




ORNL/TM-64 09 
D i s t .  Ca tegory  UC-77 

C o n t r a c t  No. W-7405-eng-26 

CHEMICAL TECHNOLOGY I) 1V:L S I O N  

HTGK F u e l  Recyc le  Development Program (189a OH 045)  
Reprocess ing  Development (Task 310) 

GASEOUS FISSION PRODUCT RELEASE DURING STORAGE AT VARIOUS TEMPERATURES 
FOR HTGR-TYPE FUELS 

C .  L .  F i t z g e r a l d  
R .  J .  Shannon 
V .  C .  A.  Vaughen 

Date P u b l i s h e d  - J u l y  1978 

Note :  T h i s  document c o n t a i n s  i n f o r m a t i o n  of  a p r e l i m i n a r y  n a t u r e .  It 
i s  s u b j e c t  t o  r e v i s i o n  o r  c o r r e c t i o n  and t h e r e f o r e  does  n o t  r e p r e s e n t  a 
f i n a l  r e p o r t .  

OAK RIDGE NATIONAL LABORATORY 

Oak Ridge ,  Tennessee  37830 
o p e r a t e d  by 

U N I O N  CARUIDE CORPORM'I.ON 
f o r  t h e  

DEPARTMENT OF ENERGY 

3 4Y5b 055L44J.t 3 





CONTENTS 

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 . INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . .  
2 . FUEL DESCRIPTION AND IRRADIATION DATA . . . . . . . . . . .  
3 . EXPERIMENTAL EQUIPMENT AND PROCEDURE . . . . . . . . . . .  
4 . EXPERIMENTAL RESULTS . . . . . . . . . . . . . . . . . . .  
5 . CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . .  
6 . REFERENCES . . . . . . . . . . . . . . . . . . . . . . . .  
7 . APPENDIX . . . . . . . . . . . . . . . . . . . . . . . . . .  

PAGE 

1 

1 

2 

2 

5 

16 

18 

1 9  





-V- 

LIST OF FIGURES 

PAGE 

1. E x p e r i m e n t a l  a r r angemen t  f o r  s t o r a g e  expe r imen t  RTE-2-5. . 4 

2 .  Release rates f o r  85Kr and H a t  ambient  t e m p e r a t u r e  
3 

( 3 0 ' C ) .  . . . . . . . . . . . . . . . . . . . . . . . . . 7 

3 .  Release ra tes  f o r  85Kr  and H a t  100°C . . . . . . . . . . 8 

4. Release rates f o r  8 5 K r  and H a t  150°C . . . . . . . . . . 9 

5. Release rates f o r  85Kr and 3H a t  200°C . . . . . . . . . . 10 

6.  Release rates f o r  85Kr  and 3€1 a t  300°C . . . . . . . . . . 11 

7 .  Arrhenius p l o t  of release ra tes  d u r i n g  s t o r a g e  at 

3 

3 

v a r i o u s  t e m p e r a t u r e s  . . . . . . . . . . . . . . . . . . . 1 2  

Releases o€ 85Kr  and 3H from s t o r e d  HTGR f u e l  a t  v a r i o u s  

t e m p e r a t u r e s  (30 t o  100  d a y s  a t  t e m p e r a t u r e )  . . . . . . 1 4  

8 .  





-vii-  

LIST OF TABLES 

PAGE 

6 1. 

2 .  Amounts of a c t i v i t y  found on  t h e  a b s o l u t e  f i l t e r  i n  t h e  

Releases of  85Kr  and 3H at v a r i o u s  t e m p e r a t u r e s  . . . . . 

o f f - g a s  l i n e  o f  t h e  s t o r a g e  t e s t .  a t  100°C . . . . . . . . 15 

3 .  Amounts of  r e s i d u a l  a c t i v i t y  found i n  t h e  f u e l  body 

c o n t a i n e r  by gamma s c a n n i n g  . . . . . . . . . . . . . . . 15 

4 .  Amounts of a c t i v i t y  found i n  f u e l  body c o n t a i n e r  wash 

s o l u t i o n s  . . . . . . . . . . . . . . . . . . . . . . . . 17 





-1 - 

GASEOUS FISSION PRODUCT .-- RELEASE D U R I N G  STORAGE AT VARIOUS --- TEMPEMTXJRFS. 
_c--_ FOR HTGR-TYPE FUELS- 

C .  L .  F i t z g e r a l d  
K. J .  Shannon 
V.  C .  A .  Vaughen 

ABSTRACT 

Measurements were made of gaseous f i s s i o n  p roduc t  releases 
from a n  HTGR-type f u e l  body under  c o n d i t i o n s  s i m u l a t i n g  s t o r a g e  
a t  t e m p e r a t u r e s  up t o  300°C. The f u e l  was a r e c y c l e  test e lement  
c o n t a i n i n g  BISO-BISO c o a t e d  f u e l  p a r t i c l e s  which had heen 
i r r a d i a t e d  f o r  701 e f f e c t i v c  fu l l -power  d a y s  i n  thca Pc~-tcb. Bottom 
HTGR . 

S t o r a g e  t e s t  t e m p e r a t u r e s  were ambient  (about  30"C),  1.00, 150, 
200, and 300°C. 
each change  i n  t e m p e r a t u r c .  A f a i r l y  s t a b l e  release r a t e  w a s  
r eached  t h a t  i n c r e a s e d  from Q60 uCi /day  a t  ambient  t e m p e r a t u r e  
t o  qj1000 uCi /day  a f t e r  30 days  a t  200°C and s l o w l y  d e c r e a s e d  t o  
about  200 UCifday a f t e r  554 days a t  200°C.  I n  t h e  expvr iment  a t  
300"C, a f i n a l  release r a t e  o €  4000 pCi /day  was a t t a i n e d  a f t e r  
66 d a y s .  The r e l e a s e s  of 85Kr w e r e  fo l lowed  f o r  abou t  two and 
one-ha l f  y e a r s .  

The i n i t i a l  release rates  of 85Kr v a r i e d  a f t e r  

The s t a b i l i z e d  release r a t e s  f o r  were Q0.02 uCi /day  a t  
ambient  t e m p e r a t u r e ,  ~0.750 pCi /day  a t  200°C a f t e r  30 d a y s ,  and 
0.460 yCi/day a f t e r  554 d a y s .  The f i n a l  r e l e a s e  r a t ( '  a t  300°C 
w a s  about 30 uCi /day  a f t e r  66 d a y s .  

Over t h e  l i f e t i m e  of t h e  expe r imen t ,  Q22% of t h e  i n i t i a l  
85Kr i n v e n t o r y  was evolved  and s w e p t  o u t ,  and r\4% of t h e  i n i t i a l  
3H i n v e n t o r y  w a s  evolved  and s w e p t  o u t .  T h e  a c t i v a t i o n  e n e r g i e s  
c a l c u l a t e d  f o r  t h e  K r  and 3H e v o l u t i o n  w e r e  ' J 7 . 8  k c a l / m o l e  and 
Q12.4  k c a l / m o l e ,  r e s p e c t i v e l y .  

1. INTRODUCTION 

T h e  r e p r o c e s s i n g  of h igh - t empera tu re  gas-cooled  reactor fuels 

t o  r e t u r n  t h e  f i s s i o n a b l e  and Eerti le materials t o  t h e  fue l  cycle  

n e c e s s i t a t e s  t h e  e x i s t e n c e  of a s t o r a g e  f a c i l i t y  f o r  the  s p e n t  fuel 

e lemen t s .  The most economica l  manner t o  o p e r a t e  such n s t o r a g e  f a c i l i t y  

would be w i t h  t h e  e l e m e n t s  i n  unsea led  c o n t a i n e r s ,  and w i t h  no t r e a t m e n t  

of t h e  o f f - g a s .  S i n c e  t h e  q u a n t i t i e s  o f  r a d i o a c t i v e  n u c l i d e s  t h a t  can  

be released t o  the b i o s p h e r e  are  r e g u l a t e d  s t r i c t l y ,  a t r h { ~ ~ o u g h  knowledge 



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

s t o r a g e  t e m p e r a t u r e s  i s  needed t o  assist i n  making t h e  d e s i g n  d e c i s i o n s .  

An expel-iinent t o  measure f i s s i o n  gas  (85Kr and '8) re lcases  d u r i n g  

s t o r a g e  of a n  i r r a d i a t e d  f u e l  e lement  w a s  s t a r t e d  on J a n .  2 7 ,  1975,  

and t e r m i n a t e d  J u n e  30,  1977.  S t u d i e s  were m,ide a t  ambient  t e m p e r a t u r e  

(30°C) ,  arid a t  100 ,  150, 200, and 300°C. Deta i l s  of  t h e  exper iment  

are  p r e s e n t e d  below. 

2 .  FUEL DESCRIPTION AND I R R A D I A T I O N  DATA 

R T E - 2 - 5 ,  which w a s  chosen f o r  t h e s e  t e s t s ,  i s  a c y l i n d r i c a l  

g r a p h i t e  body a b o u t  7 . 6  c m  diam by 38.1 c m  long  conl:ain.ing a c e n t r a l .  

h o l e  and e i g h t  smaller h o l e s  a r r a n g e d  l i k e  a t e l e p h o n e  d i a l .  'The e i g h t  

smaller  h o l e s  c o n t a i n  t h e  f u e l ;  seven  of t h e  h o l e s  s t i l l  had t h e  o r i g i n a l  

l o a d i n g ,  whereas  t h e  f u e l  had been removed from i:he e i g h t h .  'Thi.s 

p a r t i c u l a r  body was 1.oaded w i t h  m i x t u r e s  of BISO--coated (4Th/U)02 

p a r t i c l e s ,  BISO-coated ThC p a r t i c l e s ,  and p a r t i c l e s  of  g r a p h i t e  f l o u r .  

