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, 

A REVIEW OF THE ADS0XZXrP"aCON OF IODINE ON METAL 

AND ITS BEHAVIOR IN LOOPS 

ABSTRACT 

The p a r t i a l ,  p r e s s u r e s  of t h e  i r o n  i o d i d e s  
a t  e q u i l i b r i u m  w i t h  s o l i d  F e l ,  i n  t h e  sys t em 
Fe-I have been c a l c u l a t e d  f o r  &he reg ions  where 
t h e  s o l i d  phases  are F e ( s )  and F e ( s )  f F e I , ( s )  
as f u n c t i o n  of t e m p e r a t u r e  and p r e s s u r e .  The 
i n v e s t i g a t i o n s  of i o d i n e  a d s o r p t i o n  on m e t a l  
s u r f a c e s  and of i o d i n e  d e p o s i t i o n  i n  loops has 
been rev iewed.  The methods used  and t h e  r e s u l t s  
of t h e  expe r imen t s  are  d i s c u s s e d  w i t h  r e s p e c t  t o  
t h e  behavl.or of i o d i n e  i n  c o o l a n t  c i r c u i t s  of 
hel ium-cooled g raph i t e -modera t ed  r e a c t o r s  a 

* 
V i s i t i n g  S c i e n t i s t ,  Hahn-Meitner Xms t i tu t ;  

f u r  Kernforschung,  J k r l i n ,  Germany. 
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1 PNTRODUCT ION 

The r e a s o n s  f o r  the e s c a p e  of f i s s i o n  p r o d u c t s  into t h e  
c o o l a n t  of he l ium-cooled ,  g raph i t e -modera t ed  r e a c t o r s  are 
t h e  Contaminat ion  of khe f u e l  c o a t i n g s  w i t h  f u e l  and t h e  
failure of c o a t e d  p a r t i c k s  and t h e  consequent  d i f f u s i o n  of 
f i s s i o n .  p r o d u c t s  th rough t h e  f u e l  e lement  wall. The release 
r a t e  of t h e  gaseous  f i s s i o n  p r o d u c t s  and i o d i n e  d u r i n g  normal 
o p e r a t i o n  c a n  be  c a l c u l a t e d  w i t h  s u f f i c i e n t  accuracy because 
many e x p e r i m e n t a l  and t h e o r e t i c a l  i n v e s t i g a t i o n s  have been 
made. T h e r e f o r e ,  %he amount of  i o d i n e  e n t e r i n g  t h e  p r e s s u r e  
c i r c u i t  can be e s t i m a t e d .  The r a t i o  of t h e  a c t i v i t i e s  of  t h e  
gaseous  i o d i n e  p l u s  t h e  a c t i v i t y  adsorbed  on a e r o s o l  p a r t i -  
c l e s  t o  t h e  a c t . i v i t y  of t h e  i .od ine  p l a t e d  o u t  on the w a l l s  
is known as t h e  deeon.tamri.nation f a c t o r .  Measurements a t  t h e  

I Windscale  AGR and t h e  Dragon R e a c t o r  provided  v a l u e s  of t h e  
decon tamina t ion  f a c t o r  between l o 3  and l o 4 .  
Scheider’ e s t i m a t e d  w i t h  an  assuaied decon tamina t ion  f a c t o r  
of I O 3  t h a t  3000 Ci of I3’I w i l l  be  p l a t e d  o u t  w i t h i n  t h e  
c o o l a n t  c i r c u i t  of a 600  M w ( e )  r e a c t o r  under  normal  o p e r a t i n g  
c o n d i t i o n s ,  

Ye l lowlees  and 

The s i t u a t i o n  w i t h i n  t h e  c o o l a n t  is v e r y  compl i ca t ed  
from t h e  chemi.ca1 p o i n t  of view. I o d i n e  and o t h e r  f i s s i o n  
p r o d u c t s  are ab le  t o  react with e a c h  o t h e r  a s  we1.l as  w i t h  
d i ~ t  and heat exchanger  mater ia l  and with gaseous  i m p u r i t i e s  
w i t h i n  t h e  c o o l a n t .  The r e a c t a n t s  and t h e  r e a c t i o n  p r o d u c t s  
are  c a r r i e d  in. a gas stream of v a r y i n g  t e m p e r a t u r e  and h i g h  
v e l o c i t y  and p a r t s  of t h e m  decompose due t o  r a d i o a c t i v e  
decay .  The mater ia l s  p r e s e n t  i n  t h e  c i r c u i t  are  a l l o y s  w i t h  

