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' I n t roduc t ion  

A fe.w.y..ears ago t h e  P r o j e k t  Nukleare S i c h e r h e i t  jo ined  t h e  United S t a t e s  

Nuclear Kegulasory~Cntnmission i n  t h e  develo.pment of a r e s e a r c h  program which 

was designed t o  i n v e s t i g a t e  f i s s i o n  product  r e l e a s e  from l i g h t  water  r e a c t o r  

f u e l  under cond i t i ons  ranging  from spent  f u e l s h i p p i n g  cask  a c c i d e n t s  t o  c o r e  

meltdown acc iden t s .  Three l a b o r a t o r i e s  have been involved i n  t h i s  coope ra t ive  

e f f o r t .  A t  Argonne Nat iona l  Laboratory (ANL), t h e  r e s e a r c h  e f f o r t  has  focused 

on noble  gas f i s s i o n  product r e l e a s e , w h e r e a s a t  Oak Ridge Na t iona l  Laboratory 

(OWL) and a t  Kernforschungszentrum Kar ls ruhe  (KfK), t h e  s t u d i e s  have 

emphasized t h e  r e l e a s e  of s p e c i e s  o t h e r  t han  t h e  noble  gases .  I n  a d d i t i o n ,  

t h e  ORNL program has been d i r e c t e d  toward t h e  develo'pment of f i s s i o n  product  

source  terms app ' l icah le  t o  ana lyses  of spent  f u e l  sh ipping  cask  a c c i d e n t s  a.nd 

c o n t r o l l e d  loss-of-coolant  a c c i d e n t s ,  and t h e  RfK program has  been aimed a t  

p rovid ing  s i m i l a r  source  terms which a r e  c h a r a c t e r i s t i c  of c o r e  meltdown 
. . 

a c c i d e n t s .  - 
I n  t h i s r e p o r t  we d e s c r i b e  t h e  ORNL r e s u l t s  ' f o r  f i s s i o n  product  r e l e a s e  

from defec ted  f u e l  rods  . i n t o  a  steam atmosphere over t h e  tempera ture  range 

500-1200"C, and the  KfK r e s u l t s  f o r  r e l e a s e  dur ing  c o r e  meltdown sequences.  
. . 

The ORNL Program 

The ORNL Program i s  designed to .p roceed  through s i x  phases ,  each 

comprised of a  c h a r a c t e r i s t i c  s e r i e s  of experiments.  The f i r s t  of t h e s e ,  t h e  

Cont ro l  Tes t  S e r i e s ,  was performed p r i m a r i l y  t o  t e s t  t h e  o p e r a t i o n  of t h e  

appa ra tus  and t h e  a n a l y s i s  techniques  and t o  i n v e s t i g a t e  t h e  behavior  of 

s e l e c t e d  chemical forms of i o d i n e  and cesium under v a r i o u s , t e s t  cond i t i ons .  

.The r e s u l t s  of these r e s t s  have been r epor t ed  elsewhere. 
1 



The .second s e r i e s  of experiments ,  t h e  Implant Tes t  S e r i e s ,  involved t e s t s  

w i th  Zircaloy-4 c l ad  f u e l  r o d  segments which conta ined  u n i r r a d i a t e d  U02 p e l l e t s  

coated wi th  CsOH, C s I ,  and Te02. These experiments ,  which a r e  descr ibed  i n  

g r e a t e r  d e t a i l  e lsehwere,  a r e  sumnarized i n  a l a t e r  s e c t i o n  of t h i s  r e p o r t .  

The t h i r d  s e t  o f  experiments ,  t h e  Low Burnup Fuel  Tes t  ~ e r i e s , ~  cons i s t ed  

of two experiments .which were performed wi th  f u e l  capsules  t h a t  had been I 
I i r r a d i a t e d  t o  1000,MWd/~TT a t . h i g h  hea t  r a t i n g  (560-660 W/cm). These 

-experiments were followed by t h e  High Burnup Fuel  Tes t  t h i s  

t e s t  s e r i e s  u t i l i z e d  . f u e l  i r r a d i a t e d  t o  30,000 lfWd/MT a t  low h e a t  r a t i n g  

(175-320 W/cm) i n  t h e  H. B. Robinson p re s su r i zed  water  r e a c t o r .  

