa l  a t  t h e  tempera- 

t u r e  of t h e  t r a p ,  t h e  p r o f i l e s  could be i n t e r p r e t e d  i n  t e r m s  of t h e  t r i t i u m  

concen t r a t ion  i n  t h e  purge gas .  An estimate i s  so made i n  Sect. 6 .3 .1 .  

A s  i n d i c a t e d  i n  Table 3 .4 ,  

5 . 4  Concent ra t ions  i n  t h e  Fuel  

T r i t i um c o n c e n t r a t i o n s  were measured i n  bulk f u e l  samples taken  from 

two elements  and i n  i n d i v i d u a l  p a r t i c l e  p a i r s  ob ta ined  from four  compacts 

i n  element Ell-07. Table 5.52 compares t h e  bulk f u e l  d a t a  with t r i t i u m  

a c t i v i t i e s  es t imated  from t h e  t e r n a r y  f i s s i o n  source .  The estimates were 

based on an  assumed t r i t i u m  y i e l d  of 1 .0  x 10 . Previous ly  measured 

i n v e n t o r i e s  of I3’Cs and 9 5 Z r ,  a p p r o p r i a t e l y  co r rec t ed  f o r  d i f f e r e n c e s  i n  

h a l f - l i f e ,  were employed as a measure of t h e  number of f i s s i o n s  experienced 

-4 394 
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Table 5.48. Axial d i s t r i b u t i o n  of t r i t i u m  i n  f i s s i o n  

product  t r a p  of element Ell-07 

( co r rec t ed  t o  September 14, 1973) 

Axial l o c a t i o n  S p e c i f i c  a c t i v i t y  T o t a l  a c t i v i t y  
of samplea Weight of cha rcoa l  of 3H i n  sample 

( cm) (s) ( F i >  ( W i )  

1.3 

4.8 

10.8 

17.0 

25.2 

T o t a l  b 

7.16 

17.3 

20.8 

20.1 

32.9 

98.3 

333 

292 

250 

310 

243 

2380 

5050 

5200 

6230 

8000 

2.6834 

?Dis t ance  from t r a p  en t r ance  t o  sample midpoint .  

bTo ta l  m a s s  of cha rcoa l  i n  t r a p  and t o t a l  t r i t i u m  a c t i v i t y  i n  t r a p .  
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Table 5.49. Axial distribution of tritium in fission 

product trap of element F03-01 

(corrected to October 31, 1974) 

Sample Sample Specific Total activity in 
locationa weight activity of 3~ sample 

(cd (g) (uCi/g> (UCi) 

1 .3  

3.8 

6.4 

9.9 

11.4 

14 .0  

16 .5  

1 9 . 1  

21.6 

24.1 

26.7 

29.2 

Total b 

0.45 

2.59 

7.10 

9.65 

6.74 

8.88 

9.40 

9.75 

7.26 

3.58 

8.89 

4.90 

79.2 

396 

473 

472 

425 

371 

369 

365 

355 

336 

346 

327 

313 

178 

1230 

3350 

4110 

2500 

3280 

3430 

3460 

2440 

1239 

2910 

1540 

2.55E4 

a 

bTotal mass of charcoal in trap and total activity in trap. 

Distance from trap entrance to sample midpoint. 
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Table 5.50. Axial distribution of tritium in fission 

product trap of element E01-01 
(corrected to October 31, 1974) 

Sample Sample Specific activity Total activity 
locationa weight of tritium in sample 

( cm) ( 8 )  (wi/g) (Wi) 

1.3 

3.8 

6.4 

9.9 

11.4 

14.0 

16.5 

19.1 

21.6 

24.1 

26.7 

29.2 

Total b 

3.62 

6.32 

9.50 

10.84 

10.70 

9.38 

9.88 

10.09 

9.97 

8.82 

9.08 

3.89 

102.1 

428 

396 

383 

471 

385 

402 

435 

451 

353 

453 

449 

398 

1.55E3 

2.50E3 

3.64E3 

5.llE3 

4.12E3 

3.77E3 

4.30E3 

4.5533 

3.5233 

3.99E3 

4.08E3 

1.55E3 

4 . 2 7 E 4  

%stance from trap entrance to sample midpoint. 

bTotal mass of charcoal in trap and total activity in trap. 
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Table  5.51. Axial d i s t r i b u t i o n  of t r i t i u m  i n  f i s s i o n  

product  t r a p  of element F05-05 

( co r rec t ed  t o  October 31, 1974) 

Sample Sample S p e c i f i c  a c t i v i t y  T o t a l  a c t i v i t y  
weight  of t r i t i u m  i n  sample a l o  cat ion 

( C d  ( 8 )  ( V W d  (!JW 

1 . 3  

3.8 

6.4 

9.9 

11.4 

14 .0  

16.5 

1 9 . 1  

21.6 

24.1 

26.7 

29.2 

To ta l  b 

9.44 

5 .71  

5.99 

6.08 

9.18 

7 .41  

9.92 

10.18 

9.82 

7.64 

9.21 

4.51 

96.08 

552 

499 

459 

430 

424 

406 

397 

407 

402 

375 

350 

310 

5.2133 

2.8533 

2.7533 

2.61E3 

3.8933 

3.0133 

3.9433 

4.1433 

3.9533 

2.8733 

3.22E3 

1.40E3 

3.9834 

a 

bTo ta l  mass of cha rcoa l  i n  t r a p  and t o t a l  ; a c t i v i t y  i n  t r a p .  

Dis tance  from t r a p  en t r ance  t o  sample midpoint.  
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Fig. 5.6. Axial distribution of tritium found in fission product 

trap of Peach Bottom HTGR fuel elements. 



Table 5.52. T r i t i um a c t i v i t i e s  i n  Peach Bottom HTGR f u e l  

( co r rec t ed  t o  October 31, 1974) 

Opera t ing  tempera ture  Thermal-neutron 

(Ci/g> r e l e a s e d  ("0 (neutrons/cm2 x 
A c t i v i t y  T r i t i u m  of compactb fluence'  

Element Compact Sample Measured Estimateda (X) Average Maximum 10-21) 

E14-01 2 1 1 1 7  93 -26 625 671 1 . 7 4  
14 1 168 190 11 1065 1165 4.86 
23 1 115 166 31  1025 1170 4.11 

F03-01 2 1 124 
2 116 u3 

Mean 120 86 -39 600 693 1 .48  
N 

9 1 86 
2 81 
Mean 83  140 4 1  920 1079 3.63 

16  1 17.9 
2 19.3 
Mean 18.6 161  88 1050 1285 4.24 

a Based on a y i e l d  of 1.0 x 
bFrom r e f .  37. 

From r e f .  42. C 
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i n  each f u e l  compact. 

maximum tempera tures  exper ienced  by t h e  f u e l  compact, t aken  from r e f .  37, 

and t h e  thermal-neutron f l u e n c e  a t  t h e  l o c a t i o n ,  ob ta ined  from r e f .  42. 

Large u n c e r t a i n t i e s  e x i s t  i n  t h e  estimated f u e l  compact tempera ture ;  how- 

ever, t h e  g e n e r a l  ax ia l  t r e n d s  are c e r t a i n l y  v a l i d .  

The t a b l e  a l s o  g i v e s  t h e  e s t i m a t e d  average  and 

The bu lk  f u e l  samples were ana lyzed  f o r  t r i t i u m  by procedures s imilar  

t o  t h o s e  desc r ibed  i n  Sect. 5 . 1  f o r  g r a p h i t e  samples. The specimens weighed 

from 3 t o  6 g and conta ined  from 2000 t o  5000 f u e l  p a r t i c l e s .  

The r e s u l t s  i n  Table 5.52 c l e a r l y  show t h a t  most of t h e  f u e l  compacts 

measured experienced s i g n i f i c a n t  t r i t i u m  los s .  The g r e a t e s t  l o s s  w a s  exhi- 

b i t e d  by compact 16 of element F03-01, where a measured s p e c i f i c  a c t i v i t y  

of only 19 pCi/g w a s  determined, compared wi th  161  pCi/g e s t ima ted  from 

t e r n a r y  f i s s i o n .  I n  c o n t r a s t ,  t h e  measured a c t i v i t y  l e v e l s  i n  compact 2 

of elements E14-01 and F03-01, bo th  coo l  l o c a t i o n s  nea r  t h e  c o o l a n t  e n t r y  

p o i n t ,  had measured a c t i v i t y  l e v e l s  a c t u a l l y  i n  excess  of t h e  c a l c u l a t e d  

va h e .  

S ince  Gainey'' r e p o r t s  publ i shed  t r i t i u m  f i s s i o n  y i e l d s  ranging  from 

0.8 x t o  1 . 3  x a t  least  a p a r t  of t h e  apparent  t r i t i u m  excess  

a t  t h e  c o o l  l o c a t i o n  (compact 2) may be due t o  an underes t imat ion  of t h e  

t r i t i u m  source.  However, i t  appears  more l i k e l y  t h a t  t h e  major p a r t  of 

t h e  26 and 39% excess  was due t o  depos i t i on  of t r i t i u m  a t  t h i s  l o c a t i o n  

from t h e  purge gas ,  s i n c e  compact l o c a t i o n  2 i s  nea r  t h e  downstream end 

of t h e  purge flow pa th  through t h e  f u e l  element. 

Owing t o  t h e  few d a t a  p o i n t s  and t h e  u n c e r t a i n t y  r ega rd ing  a c t u a l  

f u e l  tempera tures ,  i t  i s  n o t  p o s s i b l e  t o  d i s t i n g u i s h  between t h e  e f f e c t s  

of h igh  t e n p e r a t u r e  o r  neut ron  f luence  as t h e  p r i n c i p a l  cause f o r  t r i t i u m  

leakage  from t h e  f u e l  compacts. 

t empera ture  and h igh  f l u e n c e  c l e a r l y  l o s t  a s i g n i f i c a n t  p o r t i o n  of t h e  

t r i t i u m  born w i t h i n  t h e  f u e l  k e r n e l s .  

However, compacts exposed t o  b o t h  h igh  

These obse rva t ions  appear t o  be  c o n s i s t e n t  w i th  t h e  experiments 

r epor t ed  i n  r e f .  27 (and a b s t r a c t e d  by Gainey''), whikh i n d i c a t e d  t h a t  UC2 

Biso k e r n e l s  r e t a i n e d  >70% of t h e  tritium a t  75OOC bu t  only 23% a t  1275°C. 

i 

Somewhat h ighe r  r e t e n t i o n s  were observed wi th  (Th,U)C2 compared wi th  UC 2 
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k e r n e l s  f o r  equal  exposure cond i t ions .  

element D13-05 showed t h a t  on ly  about  25% of t h e  t r i t i u m  w a s  r e l e a s e d  

from t h e  f u e l  d e s p i t e  a lmost  complete p a r t i c l e  c o a t i n g  f a i l u r e .  

Reported measurements on co re  1 

Table 5.53 l i s t s  t r i t i u m  a c t i v i t i e s  measured on i n d i v i d u a l  p a r t i c l e  

p a i r s  obta ined  from f o u r  deconsol ida ted  compacts from element Ell-07. 

Comparison wi th  Io6Ru a c t i v i t y ,  which is  thought  t o  be  immobile wi th  t i m e  

i n  t h e  f u e l  p a r t i c l e ,  shows t h a t  t h e  h i g h e s t  r e l a t i v e  tritium a c t i v i t y  i s  

i n  t h e  samples  from compact 2 .  

observed i n  p a r t i c l e s  taken  from compacts 13, 24, ,and 2 0 , i n  t h e  o r d e r  of 

increas i n g  c ompac t temperature .  

P r o g r e s s i v e l y  lower t r i t i u m  l e v e l s  were 

Table 5.53. T r i t i um a c t i v i t i e s  i n  samples o f  f u e l  p a r t i c l e  

p a i r s  recovered from t h e  f u e l  

of element Ell-07 

Compact Sample 
Tr i t i um a c t i v i t y  

( W i )  

A c t i v i t y  r a t i o  

( 3H/106Ru) 

2 

13 

20 

24 

1 
2 
3 

1 
2 
3 

1 
2 
3 

0.067 
0.048 
0.122 

0.069 
0.185 
0.062 

<1.4E-3 
<6.6E-4 
<7.OE-4 

3.4E-3 
2.3E-3 
5.7E-3 

1.8E-3 
2.5E-3 
1.9E-3 

1 0.037 5.9E-4 
2 0.047 1 .1E-3  
3 0.067 1.1E-3 

5 .5  D i s t r i b u t i o n  i n  Rad ia l  R e f l e c t o r  Element A18-08 

The active core  of t h e  Peach Bottom HTGR w a s  surrounded by t h r e e  

r a d i a l  rows (rows 18 t o  20) of s o l i d  g r a p h i t e  e l e m e n t s  termed " t h e  removable 

r e f l e c t o r  elements." I n  a d d i t i o n  t o  t h e i r  r o l e  as neu t ron  r e f l e c t o r s ,  t h e s e  
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elements  se rved  t o  prevent  r a d i a l  f low of t h e  coolan t  from t h e  co re  by 

v i r t u e  of t h e i r  hexagonal c r o s s  s e c t i o n  and t i g h t l y  packed arrangement.  

The d i s t a n c e  a c r o s s  f l a t s  of t h e  r e f l e c t o r  element approximately equaled 

the  f u e l  element d iameter  (8 .9  cm),and t h e  t o t a l  l eng ths  were equal .  

Other d e s c r i p t i v e  d a t a  r ega rd ing  t h e  removable r e f l e c t o r  e lements  are 

given i n  Table 5.54. 

Table 5.54. D e s c r i p t i v e  d a t a  f o r  removable 

r e f l e c t o r  e lements  

Number of e1ement.s 341 

Cross-sec t iona l  a r e a ,  c m  

Length, cm 3657.7 
a 3 Densi ty  , g/cm 

Mass p e r  e lement ,  g 4.05E4 

T o t a l  mass, g 1.38E7 

70.39 
2 

1.59 

a Measured on specimen from element A18-08. 

To e v a l u a t e  t h e  r o l e  played by t h e  r e f l e c t o r s  as sources  and s i n k s  

of t r i t i u m ,  one of t h e  r e f l e c t o r s ,  des igna ted  A18-08, w a s  d i s s e c t e d  and 

analyzed f o r  t r i t i u m  and l i t h i u m .  Resu l t s  f o r  l i t h i u m  impur i t i e s  were 

r epor t ed  i n  Sec t .  3.3. S ince  r e f l e c t o r  A18-08 w a s  i n  t h e  i n n e r  row of 

r e f l e c t o r s ,  two of i t s  s i x  f a c e s  were ad jacen t  t o  t h e  two a c t i v e  f u e l  

e lements  A17-07 and A17-08. 

The removable r e f l e c t o r  element w a s  d i s s e c t e d  by c u t t i n g  c ross -  

s e c t i o n a l  wafers of about 4 mm th i cknesses  a t  1-ft (30.5-cm) i n t e r v a l s  

a long t h e  element ,beginning 1 f t  from t h e  bottom of t h e  core .  Wafers are 

r e f e r r e d  t o  by numbers 1 through 11 from bottom t o  top t o  i d e n t i f y  t h e i r  

a x i a l  l o c a t i o n .  The r a d i a l  d i s t r i b u t i o n s  of t r i t i u m  w i t h i n  t h e  r e f l e c t o r  

were determined i n  t h e  f i v e  wafers  numbered 2 ,  4 ,  6 ,  8 ,  and 11. 

F igure  5.7 i s  a schematic  r e p r e s e n t a t i o n  of t h e  sampling l o c a t i o n s  

and r e s u l t s .  The numbers i n  t h e  hexagonal c r o s s  s e c t i o n s  denote  t h e  

observed t r i t i u m  concen t r a t ions  c o r r e c t e d  t o  October 31, 1 9 7 4 .  These d a t a  
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t r i t i u m  w a s  measured i n  removable r a d i a l  r e f l e c t o r  element A18-08. 

(Numbers denote  t r i t i u m  s p e c i f i c  a c t i v i t y  on Oct. 31, 1974.) 
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appear  on t h e  drawings a t  l o c a t i o n s  t h a t  roughly correspond t o  t h e  sampling 

l o c a t i o n s .  

w i t h  a 3/8-in.  d r i l l  and c o l l e c t i n g  t h e  d u s t  t h a t  w a s  generated;  each sam- 

p l e  weighed about 0 .1  g. The samples taken n e a r  t h e  e x t e r i o r  were w i t h i n  

about 6 t o  8 mm of t h e  edges.  Genera l ly ,  samples were acqui red  a t  f i v e  

e q u a l l y  spaced l o c a t i o n s  a c r o s s  t h e  w a f e r s , s t a r t i n g  a t  an edge t h a t  had 

been a d j a c e n t  t o  a f u e l  element.  

w a s  used on wafer 6 .  

samples were obta ined  from wafers  2 ,  6 ,  and 11 by shaving  o f f  2 t o  3 mm of 

g r a p h i t e  from t h e  edges a d j a c e n t  t o  t h e  f u e l .  

Most of  t h e  sampling was done by d r i l l i n g  through t h e  wafers  

Note t h a t  a cross-shaped sampling p a t t e r n  

I n  a d d i t i o n  t o  specimens obta ined  by d r i l l i n g ,  two 

There i s  c o n s i d e r a b l e  scat ter  i n  t h e  measured t r i t i u m  c o n c e n t r a t i o n s  

i n  F ig .  5 .7 ,  bu t  a broad maximum appears  t o  e x i s t  i n  t h e  top  t h i r d  s e c t i o n  

of t h e  element.  No t r e n d  i s  r e a d i l y  apparent  i n  t h e  r a d i a l  d i s t r i b u t i o n  

of t r i t i u m  w i t h i n  t h e  r e f l e c t o r  element.  

each of t h e  ax ia l  l o c a t i o n s  and a n  average f o r  t h e  element are summarized 

i n  Table  5.55. F igure  5 . 5  i s  a p l o t  of t h e  a x i a l  d i s t r i b u t i o n  of t r i t i u m  

i n  t h e  r e f l e c t o r  i n  r e l a t i o n  t o  s imilar  p l o t s  ob ta ined  f o r  f u e l  element 

sleeves and sp ines .  The level of t r i t i u m  i n  t h e  r e f l e c t o r  l ies  between 

t h e  levels observed f o r  t h e  sleeves and sp ines .  