presumably o x i d i z e d  s u r f a c e s .  The amounts of long- l ived  f is- 
s ior i  p roduc t  ’‘91 and s t a b l e  1271: i n c r e a s e  d u r i n g  the o p e r a t i o n  
of t h e  r e a c t o r .  Consequen t ly ,  t h e  t o t a l  amount of  i o d i n e  
p r e s e n t  i n  t h e  c i r c u i t  i n c r e a s e s  d u r i n g  reac tor  o p e r a t i o n .  



Because t h e  chemieal s t a t e  of t h e  i o d i n e  p l a t e d  o u t  
w i t h i n  t h e  coolant c i r c u i t  is unknown, it is no t  p o s s i b l e  at 
p r e s e n t  t o  p r e d i c t  t h e  b e h a v i o r  of t h e  p l a t e d  o u t  i o d i n e  
unde r  abnormal  o p e r a t i n g  c o n d i t i o n s ,  For i n s t a n c e ,  it is n o t  
known whether  t h e  i o d i n e  p l a t e d  out  w i l l  become permanent ly  
gasborme i f  t h e  w a t e r  con ten t  of t h e  coolant i n c r e a s e s  due 
t o  a l e a k y  h e a t  exchanger  and more i m p o r t a n t l y  how fast t h i s  
w i l l  o c c u r B  Even w i t h o u t  r e g a r d  to s a f e t y  c o n s i d e r a t i o n s  
t h i s  q u e s t i o n  is i m p o r t a n t  because  s f  main tenance  and r e p a i r ,  

The gaseous i o d i n e  s p e c i e s  p r e s e n t  i n  t h e  c o o l a n t s  of t h e  
Dragon, Windsca le ,  and AVR reacxors have m o t  been i d e n t i f i e d  
up to now. I n v e s t i g a t i o n s  by BrowningZ4 carried out a t  t h e  
Dragon R e a c t o r  and many e x p e r i m e n t s  o n  l a b o r a t o r y  and t echn i -  
c a l  scales l e a d  t o  t h e  c o n c l u s i o n  tha t  a t  Beast a p a r t  of 
t h e  i o d i n e  p r e s e n t  i n  t h e  c i r c u i t  reacts  w i t h  t h e  h e a t  ex- 
change r  or p i p e  mater ia l .  U p  to ~ Q W  it. has n o t  been i n v e s t i -  
gated whether  s o l i d  metal i o d i d e s  are able t o  e x i s t  a t  t h e  
h i g h  t e m p e r a t u r e s  and low i o d i n e  vapor  p r e s s u r e s  w i t h i n  t h e  
c o o l a n t  c i r c u i t ,  T h i s  q u e s t i o n  is of c o n s i d e r a b l e  i n t e r e s t ,  
because  r a t h e r  large amounis of r a d i o a c t i v e  i o d i n e  c o u l d  be 
accumula ted  i n  a p a r t  of t h e  c i r c u i t  w h e r e  metal  i o d i d e s  are 
s t a b l e  thermodynamica l ly .  