The four  s e t s  of experiments desc r ibed  above have been completed. The 

f i f t h  phase has  only  r e c e n t l y  been s t a r t e d ;  t h i s  phase, which is  des igna ted  

a s  t h e  High Temperature Tes t  S e r i e s ,  i nvo lves  an  ex tens ion  of t h e  t e s t s  

I ,conducted i n  t h e  h igh  burnup test s e r i e s  from maximum t e s t , t e m p e r a t u r e s  of 

1200°C t o  1600°C. The concluding s e r i e s  of experiments ,  t he ,  BWR Fuel  Tes t  

I S e r i e s ,  w i l l  involve  t e s t s  w i th  f u l l  burnup f u e l  r o d s  obta ined  from t h e  Peach 

I Bottom-2 b o i l i n g  water  r e a c t o r ;  t h e s e  t e s t s  w i l l  be  conducted over t h e  

temperature range  700-1200°C. 

, . Experimental Apparatus f o r  t h e  ORNL Program 
I .  . 

/' 

, . A l l  s i x  s e r i e s  0.f experiments which form t h e  ORNL pr0gra.m invo lve  t h e  

appa ra tus  d isp layed  i n  F ig .  1. The t e s t s  r epo r t ed  h e r e  were conducted i n  

flowing 80% steam-207 helium o r  80% steam-20% argon gas  mixtures  a t  

atmospheric p re s su re .  Heating of t h e  t e s t  component was provided by e i t h e r  
I 

a res i s tance-hea ted  furnace  ( a s  i s  shotm i n  F ig .  l ) ,  o r  by a n  induc t ion  c o i l .  



Two types  of experiments were conducted. One type  involved r u p t u r i n g  t h e  c ladding  

of t h e  t e s t  p i ece  by p r e s s u r i z i n g  t h e  rod i n t e r n a l l y  w i t h . i n e r t  gas  (helium o r  

argon)  a t  a  p re se l ec t ed  temperature;  whereas i n  t h e  second type  of experiment 

t h e  c ladding  was de fec t ed  pr:ior t o  t h e  t e s t  by c a r e f u l l y  d r i l l i n g  a  0.159 cm 

ho le  through t h e  c ladding  a t  t h e  midsec t ion  of t h e  t e s t  comp~nent .  

Ma te r i a l  r e l ea sed  from t h e  t e s t  f u e l  r o d s  which does not  d e p o s i t  on t h e  

q u a r t z  furnace  tube  components i s  traisported by t h e  flowing g a s  mixture  

through a  gold f o i l - l i n e d  thermal  g r a d i e n t  tube.  V o l a t i l i z e d  chemical s p e c i e s  

which condense a t  t empera tures  above 150°C d e p o s i t  i n  t h i s  r e g i o n  of t h e  

appara tus .  P a r t i c u l a t e  m a t e r i a l  i s  c o l l e c t e d  on a  f i l t e r .  pack which i s  

comprised of t h r e e  HEPA b o r o s i l i c a t e  f i b e r g l a s s  f i l t e r s  and which i s  loca t ed  

a t  ' the terminus of t h e  thermal g r a d i e n t  tube.  V o l a t i l e  forms of i od ine ,  such 

as 12, H I ,  and C H ~ I ,  a r e  c o l l e c t e d  on impregnated cha rcoa l  and s i l v e r -  

exchanged z e o l i t e  so rbe r s ,  whereas t h e  - noble  g a s  f i ~ s i o ~ ~ r o d u c t s ' a r e  c o l l e c t e d  

from t h e  flowing gas  stream us ing  cha rcoa l  t r a p s  which a r e  maintained a t  195K. 

P r i o r  t o  e n t e r i n g  t h e s e  t r a p s ,  t h e  gas s t ream i s  d r i e d  us ing  a n  ice-ba th '  

condenser and a  f r e e z e  t r a p .  

A.NaI(T1) c r y s t a l  which i s  .s.liie%ded from t h e  f u e l  rod sou rce  i s  emplioyed 

t o  monitor 134Cs a i d  137Cs a c t i v i t y  i n  t h e  thermal  g r a d i e n t  t u b e  and f i l t e r  

paclc. 

Implant ~ e s t  S e r i e s  

The implant t e s t s  were conducted us ing  s p e c i a l l y  f a b r i c a t e d  t e s t  components. 