The average c o n c e n t r a t i o n s  a t  

Table 5.55. A x i a l  d i s t r i b u t i o n  of tritium i n  Peach Bottom 

r e f l e c t o r  element A18-08 

Dis tance  from bottom Mean t r i t i u m  
of element Number of samples c o n c e n t r a t i o n  

(m> measured (v W g )  

0 . 7 1  9 18 15 

1 . 2  5 9 .5  st 4.0 

1.8 

2 .4  

1 3  

5 

15.7 f 5.0 

21.2 k 12 

3.3 9 10.4 k 21.8 

15.0 f 9.3 



Source l e v e l  estimates i n  Sec ts .  6.1.2 and 6 .1 .3  i n d i c a t e  t h a t  

approximately 4 uCi/g of tritium may r e s u l t  from b i r t h s  i n  p l a c e  due t o  

6 L i  and He .  

averages  a t  each a x i a l  l o c a t i o n  from 10 t o  2 1  uCi/g,  i t  i s  clear t h a t  t h e  

r e f l e c t o r  w a s  a s i n k  f o r  t r i t i u m  born elsewhere.  

3 S ince  t h e  observed l e v e l s  range from 3 t o  50 pCi/g,  w i th  

6 .  ESTIMATED SOURCE LEVELS, INVENTORIES, AND LOSSES 

6 . 1  Source Es t imat ion  

T r i t i u m  source  l e v e l s  i n  t h e  r e a c t o r  from t e r n a r y  f i s s i o n  and neut ron  
6 3 

L i ,  'OB, and r e a c t i o n s  w i t h  

of methods desc r ibed  by Gainey. l6 

H e  are es t ima ted  h e r e  us ing  modif ied v e r s i o n s  

These methods, i n  t u r n ,  were a b s t r a c t e d  

from procedures  desc r ibed  by Compere, 27 Fo r sy th ,  23 and i n t e r n a l  GAC memo- 

randa.  

6 .1 .1  Product ion  of t r i t i u m  i n  f u e l  

I f  one assumes an average  y i e l d  Y of t r i t i u m  atoms p e r  f i s s i o n ,  t h e  

t r i t i u m  product ion  ra te  from f i s s i o n  may be  expressed  as 

- -  dNT - KYP(t) - ANT(t) 9 

d t  

where 

NT(t) = atoms of t r i t i u m  a t  t i m e  t ,  

K = f i s s i o n  rate p e r  thermal  megawatt (3.121 x f i s s i o n s /  

sec. MW) , 
P ( t )  = power a t  t i m e  t ( M W ) ,  

A = decay cons t an t  (1.793 x lo-' s ec - l )  , 
Y = average  y i e l d  p e r  f i s s i o n  (1 x 10 ) .  -4 

Rather  than numer ica l ly  i n t e g r a t e  Eq.  (6.1) through t h e  complex power 

h i s t o r y  P ( t )  experienced by co re  2 ,  no s i g n i f i c a n t  e r r o r  i s  in t roduced  by 

employing a n  average power assumed cons t an t  over  t h e  l i f e  of t h e  co re  

e s t ima ted  from 

- 
P = P  (EFPD/t f >  , r a t e d  (6.2) 
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where 

= r a t e d  power El l5  MW(t)], ' ra ted 
EFPD = equ iva len t  full.-power days a t  EOL (897 days) ,  

t f  = d u r a t i o n  of co re  2 ope ra t ion  (1550 days) .  

- 
From the  above, P = 66.6 MW(t) and Eq. (6.1) i s  so lved  f o r  cons tanc  

power t o  y i e l d  

Employing v a l u e s  given above i n  Eq.  (6.3) y i e l d s  a va lue  of 1210 C i  of 

t r i t i u m  produced by t e r n a r y  f i s s i o n s  over t h e  l i f e  of t h e  core  and p resen t  

a t  EOL. 

6 .1 .2  Product ion  from 3He i n  t h e  coolan t  

A s  noted i n  Sect. 2 . 1 ,  t r i t i u m  i s  produced from 3He v i a  an  (n ,p)  

r e a c t i o n  wi th  thermal  neut rons .  

c ros s  s e c t i o n  f o r  t h i s  r e a c t i o n  as 2280 barns ,  averaged over t h e  thermal  

energy range of 0 t o  2 . 4  eV.  The l e v e l  of H e  contamination i n  commer- 

c i a l l y  a v a i l a b l e  helium has been shown t o  va ry  wi th  t h e  source.  In  g e n e r a l ,  

helium der ived  from na tu ra l -gas  w e l l s  c o n t a i n s  approximately 0.2 ppm 3He, 

whereas 3He l e v e l s  i n  a tmospheric  helium are about t e n  t i m e s  h ighe r .  

Determinat ions of hel ium a t  Peach Bottom i n d i c a t e d  a 

ppm; hence, t h i s  l e v e l  w i l l  be assumed i n  t h e  source  estimates below. 

Compere e t  a l . 27  r e p o r t  t h e  e f f e c t i v e  

3 

3 H e  level  of 0.16 ppm 
43 

The t o t a l  moles of 3He i n  t h e  primary system, N3,  i s  governed by t h e  

r e l a t i o n  

where 
3 

0 = e f f e c t i v e  c r o s s  s e c t i o n  f o r  He(n,p)T (2880 b a r n s ) ;  

a = f r a c t i o n  of N i n  t h e  coolan t  h o l e s ,  sleeve, removable r a d i a l  
3 

1 3 
r e f l e c t o r s ,  and purge flow passages ;  

a = f r a c t i o n  of N i n  t he  a x i a l  and permanent r a d i a l  r e f l e c t o r ;  2 3 



10 0 

- 
@th = thermal  f l u x  i n  c o r e  and i n  removable r a d i a l  r e f l e c t o r ;  

- 
= thermal f l u x  i n  a x i a l  and permanent r a d i a l  r e f l e c t o r s ;  

@ t h , 2  3 Q, = helium makeup (and leakage)  ra te  (cm / s e c ) ;  
3 3 

[ H e I i  = 3He concen t r a t ion  i n  makeup hel ium (moles/cm ) ; 
3 3 3 

[ H e ]  = H e  concen t r a t ion  i n  primary systems (moles/cm ) .  

Equation (6 .4)  presumes t h a t  t h e  average thermal  f l u x  i n  t h e  a c t i v e  

c o r e  and t h e  removable 

S i m i l a r l y  , t h e  average 

r a d i a l  r e f  l e c t o r  zones 

3 The v a l u e s  f o r  N 

r a d i a l  r e f l e c t o r  is  approximately equa l  (F  
thermal  f l u x  i n  t h e  a x i a l  b l a n k e t  and permanent 

i s  assumed t o  be  equa l  t o  -$ 

and t h e  H e  concen t r a t ion  are  r e l a t e d  by 

) . t h  

t h , 2 '  
3 

(6.5) 
3 

H e ]  = N3/V , 
where V i s  t h e  volume of t h e  primary system t h a t  i s  r e a d i l y  a c c e s s i b l e  t o  

3He. This  i nc ludes  t h e  coolan t  passages between t h e  f u e l  e lements  (V ), 1 
and t h e  p ip ing ,  plenums, and steam-generator t ub ing  forming t h e  ex-core 

primary system volume (V ). In a d d i t i o n ,  fo l lowing  Compere e t  a l .  , 2 7  w e  2 
assume t h a t  t h e  connected p o r o s i t y  i n  p o r t i o n s  of t h e  g r a p h i t e  c o r e  com- 

ponents are r e a d i l y  a c c e s s i b l e  t o  3He permeation. Thus , t h e  connected 

pores  i n  t h e  s l e e v e  (V ), removable r a d i a l  r e f l e c t o r  ( V 4 ) ,  a x i a l  r e f l e c t o r  

(V >, permanent r a d i a l  r e f l e c t o r  (V ) , and  purge f l o w  volume w i t h i n  t h e  f u e l  

elements (V ) are  assumed t o  be  r e a d i l y  a c c e s s i b l e  t o  3 H e  and are t h e r e f o r e  
inc luded  i n  V.  However, t h e  i n t e r i o r  p o r t i o n s  of  t h e  f u e l  element ( i . e . ,  

t h e  f u e l  compact and sp ine )  are assumed t o  be  s h i e l d e d  from 3He r ep len i sh -  

ment. Thus t h e  e f f e c t i v e  helium volume of t h e  primary system i n c l u d e s  

3 

5 6 

7 

where 

V1 = volume of coo lan t  passages  i n  co re ,  

V2 = ex-core primary system volume, 

V3 = connected p o r o s i t y  i n  s l e e v e  g r a p h i t e ,  

V 

V = connected p o r o s i t y  i n  ax ia l  r e f l e c t o r ,  

V6 = connected p o r o s i t y  i n  permanent r a d i a l  r e f l e c t o r .  

= connected p o r o s i t y  i n  removable r a d i a l  r e f l e c t o r ,  4 

5 
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Thus 

v + v 3 + v  + v 7  1 4 
V a =  1 Y 

and 
v + V6 5 

v .  a =  2 

Numerical va lues  f o r  t h e  parameters  i n  Eqs. (6.5) t o  (6.7) are sum- 
3 marized i n  Table  6.1. 

burnup r a t e  i s  r e l a t i v e l y  slow because most of t h e  helium i s  o u t s i d e  t h e  

c o r e  (a 
of 7 l b  /day due t o  leakage  and makeup i s  r e l a t i v e l y  r a p i d  and dominates 

t h e  H e  decay c o n s t a n t  implied i n  Eq.  ( 6 . 5 ) .  Owing t o  t h e  r a p i d  makeup 

rate, t h e  e f f e c t i v e  decay t i m e  of 3He i n  t h e  primary system w a s  approxi -  

mate ly  87  days and hence t h e  e q u i l i b r i u m  v a l u e  f o r  N 

wi thout  s i g n i f i c a n t  l o s s  of accuracy. 

whelmingly t o  t h e  l a r g e  v a l u e  f o r  Q, i n  Eq. (6 .4 ) ,  N 

mate ly  

Although a3 i s  q u i t e  l a r g e  (2280 b a r n s ) ,  t h e  H e  

= 0.0185 and a2 = 0.0140). On t h e  o t h e r  hand, t h e  helium l o s s  1 

m 3 

may be  employed 3 
S ince  t h e  e q u i l i b r i u m  is  due over- 

3 is  g iven  as approxi- 

3 t h a t  is ,  t h e  H e  c o n c e n t r a t i o n  i n  t h e  Peach Bottom primary c i r c u i t  w a s  

very  n e a r l y  equa l  t o  t h a t  i n  t h e  helium makeup. 

Following Compere e t  a1.,27 w e  w i l l  assume t h a t  t r i t i u m  atoms born 

i n  t h e  g r a p h i t e  pores  w i l l  remain chemisorbed t h e r e ;  hence i t  is  necessa ry  

t o  d i s t i n g u i s h  between t h e  c o o l a n t  space and g r a p h i t e  vo id  s o u r c e  l o c a t i o n s .  

The q u a n t i t y  of t r i t i u m  i n  t h e  c o o l a n t  space  ( i n c l u d i n g  t h e  purge f low gaps) , 

N T 1  ' fo l lows  t h e  r e l a t i o n  

where t h e  r a t i o  (V1 + V )/V r e p r e s e n t s  t h e  f r a c t i o n  of  N3 t h a t  ex i s t s  i n  

t h e  coo lan t  and purge f low passages  of t h e  co re .  The t o t a l  moles of t r i t i u m  

c i r c u l a t i n g  i n  t h e  r e a c t o r  w i th  t h e  c o o l a n t ,  NT1, i s  r e l a t e d  t o  t h e  concen- 

t r a t i o n  [TI (moles/cm ) by 

7 

3 

(6.10) 



10 2 

Table  6.1. Parameters  used f o r  es t imat i -ng t r i t i u m  

product ion from 3He 

Parameter Symbol Value 

a 3 moles/cm 3He concent ra t ion  i n  makeup helium, 

Flow t o  chemical c leanup system p l u s  10% of 

Leakage f low rate  from primary system,b cm /sec 
Sum of Q 

Volume of coolan t  passa  es i n  c o r e ,  c m  
Ex-core loop volume, c m  /sec 
Volume of connected pores ,  c m  

purge flow, cm3/sec 3 

5 

+ Q,, cm3/sec 1 
3 

3 
I n  sleeve g r a p h i t e  
I n  removable r a d i a l  r e f l e c t o r  
I n  axial  r e f l e c t o r  
I n  permanent r a d i a l  r e f  l e c t o r  

Purge f low passages,  cm 
Sum VI through V cm3 7' 

Average thermal  f l u x ,  neutrons/cm .sec 

3 

2 

I n  co re  

I n  removable r a d i a l  r e f l e c t o r ,  c o r e  2 

I n  removable r a d i a l  r e f l e c t o r ,  c o r e  1 

I n  axial  r e f l e c t o r  

In permanent r a d i a l  r e f l e c t o r  

Durat ion,  sec 
Core 2 
Core 1 

Tr i t ium decay c o n s t a n t ,  l / sec  

E f f e c t i v e  c r o s s  s e c t i o n  f o r  3He(n,p)T, b a r n s  

Ql 

i2 
v2 

v3 
v4 
v5 

v7 
'6 

V 

- 

- ' th 

- 'th 

- ' t h , l  

- ' th,2 

' th ,3  

tf  
t f  

AT 

4 2.40 x 10 
25.5 
2.40 l o 4  

6 1.77 x lo8  
1.88 x 10 

5 

8.46 x lo5  
3.92 x l o 6  
2.32 x l o 5  
6.32 x lo8  
1.94 x 10 

3.44 x lo5  

13  

1 3  

1 3  

13 

1 3  

2.82 x 10 

2.82 x 10 

2.57 x 10 

1 . 4 1  x 10 

1 . 4 1  x 10 

1.339 x l o 7  8 

7.36 x 10 

1.793 

28 80 
- J 

Based on 0.16 ppm 3He i n  helium. a 

bBased on 7 l b  /day helium l o s s  r e p o r t e d  i n  r e f .  8. 

T o t a l  volume of primary system a c c e s s i b l e  t o  3He. 
m 

C 



103 

Since i n  t h i s  case, V 

volume, Eq. (6.10) i s  very  n e a r l y  N + [TIV.  

The helium l o s s  f low ra te  Q i n  Eq. ( 6 . 9 ) ,  which i s  e f f e c t i v e  i n  

removing t r i t i u m  from t h e  primary system, i s  t h e  sum of t h e  chemical 

c leanup system f low Q t h e  hel ium leakage (hence makeup) f low ra te  Q 

and some p o r t i o n  of t h e  purge f low t o  t h e  f i s s i o n  product  c leanup system. 

A s  discussed  i n  Sect.  2 .4 ,  o p e r a t i o n a l  evidence i n d i c a t e d  t h a t  t h e  l i q u i d -  

ni t rogen-cooled t r a p ,  through which about 10% of t h e  purge flow passed,  

e f f e c t i v e l y  removed t r i t i u m ;  t h a t  i s ,  more t h a n  99% of t h e  observed gaseous 

t r i t i u m  a c t i v i t y  i n  t h e  s t a c k  monitor w a s  c o r r e l a t e d  wi th  t h e  measured 

t r i t i u m  inventory  i n  t h e  holdup vessel  t h a t  rece ived  t h e  r e g e n e r a t i o n  gases  

from t h i s  bed. 

+ V2 + V7 is  very  n e a r l y  t h e  t o t a l  primary system 1 

T 1  

2’ 1’ 

Q 2 ,  and 10% 1’ Thus, w e  w i l l  assume t h a t  Q i s  p r o p e r l y  t h e  sum of Q 

of t h e  t o t a l  f u e l  element purge f low r a t e  of 454 g / h r .  

w i l l  assume t h a t  t h e  t r i t i u m  c o n t e n t  of t h e  remainder of t h e  purge f low 

(90%) w a s  u n a f f e c t e d  by passage through t h e  water- and Freon-cooled d e l a y  

beds .  

Freon-cooled de lay  bed i n  t h e  f i s s i o n  product  t r a p p i n g  system, shown i n  

Fig.  2.2,  i s  n o t  cons idered  a leakage f low f o r  t r i t i u m  s i n c e  i t s  source  

i s  t h e  p u r i f i e d  helium system r a t h e r  t h a n  t h e  primary loop c o o l a n t .  

Concurrent ly ,  w e  

The 36-kg/hr (80-lbm/hr) f low from t h e  compressor seals t o  t h e  

The a p p r o p r i a t e  v a l u e  f o r  Q i n  Eq. (6.9) i s  t h e  i n d i c a t e d  sum, 

averaged f o r  all t i m e ,  i n c l u d i n g  shutdown t i m e s .  S ince  t h e  r e a c t o r  

opera ted  1018 days of t h e  t o t a l  d u r a t i o n  of 1550 days ,  t h e  average  leakage 

f low is less than  t h e  nominal v a l u e  by t h e  f a c t o r  1018/1550. The volume 

f low i s  computed based on a n  average primary loop temperature  of 809 K 

and a p r e s s u r e  of 23 a t m .  

3 A s  f o r  H e ,  t h e  v a l u e  of N should come r a p i d l y  t o  e q u i l i b r i u m  and T 1  
a l low a l g e b r a i c  s o l u t i o n  f o r  N from E q s .  (6.9) and (6.10).  The r e s u l t  i s  T 1  

(6.11) 

where t h e  v a l u e  f o r  N i s  obta ined  from Eq. (6 .8) .  3 
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I n  c o n t r a s t ,  t r i t i u m  atoms born i n  sleeve g r a p h i t e  from 3He (NT2> 

b u i l d  up w i t h  t i m e  according t o  

3 -  dNT2 V 
- - -  

d t  - V 'th'3N3 - 'TNT2 . 
Similar ly ,  f o r  t h e  removable r a d i a l  r e f l e c t o r ,  

(6.12) 

(6.13) 

i s  t h e  average thermal  f l u x  i n  t h e  r e f l e c t o r .  S o l u t i o n s  f o r  

a t  EOL (t,) are t h u s  
t h , l  where 5 

NT2 and N T3 

v3 [' - ';;(-AT"'] 
NT2(tf) = r $ t h ' 3 N 3  (6.14) 

and 

v4 - 1 - exp(-ATtf) 
N T3 ( t ) = -  f V 'th,l'3'3[ 

A T  
(6.15) 

3 
Equat ions f o r  t r i t i u m  bui ldup from H e  i n  t h e  permanent r a d i a l  r e f l e c -  

T5 t o r  (NT4) and i n  t h e  a x i a l  r e f l e c t o r  ( N  

Eqs. (6.14) and (6.151, except  t h a t  t h e  a p p r o p r i a t e  v a l u e  f o r  t h e  i n t e r -  

connected p o r e  volume i s  s u b s t i t u t e d  f o r  V 

v a l u e  f o r  t h e  average thermal  f l u x  is  used. 