The t h r e e  p a r t i c l e s  were 1 oaded c o n c u r r e n t l y  f rom t h r e e  v i b r a t i n g  

V-trough f e e d e r s .  The e n t i r e  body was v i b r a t e d  a f t e r  f i l l i n g  t o  

s e t t l e  t h e  b e d ,  and a d d i t i o n a l  g r a p h i t e  f l o u r  w a s  added t o  f i l l  t h e  

v o i d s .  

k e t o n e  and 10% p o l y s t y r e n e .  (The fuel.ed b o d i e s  w e r e  loaded  i n t o  Peach 

Bottom f w l .  e l e m e n t s .  Det:ails of  t h e  f a b r i c a t i o n  and i r r a d i a t i o n  o f  

t h e  c o a t e d  p a r t i c l e s  and t h e  r e c y c l e  test e l e m e n t s  are  r e p o r t e d  

el-sewhere.  ' -) 

2 

The b e d s  w e r e  s e a l e d  i n  p l a c e  by a d d i n g  2 c m 3  O E  m e t h y l  e t h y l  

1~ 2 

A s  stat:ed above ,  fuel.  from one  of  t h e  c h a n n e l s  had been removed 

f o r  P I E .  Additional. l .y,  t h r e e  g r a p h i t e  components - t h e  s p i n e ,  a f u e l  

h o l e  p l u g ,  and a t o p  sample h o l e  pI.ug - had a l s o  been removed. 'The 

assembled  wei-ght of body RYE-2-5 i s  r e p o r t e d '  as 2531.5 g ;  i f  t h e  

wei-ghts of m i s s i n g  fuel. and components a re  d e d u c t e d ,  the weight  as 

received should  have been  2091.8 g .  (A t o t a l .  o f  590.2 g of c o a t e d  

p a r t i c 1 . e ~  i s  c o n t a i n e d  i.n t h i s  g r o s s  weight  .) 

3.  EXPERIMENTAL EQUrPMENT AND PROCEDURE 

The expi?r imenta l  a p p a r a t u s  c o n s i s t e d  of  a s e a l e d ,  p u r g e d ,  h e a t e d  

c o n t a i n e r  to h o l d  t h e  f u e l  e l e m e n t .  The c o n t a i n e r  was made  of a n  
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i n s u l a t e d  4-in.  s ched .  40 s t a : i n l e s s  steel. p i p e  18 i n .  l ong  and f l a n g e d  

a t  one end w i t h  an O-ring seal.. A Cal rod  i i n i t  s u p p l i e d  h e a t  f o r  t h e  

tes ts  a t  t h e  e l e v a t e d  t e m p e r a t u r e s  (Fi.g. 1 ) .  

M o n i t o r i n g  and c o l l e - c t i o n  of t h e  off-gases f o r  s u b s e q u e n t  a n a l y s e s  

were per formed u s i n g  t h e  o f f - g a s  i . n s t r n m e n t a t i o n  from head-end s t u d i ~ e s .  

The o f f - g a s  sys t em c o n s i s t e d  of a CO a n a l y z e r ,  a C 0 2  a n a l y z e r ,  a m u l t i -  

c h a n n e l  ana l -yze r  gamma s p e c t r o m e t e r ,  a h e a t e d  CuQ bed ( t o  o x i d i z e  any  

HT t o  HTO) , molecul.ar s i e v e  t r a p s  ( f o r  HTQ removal.), a wet-test meter, 

and a n  i - n f l a t a b l e  g a s  c o l . l e c t i o n  bag .  T h e  CO and CO a n a l y z e r s  were  i n  

t h e  sys t em o n l y  f o r  t h e  300°C t e s t .  An a b s o l u t e  f i l t e r  was i n  t h e  1.i.ne 

€ o r  the tes t  a t  1 0 0 O C .  

3 

2 

T h e  p r imary  g o a l  of the expe r imen t  'was: t o  m o n i t o r  t h e  releases of 

S i n c e  t h e  i n - l i n e  gamma- 3 s 5 K r  and 

d e t e c t o r  d o e s  n o t  y i e l d  a b s o l u t e  v a l u e s  f o r  k r y p t o n  c o n c e n t r a t i o n s ,  

r e p l i c a t e  gas  sarnples were t a k e n  from t h e  c o l l a p s i b l e  g a s  c o l l e c t i o n  

bag a f t e r  e a c h  c o l l e c t i o n  i n t e r v a l  and coun ted  i n  a 2-in.-well. NaI 

d e t e c t o r .  The sweep gas  w a s  h u m i d i f i e d  t o  p r o v i d e  i s o t o p i c  d i l u t i o n  

f o r  t h e  3H, and t h e  r e s u l t a n t  IlTO w a s  adso rbed  on molecul.ar sieves 

(Type 4 A ) .  The HTO was r e c o v e r e d  by r e f l u x i n g  t h e  s i e v e s  f o r  4 h r  in 

50 m l  of H20. The l e a c h  s o l u t i o n  w a s  a n a l y z e d  f o r  tr i t : i .um c o n t e n t  by 

b e t a  l i q u i d  s c i n t t l l a t i o n .  

H a t  v a r i o u s  s t o r a g e  temperatures. 

The e l emen t  w a s  purged w i t h  m o i s t  a i r  c o n t i n u o u s l y  a t  t h e  b e g i n n i n g  

of e a c h  t es t  u n t i l  a r e a s o n a b l y  s t a b l e  release r a t e  w a s  obse rved .  Once 

t h i s  r a t e  w a s  a t t a i n e d ,  t h e  u n i t  w a s  s e a l e d  a t  t e m p e r a t u r e  and purged 

once  weekly  f o r  a t o t a l  p u r g e  volume o f  a t  l ea s t  Cen vol.ume changes  

of t h e  tes t  chamber.  The d u r a t i o n  of  t h e  expe r imen t  a t  ambient  

t e m p e r a t u r e  ( % 3 0 " C ) ,  100 ,  1 5 0 ,  200, and 300°C was 70 ,  78 ,  108 ,  554, 

and 66 d a y s ,  r e s p e c t i v e l y .  'The extended  tes t  at: 200°C ( S . 5 4  d a y s )  

w a s  per formed t o  o b s e r v e  any  I.ong-1:erm changes  i n  t h e  a p p a r e n t l y  stab1.e 

release r a t e .  

The experimenta.L release v a l u e s  must b e  g e n e r a l i z e d  i f  t h e s e  

v a l u e s  are  t o  b e  used  i n  the d e s i g n  of a s t o r a g e  f a c . i l i t y .  The t o t a l  

i n v e n t o r i e s  of 8 5 K r  and 3H i n  RYE-2-5 have  been  e s t i m a t e d  by a n a l o g y  t o  
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f u e l  body RTE-2-3 of t h e  same f u e l  element w i t h  t h e  a s s i s t a n c e  of t h e  

ORIGEN c o d e . 4  

f o r  RTE-2-3. 

p r e d i c t e d  amount) i n  head-end e x p e r i m e n t s  i.-nvolving fuel .  c h a n n e l  RTE- 

2 - ~ ! . ~  

f l u x  a t  RTE-2-3; however,  RTE-2-5 c o n t a i n e d  more uranium and t h o r i ~ u n  

t h a n  RTE-2-3. By a d j u s t i n g  t h e  ORLGEN y i e l d  of 8 5 K r  f o r  RTE-2-3 by 

s i m p l e  f a c t o r s ,  w e  have  e s t i m a t e d  8'Kr arid 3H i n v e n t o r i e s  of 2 . 6  C i  

and 56 m C i ,  r e s p e c t i v e l y ,  i.n RTE-2-5. 

About 0.38 C i  of 85Kr p e r  Euel c h a n n e l  w a s  p r e d i c t e d  

We d : i . r ec t ly  measured 0.31 C i  of 85Kr  (about  80% of the 

The n e u t r o n  f l u x  a t  t h e  RTE-2-5 p o s i t i o n  w a s  abou t  75% of t h e  

4 .  EXPEKIMENTAL RESULTS 

Releases of_ k r y p t o n  and t r i t i u m  __ d u r i n g  s t o r a g e .  The a v e r a g e  d a i l y  

releases f o r  each  t e m p e r a t u r e  are  shown i n  F i g s .  2-6. The expe r i inen tn l  

v a l u e s  are p r e s e n t e d  i n  T a b l e s  8-1 t h r o u g h  A-10 i n  t h e  Appendix.  Each 

change i n  t e m p e r a t u r e ,  e x c e p t  a t  300"C, r e s u l t e d  i n  R s h a r p  i n c r e a s e  i n  

t h e  d a i l y  release r a t e ,  which t h e n  d e c r e a s e d  a s y m p t o t i c a l l y  w i t h  t i m e .  

The release ra tes  n t  300°C d i d  n o t  d e c r e a s e  s i g n i f i c a n t l y  ove r  t h e  

p e r i o d  of  t h e  t e s t  (66 d a y s ) .  