I n  t h e s e  t e s t s ,  gap inven . tor ies  of t h e  v o l a t i l e  f i s s i o n  products  cesium, i o d i n e ,  

and t e l l u r i u m  were s imula ted .  by coa t ing  u n i r r a d i a t e d  U02 p e l l e t s  w i t h  s u i t a b l y  

rad io t racer - tagged  amounts of C s O H ,  C s I ,  and Te02. By t h i s  means i t  was p o s s i b l e  

t o  p r e d i s e ~ . y  d e f i n e  t h e  gap i n v e n t o r i e s  of  t h ~ s e  f i s s i o n  product  s p e c i e s  i n  



t h e  t e s t  component. S i m i l a r l y ,  mass ba lance  de t e rmina t ions  could be made t o  

demonstrate  t h e  a b i l i t y  of t h e  collection/characterization system t o  c o n t a i n  

and account f o r  t h e  v o l a t i l i z e d  s p e c i e s  completely.  A d e t a i l e d  d e s c r i p t i o n  

of t h i s  s e r i e s  of experiments ,  a s  w e l l  a s  a n  ex tens ive  p r e s e n t a t i o n  of t h e  t e s t  

d a t a ,  has  b e e n g i v e n  elsewhere;2 a  summary of t h e  r e s u l t s  f o r  cesium and 

iod ine  r e l e a s e  i s  presented  i n  Table 1. Mate r i a l  ba lances  f o r  a l l  of t h e  

implant  t e s t s  were w i t h i n  99.8 + 5.6% of t o t a l  i nven to ry , . fo r  i od ine ,  and 

89..1 - + 9.7.% of t o t a l  inventory  f o r  cdsium. . The lower va lue  f o r  cesium 

probably r e s u l t e d  from t h e  method employed t o  e s t i m a t e  i n i t i a l  cesium , 

i n v e n t o r i e s  and a  sys temat ic  e r r o r  due' t o  count ing  geometry. 2  

Low Burnup Fuel  Tes t  S e r i e s  

Twelve U02. f u e l  rods  were i r r a d i a t e d  i n  t h e  General E l e c t r i c  Tes t  

. . Reactor (GETR) over  t h e  per iod  September-November 1967 a s  p a r t  of t h e  Prompt 
e 

F i s s i o n  Product Release Program a t  OWL. Two of t h e s e  rods  were r e t r i e v e d  

from s t o r a g e  f o r  u se  i n  t h e  Low Burnup Fuel  Tes t  S e r i e s .  I n  bo th  of t h e  

t e s t s  t h e  c ladding  was de fec t ed  p r i o r  t o  t e s t i n g  by d r i l l i n g  a  0.159 cm 

h o l e  through t h e  c ladding .  The r e s u l t s  of t h e s e  t e s t s ,  which a r e  presented  

i n  g r e a t e r  d e t a i l  e l ~ e w h e r e , ~  a r e  summarized i n  Table 2. 

High Burnup Fuel  Tes t  s e r i e s  

The High Burnup Fuel  Tes t  S e r i e s  was conducted us ing  rod. segments which 

were machined from two f u e l  rods  of bundle B05 of t h e  H. B. Robinson p re s su r i zed  . '  
water  r e a c t o r .  The r o d s  were i r r a d i a t e d  ove r  t h e  per iod  October 1 9 7 1 - ~ a ~  1974 

and a t t a i n e d  a  c a l c u l a t e d  average burnup of 28,000 MIdd/MT and a  c a l c u l a t e d  peak 

burnup of 31,400 MWd/MT. Deta i led  c h a r a c t e r i s t i c s  of both  the  rods  and the  rod 



segments ,have been publ ished previous ly .  4'12 S i m i l a r l y ,  t h e  experimental  

r e s u l t s  which a r e  summarized i n  Table 3 a r e  d iscussed  i n  consd ie rab ly  g r e a t e r  

. d e t a i l  i n  prevTous r e p o r t s  of t h i s  wo;r,k. 
4-10 

1 

1 ORNL Models f o r  Cesium and Iod ine  Release 

It became ev iden t  dur ing  the . ' cou r se  of t h e  expe'rimental work t h a t  two 

I mechanisms c o n t r o l  t h e  r e l e a s e  of cesium and i o d i n e  nuc l ides  from de fec t ed  
I 

f u e l  rods.. The f i r s . t  of t h e s e ,  des igna ted  t h e  "bu r s t  r e l ea se1 '  component, i s  

due t o  convect ion .of t h e  f i l l  and f i s s i o n  product gases  a s  t h e s e  a r e  vented 

.from t h e  rod a t  t h e  t ime o f . r u p t u r e .  Th i s  type  of r e l e a s e  i s  sudden; it 

p e r s i , s t s  on ly  f o r  t h e  minute o r  s o  t h a t  t h e  gases  i n  t h e  in te rconnected  void 

volume a r e  vented through t h e  r u p t u r e  i n  t h e  c ladding .  