) are i d e n t i c a l  i n  form w i t h  

o r  V and t h e  a p p r o p r i a t e  3 4 

Note t h a t  s i n c e  t h e  removable r a d i a l  r e f l e c t o r  w a s  n o t  r e p l a c e d  b e f o r e  

t h e  o p e r a t i o n  of c o r e  2 ,  p a r t  of i t s  t r i t i u m  inventory  d e p o s i t e d  by 3He 

r e a c t i o n s  r e s u l t e d  from c o r e  1 o p e r a t i o n .  

t h e  tritium s o u r c e  was made us ing  Eq. (6.15) w i t h  a p p r o p r i a t e  t i m e  and 

f l u x  parameters  f o r  c o r e  1. Core 1 opera ted  451 E'FPDs between June 1, 1967, 

and October 3, 1969, when t h e  r e a c t o r  w a s  s h u t  down f o r  r e f u e l i n g .  

t r i t i u m  d e p o s i t e d  a t  t h e  shutdown d a t e  of c o r e  1 w a s  c o r r e c t e d  f o r  decay 

Since  t h e  

core  a c t u a l l y  opera ted  852 days ,  t h e  e s t i m a t e d  time-average thermal  f l u x  

f o r  c o r e  1 w a s  ob ta ined  by m u l t i p l y i n g  t h e  thermal  f l u x  f o r  c o r e  2 by t h e  

r a t i o  (451/852)/(898/1550) = 0.91. The numerator of t h i s  r a t i o  i s  t h e  

f r a c t i o n a l  t i m e  t h a t  c o r e  1 opera ted  a t  f u l l  power, and t h e  denominator i s  

The estimate of t h i s  p o r t i o n  of 

The 

t o  t h e  end of c o r e  2 o p e r a t i o n  (decay t i m e  = 1.60 x 10 8 s e c ) .  
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t h e  corresponding f r a c t i o n  f o r  c o r e  2. The average  thermal  f l u x  of c o r e  1 

w a s  t h u s  taken  t o  b e  about 9% lower t h a n  t h a t  of c o r e  2. 

Table  6 . 1  summarizes t h e  parameters  r e q u i r e d  f o r  e s t i m a t i n g  t r i t i u m  

product ion  from 3He i n  t h e  c o o l a n t .  The v a l u e s  f o r  t h e  volumes of  con- 

n e c t e d  pores  i n  t h e  g r a p h i t e  components w e r e  es t imated  from t h e  mass of 

t h e  components given i n  Table 1 .2  and t h e  r e p o r t e d  g r a p h i t e  d e n s i t i e s .  

The d e n s i t i e s  of t h e  sleeve and s p i n e  g r a p h i t e  accord ing  t o  t h e  FHSR were 

1.90 and 1 .85  g/cm , r e s p e c t i v e l y .  The r e p l a c e a b l e  r a d i a l  r e f l e c t o r s  had 

a measured d e n s i t y  of 1 .59 g/cm , a v a l u e  which w a s  assumed f o r  t h e  perma- 

n e n t  r a d i a l  r e f l e c t o r  as w e l l .  The connected p o r o s i t y  i n  t h e  g r a p h i t e  w a s  

assumed t o  be  h a l f  t h e  t o t a l  p o r o s i t y  computed from t h e  s t a t e d  b u l k  den- 

s i t ies .  

25.5 c m  /sec, which i s  e q u i v a l e n t  t o  t h e  7 l b  /day r e p o r t e d  i n  ref .  8 and 
m 

confirmed by p e r s o n a l  communication w i t h  P h i l a d e l p h i a  E l e c t r i c  Company 

p e r  s onne 1. 

3 

3 

The leakage f low rate  (and hence t h e  makeup f low) w a s  t aken  as 
3 

The v a l u e  f o r  V ,  t h e  t o t a l  primary loop volume a c c e s s i b l e  t o  3He, 

3 
and values f o r  V1 through V6 were found i n  t h e  FHSR. A t o t a l  primary 

loop volume ( e v i d e n t l y  i n c l u d i n g  t h e  c o r e  p l u s  r e f l e c t o r s )  of 8200 f t  

i s  given i n  t h e  FHSR. (The dimensions of t h e  c o r e  and r e f l e c t o r s  are 

shown i n  Fig.  1 . 4 . )  

To determine t h e  axial-averaged thermal  f l u x e s  a t  element loca-  

t i o n s  E06-01, F03-01, E l l - 0 7 ,  and E14-01 w e r e  averaged over  t i m e .  Values 

f o r  t h e  thermal  f l u x  a t  t h e s e  c o r e  l o c a t i o n s  a re  l i s t e d  i n  a number of 

correspondence documents s u p p l i e d  by GAC dur ing  t h e  course  of t h e  Peach 

Bottom S u r v e i l l a n c e  Program. 

from full-power day 384 t o  EOL; a x i a l l y  averaged f l u x e s  are recorded f o r  

t h i s  l o c a t i o n  and t i m e  i n  r e f .  22. It should  b e  noted t h a t  f l u x e s  f o r  

l o c a t i o n  E l l - 0 7  were a v a i l a b l e  only f o r  t h e  f i r s t  700  days of full-power 

o p e r a t i o n .  Numerically t ime-averaging t h e  thermal  f l u x  a t  t h e  i n d i c a t e d  

element l o c a t i o n s  i n  t h e  c o r e  y i e l d e d  a v a l u e  of 2.82 x 

see f o r  $th. 

t h '  

4 2  Locat ion E06-01 w a s  occupied by FTE-18 

2 neutrons/cm * 

- 

- 
Here a g a i n ,  $th i s  t h e  thermal  f l u x ,  d e f i n e d  i n  Peach Bottom n e u t r o n i c s  

c a l c u l a t i o n s  as t h e  0- t o  2.38-eV energy group, averaged o v e r  t h e  e n t i r e  
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t i m e  span of c o r e  2 o p e r a t i o n ,  i nc lud ing  shutdown pe r iods .  

f o r  averaging  t h e  f l u x  i n  t h i s  f a s h i o n  is  t o  s i m p l i f y  t h e  estimate f o r  

r a d i o a c t i v e  decay, which occurs  whether t h e  r e a c t o r  i s  o p e r a t i n g  o r  s h u t  

down. 

The mot iva t ion  

The v a l u e s  of t h e  average  thermal  f l u x  i n  t h e  v a r i o u s  r e f l e c t o r  zones 

r e l a t i v e  t o  Tth i n  t h e  c o r e  are only educated guesses  a t  b e s t .  

r a d i a l  r e f l e c t o r  r e g i o n  exper iences  some l o c a l i z e d  f l u x  e l e v a t i o n  due t o  

t h e r m a l i z a t i o n  of f a s t e r  groups p r i o r  t o  d e c l i n e  because of leakage;  hence 

- @ t h , l  t h ”  t h ,  2 
i s  assumed t o  be approximately e q u a l  t o  5 
were taken  simply as h a l f  t h e  average co re  thermal  f l u x .  @ t h , 3  

The i n n e r  

- 
Values f o r  and 

3 The t o t a l  moles of H e  i n  t h e  primary system, computed us ing  Eq. (6.8) 

and parameters  i n  Table  6.1,  are given i n  Table  6.2 a long  wi th  t h e  r e s u l t -  

i n g  amounts of tritium i n  t h e  v a r i o u s  primary system reg ions  a t  EOL, com- 

puted from E q s .  (6 .10) ,  (6 .14) ,  and (6.15).  We n o t e  t h a t  t h e  major p o r t i o n  

of t h e  t r i t i u m  i n  t h e  primary system a t  EOL due t o  3He r e s i d e s  i n  t h e  

g r a p h i t e ;  t h e  inven to ry  i n  t h e  c i r c u l a t i n g  f low is  e v i d e n t l y  kep t  low by 

t h e  p u r i f i c a t i o n  flow Q 

p o r t i o n  of t h e  f u e l  element purge t h a t  passes through t h e  l i q u i d - n i t r o g e n  

t r a p .  

which i n c l u d e s  t h e  b a f f l e  purge f low p l u s  t h e  1’ 

3 
Table 6.2. T o t a l  

due t o  3He con ten t  i n  t h e  helium supply 

H e  and t r i t i u m  i n  t h e  primary system a t  EOL 

Quant i ty  
Value 

(mo 1 es ) Symh o 1 

3 

3 3 
T o t a l  H e  i n  primary system 

T o t a l  H e  a t  EOL due t o  H e  
I n  c i r c u l a t i n g  c o o l a n t  

I n  sleeve g r a p h i t e  

I n  removable r a d i a l  r e f l e c t o r  
Core 2 

Core 1 

Cores 1 and 2 

N3 1.11 x 

Nm, 1 .25  
1 1  

NT2 ( t f )  1 .88  x 

NT3(tf) 4.63 

1 .14  

6.47 

5 .31  

1.07 

1.14 

NT4(tf) 

NT5(tf) 

NT6 ( t f )  

I n  permanent r a d i a l  r e f l e c t o r  

In  ax ia l  r e f l e c t o r  

Deposited i n  chemical cleanup system 
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The e s t i m a t e d  inventory  of t r i t i u m  c i r c u l a t i n g  i n  t h e  primary c o o l a n t  

r e s u l t i n g  from 3He,  9.19 x mole (corresponding t o  1 . 3 5  x 10  -5  VCi/cm3), 

r e p r e s e n t s  approximately 67% of t h e  " t y p i c a l "  c i r c u l a t i n g  c o n c e n t r a t i o n  

r e p o r t e d  by re f .  8 and l i s t e d  i n  Table  4 .1 .  

Table 6 .3  l i s t s  t h e  average t r i t i u m  levels  i n  t h e  c o r e  g r a p h i t e s  due 

A t o t a l  tri- t o  3He i n  t o t a l  c u r i e s  and on a per-gram-of-graphite b a s i s .  

t ium leve l  i n  t h e  g r a p h i t e  c o r e  components due t o  3He i s  e s t i m a t e d  t o  b e  

42.9 C i ,  %5.4 C i  of which r e s u l t e d  from b i r t h s  i n  t h e  removable r e f l e c t o r  

dur ing  c o r e  1. 

are e s t i m a t e d  t o  range  from 0 .4  t o  1 . 5  pCi/g.  

Average s p e c i f i c  i n v e n t o r i e s  due t o  product ion  from 3He 

Table  6.3. T o t a l  and average s p e c i f i c  t r i t i u m  i n v e n t o r i e s  i n  

g r a p h i t e  c o r e  components a t  EOL due t o  3He 

A c t i v i t y  
T o t a l  S p e c i f i c  

Sleeve 5.4 0.63 

Removable r a d i a l  r e f l e c t o r ,  Core 2 13.5 1.5  

Core 1 5.4 0 .58  - 
T o t a l  18.9 2.0 

Permanent r a d i a l  r e f l e c t o r  15.5 1.1 

Axial r e f  l e c t o r  3.1 0.4 

T o t a l  42.9 

The amount of t r i t i u m  formed from 3He i n  t h e  c i r c u l a t i n g  c o o l a n t  and 

removed t o  t h e  chemical  c leanup system dur ing  c o r e  2 o p e r a t i o n  may b e  

e s t i m a t e d  by 

(6.16) 

where N i s  t h e  moles of t r i t i u m  d e p o s i t e d  by EOL c o r r e c t e d  f o r  decay and 

Qcs, t h e  f low t o  t h e  chemical c leanup system, e q u a l s  two-thirds of Q 1' t h e  

t o t a l  e f f e c t i v e  t r i t i u m  p u r i f i c a t i o n  flow. 

T6 

S u b s t i t u t i n g  v a l u e s  given i n  
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Tables  6 . 1  and 6.2 i n t o  Eq. (6.16) y i e l d s  a v a l u e  of 4.47 x 10-4 mole 

of t r i t i u m  (13 .1  Ci) depos i ted  i n  t h e  chemical c leanup system due t o  forma- 

t i o n  from 3He i n  t h e  c o o l a n t .  

t r i t i u m  removed by t h e  chemical p u r i f i c a t i o n  system i s  e s t i m a t e d  as 68 C i . )  

( I n  Sect.  6.3.2,  t h e  t o t a l  q u a n t i t y  of 

6 . 1 . 3  Product ion from l i t h i u m  i n  g r a p h i t e  

The ra te  of product ion  of t r i t i u m  from t h e  6 L i  conta ined  i n  g r a p h i t e  

i s  descr ibed  by 

(6.17) 

where 

N ( t )  = atoms of t r i t i u m  a t  t i m e  t ,  T 
@ t h ( t )  = thermal  f l u x  a t  t i m e  t ,  

N ( t )  = atoms of %i a t  t i m e  t .  

0 = e f f e c t i v e  thermal  c r o s s  s e c t i o n  f o r  ‘Li(n,a)T (408 b a r n s ) ,  6 

6 

The d e p l e t i o n  of 6 L i  i s  given by 

(6.18) 

I f  a c o n s t a n t  average  v a l u e  f o r  $ ( t )  i s  assumed, E q s .  (6.17) and (6.18) 

may r e a d i l y  b e  so lved  t o  y i e l d  
t h  

(6.19) 

where t i s  a g a i n  t h e  d u r a t i o n  of c o r e  2 o p e r a t i o n  i n c l u d i n g  shutdown 

p e r i o d s  ( t f  = 1.34 x 10 sec, o r  1550 days) and ;F 
averaged over  t h i s  per iod  of t i m e .  Neutronics  c a l c u l a t i o n s  performed a t  

GAC employed fou r  n e u t r o n  energy groups wi th  thermal  ranges extending 

from 0 t o  2.38 eV. Compere e t  a l . 24  determined . that  0 averaged over  

t h i s  energy range  t a k e s  a v a l u e  of 408 b a r n s .  

8 f 
i s  t h e  thermal  f l u x  t h  

6 

A s  no ted  i n  Sect. 3 .3 ,  l i t h i u m  levels  i n  g r a p h i t e  are  expected t o  b e  

s o  low t h a t  de te rmina t ion  of an a p p r o p r i a t e  average c o n c e n t r a t i o n  f o r  a 

l a r g e  g r a p h i t e  m a s s  would be d i f f i c u l t  from both  a n a l y t i c a l  chemistry and 
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sampling procedure c o n s i d e r a t i o n s .  

t i o n s  r e p o r t e d  i n  Sect. 3 .3  f o r  s l e e v e  g r a p h i t e  mater ia l  ranged from a n  

upper l i m i t  of 3 ppb t o  15 ppb. Averaging t h e s e  n i n e  v a l u e s ,  i n c l u d i n g  

t h e  t h r e e  upper- l imit  v a l u e s ,  y i e l d s  a 

w e  w i l l  assume t o  b e  r e p r e s e n t a t i v e  of t h e  sleeve g r a p h i t e .  

The n i n e  7 L i  c o n c e n t r a t i o n  determina- 

7 L i  c o n c e n t r a t i o n  o f  7 .0  ppb, which 

The t h r e e  l i t h i u m  c o n c e n t r a t i o n s  g iven  i n  Sect.  3.3 f o r  s p i n e  g r a p h i t e  

are a l l  upper- l imit  v a l u e s  of 1 .0  ppb, and w e  assume h e r e  t h a t  t h i s  v a l u e  

i s  t h e  a p p r o p r i a t e  average f o r  s p i n e  g r a p h i t e  f o r  t h e  sake  of c a r r y i n g  

through t h e  estimate. W e  should r e c a l l  t h a t  t h i s  i s  an upper - l imi t  v a l u e  

and a l s o  t h a t  t h e  L i  v a l u e  of 7 .0  ppb i n  t h e  sleeve inc luded  some upper- 

l i m i t  v a l u e s .  Hence t h e  estimates of t r i t i u m  product ion  from l i t h i u m  i n  

t h e  g r a p h i t e  presented  below are  probably h i g h e r  than  a c t u a l l y  occurred.  

7 

Equation (6.19) may b e  a p p l i e d  t o  t h e  sleeve, s p i n e ,  r e p l a c e a b l e  

and permanent r a d i a l  r e f l e c t o r s ,  ax i a l  r e f l e c t o r  zones,  and m a t r i x  g r a p h i t e ,  

where t h e  a p p r o p r i a t e  v a l u e s  f o r  and N (0)  f o r  each  case are assumed i n  t h  6 
t u r n .  These v a l u e s  are summarized i n  Table  6 . 4 .  The l i s t e d  v a l u e  of 10 

ppb f o r  matrix g r a p h i t e  i s  based on one de te rmina t ion  us ing  a n  a r c h i v e  

f u e l  compact. The sample w a s  acqui red  by d r i l l i n g  t h e  compact; hence, 

f u e l  and pyrocarbon material w a s  inc luded  i n  t h e  sample, a l though t h e  

major p o r t i o n  w a s  matrix g r a p h i t e .  The r e p o r t e d  v a l u e  of 10 ppb, d e t e r -  

mined by i s o t o p e  d i l u t i o n  mass s p e c t r o m e t r y , i s  50 t i m e s  lower t h a n  t h e  

"most-probable" v a l u e  f o r  m a t r i x  g r a p h i t e  given by Gainey. S ince  m a t r i x  

g r a p h i t e  i s  f i r e d  a t  1800°C compared w i t h  about 2800°C f o r  o t h e r  g r a p h i t e s ,  

t h e r e  i s  a t  least  a tendency f o r  h igh  l i t h i u m  levels  i n  m a t r i x  material 

s i n c e  l i t h i u m  h a l i d e s ,  p r e s e n t  i n  a l l  g r a p h i t e  s t a r t i n g  materials,  are less 

l i k e l y  t o  be  completely d r i v e n  o f f .  However, t h i s  appeared n o t  t o  b e  t h e  

case f o r  t h e  Peach Bottom f u e l  m a t r i x  material ,  which e x h i b i t e d  i n i t i a l  

l i t h i u m  levels comparable t o  t h o s e  of o t h e r  g r a p h i t e  components. 

Values f o r  t h e  average thermal  f l u x  are t h e  same as assumed i n  t h e  

prev ious  s e c t i o n  f o r  t h e  e s t i m a t i o n  of 3He(n,p)T r e a c t i o n  ra tes  i n  each 

zone. 

masses i n  each zone given i n  Table  1 . 2  and t h e  measured l i t h i u m  concentrn-  

t ions .  