To p r o v i d e  a compar ison  of the changes  i n  release rates w i t h  

t e m p e r a t u r e ,  t h e  v a l u e s  between abou t  30 and 100 days  i n t o  t h e  test 

were ave raged .  A few o b v i o u s l y  d i v e r g e n t  v a l u e s  w e r e  o m i t t c d  from t h e  

a v e r a g e s  ( s e e  T a b l e s  A-1-  h-10).  These  a v e r a g e s ,  and t h e  r a n g e s  

c a l c u l a t e d  u s i n g  S t u d e n t ' s  6 method f o r  t h e  95% c o n f i d e n c e  i n t e r v a l - ,  

are p r e s e n t e d  i n  T a b l e  1. An i n c r e a s e  was obse rved  i n  t h e  a v e r a g e  

r e l e a s e  ra tes  between day  30 and day  100  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  

An A r r h e n i u s  p l o t  of t h e s e  d a t a  i n d i c a t e s  t h a t  t h e r e  i s  some 

r e g u l a r i t y  of b e h a v i o r  ( F i g .  7 ) .  The s o l i d  l i n e s  f i t  e q u a t i o n s  as 

shown i n  (1)  and ( 2 )  below: 
6 -7820/RT.  

f o r  8 5 K r ,  k = 3 . 9 3 7  x 10 e 9 

3 6 ,-l2,400/LiT. 
f o r  H,  k = 1 , 0 4 2  x 1 0  t 9 

where k is  t h e  ra te  of release in  p C i / d s y ,  R i s  t h e  j d e a l  g a s  c o n s t a n t  

( 1 . 9 8 7  c a l / m o l e - K ) ,  and T is  t h e  t e m p e r a t u r e  i n  K .  

The  d a t a  p o i n t s  and r a n g e s  (95% c o n r i d e n c e  i n t e r v a l ,  by S t u d e n t ' s  

6) are also p r e s e n t e d .  It  i s  clcaar that  t h e  d a t a  a t  =imbient t e m p e r a t u r e  

(%30"C) l i e  we11 above t h p  i n - e d i c t i o n s .  Several hypo theses  f o r  t h i s  

behav io r  may be advanced .  One i s  t h a t  the frc$r;h fuel had a '1surp3u.;" 



T a b l e  1. R e l e a s e s  of 8 5 K r  and 3H a t  v a r i o u s  t e m p e r a t u r e s  

- - -~ 

3H --- 8 5 K r  Tempera ture  Dates 
f ro rn l to  

R e l e a s e  r a t e  T o t a l  C m C i  from Release r a t e  T o t a l  ZpCi ("C) 

(uc i I da_y_2_ C i  i n  s t a r t  of ( u c i l d a y )  P C i  f rom s t d r t  of 
- I n i t i a l  Enda p e r i o d  exper iment  --___-___- I n i t i a l  End i n  p e r i o d  e x p e r i m e n t  

Ambient 1-27-75/L-4-75 9000 60 + 15 1 6  ;6 3 . 0  0.024 + 3 .007  8 . 4 6  8 .46  

6000 1G3 + 5 1  67 8 3  3.3 0.045 -+ 0.039 8 .53  1 7  

- - 

I a 
I 

- io0 4-4-7516-20-75 - 
150  6-20-75110-17-75 1000 394 2 107 40  123  0 . 3  0.376 + 0.218 91.5 111 - 

200 10-17-7514-23-77 4000 844 - 4- 476  202 325 1 . 2  0.749 + 0 . 3 8 8  701 812 - 

3G3 4-27-7716-30-77 5GOC 4095 - i- 82 1606 L4.2 1 9 . 3  0.7 1307 2119 

a Average O F  v a l u e s  between Q30 and 2.100 d a y s  with 95% r a n g e  (by  S t u d e n t ' s  t). 
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F i g .  5. Release rate:; f o r  85Kr and 311 at 200°C. 
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i n v e n t o r y  i n  i t s  p o r e s ,  which w a s  r e l e a s e d  r a t h e r  easi.1-y. T h i s  

h y p o t h e s i s  is  g i v e n  some c r e d e n c e  by t h e  very h i g h  release rates 

(3885 + 941 U C i  o f  85Kr  p e r  day)  s e e n  

Thus,  p e r h a p s  t h e  expe r imen t  w a s  n o t  r u n  l o n g  enough under  amb:ient 

cond.i.ti.ons t o  measure  t h e  r e l e a s e  mechanism s e e n  i n  t h e  la ter  tests.  

a t  t h e  start: of t h e  100°C ser:i.es. 

The o t h e r  d a t a ,  however ,  a r e  .in r e l a t i v e l y  good agreement  w i t h  

t h e  r e s u l t s  pred ic l red  by t h e  A r r h e n i u s  e.quat i o n .  Fo r  i n t e r p o l a t i o n ,  

t h e  release rates  p r e d i c t e d  by tlie A r r h e n i u s  c o r r e l a t i o n  are  p r e s e n t e d  

on a semi l .ogar i t l imic  p l o t  of  r e l e a s e  ra tes  vs t e m p e r a t u r e  ( F i g .  8 ) .  

The k r y p t o n  release ra te  i n c r e a s e d  by nl.most a f a c t o r  of 70,  w h i l e  

t h e  t r i t i u m  release ra te  i n c r e a s e d  a b o u t  a factor of 800  ove r  t h e  

t e m p e r a t u r e  r a n g e  30 t o  300°C. 

I n  t h e  t e s t  of  l o n g e s t  d u r a t i o n  (200"C:), t h e  release ra tes  cont:i.nued 

t o  d e c r e a s e  s l o w l y  u n t i l  t h e  t e m p e r a t u r e  w a s  changed.  The f i n a l .  a v e r a g e  

v a l u e s  f o r  85Kr and 

and 0.460 - t- 0.130 uCi /day ,  r e s p e c t i v e l y .  O v e r a l l ,  abou t  24% of t h e  

8 5 K r  and a b o u t  4% of t h e  t r i t i u m  were evo lved  o v e r  t h e  two and one-1ial.f 

y e a r s  of  t e s t i n g .  

3 H ( a f t e r  554 d a y s  a t  200°C) were 175.8  _- f 23.3 pCi/tlay 

Release of o t h e r  f i s s i o n  p r o d u c t s  d u r i x s t o r a g e .  An a b s o l u t e  

f i l t e r  ( P a l l  C o r p o r a t i o n ,  C o r t l a n d ,  N . Y . ,  P a r t  N o .  DEA 3OOXUKA) was 

p l a c e d  i n  t h e  off-gas l i n e  f o r  the t e s t  at 100°C. The p r i n c i p a l  gamma 

emitters found on t h e  f i l t e r  a t  t h e  end of  t h e  t es t  are s1-10v.m i n  'Table 

2 .  T h e i r  levels  of a c t i v i t y  ranged from abou t  0 .1  U C i  f o r  125Sb t o  

a b o u t  0 . 7 5  YCi f o r  1-44Ce. 

s i n c e  t h e r e  i s  a p o s s i b i l i t y  t h a t  some of t h e  a c - t i v i t y  i s  a r e s u l t  of i n -  

c e l l  c o n t a m i n a t i o n ,  even  though a d i l i g e n t  e f f o r t  w a s  made t o  e n s u r e  

t h a t  t h e  e x t e r i o r  of t h e  f i l t e r  body w a s  f r e e  from c o n t a m i n a t i o n .  

These  r e s u l t s  can be  t a k e n  as maximum v a l u e s  

The c o n t a i n e r  f o r  t h e  fuel body w a s  decon tamina ted  (externa1l.y) 

and gamma scanned  a t  t h e  end o f  t h e  e x p e r i m e n t .  These results a r e  

shown i n  T a b l e  3 .  T h e  v a l u e s  -ranged from abou t  7 Y C i  f o r  SI) t o  

abou t  573 U C i  f o r  l s 4 C e .  

a s  m;zx:imum v a l u e s .  One should  n o t e  t h a t  b o t h  f e r t i 1 . e  and f i s s i l e  

pa r t i c l e s  are  BISO-coated, and n d e g r e e  of r r i ig ra t ion  of  f i s s i o n  p r o d u c t s  

t h rough  t h e s e  c o a t i n g s  i s  n o t  uncommon. 

1.2 5 

A s  s t a t e d  above ,  t h e s e  r e s u l t s  may be  t a k e n  
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Fig. 8 .  Releases of 8 5 K r  and 3R f rom stored HTGR F i w l  at 
v a r i o u s  temperatures ( 3 0  to 100 d a y s  at temperature). 
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Table 2 .  Amounts of a c t i v i t y  found on t h e  a b s o l u t e  f i l t e r  i n  t h e  of f -gas  
l i n e  of t h e  s t o r a g e  t e s t  a t  1.0OoC 

.- - I__- 

Nucl ide  Amount found Apparent  c o n c e n t r a t i o n  
I ( d P d  (irci /a”,. 

9 5 Z r - 9  ’Nb 

106Ru 

12 jSb 

c s  
1 3 4  

Trac.e I 

2 .34  1.0~ 5.4 

5.3 x l o +  5 

5 

2.30 x 10 

3 . 4 8  x 10 8.0 x 

1.1 

3 .8  

5 

6 

137cs 4 .78  x 10 

144& 1 . 6 7  x 10 

T h e  t o t a l  volume c o l l e c t e d  a t  l00’C w a s  1965 2 .  a 

Table  3 .  Amounts of r e s i d u a l  a c t i v i t y  found i n  t h e  f u e l  body c o n t a i n e r  
by gama s c a n n i n g  

N u c l i d e  - Amount found (dpm) .. 