T h e r e f o r e ,  t h e  first t a s k  of t h i s  r ev iew w a s  to examine 
bow w e l l  t h e  t e m p e r a t u r e  and vapor  p r e s s u r e  r a n g e  in which 
t h e  i o d i d e s  of the a l l o y  components are thermodynamica l ly  
s table  h a s  been d e x i n e d ,  T h i s  thermodynamic i n v e s t i g a t i o n  
h a s  been done here o n l y  f o r  t h e  sys t em i r o n - i o d i n e ,  because  
t h e  d u c t s  w i t h i n  t h e  c o o l a n t  c i r c u i t  and t h e  hen% cxchanger  
are made main ly  from s tee l  and because  i t  has been found i n  
e x p e r i m e n t s  on l a b o r a t o r y  scale  t h a t  o n l y  i r o n - i o d i d e s  are 
formed if steel seainfaces are exposed t o ,  i o d i n e  vapor ,  Never- 
t h e l e s s ,  t h i s  assumption is a c o n s i d e r a b l e  s i m p l i f i c a t i o n  
because  t h e  h igh  temperature p a r t  of t h e  h e a t  exchanger  is 
made from n i c k e l  allloys, T h i s  assumpeion is o n l y  j u s t i f i e d  
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i f  one assumes t h a t  t h e  s u r f a c e  c o n c e n t r a t i o n  of i o d i r e  i n  
t h e  h i g h  t e m p e r a t u r e  p a r t  of t h e  h e a t  exchanger  is so low 
t h a t  t h e  f o r m a t i o n  of n i c k e l - i o d i d e  c a n  be n e g l e c t e d  o r  i f  
t h e  o x i d e  f i l m  on n i c k e l  a l l o y s  is of p r o t e c t i v e  n a t u r e .  
According t o  f i s s i o n - p r o d u c t  release s t u d i e s  by MorganZ9 t h e r e  
is ev idence  t h a t  some i o d i n e  is r e l e a s e d  as CsI, b u t  i t  is 
assumed h e r e  t h a t  i o d i n e  e n t e r s  t h e  c o o l a n t  g a s  as a lmost  
c o m p l e t e l y  d i s s o c i a t e d  I, (g) and n o t  a s  a f i s s i o n  p roduc t  
i o d i d e  M I , ,  F u r t h e r  i t  is assumed t h a t  t h e  i o d i n e  p a r t i a l  
p r e s s u r e  w i t h i n  t h e  c o o l a n t  is l o c a l l y  independent .  

I t  is a l s o  of i n t e r e s t  t o  what e x t e n t  i o d i n e  p r e s e n t  
i n  t h e  c o o l a n t  w i l l  be d i s s o c i a t e d ,  I n  t h e  n e x t  two c h a p t e r s  
of t h i s  s t u d y  t h e  d i s s o c i a t i o n  of i o d i n e  and t h e  p a r t i a l  
p r e s s u r e s  of t h e  i o d i n e  s p e c i e s  p r e s e n t  i n  t h e  sys t em i r o n -  
i o d i d e  a t  t e m p e r a t u r e s  and i o d i n e  p a r t i a l  p r e s s u r e s  i n  t h e  
r a n g e  of i n t e r e s t  w i l l  be c a l c u l a t e d  u s i n g  p u b l i s h e d  thermo- 
dynamic d a t a ,  

2 .  THE DEGREE OF DISSOCIATION O F  I O D I N E  

The d e g r e e  of d i s s o c i a t i o n  of i o d i n e  h a s  been c a l c u l a t e d  
t a k i n g  i n t o  accoun t  t h e  p r e s s u r e  of t h e  a d d i t i o n a l  hel ium 
p r e s e n t .  The d e c r e a s e  of t h e  d e g r e e  of d i s s o c i a t i o n  w i t h  

i n c r e a s i n g  he l ium p r e s s u r e  c a n  be n e g l e c t e d  up t o  h i g h  
p r e s s u r e s  ( 2 0 0  atm He) a s  would bc e x p e c t e d .  The v a l u e s  of 
t h e  e q u i l i b r i u m  c o n s t a n t  of t h e  d i s s o c i a t i o n  r e a c t i o n  h a s  
been t aken  from the JANAF T a b l e s ,  The d e t a i l s  of t h e  c a l c u -  
l a t i o n  a re  g i v e n  i n  Appendix A .  F i g u r e  1 is a g raph  of the 
d e g r e e  of d i s s o c i a t i o n ,  CY, f o r  d i f f e r e n t  t e m p e r a t u r e s ,  as a 
f u n c t i o n  of t h e  SUM of t h e  p a r t i a l  p r e s s u r e  of atomic i o d i n e  
p l u s  t h e  p a r t i a l  p r e s s u r e  of t h e  molecu la r  i o d i n e  (P +PI). 
The d e g r e e  of d i s s o c i a t i o n  is ve ry  c l o s e  t o  100% a t  tempera-  
t u r e s  h i g h e r  t h a n  400°C *and i o d i n e  p r e s s u r e s  less t h a n  
atm. 