The i n i t i a l  moles of 'Li were computed from t h e  es t imated  g r a p h i t e  
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Table  6.4. Q u a n t i t i e s  of l i t h i u m  i n  g r a p h i t e  co re  components 

~~ 

Component 

L i t  h i  um Average I n i t i a l  amount 
concen t r a t ion  thermal  of 6Li 

(PPb) f :1uxa (moles) 
~~~ 

Sleeve 7b 1 6.99 

Spine lC 1 5.17 

Replaceable r a d i a l  r e f l e c t o r  7d 1 7.56 

Permanent r a d i a l  r e f l e c t o r  7e 0.5 1 . 1 2  

Axial r e f  l e c t o r  7e 0.5 6.74 

Matr ix  l o f  1 7.76 

a 2 

b 
Relative t o  2 .82  x neutrons/cm -set. 

Average of n i n e  de t e rmina t ions .  

Upper-limit  va lue .  

Average of seven de te rmina t ions .  

Assumed. 

Measured v a l u e  on one a r c h i v e  compact; 

C 

d 

e 

f Gainey'' recommends a 
"most-probable" va lue  of 500 ppb f o r  m a t r i x  graph: i te .  

Again n o t e  t h a t  t h e  r a d i a l  r e f l e c t o r s  were n o t  r ep laced  a t  t h e  end 

of c o r e  1 opera t ion .  Hence, f o r  t h e s e  components, Eq. (6.19) w a s  a p p l i e d  

s e q u e n t i a l l y ,  f i r s t  w i th  core  1 parameters of flux and t i m e  as g iven  i n  

Table  6 . 1  and then  wi th  co re  2 parameters. 

Table  6 .5  g i v e s  t h e  r e s u l t s  ob ta ined  us ing  Eq. (6.19) w i t h  t h e  

i n i t i a l  l i t h i u m  l e v e l s  i n  Table  6 .4 .  The t r i t i u m  l e v e l s  t h a t  r e s u l t  a t  

EOL from L i  contaminat ion i n  t h e  g r a p h i t e  correspond t o  about  80% of 

t h e  i n i t i a l  q u a n t i t y  of L i .  The s p e c i f i c  concen t r a t ions  are based on 

g r a p h i t e  masses p resen ted  i n  Table 1 . 2 .  The s p e c i f i c  a c t i v i t i e s  are 

space-average va lues , and  l o c a l  concen t r a t ions  w i l l  va ry  approximately 

wi th  t h e  thermal  f l u x  d i s t r i b u t i o n .  

6 

6 
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Table 6.5. Tritium levels at EOL due to lithium 

contamination in graphite 

Activity 
Total Specific 

Graphite component (Ci> (vci/g) 

Sleeve 1 4 . 0  1 . 6  

Spine 1.0 0.23 

Replaceable radial reflector 1 6 . 4  1.8 

Permanent radial reflector 1 8 . 8  1 . 4  

Axial reflector 9.2 
Total graphite 5 9 . 4  

1.1 

13.1 2.3 
6 Fuel matrix due to Li 

Fuel matrix due to ternary 
fission in tramp fuel 2.2 0.38 

Total matrix 1 5 . 3  

As shown in Table 6.5, approximately 5 9 . 4  Ci of tritium appeared in 

the graphite components of the core (excluding the matrix) at EOL due t o  

lithium contamination. 

components other than the spine. 

Specific inventories averaged %l. 5 UCi/g in graphite 

Tritium was produced in matrix graphite from both lithium contamina- 

tion and from ternary fissions due to tramp fuel. 

was produced in matrix material due to lithium contamination, based on 

the measured initial level of 10 ppb lithium. Again we note that matrix 

graphite has at least the possibility of a significantly higher initial 

lithium level which, however, was not observed in Peach Bottom archive 

compact material. 

Approximately 13.1 Ci 

Tritium produced in the matrix from ternary fission of tramp fuel 
Wichner and B o t t ~ , ~  in the course may be estimated fairly accurately. 

of particle failure fraction studies, found that approximately 0.18% of 
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t h e  uranium i n  t h e  c o r e  e x i s t e d  as tramp f u e l  ( i . e q , ,  as contaminat ion i n  

t h e  m a t r i x ) .  Since an e s t ima ted  1 2 1 1  C i  of t r i t i u m  w a s  produced by 

t e r n a r y  f i s s i o n  i n  t h e  f u e l  (Sec t .  6 .1 .1 ) ,  0.18% of t h i s  amount (2.2 Ci) 

should have appeared i n  t h e  ma t r ix  due t o  t e r n a r y  f i s s i o n  of tramp f u e l .  

6.1.4 Product ion from 'OB i n  c o n t r o l  rods  and poisoned s p i n e s  

A s  noted i n  Sect. 2 . 1 ,  t r i t i u m  is  produced from 'OB e i t h e r  d i r e c t l y  

v i a  

0' = 0.050 barn ,  E > 0.18 MeV, (6.21) 10 'OB (n , 2a) T 

o r  v i a  t h e  cha in  

0 = 1630 b a r n s ,  0 -2 .38  e V ,  (6.22) 

(6.23) 

7 
"B(n,a) L i  10 

7 L i  (n ,n '  a) T 0; = 0.153 ba rn ,  E > 0.18 M e V .  

The Peach Bottom co re  conta ined  1.10 kg of n a t u r a l  boron as a burnable  

poison w i t h i n  t h e  g r a p h i t e  sp ines  of 60 of t h e  804 f u e l  e lements .  The 

boron, as Z r B 2 ,  w a s  s i n t e r e d  wi th  g r a p h i t e  and p res sed  i n t o  p e l l e t s  2.20 cm 

i n  diameter  and 5.13 cm long. Each of t h e  t h r e e  s p i n e  pieces of t h e  60 

poisoned sp ine  elements w a s  hollow and conta ined  14  Z r B  p e l l e t s .  Refer- 

ence 3,  a p o s t i r r a d i a t i o n  examination r e p o r t  on such a poisoned f u e l  

element,  g ives  p r e c i s e  dimensions of t h e  poisoned sp ine .  

2 

T r i t i um produced from boron i n  t h e  poisoned f u e l  e lements  was w e l l  

sh i e lded  from t h e  primary c i r c u i t  coolan t .  The concen t r a t ion  p r o f i l e s  

presented  i n  Sec t .  5 .1  i n d i c a t e  t h a t  on ly  a small p o r t i o n  of t h e  t o t a l  

p roduct ion  p e n e t r a t e d  t h e  sp ine ;  fur thermore ,  t h e  p o r t i o n  t h a t  d i d  pene- 

t r a t e  w a s  probably c a r r i e d  wi th  t h e  purge gas  f low t o  t h e  f i s s i o n  product  

t r a p  o r  t h e  e x t e r n a l  t r app ing  system. I n  c o n t r a s t ,  t h e  boron i n  t h e  con- 

t r o l  rods  w a s  cooled by d i r e c t  c o n t a c t  wi th  t h e  primary c o o l a n t ,  and hence 

t h e  t r i t i u m  produced a t  least  had a ready  p a t h  f o r  e n t e r i n g  t h e  primary 

c i r c u i t  . 
An estimate of t he  amount of t r i t i u m  formed w i t h i n  t h e  poisoned 

sp ines  may b e  gained from approximate d e p l e t i o n  eq.uations based on t h e  
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above neut ron  r e a c t i o n s .  However, t h e  t r i t i u m  formed i n  t h e  c o n t r o l  

rods  must be es t imated  d i f f e r e n t l y  because t h e  c o n t r o l  rod p o s i t i o n s  

v a r i e d  wi th  t i m e .  

The d e p l e t i o n  of 'OB i n  t h e  poisoned f u e l  elements may b e  approxi-  

mated by 

dN. 

where 

6 = s e l f - s h i e l d i n g  f a c t o r ;  
- 
4 t h  = average f l u x  i n  0- t o  2.38-eV range;  
- 

= average  f l u x  i n  excess  of 0.18 M e V ;  
L 

0' = c r o s s  s e c t i o n s  1 0 '  10 0 

r e s p e c t  ive l y  ; 

N~~ = moles of 'OB. 

The bui ldup  of 7 L i  and tritium 

f o r  r e a c t i o n s  (6.21) and (6 .22 ) ,  

i s  governed by 

(6.24) 

and 

(6.26) 

where 0' is  t h e  c r o s s  s e c t i o n  f o r  r e a c t i o n  (6.23) and N 7  and NT are moles of 

7 L i  and t r i t i u m ,  r e s p e c t i v e l y .  
7 

Equat ions (6.24) t o  (6.26) may b e  so lved  t o  y i e l d  

- - 
where a = 6 b = @ 0' and c = 5 0. f 7' f 

(6.27) 
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The above s o l u t i o n  presumes t h a t  t h e  d e p l e t i o n  of 'OB by thermal  

neut rons  g r e a t l y  exceeds t h a t  by f a s t  neu t rons  ( i . e . ,  a >> c ) .  This  

reasonable  assumption i s  r e a d i l y  v e r i f i e d .  The sum of t h e  f i r s t  two 

t e r m s  i n  Eq.  (6.27) r e p r e s e n t s  t he  tritium y i e l d  from 7Li ,and t h e  t h i r d  

r e p r e s e n t s  d i r e c t  p roduct ion  from 'OB (n ,  2a)T. 

W e  w i l l  assume a va lue  of 0.0141 f o r  t he  s e l f - s h i e l d i n g  f a c t o r  8 ,  
as determined i n  r e f .  43 f o r  a c o n t r o l  rod i n  a l a r g e  HTGR core .  

c a t i o n  of t h i s  va lue  as t h e  d e p l e t i o n  f a c t o r  f o r  t h e  boronated s p i n e  i n  

Peach Bottom f u e l  e lements  r e p r e s e n t s  q u i t e  a crude approximation.  

Proper ly ,  6 and t h e  f l u x  depress ion  due t o  t h e  boron s p i n e  can be 

a c c u r a t e l y  determined only  by mult igroup n e u t r o n i c s  computer codes. 

A p p l i -  

The va lues  used t o  estimate t h e  t r i t i u m  product ion  from 'OB i n  t h e  

f u e l  element s p i n e s  by Eq. (6.27) are l i s t e d  i n  Table 6 .6 .  (The average 

thermal  f l u x  w a s  determined i n  Sec t .  6 .1 .3 . )  The same sources  and method 

were used tode termine  the  average  f l u x  above 0.18 MeV. Cross  s e c t i o n s  

f o r  r e a c t i o n s  (6.21) ,  (6 .22) ,  and (6.23) are given i n  Table  2 . 2 .  The 

va lue  of N 

t h e  s t a t e d  mass of 1.1 kg n a t u r a l  boron wi th  a 19.8% abundance f o r  'OB. 

f '  

( 0 ) ,  t h e  i n i t i a l  amount of 'OB i n  moles,  was determined us ing  10 

The numerical  r e s u l t s  i n  Table 6.6 i n d i c a t e  t h a t  about  85.7 C i  of 

t r i t i u m  w a s  produced by t h e  ''I3 wi th in  t h e  poisoned f u e l  element sp ines .  

The major sha re  (88%) w a s  due t o  t h e  d i r e c t  fas t  r e a c t i o n  10B(n,2a)T and 

the  ba lance  t o  "B(n,a) L i (n ,n ' a )T .  

i n d i c a t e s  t h a t  v i r t u a l l y  all t h e  t r i t i u m  from t h i s  .source remained w i t h i n  

t h e  poisoned s p i n e s  i s o l a t e d  from t h e  primary c i r c u i t .  

7 Evidence p resen ted  i n  S e c t .  5 .1  

Tr i t ium formed from t h e  boron i n  t h e  c o n t r o l  rods cannot  b e  e s t ima ted  

i n  t h e  above f a s h i o n  because t h e  q u a n t i t y  i n  t h e  a c t i v e  c o r e  varies wi th  

t i m e .  I n  a d d i t i o n ,  t h e  mass of boron i n  t h e  contro: l  rods  i s  no t  s p e c i f i e d  

i n  t h e  FHSR and can be  surmised only from t h e  amount of excess  r e a c t i v i t y  

they c o n t r o l .  Therefore ,  t h e  fo l lowing  procedure was used f o r  e s t i m a t i n g  

t h e  amount of t r i t i u m  produced i n  t h e  c o n t r o l  rods  based on r e p o r t e d  

va lues  of t h e  excess  r e a c t i v i t y  of t h e  co re  and average  thermal  power. 

Table 11-10 of t h e  FHSRI8 l is ts  an i n i t i a l  va lue  of 1.06 f o r  keff  

of t h e  ho t  unrodded co re  1 wi th  equ i l ib r ium level  of poison and an  EOL 
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Table 6.6. Es t imat ion  of t r i t i u m  produced from 'OB i n  

poisoned s p i n e s  us ing  Eq.  (6.27) 

Se l f - sh i e ld ing  f a c t o r ,  f3 0.0141 

t h  Average thermal  f l u x ,  T 
Average f a s t  f l u x ,  Tf 
Cross s e c t i o n s ,  barns  

10  
c l l  10 
01 

7 

0 

Tota l  r e a c t o r  l i f e ,  t f ,  sec 

T r i t i u m  decay cons t an t ,  AT, s e c  

Constants  def ined  f o r  Eq. (6 .27) ,  sec 

-1 

-1 
- 

a = B@tha10 
b = 

c = T a '  f 10 

1 3  

1 3  

2.82 x 10 

2.26 x 10 

1630 

0.050 

0.153 

8 
1.339 x 10 

1.793 

6.48 x lo-'' 
3.46 x 

1 .13  x 

I n i t i a l  'OB, ~ ~ ~ ( 0 )  , moles 20.15 

3 Amount of H a t  EOL due t o  'OB, moles 

D i r e c t l y  from I0B(n, 2a) T 

I n d i r e c t l y  through 7 L i  

2.58 

3.6 

To ta l  tritium, moles 2.94 

T r i t i u m  a c t i v i t y  a t  EOL, C i  85.7 
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v a l u e  f o r  c o r e  1 under t h e  same c o n d i t i o n s  of 1 .01;  hence, t h e  average 

h o t ,  unrodded k f o r  c o r e  1 w a s  approximately 1.035. The e q u i v a l e n t  

v a l u e s  f o r  c o r e  2 are n o t  e x p l i c i t l y  g iven  i n  t h e  r e v i s e d  v e r s i o n  of 

t h e  FHSR,I9 but  d a t a  i n  r e f .  1 9  c l e a r l y  i n d i c a t e  t h a t  keff v a l u e s  were 

f o r  c o r e  2 a t  1200 K i s  lower. For example, t h e  unrodded, clean, 

given as 1..106, compared w i t h  1.119 f o r  c o r e  1 under t h e  same c o n d i t i o n s .  

I n  a d d i t i o n ,  i t  i s  known t h a t  c o r e  2 a t  EOL had e s s e n t i a l l y  no excess  

r e a c t i v i t y  a t  t h e  o p e r a t i n g  temperature  b u t  w a s  kept  o p e r a t i n g  by reduc- 

i n g  t h e  average temperature  below t h e  des ign  v a l u e  t o  e f f e c t  an i n c r e a s e  

i n  k 

estimate t h e  h o t ,  unrodded k f o r  c o r e  2 w i t h  e q u i l i b r i u m  poison inven- 

t o r y  t o  b e  t h e  average of 1.05 (QO.01 lower t h a n  t h e  i n i t i a l  c o r e  1 

v a l u e )  and 1.00 ( i . e . ,  1.025).  Thus a t  average i n s e r t i o n ,  neut ron  absorp- 

t i o n s  i n  t h e  c o n t r o l  rods  diminished t h e  thermal  u t i l i z a t i o n  f a c t o r  by 

2.5%; t h a t  i s ,  

e f f  

kef f  

Thus keff a t  c o r e  2 EOL w a s  e s s e n t i a l l y  1.00. Therefore ,  w e  e f f '  

e f f  

Absorpt ions i n  t h e  a b s o r p t i o n s  i n  t ' h e  = 0.025 x 
c o n t r o l  rods  unrodded c o r e  (6.28) 

The a b s o r p t i o n  r a t e  ( sec - l )  i n  t h e  unrodded c o r e  may b e  o b t a i n e d  

from t h e  average  v a l u e  of t h e  thermal  u t i l i z a t i o n  :€ac to r  f and t h e  average  

power level  F [MW(t) 1 as follows: 

a b s o r p t i o n s  i n  f u e l  
f Absorption r a t e  i n  unrodded c o r e  = 

f u e l  
- - f i s s i o n  f r a t e  ($)fuel = 3 .1  x 10 (6.29) 

S u b s t i t u t i n g  t h e  a p p r o p r i a t e  Peach Bottom v a l u e s  i n t o  E q s .  (6.28) and 

(6.29) ( s e e  Table  6.7) y i e l d s  a neut ron  a b s o r p t i o n  ra te  f o r  t h e  c o n t r o l  

rods  of 1 . 3 1  x 

opera t ion .  

EOL v a l u e s  g iven  i n  Table  11-10 and 11-14, r e s p e c t i v e l y ,  of t h e  FHSR. 

(mole/sec) averaged over  t h e  t o t a l  1550 days of c o r e  2 

The v a l u e  employed f o r  f i s  t h e  average  of t h e  beginning and 
18 

The neut ron  a b s o r p t i o n  ra te  i n  'OB e s t i m a t e d  above i s  predominately 

due t o  t h e  p r i n c i p a l  absorber  r e a c t i o n  10B(n,a)7Li. The ra te  of t h e  f a s t -  

n e u t r o n  r e a c t i o n  forming t r i t i u m  d i r e c t l y  from 10B(,n,2a)T may b e  e s t i m a t e d  

by t h e  r a t i o  
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Table  6.7. Determination of tritium formed due t o  

'OB i n  t h e  c o n t r o l  rods  

- 
Average power over 1550 days,  P ,  m ( t )  

Average thermal u t i l i z a t i o n  f a c t o r ,  f 

66.6 

0.774 

0.025 - kef f  
Average h o t  unrodded excess  r e a c t i v i t y ,  

Fue l  (235U) c r o s s  s e c t i o n s ,  b a r n s  

0 a 683 

577 f 0 

Unrodded-core neut ron  a b s o r p t i o n  rate,  moles / sec  5.34 x 

Average abso rp t ion  ra te  i n  c o n t r o l  rods ,  moles / sec  1 . 3 1  

Tr i t i um produced a t  E O L ,  moles (Ci) 0.027 (790) 

Rate of t r i t i u m  product ion  = (6.30) 

Therefore ,  t h e  ba l ance  equat ion  f o r  tritium format ion  i n  t h e  c o n t r o l  rods  

may be  w r i t t e n  as 

(6.31) 

S o l u t i o n  of t h i s  equa t ion  may b e  s i m p l i f i e d  by n o t i n g  t h a t  p roduc t ion  from 

7 L i ,  from t h e  second term i n  b r a c k e t s ,  i s  s m a l l  compared wi th  t h e  d i r e c t  

p roduct ion  from "B(n,2a)T. The re fo re ,  a s u f f i c i e n t l y  a c c u r a t e  s o l u t i o n  

of E q .  (6.31) may be w r i t t e n  as 

L J 

A s  no ted  i n  Table 6 .7 ,  s u b s t i t u t i o n  of a p p r o p r i a t e  v a l u e s  i n t o  

E q .  (6.32) y i e l d s  a v a l u e  of 0.027 mole of t r i t i u m  (790 Ci) a t  EOL due 