7 

6 

8 

8 

7 

106Rl l  1..78 x 10 

lZ5Sb 5.75 x 10 

134cs 1.15 x 10 

137cs 3.16 x 10  

144ce 3.65 x 10 
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The c o n t a i n e r  f o r  t h e  f u e l  body w a s  r i n s e d  w i t h  d e m i n e r a l i z e d  w a t e r  

t o  remove a n y  p a r t i c u l a t e s  a d h e r i n g  t o  t h e  in l i e r  s u r f a c e .  The c o n t a i . n e r  

w a s  t h e n  washed w i t h  b a s i c  and a c i d i c  so1 .u t ions .  The b a s i c  s o l u t i o n  

c o n t a i n e d  ( p e r  l i t e r )  1 . 5 2  g of  N a O H ,  0 . 5  g o f  K I ,  and 1 . 4  g of  NaBS03 

t o  remove 1291. 

f i ~ s s i o n  p r o d u c t s .  The p r i n c i p a l  gamma emitters c o n t a i n e d  i n  t h e s e  

s o l u t i o n s  are  shown i n  T a b l e  4 .  The amounts reportred in t h i s  t a b l e  are  

w i t h i n  about  a f a c t o r  of 2 o f  t h o s e  r e p o r t e d  i.n T a b l e  3 ,  r e p r e s e n t i n g  

reasonab1.e c o n s i - s t e n c y  f o r  measurements  of  t l i i  s t y p e .  

The a c i d i c  s o l - u t i o n ,  8 __ M HN03,  w a s  used t o  l e a c h  o t h e r  

R e a c t i o n s  between t h e  a i r  p u r g e  gas and t h e  f u e l  e l e i w n t  s t o r e d  

a t  300°C. The c a r b o n  monoxide and c a r b o n  d i o x i d e  a n a l y z e r s  were i n - l i n e  

f o r  t h e  t es t  a t  300°C t o  o b s e r v e  any  p o s s i b l e  o x i d a t i o n .  The CO, 

a n a l y z e r  i n d i c a t e d  t h a t  t h e  p u r g e  g a s  c o n t a i n e d  a b o u t  1% CO Samples 

t a k e n  for a n a l y s i s  by g a s  chromatography i n d i c a t e d  a n  a v e r a g e  CO 

c o n c e n t r a t i o n  of 1 . 1 2 %  i n  t h e  o f f - g a s .  I f  w e  assume t h a t  t h i s  v a l u e  i s  

a n  a v e r a g e  c o n c e n t r a t i o n  f o r  t h e  e n t i r e  t e s t  a t  300°C, t h e  observed  

weight  l o s s  should  be  3 1 . 7  g .  The o r i g i n a l  w e i g h t  ( a s  rece i .ved)  w a s  

n o t  a v a i l - a b l e .  The f u e l  body wei.ghed 1 2 . 9  g less t h a n  t h e  c a l c u l a t e d  

weight  of  2091.8 g a t  the end of  t h e  experi-ment .  V i s u a l  i n s p e c t i o n  

of  t h e  body r e v e a l e d  e v i d e n c e  of a s l i g h t  amount o f  e r o s i o n  o n  t h e  i n l e t  

s i d e  of  t h e  p u r g e  l i n e .  We c o n c l u d e  t h a t  t h e r e  w a s  some a t t a c k  of t h e  

f u e l  body a t  300°C by t h e  purge  a i r .  

.- ... ... .- _. ..-.. . ..-. ~ ~ _..... _____ ....I_. 

L- 

2 '  

2 

5. CONCTJJSIONS 

Spent  f u e l  e l e m e n t s  must be s t o r e d  i n  t he  n e a r  f u t u r e .  Any o f f -  

g a s e s  €rom s u c h  a s t o r a g e  E a c i l i t y  w i l l  need t o  m e e t  t h e  r e q u i r e m e n t s  

o f  e x i s t i n g  r e g u l a t i o n s  f o r  releases of r a d i o a c t i v e  s p e c i e s .  The 

c o n c e n t r a t i o n s  of g a s e o u s  contami-nants  e x p e c t e d  t o  be r e l e a s e d  a t  t h e  

s t o r a g e  t e m p e r a t u r e  c a n  be e s t i m a t e d  f r o m  t h e s e  d a t a ,  and w i l l  have t o  

be  c o n s i d e r e d  i n  t h e  d e s i g n  of t h e  f a c i l i t y .  The loss o f  up t o  22% 

o f  t h e  85Kr and 4% of t h e  t r i t i u m  i n v e n t o r i e s  of t h e  s p e n t  f u e l .  

e l e m e n t s  may r e q u i r e  conta inment  o f  t h e  a c t i v i t y .  Releases of  

p a r t i c u l a t e s  and o t h e r  f i s s i o n  p r o d u c t s  do n o t  a p p e a r  t o  p r e s e n t  

u n u s u a l  problems.  Design t r a d e - o f f s  between c o s t s  of f u e l  e lement  

conta inment  and a n y  o f f  -gas  c l e a n u p  methods w i l l  need t o  be per formed.  



Table 4 .  Amounts of activity found in f u e l  body con ta ine r  wash solutions 

__ Wash s o l u t  ions  ___- --.- 
Isotope 

_. (dpm total) Water Bastc Acid Cdpm 

< 3 . 3 3  1 0 ~  t 2 . 2 2  105 <1.11 l o 7  i 1 . 5  10 7 
Lo6R*l 

6 <2.22  x l o 6  c1.11 x l o 5  c3 .33  x I O 6  c 5 . 7  x 1.0 

8 

8 

7 . 3 5  x L O 7  

1 . 7 5  x l o8  

2 . 5 1  x 10 

5 - 7 4  x 1 0  

7 

7 

1 .67  x 1 0  1 . 0 1  x 10 

3 .77  x 1 0  2.33 x 1 0  

2.55  x 10 6 4 . 9 1  l o 7  ~ 7 . 4  10 7 1 4 4 ~ e  <2.22 x 10 

1 5 4 E ~  <2.22 x l o 6  < 3 . 3 3  x 10 

1 2 9 ~ ,  1-18 

6 4 . 5 2  x 1.06 <7.1 x 1 0  5 

- 1 . 9 4  - 1 .94  
____ 
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7 .  APPENDIX: TABULATED RESULTS OF AND 3H RELEASES FOR STORAGE 
EXPERIMENT RTE-2-3-5 



- 2 0.- 

Table A-1.. Release r a t e  f o r  8 5 K r  a t  ambient  t e m p e r a t u r e  
(Q3O"C) 

__I_ l__l_.l-__ 

Accumulated d a y s  Gas bag v o l .  Accumulated 
85Kr  (dpm/day) 8 5 K r  (uCi /day)  85Kr (mci) 

... . -.... .- -.-.___. ( l i t e r s )  

1 57 

2 5 8 . 5  

3 55.8 

4 56.5 

5 61..4 

6 63 .0  

7 62.0 

8 61.5 

9 60 .0  

10 58.4 

11 5 7 . 1  

1 2  1 8 . 8  

1 9  36 .0  

25 36 .0  

3 2  37 .7  

39 38 .5  

46 38 .6  

53 37.7 

59 35 .5  

70 36.0 

l o  
2 ,04  x 10 

8 5 .83  x 10 
8 

3.77 x 1 0  

2 .65  x 108 

2 .79  x 108 
8 

2 . 8 2  x 10 

2 .01  x lo8  
8 1 .87  x 10 
8 

2 .9  x 10  
8 2 . 4 1  x 10 
8 2.63 x 1 0  
8 

3.03 x 10 

1 . 1 7  x l o8  
7 9.39 x 10  
8 1 . 0 2  x 10 
8 1 . 1 3  x 10 

6.39 x l o 8  
8 2.06 x 10 
8 1 . 5 3  x 1 0  
8 l . 8 0  x 10 

9 . 1 8  l o 3  
2.63 x l o 2  

2 
1 .7  x 10 

1 .19  x 102 
2 

1 .26  x 1 0  
2 1..27 x 1.0 

1 . 2 7  x 102  
1 8 . 4 1  x 10  

1 . 3 1  x lo2 

1 .09  x 1.02 

1.18 x 102  

4 .50  x 1.OIa 

5 .26  x l O l a  

4 . 2 3  x lo la  
4 . 6 1  x 1ola 

2.88 x l o 2  
9 .3  x 1ola 

5.09 x 

6 .88  x l O l a  

8 .12 x 1Ola 

9.1.8 

9.43 

9 . 6 1  

9 .73  

9.86 

9 .98  

1 0 . 1 1  

10.19 

10.32 

10 .43  

10.55 

10 .59  

10 .95  

11 .25  

11 .58  

11 .93  

13 .95  

14  60 

15.01 

1 5 . 6 6  
- 

_- a Values  used t o  d e t e r m i n e  a v e r a g e  and r a n g e ,  X = 60.0 - -k 15 .8 .  
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Table A-2. Release rate f o r  at 100°C 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