1 2  
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3 THE THEKMODYPJAMICS OF THE SYSTEM IRON-IODINE 

The sys t em i r o n - i o d i n e  h a s  been i n v e s t i g a t e d  by Schi i fe r  
and H H r a e s ,  S i m e  and Gregory' and Zaugg and Gregory .  4 9 5  
There  is o n l y  one s o l i d  i r o n  i o d i d e ,  FelC,, w i t h  a m e l t i n g  
p o i n t  of 5 8 7 O C ,  Thcre  are f o u r  gaseous  i r o n  i o d i d e s :  
FeI ,  Fe l ,  Fe,I, and Fe,P, S o l i d  i ron-XI- iodide  is thermo- 
dynamica l ly  s t ab le  o n l y  i f  t h e  i o d i n e  p a r t i a l  p r e s s u r e  a t  a 
g i v e n  t e m p e r a t u r e  is a t  l e a s t  e q u a l  o r  g rea te r  t h a n  t h e  de -  

compos i t ion  p r e s s u r e  above s o l i d  Fe I ,  a t  e q u i l i b r i u m ,  The 
p a r t i a l  p r e s s u r e s  of the  i r o n  i o d i d e s  a t  c q u i l i b r i u m  w i t h  
i r o n  or i r o n  and s o l i d  F e I ,  c a n  be c a l c u l a t e d  a s  a f u n c t i o n  
of i o d i n e  p a r t i a l .  p r e s s u r e  and t e m p e r a t u r e  f r o m  t h e  e q u i l i b -  
r i u m  c o n s t a n t s  of t h e  r e a c t i o n s  of fo rma t ion  of t h e  i o d i d e s .  
The e q u i l i b r i u m  c o n s t a n t s  have been measured a t  t empera tu res  
above 500°C o n l y  and o W r  r e l a t i v e l y  smal l  t e m p e r a t u r e  i n t e r v a l s .  

F o r  t h e  g i v e n  problem p a r t i a l  p r e s s u r e s  a t  lower tempera- 
t u r e s  down t o  200OC are of i n t e r e s t  a l s o ,  E q u a t i o n s  f o r  t h e  
t empera tu re  dependence of t h e  e q u i l i b r i u m  c o n s t a n t s  of t h e  
r e a c t i o n  of f o r m a t i o n  of FeI ,  (s), FeI ,  ( g )  and Fe,P, (g)  v a l i d  
between 2 0 0  and 587OC have been d e r i v e d  lasing t h e  known 
s p e c i f i c  h e a t s .  

The s p e c i f i c  h e a t s  of Pel, ( g )  and Fe , J6  (g) are  not known. 
F o r  t h i s  r e a s o n  t h e  t empera tu re  dependences  of the vapor  
p r e s s u r e s  have been e x t r a p o l a t e d  l i n e a r l y  l o  lower tempera- 
t u r e s .  On accoun t  of this and because  the e q u i l i b r i u m  con- 
s t a n t s  have been measured o n l y  over a r a t h e r  narrow tempera-  
t u r e  r a n g e ,  a l l  vapor  p r e s s u r e s  c a l c u l a t e d  h e r e  f o r  lower 
t e m p e r a t u r e s  c o u l d  br a t  l e a s t .  a f a c t o r  of abou t  1 0  t o o  
low or t o o  h i g h .  The p a r t i a l  p r e s s u r e s  of t h e  i o d i n e  s p e c i e s  
a t  e q u i l i b r i u m  with i r o n  or i r o n  p l u s  s o l i d  i ron-11- iodide  
have b e e m . c a l c u l a t e d  u s i n g  a computer  c o d e ,  T h e  e q u a t i o n s  
used  €or t h e  t e m p e r a t u r e  d e p e d e n c e  of t h e  e q u i l i b r i u m  con- 
s t a n t s  a l o n g  w i t h  a summary of t h e  thermodynamic daLa measured 
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up  t o  now are  g i v e n  in Appendix B. The r e s u l t s  of t h e  ca lcu-  
P a t i o n s  are shown i n  P i g s ,  2 ,  .'39 and 4, 