t o  abso rp t ions  i n  t h e  c o n t r o l  rod. 

(6.32) 
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6.1.5 Summary of  tritium sources  

The t r i t i u m  source  informat ion  developed i n  Sec t s .  6 .1 .1  through 

6.1.4 and presented  i n  Tables  6 . 1  through 6.7 i s  summarized i n  Table  7 . 1  

and i n  t h e  a s s o c i a t e d  d i s c u s s i o n  i n  Sects. 7 . 1  and 7 .2 .  

6 .2  Est imated Tr i t ium I n v e n t o r i e s  i n  Core 2 Components 

Based on Measured Concent ra t ions  

6 .2 .1  Fuel  inventory  

The t r i t i u m  inventory  i n  t h e  f u e l  compacts of t h e  Peach Bottom HTGR 

co re  w a s  es t imated  from t h e  measured concen t r a t ions  g iven  i n  Sect. 5.3 

and l i s t e d  i n  Table 5.52. It should be  emphasized t h a t  t r i t i u m  w a s  

determined i n  only t h r e e  f u e l  bodies  from each of two elements .  Because 

of t h i s  pauc i ty  of da t a  and t h e  complexity of t h e  format ion  and release, 

t h e  inventory  of t r i t i u m  i n  t h e  f u e l  can be  es t imated  i n  only  a very 

crude manner. 

The a x i a l  d i s t r i b u t i o n s  of t r i t i u m  found i n  t h e  f u e l  of e lements  

E14-01 and F03-01 i n  Table 5.52 are p l o t t e d  i n  Fig.  6 . 1  a long  wi th  t h e  

e s t ima ted  thermal-neutron f luence  experienced by element F03-01. The 

neut ron  f l ~ e n c e s ~ ~  are somewhat d i f f e r e n t  i n  magnitude f o r  t h e  two 

e lements ,  but  t h e  shapes of t h e  d i s t r i b u t i o n s  are similar.  S ince  t h e  

t r i t i u m  a c t i v i t y  formed i n  t h e  f u e l  bodies  i s  p r o p o r t i o n a l  t o  t h e  neu t ron  

f l u x ,  t h e  observed a c t i v i t y  dec rease  i n  t h e  f u e l  of F03-01 as t h e  f l u e n c e  

i n c r e a s e s  toward t h e  element midplane i n d i c a t e s  t h a t  much of t h e  tritium 

produced i n  F03-01 w a s  r e l e a s e d  from t h e  f u e l .  This  i s  i n  accord wi th  

t h e  obse rva t ions  re la t ive  t o  Table 5.52 i n  which t h e  measured t r i t i u m  

concen t r a t ions  are compared wi th  l e v e l s  p r e d i c t e d  from t h e  f i s s i o n  source.  

We n o t e  t h e r e  t h a t  t h e  measured levels were s i g n i f i c a n t l y  lower than  pre-  

d i c t e d  a t  t h e  h o t  l o c a t i o n s  f o r  both elements .  O n  t h e  o t h e r  hand, t h e  

r e v e r s e  i s  t r u e  f o r  compact l o c a t i o n  2 (near  t h e  coo lan t  i n l e t  o r  purge 

gas  o u t l e t ) ,  i n d i c a t i v e  of t r i t i u m  d e p o s i t i n g  a t  t h i s  l o c a t i o n .  

T r i t i u m  behavior  i n  t h e  f u e l  may be b e t t e r  understood by examining 

t h e  cu rves  shown i n  F ig .  6 .2 ,  which shows t h e  a c t i v i t y  r a t i o  3H/95Zr and 

t h e  e s t ima ted  maximum temperatures  experienced by t h e  f u e l  of t h e  two 
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Fig. 6.1. Axial distributions of tritium in fuel elements E14-01 

and F03-01. 
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3 95 Fig .  6 .2 .  Axial d i s t r i b u t i o n s  of t h e  a c t i v i t y  r a t i o  H/ Z r  and 

o p e r a t i n g  tempera tures  of t h e  f u e l  compacts i n  elements E14-01 and 

F03-01. 
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elements. 

t h e  temperatures  were obtained from r e f .  38. Because zirconium is no t  

r e l eased  from t h e  f u e l  a t  t h e s e  o p e r a t i n g  tempera tures ,  t h e  a x i a l  d i s t r i -  

The measured 9 5 Z r  a c t i v i t i e s  were taken  from r e f s .  3 and 4 ,  and 

b u t i o n  of t h e  9 5 Z r  a c t i v i t y  c l o s e l y  fo l lows  t h e  neu t ron  f luence .  3 9 4  I f  

t r i t i u m  i n  t h e  f u e l  were produced only by f i s s i o n  and none were r e l e a s e d ,  

t h e  H/ 

s i o n  y i e l d s  of 3H and 9 5 Z r  and t h e  d i s t r i b u t i o n  of t h e  r a t i o  would be 

n e a r l y  uniform. 

‘Li impuri ty  i n  t h e  m a t r i x  and i t  t o o  were no t  r e l e a s e d ,  t h e  d i s t r i b u t i o n  

of t h e  r a t i o  would tend t o  be  similar t o  t h e  neu t ron  f luence  and be  peaked 

i n  t h e  c e n t e r  of t h e  element t o  an e x t e n t  t h a t  depends on t h e  L i  concen- 

t r a t i o n .  S ince  t h e  observed a c t i v i t y  r a t i o  decreased wi th  i n c r e a s i n g  

neut ron  f luence ,  i t  seems evident  t h a t  t r i t i u m  w a s  r e l e a s e d  from t h e  f u e l  

by both elements ,  bu t  t o  a much l a r g e r  e x t e n t  from F03-01. 

3 95 Z r  a c t i v i t y  r a t i o  would depend p r i n c i p a l l y  on t h e  r e l a t i v e  f is-  

I f  a p o r t i o n  of t h e  3H i n  t h e  f u e l  were produced from 

6 

The apparent  l a r g e  d i f f e r e n c e s  i n  t h e  t r i t i u m  l o s t  from t h e  f u e l  of 

t h e  two elements  i s  no t  c o n s i s t e n t  w i th  t h e  es t imated  average o p e r a t i n g  

temperatures r epor t ed  i n  r e f .  37. For example, t h e  es t imated  t i m e -  

averaged o p e r a t i n g  tempera ture  of element F03-01 i s  given t o  be lower 

than t h a t  of E14-01 from t h e  bottom of t h e  f u e l  element (compact 1) up t o  

about compact 21. Never the less ,  t h e  h igh  t r i t i u m  loss  f r a c t i o n  experienced 

i n  the  c e n t r a l  p o r t i o n  of F03-01 i s  evidence t h a t  F03-01 temperatures  

s i g n i f i c a n t l y  exceeded those  f o r  E14-01. 

d i s t r i b u t i o n s  observed i n  r e f s .  3 and 4 s u b s t a n t i a t e  t h i s  obse rva t ion .  

Cesium and o t h e r  f i s s i o n  product  

The t o t a l  i n v e n t o r i e s  of t r i t i u m  i n  t h e  f u e l  of elements E14-01 and 

F03-01 i n  Table 6.8 were ob ta ined  by g r a p h i c a l l y  i n t e g r a t i n g  t h e  a x i a l  

d i s t r i b u t i o n s  i n  F ig .  6.1. 

w a s  ob ta ined  g r a p h i c a l l y  f o r  element E14-01, which i n d i c a t e s  a t o t a l  

t r i t i u m  inventory  of 1 . 2  C i .  

60 similar elements wi th  poisoned s p i n e s  l e a d s  t o  a t o t a l  t r i t i u m  inven- 

t o r y  of 78 C i  f o r  t h e s e  elements .  

An average s p e c i f i c  a c t i v i t y  of 130 pCi/g 

Assuming t h i s  l e v e l  t o  be t y p i c a l  f o r  t h e  

The t o t a l  t r i t i u m  inventory  of element F03-01 w a s  obtained by assum- 

i n g  t h a t  t h e  s p e c i f i c  inventory  i n  f u e l  compacts above No. 1 6  w a s  equa l  

t o  t h e  level determined f o r  compact 1 6 .  

t o r y  of 0.52 C i  f o r  element F03-01. 

This  l eads  t o  an es t imated  inven- 

Again, assuming t h a t  t h e  remaining 
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Table 6.8. Tr i t ium i n  t h e  f u e l  of e lements  

E14-01 and F03-01a 

Source 
A c t i v i t y  

(Ci) 

Element E14-01 1 .31  

Element F03-01 0.52 

60 elements l i k e  E14-01 78 

744 elements  l i k e  F03-01 38 7 

T o t a l  ( e s t . )  465 

a Based on d a t a  i n  Fig.  6 . 1  and e s t ima ted  inven- 
t o r i e s  i n  t h e  f u e l  of t h e  whole co re .  

744 f u e l  e lements  have equal  t r i t i u m  c o n t e n t s  l e a d s  t o  a t o t a l  inventory  

of 387 C i  f o r  t h e s e  remaining elements .  Thus, t h e  t o t a l  t r i t i u m  inven- 

t o r y  i n  f u e l  of 465 C i  i s  roughly es t imated .  

It  is  i n t e r e s t i n g  t o  compare t h e s e  measured estimates w i t h  t h e  p re -  

d i c t e d  f i s s i o n  source  l e v e l s  given i n  S e c t .  6 .1 .1  and summarized i n  

Table 6.8. The t e r n a r y  f i s s i o n  source  p r e d i c t s  1210 C i  of t r i t i u m  i n  t h e  

f u e l ,  compared wi th  t h e  %465 C i  based on measurements i n  e lements  E14-01 

and F03-01. This i n d i c a t e s  t h a t  about  62% of t h e  t r i t i u m  born i n  t h e  

f u e l  (and n o t  decayed by EOL) l e f t  t h e  f u e l  du r ing  r e a c t o r  o p e r a t i o n .  

On t h e  o t h e r  hand, t h e  t r i t i u m  level  observed i n  element E14-01 i s  

approximately t h e  a n t i c i p a t e d  l e v e l  based on t h e  e s t ima ted  tritium source  

i n  t h e  f u e l .  That i s ,  d iv id ing  t h e  t o t a l  es t imated  f u e l  sou rce  of 1210 C i  

by t h e  number of f u e l  e lements  (804)  y i e l d s  a p r e d i c t e d  t r i t i u m  inventory  

of 1 .5  C i  f o r  e lements  t h a t  r e t a i n e d  t r i t i u m .  This  i s  only about  13% 

higher  than  t h e  e s t ima ted  inventory  i n  element E14-01 based on t h e  measured 

concen t r a t ions  i n  t h e  f u e l .  

6.2.2 Sleeve and s p i n e  i n v e n t o r i e s  

The t r i t i u m  i n v e n t o r i e s  i n  t h e  s l e e v e s  and s p i n e s  of t h e  Peach Bottom 

HTGR f u e l  e lements  w e r e  der ived  by g r a p h i c a l l y  i n t e g r a t i n g  t h e  a x i a l  
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d i s t r i b u t i o n  d a t a  given i n  Table 5.42. The concen t r a t ions  of t r i t i u m  i n  

t h e  sleeve and s p i n e  end s e c t i o n s  ( i . e . ,  from t h e  ends t o  t h e  l o c a t i o n s  

n e a r e s t  t h e  ends a t  which measurements were made) were cons idered  t o  be 

uniform and equal  t o  t h e  va lues  observed n e a r e s t  t h e  ends.  The weights  

of g r a p h i t e  per  u n i t  l e n g t h  of s l e e v e  (44.5 g/cm) and s p i n e  (25.2 g/cm) 

l i s t e d  i n  r e f .  1 were used t o  conver t  concen t r a t ions  t o  i n v e n t o r i e s .  

The t r i t i u m  levels i n  t h e  s l e e v e  and s p i n e  based on measured concen- 

t r a t i o n s  (Table 6.9) s i g n i f i c a n t l y  exceed p r e d i c t e d  levels due t o  forma- 

t i o n  from 6 L i  and 

t h e  s l e e v e s  of a l l  f u e l  e lements  based on t h e  measured concen t r a t ions ,  

compared wi th  19 C i  p r e d i c t e d  i n  Sec t s .  6.1.2 and 6.1.3.  Thus, approxi-  

mately 239 C i  of t r i t i u m  migrated i n t o  t h e  sleeve. The t a b l e  g ives  

18.5 C i  f o r  t h e  s p i n e  based on measured concen t r a t ions ,  compared w i t h  a 

p r e d i c t e d  l e v e l  of 1 .0  C i  due t o  formation from 6 L i .  
3 assumed t o  have been sh ie lded  from He.) 

3 H e  (Tables 6 .3  and 6 .5) .  Table  6.9 g ives  258 C i  f o r  

(The s p i n e  w a s  

Element 

Table 6.9.  T r i t i u m  i n v e n t o r i e s  i n  t h e  s l e e v e s  and s p i n e s  

of t h e  Peach Bottom HTGR f u e l  e lements  

3H inventory  
( c i )  

Sleeve Spine 

Ell-07 

E14-01 

F03-01 

E01-01 

F05-05 

Mean 

T o t a l  f o r  coreC 

0. 200a 0.018 

0.346 0.034 

0.363 0.022 

0.400 0.014 

0.295 0.027 

0.321 f. 0.035b 

258 28b 

b 0.023 f 0.003 
18.5 f 2.4 b 

a 

inventory  i s  computed f o r  t h a t  d a t e .  
t o  Oct. 31, 1974. 

Mean va lues  f o r  s i n g l e  elements m u l t i p l i e d  by 804. 

Element Ell-07 w a s  taken ou t  of s e r v i c e  on Sept .  14 ,  1973, and t h e  
Resu l t s  f o r  o t h e r  elements p e r t a i n  

bunce r t a in ty  va lues  are s t anda rd  d e v i a t i o n s  on t h e  means. 
C 
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6.2 .3  Removable r a d i a l  r e f l e c t o r  inventory  

Tr i t ium measurements on element A18-08 (one of 341 hexagonal removable 

r e f l e c t o r  elements) i n d i c a t e d  t h a t  t h e  o v e r a l l  d i s t r i b u t i o n  of t r i t i u m  

throughout t h e  element w a s  r e l a t i v e l y  uniform a l though l a r g e  l o c a l  v a r i a -  

t i o n s  e x i s t e d .  The mean c o n c e n t r a t i o n  of t r i t i u m  determined from 4 1  

a n a l y s e s  w a s  15 pCi/g w i t h  a sample s t a n d a r d  dev i , a t ion  of 9 pCi/g.  

s tandard  d e v i a t i o n  on t h e  mean w a s  t h u s  9 / f i  (1 .4  u C i / g ) ,  w h i l e  t h e  95% 

confidence i n t e r v a l  f o r  t h e  mean w a s  es t imated  as 1 5  2.8 pCi/g.  The 

lower bound of t h e  95% confidence i n t e r v a l  (12.2 uCi/g) i s  several t i m e s  

l a r g e r  t h a n  t h e  s p e c i f i c  a c t i v i t y  of 2.3 VCi/g p r e d i c t e d  i n  Sect. 6.1.3 

f o r  t h e  t r i t i u m  produced from 6 L i  impur i ty  i n  t h e  r e f l e c t o r  g r a p h i t e .  

The 

From t h e  above d a t a  and t h e  mass p e r  r e f l e c t o r  element,  w e  compute 

t h e  tritium inventory  f o r  t h e  r e f l e c t o r  element a s  0 . 6 1 5  0.11 C i  (Table 

6.10). The u n c e r t a i n t y  v a l u e  i n  t h e  t a b l e  corresponds t o  t h e  95% conf i -  

dence l i m i t s  computed f o r  t h e  s p e c i f i c  a c t i v i t y  o f  element A18-08. 

t o t a l  inventory  of t r i t i u m  i n  t h e  removable r a d i a l  r e f l e c t o r  (208 Ci) i s  

es t imated  by s c a l i n g  t h e  0.61-Ci inventory  t o  341. removable r e f l e c t o r  

e lements .  This  s u b s t a n t i a l l y  exceeds (by about 1.73 C i )  t h e  t r i t i u m  source  

i n  t h e  r e f l e c t o r  due t o  b i r t h s  from 3He  and L i  l i s t e d  i n  Tables  6.3 and 

6.5. T h e r e f o r e , t h e  r e f l e c t o r  g r a p h i t e  w a s  a r e p o s i t o r y  f o r  t r i t i u m  born  

elsewhere i n  t h e  c o r e .  

The 

6 

Table  6.10. Tr i t ium inventory  i n  removable r a d i a l  

r e f l e c t o r  e lements  

S p e c i f i c  a c t i v i t y  i n  A18-08, pCi/g 

T o t a l  a c t i v i t y  i n  A18-08, C i  0 .61 & 0.11 

A c t i v i t y  s c a l e d  t o  341 elements,  C i  208 j z  39 

1 5  k 2.8 

6.2.4 I n v e n t o r i e s  i n  t h e  upper and lower ax ia l  r e f l e c t o r  r e g i o n s  of t h e  

d r i v e r  f u e l  elements 

Estimates of t r i t i u m  i n v e n t o r i e s  f o r  those  p a r t s  of t h e  f u e l  e lements  

t h a t  l i e  above and below t h e  f u e l e d  r e g i o n  are given i n  Table  6.11. These 



Table 6.11. T r i t i um inventory of p a r t s  of t h e  f u e l  element t h a t  l i e  above and below f u e l  r e g i o n  

Mass of p a r t  Inven to ry  
S p e c i f i c  a c t i v i t y  p e r  element (Ci) 

(uCi/g) ( g) Per  element T o t a l  of c o r e  

Top r e f l e c t o r ,  bu lk  g r a p h i t e  0.3 5 200 1.5E-3 1 . 2  

Porous plug 74a 175 1.293-2 10.4 

Region enclosed by s l e e v e  
below f u e l  

Bottom r e f l e c t o r  20.0 523 0.01 8.4 
F i s s i o n  product t r a p  325.0; 100 0.0325 f 0.0035 26.1 f 2.8 
Sleeve 0 . 3  2800 8E-4 0.7 

Bottom connector 0. 3e 2200 6.5E-4 0.5 

T o t a l  5.8E-2 46.0 

b 

a 

bResul t  from s l e e v e  por t ion  of Table  5.37. 

Average v a l u e  computed from d a t a  of Tables  5.47 through 5.50. 

dValue assumed t o  be t h e  same a s  observed i n  bottom connector .  
e 

Average v a l u e  computed from d a t a  i n  Table  5.46 and p lug  dimensions.  

C 

Average v a l u e  c a l c u l a t e d  from d a t a  of Table 5.45. 
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inc lude  t h e  top  r e f l e c t o r  assembly, t h e  bottom connector ,  t h e  bottom 

r e f l e c t o r ,  t h e  f i s s i o n  product  t r a p ,  and t h e  p a r t  of t h e  s l e e v e  t h a t  l i e s  

below t h e  f u e l e d  r e g i o n  j o i n i n g  t o  t h e  bottom connector .  The top  r e f l e c -  