The second component, termed " d i f f u s i o n a l  r e l e a s e , "  i s  due t o  gas-phase 

t r a n s p o r t  of t h e  f i s s i o n  p.roduct s p e c i e s  a long  the. interconl iccted v o i d s  t o  t h e  

! 
p o i n t  of r u p t u r e  a s  a r e s u l t  of a g r a d i e n t  i n  concen t r a t ion .    his time- 

I 

-dependent component i s  unimportant. r e l a t i v e  t o  b u r s t  r e l e a s e  a t  low tempera tures ,  I 
I 

I bu t  becomes s i g n i f i c a n t  a t  about  1200°C even f o r  s h o r t  t ime per iods .  
I 
I 

I The experimental  d a t a  presented  i n  Tables  1-3 could be c o r r e l a t e d  by 

I assuming t h a t  t h e  two mechanisms a r e  independent ,  and a r e  t h e r e f o r e  a d d i t i v e .  
I 

I n  mathematical form, t h e  t o t a l  mass of a g iven  f i s s i o n  product  s p e c i e s  t h a t  

i s  r e l e a s e d  -upon c ladding  r u p t u r e  of a f u e l  rod i s  assumed. to  be  given by 

M =  % +MD' (1)  

where M i s  t h e  t o t a l  mass of s p e c i e s  r e l e a s e d ,  MB i s  t h e  mass r e l e a s e d  a t  t h e  

t ime of rup tu re ,  and MD r e p r e s e n t s  t h e  mass of m a t e r i a l  which escapes due t o  

d i f  f h s i o n a l  r e l e a s e  .' 



For cesium, t h e  b u r s t  r e l e a s e  component over t h e  tempera ture  range  

700-900°C can be descr ibed  by t h e  mathematical r e l a t i o n  1 3  

i i n  which Mg is  expressed .in yg C s  r e l e a s e d ,  VB denotes  the-volume of plenum 

and o t h e r  in te tconnec ted  void gas  vented ,  i n  cm3 a t  273K and system p r e s s u r e ,  G -  

i s  t h e  inventory  of cesium i n . t h e  pe l l e t - c l add ing  gap regions,measured per  

I 2 u n i t  of . c l add ing  ( i n  u n i t s  of yg/cm ) ,  and T i s  t h e  tempera ture ,  i n  K ,  a t  

I t h e  r u p t k e  l o c a t i o n .  

The corresponding express ion  f o r  t h e  i o d i n e  b u r s t  r e l e a s e  component over  

1 3  
. t h e  temperature range 700-900°C is 

F o r . d i f f u s i o n a 1  r e l e a s e  MD i n  pg, t h e  mathematical exp res s ion  i s  1 3  

I i n  which Mo r 6p resen t s  t h e  t o t a l  c a l c u l a t e d  mass of t h e  d i f f u s i n g \ s p e c i e s  . 
- 

i n i t i a l l y  i n  t h e  gap, i n  pg, t i s . t h e  t ime i n  h r  over  which d i f f u s i o n  i s  

allowed t o  proceed, and Ro denotes  t h e  i n i t i a l  r a t e  of diff .usiona1 r e l e a s e  

i n  yg/hr.  .. 
/i 

The i n i t i a l  r a t e  of r e l e a s e  of cesium over  t h e  temperature range  '500-1200°C 

1 3  could be. descr ibed  by t h e  r e l a t i o n  . 

Ro = ( ~ / 2 0 0 )  ( ~ ~ ' ~ / 7 . 7 4 )  ( 0 . 1 0 1 / ~ ) e x ~ [ 1 9 . 9 6  - (19,81O/T)], ( 5 )  

where W r e p r e s e n t s  the'  width of t h e  , r a d i a l  pe l l e t - c l add ing  gap, i n  ym, and P 

is  t h e  system p r e s s u r e  i n  MPa. 
I .' 