13 .33  

14 .33  

15 .33  

16 .33  

1 7 . 3 3  

21 .33  

22 .33  

23.33 

24 .33  

28 .0  

29.0 

30 .0  

31 .0  

34 .33  

35 .33  

36 .33  

37 .33  

38 .33  

4.5.33 

52.33 

59.33 

66.33 

78 

61.8 

62 .8  

68.9 

58 .5  

67 .0  

68 .0  

68.7 

62 .3  

71.0 

73 .0  

39 .3  

63.6 

66.7 

68.2 

69.9 

G O .  0 

7 3 . 0  

61 .0  

66 .3  

68 .0  

59.6 

62 .0  

70 .5  

40 .1  

63.8 

63.2 

63.0 

60.8 

41.2 

35 .8  

36 .0  

36.6 

35.2 

L O  1 . 4 4  x 1 0  

1.13 x 
10 

1 . 0 6  x 10 
9 9.19 x 10 

8 . 6 8  x lo9  
8 .32  l o 9  
7 .34  x l o 9  

9 5.84 x 1 0  

5 . 5 8  l o 9  
9 

9 

9 

5 . 0  x 1 0  

2.25 x 10 

2.38 x 1.0 

2.13 l o 9  

2.09 l o 9  

3 .30  l o 9  

9 1.94 x 10 

10 3.64 x 10 

9 

9 
l . 6 4  x 1 0  

1.25 x 1 0  

1 . 2 8  l o 9  
5 .95  x 108 

9.06 x lo8  
8 6 .20  x 10  
9 1 . 3 3  x 10  

3 .83  x lo8  
8 3 .13  x 1 0  
8 2.99 x 1 0  
8 2 . 9 1  x 1 0  
7 6 . 6 1  x 10 
7 1 . 6  x 10 

2 . 1 5  l o 7  
1 .27  x lo8 

8 1.18 x 10 

3 6.5  x 10 

5 .08  lo3 

4.14 103 

3.91 103 

3 . 3 1  103 

2.63 103  

3 
4.76 x 10 

3 3.75 x 10 

3 

3 
2.51 x 10  

2.25 x 10 

I .  01 l o 3  
1 . 0 7  l o 3  

8 . 7 3  x 102 

9.39 x 102 

1 .49  103  

9 . 6  x l o 2  

4 1 . 6 4  x 10  

7.37 x l o 2  
5 . 6 1  x 10’ 

5 .76  x l o 2  
2.68 x l o 2  
4.08 x lo2 

2 2.79 x 10 

5.97 x l o 2  
1 . 7 3  x lo2= 
1 . 4 1  x 

1 . 3 5  x lo2<’ 
1 .31  x 

2.98 x lOla 

7.2 x l o o  
9 .69  x loo  

5.34 x lola 
5.72 x l O l a  

6 . 5 1  

1 1 . 6 0  

16.36 

20.5 

24.41 

28.16 

31 .46  

34 .09  

36 .61  

38 .86  

39.87 

40 .95  

41 .91  

4 2 . 7 8  

4 3 . 7 2  

60 .12  

61 .61  

62.34 

62 .80  

63.38 

63.65 

64. Oh 

64.34 

64 .93  

65 .11  

65.25 

65.38 

65 .51  

65.72 

65.77 

65.84 

66.24 

66.61 
a - 
Values used to determine average, X = 102.9 + 50.8%. - 
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T a b l e  4-3. Release r a t e  €or 8 5 K r  a t  150°C 

1 . 0  69 .0  2.46 l o 9  1.11 

2.0 

3 .0  

4 .0  

5 . 0  

6 .0  

7 .O 

8 . 0  

12 .33  

1 3  33 

14 .33  

15 .33  

16 .33  

23.33 

30.33 

37.33 

44 .33  

51 .33  

58.33 

65.33 

72 .33  

79.33 

86 .33  

93.33 

100 e 33 

107.33  

118.0 

60.3 

58 .0  

58 .0  

66.9 

69.0 

69 .9  

67.4 

34 .4  

68.8 

68 .5  

69.7 

66 .3  

32 .0  

39 .4 

47.8  

41.8 

39 .3  

33 .5  

39 .0  

43.8 

3 3 .  9 

38.2 

35.2 

31..5 

40 .0  

42.0 

1 .67  x l o 9  
9 1 . 3 2  x 1 0  
9 1 .04  x 10  

1-26  109 

1 . 3 9  l o 9  
9 1 . 3 3  x 10 

1 . 2 9  x 10’ 
8 4.86 x 10 

1.11 l o 9  

1 . 0 5  l o 9  

9 1 . 0 2  x 10 

8 9.47 x 10 

3.86 x 10’ 

6 .61 x lo8 
5.17 x 108 

8 
5 .74  x 10 

8 9.24 x 1 0  

5.77 x lo8  
1 . 0 6  1 0 9  

9 

9 

8 

8 

8 

8 

8 

1 .42  x 1 0  

1.1.5 x 10 

9.76 x 10 

6.84 x 1 0  

3.33 x 10 

6.57 x 1 0  

2.53 x L O  

7.51. x l o 2  
5.96 x l o 2  
4.68 x 102  

5 .68  x 10’ 

6.29 x l o 2  
6 . 0 1  x l o 2  

2 5 .83 x 10 

2.19 x l o 2  

4.59 x I O 2  

5.02 x l o 2  

4.72 x l o 2  
4.27 x 102 

1.74 x LO’ 
2.98 x 102  

2 .33  x 

2.59 x I O z a  

4 .16  x 

2.60 x 

4.76 x 

6.42 x 

5 - 1 7  x 

4 .40  x 

3 .08  x 
2 1 . 5 0  x 1 0  
2 2.96 x 1.0 

1 .14  x l o 2  

1 . 8 6  

2 .46  

2 .93  

3.50 

4 .13  

4 .73  

5 . 3 1  

6.19 

6.69 

7 .15  

7 .62  

8 .05  

9.27 

11 .35  

12 .98  

14 .79  

1 7 . 7 0  

7.9.52 

22.8.5 

27.34 

30.96 

34.04 

36.20 

37.25 

39.32 

40.1.2 

- a 
Values  used t o  d e t e r m i n e  t h e  average, X = 394 + 107. 
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T a b l e  A-4. Release rate fo r  85Kr  a t  200°C: 

~ I_- 

Accumula t: ed 
85Kr ( d p d d a y )  85Kr  ( i iCi/day) 85Kr (mci) 

Accumulated d a y s  G a s  bag vol .  

_I- 
( l i t e r  s )  

1 

2 

3 

7 

8 

9 

1 0  

1 4  

15  

1 6  

1 7  

2 1  

22 

23  

24 

28 

29 

3 1  

52 

56 

57 

58 

59 

76  

8 4  

90 

97 

1 0 4  

11 1 

1 1 9  

1 2 5  

70.8 

7 4 . 2  

7 5 . 0  

77.0 

74 .5  

7 5 . 8  

73.7 

73.5 

73 .5  

76.3 

73.5 

80.0 

78 .0  

77.0 

67.3 

70.0 

7 2 . 0  

1 4 8 . 0  

57.5 

88.15 

72.5 

63.4 

72.2 

42.45 

35.25 

39.0 

41.6 

41.2 

1 2 . 6  

42.3 

41.0 

9.39 109 

7..72 l o 9  
9 

9 
6 .99  x 1 0  

5.79 x 1 0  

5.32 l o 9  
5.57 1 . 0 ~  

4.67 l o 9  

9 
5.40 x 10 

9 

9 
4.88 x 10 

5 . 2 5  x 1 0  

4.97 l o 9  
9 5.00 x 10 

4 . 8 6  x l o 9  
9 4 .83  x 1 0  

4 .20  l o 9  
3.97 109 

9 3.81 x 1 0  

4 . 0 1  x J.09 

4 . 0 1  l o 9  

2.46 l o 9  
1 . 5 6  l o 9  

8 6.66 x 1 0  

9 2.02 x 10  
8 

6.47 x 1 0  
8 

1.15 x 10 
8 

6.19 x 10 
8 

8.81 x 10 
8 

6.09 x 10  
8 5.67 x 10  
8 5 . 6 5  x 10 

7 .83  x l o 8  

3 4.23  x 1 0  

3.48 l o 3  
3.15 103 

2 . 6 1  l o 3  
3 

3 
2.39 x 1.0 

2.51 x 1 0  

2.43 103 

2 .10  103 

2.20 103 

2.36 103 

2.24 l o 3  

2.19 103 

2.17 l o 3  

1 . 7 9  l o3  

3 2.29 x 10 

3 
1 .89  x 10 

3 1 . 7 2  x 1 0  

1.81 x l o 3  
1.81 lo3  
3.0 x lo2 '  

3 1.1 x 10  

7.0 x lo2 
2 

9 . 1  x 1 0  

2.97 x l o 2  
1 

5 . 2 1  x 1 0  
2 2.76 x 1 0  
2 3.97 x 1 0  

2.74 x l o 2  
2 

2 .55 x 10 
2 2 .54 x 1.0 

3 .53  x l o 2  

4 .23  

7 . 7 1  

1 0 . 8 6  

21.28 

23.69 

26.19 

28.62 

37.03 

39.23 

41.60 

43.83 

52.99 

55.18 

57 .35  

59.25 

66.39 

68.11 

7 1 . 7 2  

109 .73  

110.93 

112.03 

112.73 

113 .64  

118.59 

118.64 

1 2 1 . 4 0  

125.37 

127.29 

129.08 

132. 1 2  

133 .24  
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T a b l e  A--4 ( con t inued  ) 

71.8 

72 .0  

7 7 . 1  

5 0 . 5  

53.5 

55.5 

4 5 . 3  

51.3 

50.2 

5 7 . 1  

58.5 

5 4 . 3  

52 .5  

52.7 

65.2 

60.0 

67 .4  

7 7 . 8  

50.2 

9 

3 

9 

1 . 5 2  x 1 0  

1.77 x 10 

1.85 x 1 0  

7 . 5 5  x 108 
8 2 , 9 6  x 10 
8 7.94 x 1 0  
8 9.8 x 1 0  

8.68 x LO8 
8 6 .21  x 10 

8 . 9 2  x lo8  
8 7 . 1 4  x 10 

5.53 x lo8  
8 2.92 x 10  
8 1..04 x 10  

7.16 x lo8  
8 8 . 9 3  x 10 
9 l " 9 9  x 10 
9 2 .51  x 1 0  
8 

4.26 x 1 0  

_- ...._._.._...__II I__ I 

Accumulated 85K1- (dpm/day) 85Kr  (yCi /day)  85Kr (mci) 
Accumulated d a y s  Gas bag vel-. 