t o r  assembly w a s  subdivided i n t o  a bu lk  g r a p h i t e  p o r t i o n  and t h e  porous 

p lug  through which t h e  purge gas en te red  t h e  element .  

a c t i v i t y  of t r i t i u m  i n  t h e  top  r e f l e c t o r  bu lk  g r a p h i t e  w a s  measured only  

i n  element E06-01 ( i r r a d i a t e d  384 EFPDs), t r i t i u m  a c t i v i t y  i n  t h e  upper 

r e f l e c t o r  w a s  taken t o  be  t h e  same as t h a t  measured i n  t h e  bottom connec- 

t o r  of element F03-01 as  given i n  Table  5.45. All t h e  e s t ima ted  inven- 

t o r i e s  l i s t e d  i n  Table  6.11 were de r ived  from d a t a  given i n  Sec t .  5 ;  t h e  

exact sou rces  of t h e  d a t a  are i n d i c a t e d  i n  t h e  tab:Le foo tno te s .  

S ince  s p e c i f i c  

6.2.5 Summary of i n v e n t o r i e s  de r ived  from observed s p e c i f i c  ac t iv i t i e s  

The t r i t i u m  i n v e n t o r i e s  i n  t h e  Peach Bottom H'IIGR f u e l  e lements  and 

r a d i a l  r e f l e c t o r  e lements  t h a t  were de r ived  i n  Sec ts .  6 .2 .1  through 6.2.4 

are summarized i n  Table 6.12 a long  wi th  v a l u e s  normalized t o  t h e  t o t a l  

core .  For a comparison of t h e s e  i n v e n t o r i e s  w i th  e s t ima ted  sources  and 

leakage  f lows ,  see Tables  7 . 1  through 7.3 and t h e  a s s o c i a t e d  d i s c u s s i o n  

i n  Sect. 7.1.  

Table  6.12. Summary of tritium i n v e n t o r i e s  i n  t h e  Peach Bottom 

HTGR co re  de r ived  from observed a c t i v i t i e s  

A c t i v i t y  

Component 
(Ci)  

Average pe r  element T o t a l  i n  co re  

Fuel  element 

0.0144 11.6 a Top r e f  l e c t o r  r eg ion  
Sleeve 0.321 k 0.035 258 f 28 
Spine 0.023 k 0.035 18.5 & 2.4 
Fuel  0.578 46 5 
Bottom r e f l e c t o r  r eg ion  0.0444 35.7 

S u b t o t a l  789 

Removable r a d i a l  r e f l e c t o r  0.61 208 

T o t a l  997 

a 

bInc ludes  bottom r e f l e c t o r ,  f i s s i o n  t r a p ,  and sleeve. 
Inc ludes  top  r e f l e c t o r  assembly and porous plug. 
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6 .3  Estimated Tr i t i um Losses from t h e  Primary System 

6 .3 .1  Transpor t  t o  t h e  f i s s i o n  product t r app ing  system 

The ex-core f i s s i o n  product t r a p p i n g  system rece ived  about 454 kg/hr  

of t h e  helium t h a t  swept t h e  i n t e r i o r  of each  f u e l  element (0.56 kg/hr pe r  

e lement ) .  A s  noted  i n  Sec t .  2 . 2 ,  t h e  f u e l  element purge flow passed 

through a cha rcoa l  f i l t e r  ' loca ted  a t  t h e  c o o l  end of each f u e l  element 

p r i o r  t o  l eav ing  t h e  c o r e  and pass ing  on t o  t h e  f i s s i o n  product  t r a p p i n g  

system. 

The s p e c i a l  t r i t i u r n  survey conducted a t  t h e  Peach Bottom r e a c t o r 8  i n  

1971 r e p o r t e d  t h a t  a " t y p i c a l "  t r i t i u m  concen t r a t ion  i n  t h e  purge gas 

downstream from t h e  c h a r c o a l  t r a p s  conta ined  i n  t h e  f u e l  elements w a s  

5 x u C i / c m  ( see  Table 4 .1) .  I f  one assumes t h i s  c o n c e n t r a t i o n  t o  

b e  e f f e c t i v e  f o r  t h e  e n t i r e  1018 o p e r a t i n g  days of c o r e  2 and t h e  purge 

flow cond i t ions  of tempera ture  and p r e s s u r e  t o  be approximately t h o s e  of 

t h e  ad jacen t  primary c o o l a n t ,  about 310 C i  of t r i t i u m  ( a s  HT p r i n c i p a l l y )  

l e f t  t h e  c o r e  f o r  t h e  f i s s i o n  product t r a p p i n g  system. We should n o t e  

t h a t  t h i s  amounts t o  about 25% of t h e  e s t ima ted  source  due t o  f i s s i o n s  

i n  t h e  f u e l  ( s e e  Table  7 .1) .  I n  a d d i t i o n ,  d e t a i l s  r ega rd ing  t h e  n a t u r e  

and t i m e s  of t h i s  exper imenta l  de t e rmina t ion  are l ack ing  i n  r e f .  8;  w e  

have no t  determined p r e c i s e l y  what i s  meant by " typ ica l "  i n  t h e  desc r ip -  

t i o n  of t h e  measured concen t r a t ion .  A s  shown i n  Fig.  4.1,  t h e  t r i t i u m  

concen t r a t ion  of t h e  primary coo lan t  f l u c t u a t e d  by about a f a c t o r  of 100 

dur ing  1971 due t o  f r equen t  shutdowns and s t a r t u p s ;  thus  t h e  measured 

c o n c e n t r a t i o n  of 5 x 1 0  

c o r e  2. However, i n  t h e  HT levels i n  helium f o r  1974 (F ig .  4.31, t h e r e  

appeared t o  be  no g e n e r a l  i n c r e a s i n g  t r e n d  i n  t r i t i u m  l e v e l  i n  t h e  primary 

coo lan t  w i th  t i m e  such as w a s  observed f o r  cesium; t h a t  i s ,  t h e r e  appeared 

t o  be  no "breakthrough" phenomenon f o r  t r i t i u m .  

3 

-5 pCi/cm3 may n o t  be t y p i c a l  f o r  t h e  l i f e  of 

An a l t e r n a t i v e  estimate of t h e  q u a n t i t y  of  tritium t h a t  passed i n t o  

t h e  ex-core t r a p p i n g  system may be gained from t h e  a x i a l  p r o f i l e s  of 

t r i t i u m  i n  t h e  f u e l  element c h a r c o a l  t r a p s ,  provided t h e  equ i l ib r ium 

a d s o r p t i o n  c h a r a c t e r i s t i c s  of t h e  c h a r c o a l  are known. Unfor tuna te ly ,  as 

shown i n  Table 3 .1 ,  w e  have l o c a t e d  d a t a  f o r  a d s o r p t i o n  on cha rcoa l  only 
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f o r  t h e  temperature range -183 t o  0°C. 

F ig .  6 . 3  as c i r c u l a r  p o i n t s  i n  terms of c u r i e s  adsorbed p e r  gram of char- 

These d a t a  a re  p l o t t e d  i n  

3 c o a l  p e r  u n i t  concen t r a t ion  (pmole/cm ) i n  t h e  gas phase. It i s  assumed 

t h a t  t r i t i u m  adsorbs  as HT i n  c a r r y i n g  ou t  t h e  unit: convers ion  t h a t  w a s  

o r i g i n a l l y  g iven  i n  terms of volume of H adsorbed pe r  u n i t  H2 p re s su re .  

The t r i a n g u l a r  p o i n t  i n  F ig .  6.3,  t aken  from F i s c h e r ' s  d a t a  summarized 

i n  Table 3 .1 ,  r e p r e s e n t s  t h e  equ i l ib r ium load ing  on s l i g h t l y  ox id i zed  

m a t r i x  g r a p h i t e  a t  900°C. 

resembles cha rcoa l  i n  HT s o r p t i o n  c h a r a c t e r i s t i c s ;  i f  n o t ,  i t  i s  t h e  

c l o s e s t  w e  have come t o  HT s o r p t i o n  d a t a  on charco 'a l  above 0°C. 

35 2 

P a r t l y  ox id i zed  matrix g r a p h i t e  perhaps 

The dashed connec t ion  i n  F ig .  6 .3  r e p r e s e n t s  p o s s i b l e  a d s o r p t i o n  

behavior between t h e  a v a i l a b l e  d a t a  a t  0 and 9OO"C, and t h e  v e r t i c a l  

arrows i n d i c a t e  i n l e t  and o u t l e t  t empera tures  of t h e  f u e l  element char- 

c o a l  t r a p s .  A t  t h e  t r a p  e x i t ,  F ig .  6.3 shows an  esquilibrium c h a r c o a l  

loading  of 0.15 Ci /g  p e r  umole/cm3 of HT i n  t h e  gas phase.  

The a c t u a l  gas-phase c o n c e n t r a t i o n s  i n  t h e  c h a r c o a l  t r a p s  may be  

e s t ima ted  by ana lyz ing  t h e  a x i a l  t r i t i u m  p r o f i l e s  shown i n  Fig.  5.6. 

The s i m p l e s t  procedure,  and probably  a l l  t h a t  i s  warran ted  i n  t h e  absence 

of adequate  s o r p t i o n  d a t a ,  is  t o  assume t h a t  t h e  g a s  l e a v i n g  t h e  bed i s  

i n  e q u i l i b r i u m  w i t h  r e s p e c t  t o  HT s o r p t i o n .  The re fo re ,  since a n  average  

tritium load ing  of 325 uCi/g n e a r  t h e  bed ex i t  i s  d i sp layed  i n  F ig .  5.6 

f o r  t h e  t h r e e  EOL e lements  (E01-01, F05-05, and F03-Ol), t h e  r e s u l t i n g  gas- 

phase c o n c e n t r a t i o n  a t  t h e  t r a p  e x i t  of 325 x lo-" (C i /g ) /O . l5  (Ci /g  p e r  
3 Umole/cm ) = 2 . 2  x 

3 u n i t  volume y i e l d s  6 .3  x pCi/cm , which compa.res ve ry  w e l l  w i t h  t h e  

5 x uCi/cm v a l u e  r e p o r t e d  as t y p i c a l  i n  t h e  s p e c i a l  t r i t i u m  

survey  . 

pmole/cm3 i s  i n d i c a t e d .  Conversion t o  c u r i e s  p e r  

3 

8 

8 

and t h e  c o n c e n t r a t i o n  of t r i t i u m  i n  t h e  c h a r c o a l  t r a p s  i n  t h e  v i c i n i t y  

of t h e  ex i t  bo th  i n d i c a t e  t h a t  about 310 C i  of t r i t i u m  as HT passed  i n t o  

t h e  ex-core f i s s i o n  product t r a p p i n g  system dur ing  t h e  l i f e  of c o r e  2. 

We t h e r e f o r e  conclude t h a t  t h e  d a t a  from t h e  t r i t i u m  s i t e  survey  

A s  noted  ea r l i e r ,  t h e  u l t i m a t e  f a t e  of t h i s  t x i t i u m  i s  n o t  known 

wi th  c e r t a i n t y  because t h e  s o r p t i o n  c h a r a c t e r i s t i c s  of t h e  Freon- and 
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water-cooled delay beds i n  the  t r app ing  system are  n o t  known. We have 

assumed i n  t h i s  s tudy  t h a t  t h e s e  beds do n o t  permanently r e t a i n  t r i t i u m  

but  t h a t  t h e  10% of t h e  purge gas  flow t h a t  pas ses  through t h e  l i q u i d -  

ni t rogen-cooled de lay  bed does r e p r e s e n t  a permanent t r i t i u m  s i n k .  There- 

f o r e ,  10% of 310 C i ( o r  31 Ci)of t r i t i u m  w a s  r e t a i n e d  i n  t h e  l i qu id -n i t rogen-  

cooled t r a p s  f o r  u l t i m a t e  d i scha rge  wi th  t h e  gaseous waste flow v i a  t h e  

s t a c k  fo l lowing  bed r egene ra t ion .  The remaining t r i t i u m  a c t i v i t y ,  about  

279 C i ,  passed through t h e  t r app ing  system t o  j o i n  t h e  helium coo lan t .  

6 .3 .2  Transpor t  t o  t h e  chemical c leanup system (and d i s p o s a l  as s o l i d  

waste)  

A s  noted i n  Sec t .  2 . 2 ,  about  9 1  kg/hr  (200 lbm,/hr)  of hel ium was 

drawn from t h e  primary coo lan t  pas s ing  through t h e  steam gene ra to r  and 

s e n t  t o  t h e  chemical c leanup system. S ince  t h e  o x i d i z e r  u n i t  i n  t h e  

system converted HT t o  HTO, which w a s  s epa ra t ed  i n  a molecular -s ieve  

dehydrator  and drawn of f  t o  t h e  waste d i s p o s a l  d r a i n  tank  (WDDT), t h e  

chemical c leanup p l a n t  f low rep resen ted  a t r u e  s i n k  f o r  tritium i n  t h e  

r e a c t o r .  

The WDDT (Sec t .  2.3) w a s  i n s t a l l e d  a f t e r  t h e  r e a c t o r  w a s  i n  o p e r a t i o n  

t o  c o l l e c t  l i q u i d  wastes from t h e  chemical  c leanup plant.  

c o l l e c t e d  inc luded  t h e  condensate  from t h e  o x i d i z e r  and dehydra tor  u n i t s  

and s o l u t i o n s  from t h e  c a u s t i c  scrubber  t h a t  were used t o  r e g e n e r a t e  t h e  

ox id ize r .  The chemical c leanup p l a n t  se rved  mainly t o  remove hydrogen 

(H2 and HT) from t h e  hel ium, and l e v e l s  of t r i t i u m  i n  t h e  WDDT l i q u i d s  

o f t e n  reached several hundred mic rocur i e s  p e r  cubic  c e n t i m e t e r ,  as 

evidenced from t h e  a c t i v i t y  measured i n  1974 and r epor t ed  i n  Table  4 . 1 .  

The l i q u i d s  c o l l e c t e d  by t h e  WDDT were n o t  t r a n s f e r r e d  t o  the  l i q u i d  

w a s t e  monitor tanks  b u t  i n s t e a d  w e r e  s o l i d i f i e d  by adso rp t ion  on a c l a y l i k e  

material and shipped o f f s i t e  f o r  d i sposa l .  Th i s  procedure w a s  adopted 

because t h e  l i q u i d s  c o l l e c t e d  i n  t h e  WDDT w e r e  h i g h l y  a l k a l i n e  from t h e  

s o l u t i o n s  r e s u l t i n g  from t h e  c a u s t i c  sc rubber  .and t h e r e f o r e  posed a cor- 

r o s i o n  problem t o  t h e  l i q u i d  w a s t e  d i s p o s a l  system. No account  of t h e  

t o t a l  t r i t i u m  a c t i v i t y  c o l l e c t e d  by t h e  WDDT has  been found. However, 

t h e  t o t a l  t r i t i u m  discharged  from t h e  WDDT can b e  e s t ima ted  from t h e  

The l i q u i d s  

44 
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e s t ima ted  flow t o  t h e  chemical c leanup system from t h e  steam gene ra to r  

and t h e  average  t r i t i u m  c o n c e n t r a t i o n  i n  t h e  primary coo lan t  r e p o r t e d  i n  

r e f .  8. 

The problem of s e l e c t i n g  a n  a p p r o p r i a t e  average  t r i t i u m  c o n c e n t r a t i o n  

i n  t h e  primary coo lan t  i s  d i scussed  i n  Sect. 6.3.3,  which i s  devoted t o  

e s t i m a t i o n  of t h e  permeation ra te  through t h e  steam-generator tub ing .  I n  

view of t h e  d a t a  s c a t t e r  a t  most times, a n  average  c o n c e n t r a t i o n  i s  

s e l e c t e d  from a p e r i o d  of s t e a d y  r ead ings  which e x i s t e d  i n  t h e  f i r s t  h a l f  

of 1974, when a s t e a d y  level  of about 4.3 x pCi/cm w a s  observed i n  
-5 3 t h e  primary c o o l a n t .  Assuming t h a t  t h i s  c o n c e n t r a t i o n  (4 .3  x 10 pCi/cm ) 

e x i s t e d  i n  t h e  f low t o  t h e  chemical cleanup system f o r  1018 o p e r a t i n g  days 

y i e l d s  a l o s s  of 68 C i  of tritium from t h e  primary system by t h i s  means. 

3 

6.3.3 Leakage through t h e  steam-generator tub ing  

According t o  Strehlow and Savage,29 t h e  permeation r a t e  of t r i t i u m  

through a metallic b a r r i e r  may be expressed  as 

(6.33) 

where K’ i s  t h e  permeation c o e f f i c i e n t ,  which depends on tempera ture ,  type  

of materia1,and i t s  s u r f a c e  c o n d i t i o n ,  wh i l e  P1 and P are t h e  t r i t i u m  

p a r t i a l  p r e s s u r e s  on e i t h e r  s i d e  of t h e  b a r r i e r .  I n  t h e  p r e s e n t  ca se ,  

t h e  low t r i t i u m  p a r t i a l  p r e s s u r e  s i d e  i s  t h e  steam s i d e  of t h e  steam- 

gene ra to r  t ube  where t h e  preponderance of H O(g) d r i v e s  t h e  exchange 

r e a c t i o n  H20  + HT 2 HTO f H2 t o  t h e  r i g h t .  Thus overwhelmingly, t r i t i u m  

a c t i v i t y  on t h e  steam s i d e  e x i s t s  as HTO, which h a s  a n  extremely low 

s o l u b i l i t y  i n  s t ee l  compared wi th  HT, and t h e  downsteam p a r t i a l  p r e s s u r e  

P i n  Eq. (6.33) i s  e f f e c t i v e l y  ze ro  f o r  t h e  present case. 

2 

2 

2 

In  o r d e r  t o  more convenient ly  make use of t r i t i u m  concen t r a t ions  

t h a t  are u s u a l l y  r e p o r t e d  i n  mic rocur i e s  pe r  cubic  cen t ime te r ,  w e  w i l l  

approximate Eq. (6.33) wi th  

2 where t h e  mass f l u x  J i s  expressed  i n  u n i t s  of microcur ies  pe r  c m  

p e r  hour and [TI t h e  t r i t i u m  c o n c e n t r a t i o n  on t h e  helium s i d e ,  i s  H e  ’ 

(6.34) 
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g iven  i n  mic rocur i e s  p e r  cub ic  cen t ime te r .  

f o r c e  f o r  t r i t i u m  permeation i n s t e a d  of t h e  t h e o r e t i c a l l y  c o r r e c t  t r i t i u m  

p a r t i a l  p r e s s u r e  i s  a convenient approximation t h a t  i s  adopted wi th  some 

c a u t i o n ,  as expla ined  below. 

Use of [TIHe as t h e  d r i v i n g  

F i r s t ,  t h e  tempera ture  dependency i s  i n c o r r e c t ;  t h a t  i s ,  f o r  a given 

v a l u e  of [TIHe, t h e  t r i t i u m  p a r t i a l  p r e s s u r e ,  which i s  t h e  t r u e  d r i v i n g  

f o r c e ,  varies d i r e c t l y  wi th  t h e  tempera ture .  Hence, E q .  (6.34) i s  s t r i c t l y  