I 1 3  
The corresponding equat ion  f o r  i .odine is  

Ro = (W/200) ( ~ O . ~ / 1 . 1 5 )  (0.101/P)exp[15.30 - (14,80O/T)I. (6)  



The e x t e n t  t o  which t h e s e  semi-empirical express ions  c o r r e l a t e  t h e  

experimental  r e s u l t s  i s  .shown g r a p h i c a l l y  i.n Fig.  2;  t h e  comparison between 

t h e  r e l e a s e  models and experiment i s  e x c e l l e n t  over  t h e  e n t i r e  range  of mass 

r e l e a s e d ,  which spans almost seven o r d e r s  of magnitude. (The,.dashed l i n e s  i n  

t h e  f i g u r e  denote  f a c t o r  of t h r e e  e r r o r  l i m i t s . )  

The KfK Program 
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L i s t  of F igu res  

1. Apparatus f o r  s tudying  f i s s i o n  product  r e l e a s e  f r o m . i r r a d i a t e d  LWR 

f u e l  rods  (ORNLIDWG-77-87). 

2. Comparison of model c a l c u l a t i o n s  for .ces ium and iod ine  r e l e a s e  from 

de fec t ed  LWR f u e l  r o d s  i n t o  steam q i t h  exper imenta l ly  determined 

r e l e a s e  va lues .  

1 '  L. is t  of Tab le s  

1. Release of cesium and i o d i n e  from de fec t ed  f u e l  r o d s  i n . s t e a m :  implant 

t e s t  s e r i e s .  

2. Release of cesium and i o d i n e  from de fec t ed  f u e l  rods  i n  steam: low 

burnup f u e l  t e s t  s e r i e s .  

3.  Release of cesium and i o d i n e  from de fec t ed  f u e l  rods  i n  steam: 

h igh  burnup f u e l  t e s t  s e r i e s .  



T a b l e  1. R e l e a s e  of cesium and i o d i n e  from' d e f e c t e d  f u e l  r o d s  i n  steam: i m p l a n t  t e s t  series 

T e s t  Type Temp. Time I n i t i a l  gap inventory/cm2 c l a d d i n g  Mass r e l e a s e d  
( " 0  ( h r )  2 (ug Csjcm (ug ~ / c m  ) (ug Cs) (us 1 )  2 

22.0 1-1 B u r s t  7 00 1 . 0  23.1  

1 - 2 .  B u r s t  7 00 1 . 5  0.47 0.45 2.48 5 .31  

B u r s t  900 2 .0  

D r i l l e d  1100 0.8 

I I- 5 B u r s t  
i 

I- 6 ' D r i l l e d  500 20 .'O 

1-8 B u r s t  1100~ 0.9 6 127. 

1-10 . D r i l l e d  700 5 .0  97. 

1-11 D r i l l e d  

1-12 B u r s t  900 ' 2.0 .: . . 1 4 . 6 .  . . . . . . 0 . 6 9 .  264. 30.2 

= ~ u ~ t u r e d  a t  900°C, t h e n  r a p i d l y  b rought  t o  1 1 0 0 ' ~ .  



Table 2. Release of cesium afld i o d i n e  from defec ted  f u e l  r o d s  i n  steam: 
Low burnup f u e l  t e s t  s e r i e s  

~ e s t ~  Temp. Time I n i t i a l  gap inventory/cm2 c laddingb Mass r e l e a s e d  
("c) . (h r )  2 (lJg Cs/cm 

2 
. -- (us I/cm ) (lJg Cs) (lJg 1 )  

a Both t e s t s  involved rods  which were de fec t ed  p r i o r  t o  exper5mentation. 

b ~ s t i m a t e d  from a n a l y s i s  of noble  gas  f i s s i o n  product  gap i n v e n t o r i e s .  



It. 

Table 3.  Release  of  cesium and i o d i n e  from defected f u e l  r o d s  i n  steam: h igh  burnup f u e l  t e s t  s e r i e s  

Tes t  Type Temp. Time I n i t i a l  gap inventory/cmL c laddinga  Mass r e l e a s e d  

HBU-1 D r i l l e d  . 700 5.0 13 .1  

HBU-2 D r i l l e d  900 ,.*I 2; 0  12.7 1.17 2.82 1.76 

HBu-4 ~ r i l l e d  5'00 

HBU-7 Burs t  900, 

HBU-8 Burs t  900 

HBU-9 Burs t  b  1100 

HBU-10 Burs t  b  1200 0.17 11 .2  1.03 279. 13.9 

. . a ~ s t i r n a t e d  from a n a l y s i s  of noble .  g a s  f i s s i o n  product  gap i n v e n t o r i e s .  
b ~ u p t u r e d  a t  900°C, then  r a p i d l y  brought  t o  tes t  temperature  noted i n  t a b l e .  
C Fue l  rod p rev ious ly  used i n  test  HBU-7. 