._.._.......... - -- ( 1 i t e r  s> 

127 

1 2 8  

129 

130 

13 7 

144  

1 5 1  

158 

1.65 

1 7 1  

1 7 9  

1 8 6  

1 9 3  

200 

204 

205 

206 

207 

214 

6.84 x l o 2  
7 . 5 7  x lo2 

8.33 x l o 2  
2 3.58 x 1 0  

1.33 x PO2 

3.57 x l o 2  

4 . 4  x l o 2  

2.8 x 102 

2 3.87 x 1 0  

4 .82  x l o 2  
3 . 2 1  x 10' 

2.49 x l o 2  
1 . 3 2  x IO2 

4 .72  x 1.0l 

3 .22  x l o L  
4.02 x 10' 

8 .96  x l o 2  
1 .13 I( l o 3  
1 . 9 2  x 10" 

134 .61  

135 - 4 1  

136.24 

136 .60  

137 .53  

1.4 0 . 0 3 

143 .12  

146 .19  

148 .15  

150.56 

153.13 

154.87  

155 .79  

156 .12  

157 .40  

157 .81  

158 .70  

1.59.83 

161 .18  

161.47 1 221 45 .2  9.27 l o 7  4.18 x 10 

228 

238 

242 

243 

260 

267 

274 

281 

288 

2 95 

302 

6 0 . 0  

51.5 

55.3 

54 .5  

60.0 

60.0 

58.0 

58.0 

8 3.73 x 1 0  

6 .99  x 107 

3 . 6 8  x lo8 
8 1 . 6 5  x 10 
8 

2 .75  x 10  
8 2.06 x 1 0  
8 2.42 x 1 0  

1 . 6 8  x lo2 

3.15 x 10'- 
2 1..66 x 1 0  
1 

7.47 x 10 
2 

1..24 x 10 
1 9.28 x 1 0  

1 . 0 9  x l o 2  
6 .68  x 10 '  3 .01  x lo* 

162.64 

1.62.96 

163.62 

164.14 

165 .01  

165 .66  

1~66.42  

166 .63  

47 .O J." 54 x 10 6 .93  x 10' 1 6 7 .  I1 

57 .O 1 . 1 6  x 10 5 . 2 1  x lo1 167.47 

58.0 9 .29  x 10 4 , 1 8  x 10' 167.76  

8 

8 

7 

8 1.03 x 1 0 2  168 e 48  3 09 5 4 , 5  2.29 x 1 0  
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Table A-4 ( con t inued)  

I___ 

85 Accumulated 
K r  ( W i / d a y )  85Kr (mCi) 85Kr ( d p d d a y )  

Accumulated days Gas bag vo l .  

I 

(liters) - I-- 

31 6 

323 

330 

337 

34 5 

3 53 

360 

3 67 

374 

381 

388 

395 

402 

409 

417 

424 

430 

437 

444 

451 

458 

4 65 

472 

479 

48 6 

4 93 

500 

507 

514 

5 2 1  

528 

58.6 

60.0 

58.5 

58 .0  

54 .0  

8 5 . 0  

54 .2  

42 

48 .5  

49.5 

48.0 

45.0  

41.0 

4 6 . 0  

45 .5  

57 .0  

57 .0  

57.0 

57 .O 

57.0 

57 . O  

78.5 

62.2 

52.2 

1 2 2 . 1  

1 2 2 . 1  

53.0 

55.2 

58 .0  

58.0 

59.0 

3 .43  x lo8  
8 2.14 x 10 
8 

3 .96  x 1 0  
8 2.08 x 1 0  
7 

8 . 5  x 10 
8 1.56  x 1 0  
8 1.17 x 10 
8 

1 .56  x 10 

2.24 x 10' 

2.28 x lo8  
a 
a 

1 . 9 4  x lo8 

2 .21  x 1 0  

2 .21  x 1 0  

1 . 9 9  x lo8 

8 

8 

8 

8 

8 

1 . 6 9  x 10 

4.58 x 10 

5.34 x 1 0  

4.58 x 10 

4.58 x 10 

4.58 x 10 
8 

4 .58  x 10 
8 2.85 x 10 
8 3.55 x 1 0  
8 3 .72  x 10 
8 3.51 x 10 
8 

3 . 5 1  x 10 

4 . 3 1  x lo8  
8 4 .16  x 1 0  

3.63 x lo8  
3 . 6 3  x lo8  
4 .14  x lo8 

a 

1 .54  x l o 2  
1 9.65 x 1 0  

1 . 7 8  x l o 2  
1 

9.39 x 10 
1 3.83 x 10 

7.02 x 10' 
1 5.27 x 10 

7 . 0 2  x lo1- 
1.01 x l o 2  
1 . 0 3  x l o 2  

1 
9.96 x 1 0  

9.98 x 10' 
1 

9.0  x 10 

8 .74  x 10' 

7 .6  x lo1 
2.06 x l o 2  
2.4 x lo2 

2.06 x l o 2  
2.06 x l o 2  
2.06 x l o 2  
2.06 x 10' 

1 . 2 8  x 1 0 2  

1.59 x l o 2  
1 .68  x loza 
1.58 x loZa 
1.58 x 

1.94  x 

1 . 8 7  x 

1 .63  x 

1.63 x LOza 

1 . 8 6  x 

169.56 

170.24 

171.49 

172 .15  

172.42 

172 .98  

173.35 

173.84 

174.54 

175 .26  

175.96 

176 .65  

177.29 

177 .90  

1 7 8 . 5 1  

179.95 

181.. 39 

182.84 

184.28 

185 .73  

187.17 

188.06 

189.18 

190 .36  

1.91.47 

192.57 

193 .93  

195.24 

196.39 

397.53 

198.84 
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T a b l e  A-4 ( c o n t i n u e d )  

......... .- .- ._ .- ___.-. 

Accumulated d a y s  Gas bag vo l .  8 5  Accumulated 
8 5 ~ 1 -  (ap[tl/(iay) Kr (i iCi/day) 85Kr (mci) 

535 6 2 . 0  5.59 x l o 8  2 . 5 2  x 200.61 

1 . 2 9  x l o z a  201.51 554 63.3 2 .86  x 10 

--.. -. ( l i t e r  s )  

8 

a 
V a l u e s  used t o  c a l c u l a t e  x = 175.8  + 23.3.  - 
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Table  A-5. Release ra te  f o r  8 5 K r  at 300°C 

-. e-- 

Accumulated Accumulated days  G a s  bag vel. 8SK, (dpmlday) 8!jgr (iJ.Ci/day) 85  
Kr ( m C i )  (1 i ters)  . - ~ .  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2  

13 

1 4  

15 

16 

1 7  

2 1  

22 

23 

24 

27 

28 

29 

30 

31 

35 

36 

37 

38 

4 1  

62.0 

63 .0  

64.0 

6 4 . 0  

67 .O 

6 7 - 0  

67.0 

58.5 

6 3 . 0  

58 .0  

76 .0  

8 3 . 0  

51 .0  

39.0 

62.5 

66 .0  

64 .0  

8 7 . 0  

74.5 

7 4 . 5  

74 .5  

1 2 3 . 0  

84 .5  

81 .0  

77.5 

83 .5  

288.0 

110.0 

111.0 

108.5 

220 

10 

9 

9 

1 0  

10 

10 

10 

10  

10 

10 

10 

10 

10 

1 0  

10 

10 

LO 

10 

1 . 0 7  x 10 

8 . 3 5  x 10 

9.49 x 1 0  

1.05 x 10  

1.11 x LO 
1.17 x 1 0  

l . 2 0  x 10 

1.13 x 10 

1.13 x 10 

1 . 1 9  x 10 

1 . 1 9  x 10 

1 . 2 9  x 1 0  

1 . 1 5  x 1 0  

1 . 0 3  x 1 0  

1 . 1 6  x 10 

1 . 2 2  x 1 0  

1 . 1 6  x 10 

1 . 3 6  x 10 

8.98 l o 9  
9 

9 
9.44 x 1 0  

9.44 x 10 

9.45 x l o 9  
1 0  

10 

10 

10 

IO 

10 

10 

1 0  

9 

1.38 x 10 

1 . 1 6  x 10 

1.11 x 10 

1 . 1 2  x 1 0  

1.33 x 10- 

1 . 1 6  x 10  

1.1 x 1 0  

1 . 0 8  x 10 

9 . 8  x 10 

4.83 lo3  

4.28 lo3  

3 3 . 7 6  x 10 

3 

3 

3 

3 

4.73 x 1 0  

5.02 x 10  

5.27 x LO 

5.42 x 10 

5 . 0 8  l o 3  
3 

3 
5.10 x 10 

5.38 x 1.0 

5.37 l o 3  

5.18 lo3  

5.24 103 

3 5.80 x 10  

4.63 x l o3  

3 5.53 x 10 
3 

5.24 x 1.0 
3 6 . 1 2  x 10’ 
3 

4.05 x 10 

4.25 l o 3  

4.26 103  

3 4 .25  x 10 

3 

3 
6 . 2 4  x 10 

5.23 x 1 0  

4.99 103 
3 5.07 x 10 
3 5.98 x 1 0  
3 5.22 x 10 
3 4.96 x 10 
3 4.85 x 10 

4.42 x lo3  

4.83 

8.59 

12.88 

1 7 . 6 1  

22.64 

27 9 1  

33.33 

38.42 

43.52 

48.89 

54.27 

60.07 

65.25 

59.88 

75.12 

80.65 

8 5 - 8 9  

92 .01  

9 6 . 0 5  

100.31 

104.56 

1 0 8 . 8 1  

115.05 

120.29 

125.28 

130.34 

154.26 

1.59.48 

164.45 

169 .29  

182.56 
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Tab1 e A- 5 ( c o n t i n u e d )  