v a l i d  over a l i m i t e d  tempera ture  range .  However, t h e  f a r  g r e a t e r  tempera- 

t u r e  dependency of an  e m p i r i c a l l y  determined permeation c o e f f i c i e n t  t ends  

t o  dwarf t h e  i n c o r r e c t  t empera ture  dependency i m p l i c i t  i n  u s i n g  [ T I  H e  ' 

Second, one must be  a s su red  of t h e  dominant molecular form of t h e  

tritium a c t i v i t y .  In t h e  p r e s e n t  case, t h e  Peach 'Bottom coo lan t  w a s  

s t r o n g l y  reducing ,wi th  t h e  exchange r e a c t i o n  1 / 2 H  

t o  t h e  r i g h t ;  t h e  t r i t i u m  a c t i v i t y  e x i s t e d  overwhelmingly as HT. The 

permeation experiments of Yang e t  a1.30 on t h e  Peach Bottom steam- 

gene ra to r  t ub ing  were performed i n  a similar reducing  atmosphere of helium. 

S ince  t h e  predominant form of t r i t i u m  w a s  a l s o  HT i n  t h e s e  exper iments ,  

t h e i r  measured permeation rates may be  a p p l i e d  d i r e c t l y  t o  Peach Bottom 

r e a c t o r  cond i t ions .  

+ 1 / 2 T 2  f HT d r i v e n  2 

Values f o r  t h e  permeation c o e f f i c i e n t  K may be  c a l c u l a t e d  from 

measurements r e p o r t e d  by Yang e t  a1.30 on samples of economizer, evapora- 

t o r ,  and s u p e r h e a t e r  tub ing  taken  from t h e  Peach Bottom r e a c t o r  a t  EOL. 

They r e p o r t  t h e  fo l lowing  measured permeation r a t e s  on a s - r ece ived  samples 

of t ub ing  f o r  t h e  economizer, evapora to r ,  and s u p e r h e a t e r ,  r e s p e c t i v e l y :  

(6.35) = 7.78 x 10 exp(-4500/T), Jecon 

= 0.697 exp(-6830/T) , (6.36) Jevap 

J = 0.172 exp(-6440/T), (6.37) 

-3 

s P r  

where t h e  f l u x e s  are  i n  microcur ies  pe r  s q u a r e  c e n t i m e t e r  p e r  hour.  The 

measurements were performed by app ly ing  a t r i t i u m  c o n c e n t r a t i o n  of 

6 x 

stream s i d e  r a p i d l y  enough t o  make t h e  backpressure  P 

Applying t h e s e  c o n d i t i o n s  t o  Eq. (6.34) y i e l d s  t h e  fo l lowing  permeation 

Ci/cm3 t o  t h e  helium s i d e  of t ub ing  wh i l e  sweeping t h e  down- 

e f f e c t i v e l y  zero .  2 
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coefficients in units of (pCi/cm)1/2/hr: 

= 0.318 exp(-4500/T) , K 

= 28.5 exp(-6830/T) , K 

K = 7.02 exp(-6440/T). 

econ 

evap 

sPr 

(6.38) 

(6.39) 

(6.40) 

The tritium concentration on the helium side of the Peach Bottom 

steam-generator tubing was measured frequently during the course of opera- 

tion. Unfortunately, as shown in Figs. 4.1 to 4.3, the measurements were 
evidently affected by numerous operating variables and hence were often 

erratic. 

to instrumentation malfunction. Under these circumstances, it seems best 

to employ the average tritium concentrations reported over the five-month 

period of steady operation from Jan. 5, 1974, to May 30, 1974, to compute 

a typical permeation rate. During this period (Fig. 4.3), the tritium 

concentration in the primary coolant varied smoothly with time between 

approximately 7 x 10 and 3 x 
level of 4.3 x pCi/cm . 

In addition, measurements for all of 1972 are not reported due 

-5 1.1Ci/cm’ for an estimated time-averaged 
3 

The total permeation rate for each section of steam-generator tubing 

may be estimated by integrating Eq. (6.34) over the length of the section. 
For example, for the economizer, 

(6.41) 

where R 
coefficient given by Eq. (6.38), and Aecon is the surface area of the 
economizer. 

is given in microcuries per hour, ae -b/T is the permeation econ 

In order to numerically integrate Eq. (6.41), we will assume that 
the average metal temperature T(K) varies linearly along the length of 

the economizer. The economizer, evaporator, and superheater areas and 

the inlet and outlet temperatures ofeach section are recorded in Table 1.1, 
taken from Yang et al. 30 
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The r e s u l t s  of numerical  i n t e g r a t i o n  of Eq. (6.41) f o r  each s e c t i o n  

of h e a t  exchanger tube ,  a long  wi th  t h e  p r i n c i p a l  i npu t  i n fo rma t ion  used 

t o  make t h e  e s t i m a t e s ,  a r e  given i n  Table 6.13. Note t h a t  a t o t a l  permea- 

t i o n  ra te  of 45.9 LlCi/hr f o r  two steam g e n e r a t o r s  i s  e s t ima ted  based on 

t h e  d a t a  obta ined  f o r  t h e  o p e r a t i n g  p e r i o d  January 5 t o  May 30, 1974. 

The major p o r t i o n  of t h i s  permeation took p l a c e  through t h e  s u p e r h e a t e r  

t ub ing  because of i t s  h i g h e r  tempera ture  and d e s p i t e  t h e  f a c t  t h a t  t h e  

evapora tor  s e c t i o n  had about t w i c e  t h e  s u r f a c e  a r e a .  

45.9 yCi /hr  as t h e  e f f e c t i v e  permeation over t h e  f u l l  1018 h r  of  c o r e  2 

o p e r a t i o n ,  a n  e s t ima ted  1.1 C i  of t r i t i u m  leaked  through t h e  steam- 

gene ra to r  t ub  ing .  

I f  one assumes 

Table 6.13. T r i t i u m  permeation through t h e  Peach Bottom HTGR 

steam-generator tubes  

Parameter Symbol Value 

4 .3  a 3 
[TIHe 

Helium-side t r i t i u m  c o n c e n t r a t i o n ,  VCi/cm 

Permeation c o e f f i c i e n t s ,  (VCi/cm)1/2/hr 

Economizer 
Evap o ra t o r  
Supe rhea  t er 

Eq. (6.38) 
Eq. (6.39) 
Eq. (6.40) 

Temperature ranges  and s u r f a c e  areas Table 1.1 

Estimated t r i t i u m  permeation r a t e s ,  yCi /hr  

Economizer 
Evaporator 
Superhea ter  

1.4 
1 1 . 2  
33.3 

T o t a l  45.9 

1.1 

5.1 

T o t a l  t r i t i u m  permeation dur ing  c o r e  2 , b  C i  

T o t a l  t r i t i u m  permeation e s t ima ted  by Y a t ~ g , ~ '  C i  

Average f o r  o p e r a t i n g  pe r iod  January 5 t o  May 30, 1974. a 

bBased on e s t ima ted  rates be ing  e f f e c t i v e  f o r . 1 0 1 8  days of co re  2 
o p e r a t i o n .  
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A s  no ted  i n  Table  6 . 1 3 ,  Yang's3' estimate of t h e  t o t a l  permeation 

through t h e  steam-generator t ubes  i s  about  f o u r  times h ighe r  than  t h e  

p r e s e n t  estimate. This i s  approximately as it should be since Yang's 

r e s u l t  w a s  based on tritium permeation rates observed us ing  a h i g h e r  

t r i t i u m  c o n c e n t r a t i o n  i n  t h e  helium than  occurred  du r ing  t h e  s e l e c t e d  

o p e r a t i n g  pe r iod  (6.0 x 10 vs  4 .3  x pCi/cm 1. -4 3 

6 .3 .4  Loss due t o  containment l eakage  

A s  noted  i n  Sect. 2 . 4 ,  tests'' conducted i n  1972 i n d i c a t e d  a n  ave rage  

leakage  ra te  of O.l%/day from t h e  approximately 2.04 x lo4  m3 ( 7 2 0 , 0 0 0  ft3) 

of n i t r o g e n  i n  t h e  containment vessel. 

r e s u l t s  of which are sununarized i n  Table 4 . 1 ,  showed a t y p i c a l  tritium 

c o n c e n t r a t i o n  of 5 x 10 U C i / c m  i n  t h e  containment atmosphere ( a t  least 

du r ing  t h e  per iod  i n  1971 when t h e  measurements were ob ta ined ) .  I f  t h i s  

c o n c e n t r a t i o n  w a s  t y p i c a l  f o r  t h e  1018 days of c o r e  2 o p e r a t i o n ,  tritium 

l o s s  due t o  containment leakage  i s  e s t ima ted  t o  be  2.04 x 10" cm 

0.001 day-' x 1018 days x 5 x 

The s p e c i a l  t r i t i u m  s u r v e y Y 8  t h e  

-7 3 

3 x 
Ci/cm3 = 0.010 C i .  

6.3 .5  Discharge wi th  gaseous w a s t e  f low 

A s  no ted  i n  Sec t .  2,  Peach Bottom ope ra t ions  r e p o r t s  ' - I 4  show t h a t  

t h e  only s i g n i f i c a n t  gaseous t r i t i u m  d i scha rge  occurred  dur ing  regenera-  

t i o n  of t h e  l iqu id-n i t rogen-cooled  cha rcoa l  de l ay  beds i n  t h e  f i s s i o n  

product  cleanup p l a n t .  

a l lowing  them t o  w a r m  up and expe l  t h e  adsorbed gases ,  p r i n c i p a l l y  8 5 K r ,  

N 2 ,  H2,  and HT. These gases  were piped i n t o  a gaseous a c t i v i t y  holdup 

tank. 

measured, t h e  gas w a s  s lowly  r e l e a s e d  through t h e  s t a c k .  The a c t i v i t y  of 

tritium discharged  i n  t h i s  manner w a s  a b s t r a c t e d  from r e f s .  9 t o  14 and 

i s  given on a n  annua l  b a s i s  i n  Table 4 .2 .  

h a l f  of 1971, when t r i t i u m  measurements were n o t  made, t h e  t a b u l a t e d  

va lues  i n d i c a t e  t h a t  approximately 3 1  C i  of t r i t i u m  w a s  so  r e l eased .  This  

va lue  compares w e l l  w i th  t h e  e s t ima ted  amount of  t r i t i u m  t h a t  w a s  t r a n s -  

po r t ed  t o  t h e  l iqu id-n i t rogen-cooled  t r a p  v i a  t h e  purge gas  flow ( see  

Sect.  6 . 3 . 1 ) .  

These beds w e r e  p e r i o d i c a l l y  r egene ra t ed  by 

Af te r  a sample w a s  t aken  and t h e  l e v e l s  of t h e  r a d i o n u c l i d e s  were 

Except f o r  1970 and t h e  f i r s t  
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An a d d i t i o n a l  small amount of t r i t i u m  w a s  d i scharged  through t h e  

s t a c k  as t h e  r e s u l t  of t h e  e i g h t  containment d e i n e r t i n g *  procedures  t h a t  

took p l a c e  dur ing  co re  2 ope ra t ion .  The d i scha rge  from t h e s e  procedures  

is es t imated  t o  be 8 x 2.04 x 10" cm3 x 5 x 

0.08 C i .  

3 pCi/cm3 x cm / u C i  = 

An a d d i t i o n a l  s o u r c e  f o r  t r i t i u m  a c t i v i t y  i n  t h e  containment atmo- 

sphere  was helium leakage  from t h e  primary system. A s  no ted  i n  Sec t .  6 .1 .2 ,  

ope ra t ions  pe r sonne l  i n d i c a t e d  t h a t  t h e  pr imary s y s t e m  leakage  r a t e  w a s  

3.2 kg/day (7 lbm/day)  , o r  a vo lumet r i c  l o s s  of 1.8 x LO6 cm /day based 

on average primary system c o n d i t i o n s .  

t h e  containment i s  given by 

3 

The r e s u l t i n g  tritium a c t i v i t y  i n  

where 

A = concen t r a t ion  of t r i t i u m  i n  t h e  pr imary coo lan t  
3 P 

( 2  x lo-' u C i / c m  

(1.75 x lo6  cm /day) ,  

i n  Table  4 .1) ,  

= rate of release of primary coo lan t  i n t o  containment 
3 QP 

(6.42) 

= rate of release of containment atmosphere 
Q C  .-. 

7 (2.04 x 10 lo cm - lo-' = 2.04 x 10 cm3/day), 
day .I,. m 

I U  V = volume of containment - (2 .04 x 10 

t = e lapsed  time between d e i n e r t i n g  o p e r a t i o n s ,  days 

cm'), 

(approximately 1018 days/8 = 1 2 7  days ) .  

This r e s u l t s  i n  a containment a c t i v i t y  of 2 . 1  x l .cCi/cm nea r  t h e  end 

of t h e  127  days,  which is approximately 40% of t h e  v a l u e  observed i n  1 9 7 1  

dur ing  t h e  special  tritium survey. 

3 

8 

6 . 3 . 6  Discharge with l i q u i d  wastes 

The v a r i o u s  classes of l i q u i d s  composing t h e  l i q u i d  wastes and t h e  

wastes system are  d iscussed  i n  Sec t .  2.3. S p e c i f i c a l l y  excluded are t h e  

* 
During a r e a c t o r  shutdown when maintainance work is  r e q u i r e d ,  t h e  

e n t i r e  containment n i t r o g e n  atmosphere must be r ep laced  by a i r .  
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f lows t o  t h e  WDDT, which were kept  s e p a r a t e  from t h e  l i q u i d  waste system 

(Sec t .  6 .3 .5) .  

A s  no ted  i n  Table  4.2,  r o u t i n e  o p e r a t i o n a l  monitor ing i n d i c a t e d  t h a t  

9.4 C i  of t r i t i u m  w a s  c o l l e c t e d  i n  l i q u i d  waste monitor tanks  dur ing  core  2 

ope ra t ion .  Af t e r  d i l u t i o n ,  t h e  t r i t i u m  w a s  d i scharged  t o  Conowingo pond. 

6 .3 .7  Summary of leakage  rates 

Estimates f o r  tritium flows from t h e  primary system, developed i n  

Sects. 6 .3 .1  t o  6.3.4, ?re summarized i n  Table 7.3. 

cuss ion  i n  Sect .  7 . 1  compares t h e s e  estimates wi th  source  and inventory  

e s t ima tes .  

The a s s o c i a t e d  d i s -  

7 .  CONCLUSIONS AND RECOMMENDATIONS 

7 . 1  Conclusions 

The t r i t i u m  source  estimates developed i n  Sec t s .  6 . 1 . 1  through 6.1.4 

are summarized i n  Table  7 . 1 .  As a n t i c i p a t e d ,  t h e  l a r g e s t  source  r e s u l t e d  

from t e r n a r y  f i s s i o n ;  however, t h e  magnitude of t h e  source  due t o  neut ron  

r e a c t i o n s  wi th  'OB i n  t h e  c o n t r o l  rods w a s  no t  expected i n  view of t h e  

r e s u l t s  from previous  tritium source  estimates i n  l a r g e  HTGRs. 

shows es t imated  t r i t i u m  sources  of 1 2 1 2  C i  from t e r n a r y  f i s s i o n ,  42.9 C i  

from 

and 876 C i  from neut ron  r e a c t i o n s  wi th  'OB, f o r  a t o t a l  of 2200 C i  formed 

i n  four  yea r s  of r e a c t o r  l i f e  and undecayed a t  EOL. 

Table 7 . 1  

3 He impur i ty  i n  t h e  c o o l a n t ,  72.5 C i  from l i t h i u m  impur i ty  i n  g r a p h i t e ,  

Estimates of t r i t i u m  product ion  due t o  3He contaminant i n  the coolant  

(Sect .  6.1.2) were based on hel ium makeup rates (3.2 kg f r e s h  hel ium p e r  

day) and an abundance of 3H i n  t h e  helium supply (0.18 ppm) determined 

o n s i t e  by r e a c t o r  o p e r a t i o n s  personnel .  

measured p o r o s i t y  of t h e  s l e e v e  and r e f l e c t o r  g r a p h i t e s  w a s  open p o r o s i t y  

and hence a c c e s s i b l e  t o  hel ium permeation. 

r epor t ed  i n  Table  7 . 1  would r e s u l t  i f  t h e  tritium born i n  t h e  g r a p h i t e  

remained i n  p lace .  

It w a s  assumed t h a t  h a l f  t h e  

The s p e c i f i c  a c t i v i t i e s  
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Table  7 . 1 .  Summary of t r i t i u m  s o u r c e s  ( r e f e r r e d  t o  t i m e  a t  EOL) 

3 Amount of H a t  EOL 

Ternary  f i s s i o n  

I n  f u e l  p a r t i c l e s  
I n  tramp f u e l  

3 Due t o  He(n,p)T i n  g r a p h i t e  

S leeve  
Removable r a d i a l  r e f l e c t o r  
Permanent r a d i a l  r e f l e c t o r  
Axial r e f l e c t o r  

6 Due t o  L i ( n , a ) T  i n  g r a p h i t e  

Sleeve 
Spine 
Removable r a d i a l  r e f l e c t o r  
Permanent r a d i a l  r e f  l e c t o r  
Axia l  r e f l e c t o r  
Fue l  matrix 

Due t o  'OB r e a c t i o n s  

In  poisoned s p i n e s  
In  c o n t r o l  r o d s  

12110 
2 . 2  -- 

S u b t o t a l  12112 

5 . 4  
18.9 
15.5 

3 .1  

S u b t o t a l  42.9 

14.0 
1 .0  

16.4 
18.8 
9.2 

13 .1  

S u b t o t a l  72.5 
.- 

85.7 
790 

S u b t o t a l  876 

T o t a l  2200 

0.63 
2.0 
1.1 
0 . 4  

1 . 6  
0 .23  
1.8 
1 . 4  
1.1 
2.3 

The t r i t i u m  due t o  l i t h i u m  i n  t h e  co re  g r a p h i t e  w a s  based  on measured 

contaminant levels i n  t h e  s l e e v e ,  s p i n e ,  r e f l e c t o r s ,  and m a t r i x  g r a p h i t e s .  

Measured l i t h i u m  l e v e l s  (Table 6 . 4 )  ranged from 1 ppb i n  t h e  s p i n e  g r a p h i t e  

t o  a h igh  of 10  ppb i n  t h e  f u e l  matrix material. 

have s i g n i f i c a n t l y  h i g h e r  l i t h i u m  l e v e l s  because clf t h e i r  lower f i r i n g  

temperature (1800 vs 28OOOC) re la t ive t o  o t h e r  g r a p h i t e s .  Other r e p o r t e d  

l i t h i u m  l e v e l s  i n  matrix g r a p h i t e  are 50 t i m e s  h i g h e r  t h a n  t h o s e  observed 

Matrix g r a p h i t e s  could  



here.  If t h i s  h ighe r  level  had e x i s t e d  a t  Peach Bottom, t h e  r e s u l t i n g  

t r i t i u m  source  would have been equa l  t o  about h a l f  t h e  f i s s i o n  source .  