42 1 1 3 . 0  1 .04  x 10"" 4.69 x lo3  187.25 

43  

44 

4 5 

48 

49 

50 

5 1  

52 

55 

5 6  

57 

58 

59 

62 

63  

64 

65 

66 

113 .0  

119.0 

11.6.0 

264.0 

108.0 

11.9.0 

124 .0  

118 .0  

249.0 

121 .5  

121 .0  

120 .0  

119  .o 
265 

113 

1 4 1  

131 

133 

1.01 x 1 0  lo 4.55 x l o 3  191.81. 

a * o 1  x 10 lo 4.56  x lo3  196.37 

1 . 0 2  x 1 0  lo 4.63 x l o 3  200.99 

9 .83  l o 9  4.42 x l o 3  214.28 

4 .25  x l o 3  218.53 9.45 x 1 0  

9.49 x los )  4 .28 x I O 3  222.81 

4 .34  x I O 3  2 2 7 . 1 5  9 .63 x 1 0  

4.09 x l o 3  231.25 9.10 x 10  

4 . 3 1  x 235.55 9.56 x 10 

9.09 1 . 0 ~  4.09 x lo3= 239.65 

9.09 l o 9  4.09 x 243.74 

4 . 1 1  x 247.85 9 .13  x 10 

4.20 x 252.06 9 . 3 2  x 10 

4.18 x 2 6 4 - 5 9  9.28 x 1 0  

3.99 x 268.59 

8.81 x l o 9  3.97 x 272.56 

9.05 l o 9  4.08 x 276.63 

3 . 9 3  x 280.56 8 . 7 2  x 1 0  

9 

9 

9 

9 

9 

9 

9 

9 8 - 8 7  x 1.0 

9 

- 

V a l u e s  used t o  c a l c u l a t e  the average, X = 4095 +- 8 2 .  a 
...- 
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Table A-6. Release r a t e  f o r  3H a t  ahbierit temperature (%3OoC) 

-_- ._ --. 
Accumulated 
321 W& Accumulated days  3H (dpm/day) 3H (pCi /day)  

.- _I__._.-__.- ~ 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

11 

1 2  

19  

25 

32 

39 

46 

5 3 

59 

7 0  

6 

1.70 x l o 6  
8.37 x 10' 

6 . 6 7 ~  10 

8 . 7 9  l o 5  

5.49  105 

6.59 l o 5  
2.76  105 

3.81 lo5 

2.17 1 . 0 ~  

6.10 x 10' 

2.42 x 105 

8 . 3 1  x lo5 

3.85 104 

3.27 lo5 

5.78 1 0 4  

8.17 l o 4  
5.47 l o 4  

5.88 104 

3.21 104  

4 5 .45  x 1.0 

3.01 

0.77 

0 . 3 8  

0 . 4 0  

0 .27  

0.25 

0.30 

0.12  

0.17 

0.11 

0.10 

0.37 

0.017 a 

0.147 

0.026 a 

0.037 a 

0.025a 

0.024 a 

0.027 a 

0.014 a 

3.01 

3.77 

4 , 1 5  

4.55 

4 .82  

5.07 

5-31' 

5.49  

5.66 

5.77 

5.87 

6 . 2 4  

6 .36  

7 . 3 9  

7.57 

7.82 

8 . 0 0  

8 .19  

8 .35  

8.461 

I a Values  used t o  ca l cu la t e  t h e  a v e r a g e ,  X = 0.024 f- - 0.007. 
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Tab1.e A-7. Release rate f o r  3H a t  100°C 

.I.-.- -_.- 

5 

6 

7 

8 

9 

1 0  

1 3  

1 4 . 0  

15 

1 6  

1 7  

17.33 

21.33 

22.33 

24.33 

2 5 , 3 3  

29 

30 

3 I. 

3 2  

32.33 

36 

37 

38 

3 9  

39.33 

7 . 2 3  l o 5  

4.27 l o 5  

5.507 l o 5  
8 , 4 1 1  105 

3 .971  l o 5  

5 4.18  x 1 0  

3.857 x l o 5  

5 6 .248  x 1 0  

5 3.297 x 10  

2.941 x 105 

6.98 105 

2.63 105 

1 . 9 7  

5 2.34 x 10  

5 

5 
1.80 x 10  

2 . 0 4  x 10 

3.95 105 
5 

5 

5 

5.47 x 10 

2 . 2 1  x 1 0  

7.06 x 10 

6 .33  l o 5  
6 2 .10  x 1 0  

1 . 2 5  x l o 6  
9.03 105 

7 . 0 7  x 105 

1 .17  l o 5  
3 . 4 3  x 105 

1 . 9 6  l o 5  
1 . 6 9  lo5 

5 2 .90  x 10 

3.26 x lo-'  
1.33 x 

1 . 9 2  x lo-' 
1.737 x lo-' 

2.48  x 10-1 

3.788 x 

2.815 x 10-1 

1.789 x 10-1 

1.486 x 10-1 

1 . 3 2 5  x 10-1 

3 .15  x 1O-I 

1.18 x 10-1 

1 . 0 1  x 10-1 

8.87 x l o p 2  
2 

8 .12  x 10- 

9.17 x 

1.78 x 10-1 

2.46 x lo-' 

9.93 x 

3.18 x 10-1 

2 .85  x lo-' 

9.47 x 10-1 

5.65  x 10-I 

4 . 0 7  x lo--' 
3.18 x IO-' 

5 .29 x 

1 . 5 4  x 10*-la 

1 . 3 1  x lo-& 
8 .84  x lo-% 

7.59 x 10-?a 

0.326 

0.514 

0.706 

0.880 

1 . 1 2 8  

1.507 

1 . 7 8 8  

1.967 

2.116 

2.248 

2.352 

2.786 

2.887 

2.976 

3.057 

3.087 

3.799 

4.045 

4.144 

4.46 

5.509 

6.456 

7.021 

7.428 

7.533 

7.727 

7 .881  

8 .012  

8.1.00 

8 .125  
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T a b l e  A-7 (continu.ed) 

46 a 3 3  1.66 104 7 . 4 9  8 .178  

53 .33  1 . 9 3  l o 4  8 . 7 0  8.239 

1 . 2 3  x 8 . 3 2 5  4 60 .33  2 . 7 2  x 1.0 

67 .33  3 .09  1.04 1 . 3 9  x 8 . 4 2 2  

1 . 6 1  x 8 .534  4 7 8  3.56 x 10 

.- a 
V a l u e s  used t o  c a l c u l a t e  t h e  average, X = 0.056 - + 0 . 0 3 9 .  
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Tab le  A-8. Release r a t e  f o r  3€1 a t  150°C 

1. 

2 

3 

4 

5 

6 

7 

8 

12  

1 3  

1 4  

15  

1.5.33 

22.33 

29.33 

36.33 

43.35 

50.33 

57.33 

64.33 

71.33 

78.33 

8 5 . 3 3  

92.33 

99.33 

106.33 

118 

3 . 1 0  x l o 4  

5.85 -lo5 
4 . 5 1  105  

9 .25  103  
5 5.89 x 1 0  

6 .64  x l o 5  
5.64 x l o 5  

4.10 105 

3 .00  105 

8 . 6 1  105 

8 .46  x lo5  

5 7.38 x 10 

5.66 x lo5 
6 2.18 x I O  
6 6 . 1  x 10 
6 4.18 x 10 

1 .86  x l o 6  
1 . 3 6  x LO6 

6 1 . 8 7  x 1 0  

1 .13  x I O 6  
6 8 .0  x 1 0  

6.09 x I O 5  

4 .18 105 

2.85 l o 5  
8 .20  l o 4  

1 . 2 4  l o 5  

5 4 . 7 3  x 10 

1 . 4 0  x 

2.63 x IO-' 

2 .03  x 

4.17 

2 .65  x 10-1 

2.99 x 

2.54 x 10-1 

1 . 8 5  x lo-' 

1 . 3 5  x lo-' 

3 .81  x IO-' 

3 .88  x 

3.32 x lo-' 
2 .55  x lo-'- 
9 .83  x 10-1 

2.75  x 10' 