The t r i t i u m  source  due t o  'OB r e a c t i o n s  i n  t h e  poisoned sp ines  of 

f u e l  e lements  (60 elements  ou t  of 804) w a s  es t imated  t o  be  85.7 C i  by a 

method employed i n  o t h e r  s t u d i e s .  However, t h i s  method i s  i n a p p r o p r i a t e  

f o r  e s t i m a t i n g  t h e  source  due t o  'OB conta ined  i n  t h e  c o n t r o l  rods because 

of t h e i r  v a r i a b l e  a x i a l  l o c a t i o n s ,  and a more a p p r o p r i a t e  method w a s  

devised ( see  Sec t .  6.1.4) based on t h e  average v a l u e  of t h e  h o t ,  unrodded 

co re  k with equ i l ib r ium poison  r epor t ed  i n  t h e  EXSR. The neu t ron  e f f  
abso rp t ion  rate,  and hence t h e  t r i t i u m  product ion  ra te  i n  t h e  c o n t r o l  rods ,  

e f f '  w a s  e s t ima ted  from t h i s  v a l u e  f o r  k 
y i e l d s  an  unexpectedly l a r g e  tritium source  i n  t h e  c o n t r o l  rods.  T r i t i um 

concen t r a t ions  measured i n  element E14-01 ( a  poisoned sp ine  e lement ) ,  how- 

eve r ,  i n d i c a t e  t h a t  t h e  t r i t i u m  born w i t h i n  t h e  zirconium b o r i d e  d i d  n o t  

migra te  from t h e  sp ine .  I t  is be l i eved ,  however wi th  no d i r e c t  evidence,  

t h a t  n e i t h e r  d i d  t h e  l a r g e  q u a n t i t i e s  of tritium born i n  t h e  boron ca rb ide  

of t h e  c o n t r o l  rods migra te  from t h e  c o n t r o l  rods ,  d e s p i t e  i n t i m a t e  c o n t a c t  

w i th  t h e  primary coo lan t .  

A s  shown in Table 7 .1 ,  t h e  r e s u l t  

Measured levels  of t r i t i u m  found i n  t h e  g r a p h i t e  p o r t i o n s  ( s l eeve ,  

s p i n e ,  porous p lug ,  purge h o l e ,  and upper and lower r e f l e c t o r s )  of s i x  

f u e l  elements are presented  i n  Sec t s .  5 .1  through 5.3. 

developed i n  the  course  of t h e  Peach Bottom S u r v e i l l a n c e  Program and were 

summarized from p rev ious ly  publ i shed  r e p o r t s .  The d a t a  are f a r  more 

ex tens ive  than  needed f o r  t h e  immediate purposes  of this r e p o r t ;  for 

example,extensive r a d i a l  p r o f i l e  in format ion  i s  given which could,  wi th  

a p p r o p r i a t e  a n a l y s i s ,  c o n t r i b u t e  t o  an understanding of tritium d i f f u s i o n  

i n  g raph i t e .  

element porous p lug  and purge h o l e  may b e  i n t e r p r e t e d  i n  terms of tritium 

concen t r a t ions  i n  t h e  coo lan t ,  provided equ i l ib r ium s o r p t i o n  d a t a  are 

developed f o r  t h e s e  materials. 

ven ien t  summary f o r  f u t u r e  use  of a l l  t r i t i u m - r e l a t e d  d a t a  from t h e  

publ i shed  series of f u e l  element examinat ions.  

These d a t a  were 

I n  a d d i t i o n ,  d a t a  on t r i t i u m  l e v e l s  measured i n  the  f u e l  

Sec t ions  5 .1  through 5 . 3  provide a con- 
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Measured t r i t i u m  c o n c e n t r a t i o n s  i n  t h r e e  f u e l  compacts taken  from 

each of two f u e l  e lements  are r e p o r t e d  i n  Sect .  5.4. The r e s u l t s ,  summa- 

r i z e d  i n  Table  5.52 and p l o t t e d  i n  F i g s .  6 . 1  and 5.2,  c l e a r l y  show t h a t  

h o t  elements l i k e  F03-01 l o s t  s i g n i f i c a n t  p o r t i o n s  of t r i t i u m .  An es t i -  

mate based on t h r e e  measurements i n  element F03-01 i n d i c a t e s  t h a t  about  

two-thirds  of t h e  t r i t i u m  w a s  l o s t  from t h e  f u e l .  On t h e  o t h e r  hand, a 

c o o l e r  element,  l i k e  E14-01, r e t a i n e d  t h e  major p o r t i o n  of i t s  f i s s i o n -  

source  t r i t i u m  w i t h i n  t h e  f u e l  compact. 

T r i t i u m  c o n c e n t r a t i o n  measurements i n  S e c t .  5 are i n t e r p r e t e d  i n  

terms of corewide t r i t i u m  i n v e n t o r i e s  i n  Sec t .  6.2. 

Table 7.2,  which summarizes t h e s e  r e s u l t s ,  w i t h  Table  7 .1  shows t h a t  about 

45% of t h e  t o t a l  es t imated  t r i t i u m  source  (2200 Ci) i s  accounted f o r  by 

measured c o n c e n t r a t i o n s  i n  c o r e  components (997 C i ) .  

A comparison of 

A very  rough es t i -  

mate, based on only  s i x  measurements, i n d i c a t e s  a. t r i t i u m  inventory  i n  

t h e  f u e l  compacts of 465 C i ,  compared wi th  a n  es t imated  f i s s i o n  source  

i n  t h e  f u e l  of 1210 C i .  Therefore ,  corewide, approximately 62% of t h e  

t r i t i u m  born i n  t h e  f u e l  escaped. 

depos i ted  on nearby sleeve g r a p h i t e  material ,  as i n d i c a t e d  by t h e  h igh  

inventory  estimate f o r  sleeve material. Of t h e  e s t i m a t e d  258 C i  of t r i t i u m  

Much of t h i s  tritium appeared t o  have 

r e s i d i n g  i n  t h e  sleeve, only about 19.4 C i  (Table 7.1) i s  thought  t o  have 

been born t h e r e  due t o  3He and 6 L i  r e a c t i o n s .  

Table 7.2. Est imated tritium a c t i v i t i e s  i n  t h e  c o r e  based on 

measured concent ra t ions  ( r e f e r r e d  t o  t i m e  a t  EOL) 

Inventory  
Component (Ci) 

Fue l  elements 

Top r e f l e c t o r  r e g i o n  1 1 . 6  
S leeve  258 f 28 
Spine 18.5 & 2.4  
Fuel  compacts 465 
Bottom r e f l e c t o r  r e g i o n  9.2 
F i s s i o n  product  t r a p  26.1 rt 2.8  

S u b t o t a l  789 

. 

208 

T o t a l  997 
- Removable r a d i a l  r e f l e c t o r  
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. 

. 

The removable r a d i a l  r e f l e c t o r  w a s  found t o  b e  a s i g n i f i c a n t  r epos i -  

About 21% of t h e  co re  t r i t i u m  inven to ry  w a s  t o r y  of t r i t i u m  i n  t h e  core .  

found t h e r e ,  second i n  magnitude only t o  t h e  f u e l  and sleeve. 

Tr i t ium leakage  estimates developed i n  Sect. 6 .3  are summarized i n  

Table 7.3. The leakage  t o  t h e  ex-core f i s s i o n  product  t r app ing  system v i a  

t h e  f u e l  element purge f low,  which f i r s t  passed through a cha rcoa l  t r a p  i n  

each element,  w a s  e s t ima ted  as 310 C i .  Ear ly  (1971) s u r v e i l l a n c e  concen- 

t r a t i o n  measurements of t h e  purge gas  as w e l l  as a n a l y s e s  of cha rcoa l  t r a p  

t r i t i u m  levels l e a d  t o  t h i s  approximate va lue .  However, bo th  of t h e s e  

estimates are h igh ly  c o n j e c t u r a l  d e s p i t e  t h e  agreement. 

concen t r a t ion  w a s  measured dur ing  a per iod  of l a r g e  t r i t i u m  level  v a r i a -  

t i o n s  i n  t h e  primary system, and t h e  estimate based on observed cha rcoa l  

t r a p  concen t r a t ions  employed a widely e x t r a p o l a t e d  equ i l ib r ium s o r p t i o n  

The s u r v e i l l a n c e  

va lue .  

Table 7.3. T r i t i um l o s s e s  from t h e  primary system 

dur ing  co re  2 o p e r a t i o n  

Value 
Loss  mechanism (Ci) 

Leakage t o  t h e  ex-core f i s s i o n  product  t r app ing  system (310) a 
Return t o  primary coolan t  (279Ia 

Trapped on l iqu id-n i t rogen-cooled  delay bed and vented 
to containment on bed r egene ra t ion  

Discharge with off-gas  through t h e  s t a c k  

Leakage t o  t h e  chemical cleanup system via t h e  steam- 

Discharge i n  l i q u i d  w a s t e  f low 

31 

31.4 b 

genera tor  purgeC 68 

9 . 4  

1.1 
0.01 

b 

Leakage through t h e  steam-generator t ub ing  

Leakage from t h e  containment vessel  

Does no t  r e p r e s e n t  leakage from t h e  primary system. a 

b13ased on concen t r a t ion  measurements i n  waste flows. 

Oxidized t o  HTO, adsorbed on c lay ,and  disposed of as s o l i d  waste. C 



1 4 2  

Opera t ions  pe r sonne l  have i n d i c a t e d  t h a t  more than  99% of t h e  t r i t i u m  

r e l e a s e d  v i a  t h e  s t a c k  w a s  from t h e  gaseous waste holdup vessel t h a t  

r e c e i v e d  t h e  r e g e n e r a t i o n  off-gas from t h e  l iqu id-n i t rogen-cooled  d e l a y  

beds. Therefore ,  w e  have concluded t h a t  only t h e  p o r t i o n  of t h e  310 C i  

e n t e r i n g  t h e  de l ay  bed system t h a t  passed  through t h e  l i q u i d - n i t r o g e n  t r a p s  

(10% of t h e  t o t a l  flow) w a s  r e t a i n e d  and degassed du r ing  bed r e g e n e r a t i o n  

and s e n t  t o  t h e  holdup t anks  f o r  d i scha rge  v i a  t h e  s t a c k .  The remainder 

of t h e  t r i t i u m  i n  t h e  purge flow (90% of t h e  t o t a l )  e i t h e r  passed  through 

t h e  water- and Freon-cooled beds and r e t u r n e d  t o  t h e  primary coo lan t  o r  

was permanently r e t a i n e d  i n  t h e s e  cha rcoa l  beds .  The l a t t e r  i s  less l i k e l y  

bu t  i s  s t i l l  p o s s i b l e  i n  view of t h e  l a r g e  mass of g r a p h i t e  i n  t h e s e  de l ay  

beds. A t  any rate, i t  i s  c e r t a i n  t h a t  on ly  a n  i n s i g n i f i c a n t l y  small 

q u a n t i t y  of tritium desorbed from t h e  water- and Freon-cooled beds  ( t o  

t h e  containment volume and u l t i m a t e l y  t o  t h e  stac’k) compared w i t h  t h a t  

desorbed from t h e  l i q u i d - n i t r o g e n  t r a p .  

The t r i t i u m  leakage  t o  t h e  chemical c leanup ,system v i a  t h e  purge 

f low from t h e  h e a t  exchanger b a f f l e  i s  e s t ima ted  (Sec t .  6.3.2) t o  have 

been 68 C i  du r ing  t h e  o p e r a t i o n  of co re  2. This  t r i t i u m  w a s  ox id i zed  t o  

HTO, s e p a r a t e d  from t h e  helium by molecular  sieve:;, adsorbed on s o l i d s ,  

and shipped o f f s i t e  as s o l i d  waste. 

R e l a t i v e l y  small amounts of tritium were l o s t  by permeation through 

t h e  steam-generator t ub ing  o r  by leakage  of n i t r o g e n  through t h e  con ta in -  

ment v e s s e l .  A t o t a l  permeation of  1.1 C i  through t h e  steam-generator 

t ub ing  f o r  fou r  y e a r s  of o p e r a t i o n  i s  e s t ima ted  i n  Sect. 6.3.3.  This  i s  

about a f a c t o r  of 4 less than  a p rev ious  estimate employing a n  a t y p i -  

c a l l y  h igh  helium-side t r i t i u m  concen t r a t ion .  

13 0 

The magnitudes of s e v e r a l  t r i t i u m  t r a n s p o r t  pa ths  w e r e  n o t  eva lua ted  

due t o  t h e  l a c k  of s u f f i c i e n t  in format ion .  For example, t r i t i u m  e g r e s s  

from t h e  secondary coo lan t  wi th  t h e  condensa te  purge o r  blowdown f low w a s  

n o t  eva lua ted  because no in fo rma t ion  w a s  a v a i l a b l e  on t h e  f low rates;  

s i m i l a r l y ,  t h e  tritium t r a n s p o r t  ra te  from t h e  WDD’I? t o  t h e  containment via 

v e n t s  on t h i s  d r a i n  t ank  w a s  no t  e s t ima ted .  
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Table 7.4 summarizes t h e  t r i t i u m  mass ba lance  i n  t h e  r e a c t o r  f o r  t h e  

f o u r  y e a r s  of co re  2 o p e r a t i o n .  

s i n c e  i t  e v i d e n t l y  s t ayed  i n  p l ace .  

t r i t i u m  source  of 1325 C i  (exc luding  'OB s o u r c e s ) ,  compared wi th  997 C i  

measured inven to ry  and 108 C i  l eakage .  Thus t h e  t o t a l  i nven to ry  p l u s  

leakage  (1107 Ci) i s  about 218 C i  less than  t h e  e s t i m a t e d  source .  

Table  7 . 2  does no t  i n c l u d e  t h e  t r i t i u m  inven to ry  i n  t h e  permanent r a d i a l  

r e f l e c t o r  o r  i n  t h e  ex-core cha rcoa l  t r a p s  a t  EOL; t h e s e  r e p o s i t o r i e s  were 

n o t  sampled. Undoubtedly, some of t h e  e s t i m a t e d  218 C i  excess  ( sou rces  

over i nven to ry  p l u s  leakage) may b e  accounted f o r  as r e s i d i n g  i n  t h e s e  

two unsampled l o c a t i o n s .  We the re f  o r e  conclude t h a t ,  d e s p i t e  c e r t a i n  gaps 

i n  t h e  a n a l y s e s  (some of which are d i scussed  i n  Sec t .  7 . 2 ) ,  a reasonab ly  

complete p i c t u r e  of tritium sources  and t h e  u l t i m a t e  f a t e  of t r i t i u m  

formed i n  t h e  Peach Bottom HTGR has  been developed. 

T r i t i um from 'OB s o u r c e s  i s  excluded 

The t a b l e  n o t e s  a t o t a l  movable 

Table 7.4. Summary of t r i t i u m  ba lance  . 

a Source 

Ternary f i s s i o n  

Value 
(Ci) 

1 2  10 

3He 42  

b Inventory  a t  EOL 

Fue l  compacts 
Fuel  element g r a p h i t e  
Replaceable  r a d i a l  r e f l e c t o r  

73 

1325 

465 
324 
208 

99 7 
- 

Leakage 

Liquid  waste 9.4 

Containment leakage  0.01 

Gaseous d i scha rge  through s t a c k  31.0 
S o l i d  waste 68.0 

108.4 

a 

bExcluding c o n t r o l  rods ,  po is ioned  s p i n e s ,  ex-core 

Excluding 'OB sources .  

cha rcoa l  beds,  and permanent r e f l e c t o r  g r a p h i t e .  
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7 . 2  Recommendations 

Equi l ibr ium s o r p t i o n  d a t a  of HT on cha rcoa l  and g r a p h i t e  are needed 

t o  develop improved estimates of t r i t i u m  transport:  i n  t h e  fo l lowing  areas: 

1. Sorpt ion  d a t a  are needed on f i s s i o n  product  cha rcoa l  i n  t h e  350 

t o  5OOOC temperature  range  t o  a l low i n t e r p r e t a t i o n  of t h e  a x i a l  concentra-  

t i o n  p r o f i l e s  i n  t h e  t r a p s  i n  terms of t r i t i u m  concen t r a t ions  i n  t h e  purge 

gas.  It is q u i t e  important  t h a t  t h i s  estimate be  improved i n  view of t h e  

s i g n i f i c a n t  t r i t i u m  loss  e x h i b i t e d  by t h e  f u e l  p a r t i c l e s ,  much of which 

e n t e r e d  t h e  purge gas. 

2. Sorpt ion  d a t a  of HT on core  and r e f l e c t o r  g r a p h i t e  material are 

needed f o r  an improved understanding of how t h e  calre  acts as a s i n k  f o r  

g r a p h i t e ,  whether o r  n o t  i ts  e f f i c i e n c y  f o r  t r i t i u m  abso rp t ion  diminishes  

wi th  o p e r a t i n g  l i f e ,  and t o  what ex ten t  t r i t i u m  desorbs under normal o r  

off-normal shutdown cond i t ions .  

3 .  Sorpt ion  d a t a  on t h e  cha rcoa l  i n  the  ex-core f i s s i o n  product  t r a p s  

are needed t o  determine t h e  degree  of tritium holdup i n  t h e  water- and 

Freon-cooled de lay  beds ,  t o  determine t h e  amount of t r i t i u m  desorbed dur- 

i ng  bed r egene ra t ion ,  and t o  estimate t h e  amount plermanently r e t a i n e d  i n  

t h e  bed. 

Our estimate of t r i t i u m  release from f u e l  p a r t i c l e s  i s  based on too  

few d a t a  t o  y i e l d  a good i n d i c a t i o n  of whole-core release. F u r t h e r  work 

on t r i t i u m  modeling of t h e  Peach Bottom HTGR would r e q u i r e  a d d i t i o n a l  

ana lyses  of t r i t i u m  concen t r a t ions  i n  f u e l  samples. 

Fu r the r  s tudy  of t h e  f a t e  of  t h e  t r i t i u m  born i n  t h e  c o n t r o l  rods  i s  

warranted i n  v i e w  of t h e  l a r g e  source  due t o  ‘OB r e a c t i o n s .  

should inc lude  d i f f u s i o n  and s o r p t i o n  measurements of HT on boron ca rb ide  

a t  c o n t r o l  rod tempera tures  and an  e s t i m a t i o n  of t h e  degree of pickup i n  

helium f low us ing  s imula ted  c o n t r o l  rod geometry. 

This  s tudy  
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