1.88 x loo  
8 .36  x IOmk 

6 .15  x 10-la 

8 .41  x 

5.03 x 

3 . 6 1  x l o o  
2 -74  x 

1 . 8 8  x 

1 . 2 9  x 1 0-la 

3.69 x 

2.73 x l o - l a  

5 .59 x 

0 . 0 1  

0.28 

0.48 

0.48  

0 .75  

1 .02  

1 .32  

1.57 

2 .14  

2.52 

2 .90  

3 .32  

3 .32  

10 .20  

29.17 

42.36 

48.22 

52 ,52  

58.42 

61.97 

87 .20  

8 9 . 1 1  

90.44 

91.34 

91.60 

93.09 

93.48 

__ ..... ......-_I x_ 

- a 
Values used t o  c a l c u l a t e  t h e  a v e r a g e ,  X = 0.376 + - 0.218.  
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T a b l e  A-9. Release rate f o r  3H a t  200°C 

1 

2 

3 

7 

8 

9 

10 

1 4  

1 5  

1 6  

1 7  

2 1  

22 

23 

24 

30.8 

54.8 

58.8 

59.8 

60.8 

78.8 

8 5 . 8  

91.8 

98.8 

105.8 

112 .8  

120.8 

1 2 6 . 8  

127 .8  

128.8 

129.8 

2.69 x I O 6  
6 

2 .36 x 10 
6 3 . 4 3  x 10 

2 . 1 1  x l o 6  
6 3.67 x 1 0  

3 .90  x l o 6  
3 .06  x lo6  

6 1.38 x 10 
6 

4.94 x 1 0  

4.35 x 106 

4.12 x l o 6  
1 . 7 8  x 106 

4.81 x 106 

4 .30  x lo6  
2.77 x l o6  
1.11 x lo6  
3.38 x 105 

1 . 0 4  x l o 6  
6 3 . 4  x 1 0  

3.56 x lo6 
6 3 .23  x 1 0  

7 .41  1 0 5  

6.79 l o 5  
8 . 8 6  x l o 5  
8.23 x l o 5  

6 1.18 x 10 

1 . 9 9  x l o 6  
6 

7 

7 

7 

9 .05 x 1 0  

2.53 x 1 0  

2.67 x 1 0  

3.09 x 10  

1 . 2 1  

1 . 0 6  

1 .54  

0 .96  

1 . 6 6  

1.76 

1.38 

0.6 

2.22 

1 .96  

1.86 

0.80 

2.17 

1.93 

1 .25  

0 .503  

0.1.5 

0.469 a 

1.53 a 

1 . 6 a  

1 .45"  

0 .333a 

0.306" 

0.399 a 

0.37 a 

0.53n 

0.895 

4.07 

11 .4  

16.5 

13 .9  

1 . 2 1  

2 .28 

3.82 

7.62 

9.28 

11 .04  

1 2 . 4 1  

14 .89  

1 7 . 1 1  

19 .08  

20.93 

24.14 

26.3 

28.24 

29.49 

33.04 

36.70 

38.58 

40.12 

41.72 

67.90 

70.23 

72.07 

74.86 

77.46 

81.18 

88 .33  

112.79 

1 2 4 . 2 1  

140.77 

154.72 
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T a b l e  A-9 ( ~ o u t  i n u e d )  

136 .5  

143 .8  

1 5 0 . 8  

157 .8  

164 .8  

171 .8  

1 7 7 . 8  

185 .8  

192 .8  

199 .8  

207 

214 

2 2 1  

228 

235 

242 

24 7 

2 5 1  

255 

266 

27 3 

28 0 

28 7 

2 94 

301 

308 

31 5 

322 

329 

336 

343 

35 0 

2 .51  x 106 

1 . 5 6  x l o 6  
6 1 . 0 1  x 1.0 

9.18 l o 5  
6 1 . 0 0  x 10  

1.13 x IO6 
6 1 . 5 1  x 1 0  
6 1 , 7 4  x 1 0  
6 2 . 2 2  x 10  
6 2 .43  x 1 0  
6 6.92 x 10  
6 2.83 x 10 
6 7 .13  x 1 0  
5 7 .40  x 1 0  
5 5 .36  x 1 0  
6 3.63 x 1 0  
7 1 .56  x 1 0  

9.44 x 106  
6 1 . 4 3  x 1 0  
6 1 . 8 5  x 1 0  
6 1 . 5 5  x 10 

1 . 6 6  x I O 6  
7 1 . 1 6  x 1 0  
6 

1 . 0 1  x 1.0 
7 

1 .75  x 1 0  
6 

6 .69  x 1 0  
6 1 . 6 3  x 10  
6 8 .54  x 1 0  
6 1 . 8 9  x 1 0  
6 3.44 x 10 
6 1 . 7  x 10 
6 2.27 x 1 0  

1 . 1 3  

0.703 

0.45 

0.413 

0.452 

0 .531  

0 .681  

0.783 

1 . 0 0  

1 - 0 9  

3.12 

1 .28  

3.21 

0.333 

0 .241  

1 .64  

7.02 

4 .25  

0.644 

0. a33 

0.699 

0.748 

5 . 2 2  

0.455 

7 .90  

3 . 0 2  

0.732 

3.85 

0.851 

1 . 5 5  

0.767 

1 . 0 2  

162.64 

167.57 

170.74 

173.64 

176 .80  

180 .53  

184.62 

190 .88  

197.90 

205.57 

227.38 

236.32 

258.81 

261.15 

262.83 

274.29 

344.48 

361.. 49 

368.57 

369.40 

37 0 . 0 1  

370.758 

407.329 

410.514 

465.801 

486.916 

492 043 

518.97 

524 93 

535.77 

541~. 1 4  

548.29 
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T a b l e  A-9 ( c o n t i n u e d )  

357 

361 

367 

374 

3 8 1  

388 

3 9 5  

402 

409 

417 

4 2 4  

4 3 0  

437 

441  

448 

455 

462 

469 

47 6 

490 

497 

504 

518 

528 

535 

554 

6 5.11 x 10 

2.19 x l o 6  
6 2 . 0 5  x 10 

2 . 0 5  x l o 6  
2.05 x 106 

2.05 x l o 6  
6 2.05 x 10 

2.05 x l o 6  
2.05  x 106 

1.79 x 106 
6 2 . 0 5  x 10 
6 2.39 x 10  
6 

2.05 x 1 0  
6 2.05  x 10 

2.05 x lo6  
1 . 9 1  x l o 6  

6 . 1 7  l o 5  

9 .83  l o 5  
9 .52  105 

5.34 1 0 5  

8.22  x l o 5  

6 l . 0 1  x 10 

7 . 2 5  x L O 5  

1.19 x l o6  

6 1 . 7 2  x 10 

1.65  x l o 6  

2 .3  

0.988 

0 .923  

0.923 

0.923 

0 .923  

0 .923  

0 . 9 2 3  

0 . 9 2 3  

0.808 

0 .923  

1.08 

0.923 

0.923 

0.923 

0 .859  

0.457 

0 .278  

0 .326  

0 .443  

0 .429  

0.538 

0.241 

0 . 3 7 0  

0 -  776  

0.746 

566.7 

573 .62  

580 .08  

586.55 

5 9 3 . 0 1  

599.47 

605.94 

612 .40  

618.87 

625 .33  

631.79 

638.26 

644.72 

651.19 

657 .65  

663.66 

666.86 

6 6 8 . 8 1  

671 .09  

677 .30  

680.30 

684.06 

687 .43  

690.02 

695.45 

700.67 

- a Values used  t o  d e t e r m i n e  average, X = 0 . 7 4 9  + 0.388.  
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T a b l e  A-10 .  Release ra te  for 3H a t  300°C 

1 

5 

6 

10 

11 

1 2  

13  

1 4 

15 

1 6  

17  

18 

22 

28 

9 .81  4 4  . 2 44.17 

1 0 . 7  54 .89  2.38 x 1.0 

67 .5  61 - 6 4  1 . 5  x 1 0  

73.1 68.95 1 . 6  x 1 0  

7 

7 

7 

11.3 80.26 

1 3 . 0  93.21. 

7 

7 
2 .5  x 10 

2.87 x 1 0  

1 3 . 2  105 .46  2 .94  x 1 0  

2.27 l o 7  1 0 . 2  116 .68  

7 

2 .56  1.1.5 1 2 8  I 22 

137.88 

1.5.8 153 .65  

11 .4  165.04 

9 .66  
7 

7 

7 

2.15 x 1.0 

3.5 x 10 

2.53 x 10 

2.19  l o 7  9.88 1 7 4 . 9 2  

6.17 181.09 1 .37  x 1 0  

8.81 189 .90  1 .96  x 1 0  

11. 41a 201.31 2 .53  x 1.0 

1 2 .  06a 213.37 2.68 x 10 

1 .36  l o 7  5.  O l a  237.79 

9. 48a 272.89 2 . 1  x 1.0 

4 .05  x l o 7  18.3a 339.27 

7 

7 

7 

7 

7 

36  4 .61  x 1.0 20.7a 467.08 
7 

42 

49 

56 

28 .  ga 512.35 6 .43  x 10 

6 .42  l o 7  28. ga 815.06 

7 

28.ga 1 0 1 7 , 7 9  
7 6.42 x 1 0  

1220.51 
7 

63 6 .42  x 1.0 28.ga 

- a 
Va lues  used  t o  d e t e r m i n e  a v e r a g e ,  X = 1 9 . 3  - 3- 6 . 7 .  
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