F i g u r e  2 shows t h e  l o g a r i t h m s  of t h e  p a r t i a l  p r e s s u r e s  
of t h e  i r o n  i o d i d e s  above s o l i d  i r o n - I % - i o d i d e  as a f u n c t i o n  
of t h e  r e c i p r o c a l  a b s o l u t e  t e m p e r a t u r e .  The p a r t i a l  p r e s s u r e  
of FeP, is up  t o  5 2 5 O C  h i g h e r  t han  t h e  p a r t i a l  p r e s s u r e s  of 
atomic i o d i n e  and t h e  o t h e r  i r o n  i o d i d e s .  The p a r t i a l  p r e s -  
s u r e  of Fe,P, becomes h i g h e r  t h a n  t h e  one of FeP, a t  tempera- 
t u r e s  h i g h e r  thaw 5 2 5 O C ,  The p a r t i a l  p r e s s u r e  of Fe,16 is a t  
least  two o r d e r s  of magnitude lower than  a n y  of t h e  o t h e r  
s p e c i e s  p r e s e n t  and c a n  be n e g l e c t e d  f o r  a l l  p r a c t i c a l  
p u r p o s e s  a 

With r e s p e c t  t o  t h e  accumula t ion  of s o l i d  i r o n - I I - i o d i d e  
i n  t h e  c o o l a n t  c i r c u i t  t h e  p a r t i a l  p r e s s u r e  o f  i o d i n e  above 
s o l i d  Fe I ,  a t  lower t e m p e r a t u r e s  is of i n t e r e s t ,  For  250'  

and 350°C t h e  f o l l o w i n g  p a r t i a l  p r e s s u r e s  may be r e a d  from 
P i g ,  2 :  

3 

18-7 0 5 -,o-6. 5 

2 5 0  

3 5 0  

The v a l u e  1 0  -lo a t m  f o r  P~ c o r r e s p o n d s  t o  t h e  upper  limit of 
the i o d i n e  p a r t i a l  p r e s s u r e  range  e s t i m a t e d  for t h e  c o o l a n t  
c i r c u i t  of gas-cooled  r e a c t o r s ,  'The  l owes t  s u r f a c e  tempera-  
t u r e  i n  t h e  c i r c u i t  depends on t h e  r e a c t o r  d e s i g n ,  A t  a n  
i o d i n e  p a r t i a l  p r e s s u r e  of 1 8  -lo a % m ,  s o l i d  FePz c o u l d  be 
accumula ted  a t  p o i n t s  of t e m p e r a t u r e s  lower o r  e q u a l  t o  
2 5 Q ° C .  

The p a r t i a l  p r e s s u r e s  of %he i o d i n e  s p e c i e s  in t h e  
s y s t e m  i r o n - i o d i n e  have been c a l c u l a t e d  for the case when t h e  
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F i g ,  3. The P a r t i a l  P r e s s u r e  of FeIz above Solid Fel, 
a s  a Funct ion  of t h e  Temperature  (Thick l i n e )  and the 
P a r t i a l  P r e s s u r e  of Fel, above I r o n  a s  a F u n c t i o n  of t h e  
P a r t i a l  P r e s s u r e  of Iodine  a t  525OC (Thin l ' i n e ) .  
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Fig .  4 .  The P a r t i a l  Pressures  of FeI,, FeI, and Fe,I, 
Above S o l i d  F e I ,  as  F u n c t i o n s  of Tempera ture  (Thick  l i n e s )  
and above I r o n  as  F u n c t i o n s  of I o d i n e  P a r t i a l  Pressure of 
300,  400 and 52Fj0C (Thin l i n e s ) .  



solid phase  i s  o n l y  F e ( s ) .  A plot of t h e  p a r t i a l  p r e s s u r e s  
c a l c u l a t e d  for three d i f f e r e n t  t e m p e r a t u r e s  is shown i n  F i g .  4. 
Because P i g ,  4 is d i f f i c u l t  t o  s u r v e y ,  t h e  c o n s t r u c t i o n  of 
Fig, 4 w i l l  be e x p l a i n e d  u s i n g  F ig .  3.  The p a ~ ~ t i a l  p r e s s u r e  
of  FeP,  above iron a t  575OC is p l o t t e d  a s  a f u n c t i o n  of t h e  
p a r t i a l  p r e s s u r e  of atomic i o d i n e  PI" F i g u r e  3 g i v e s ,  f o r  

example,  'FeP, 
t h e  1000/T-axis is a r r a n g e d  9x1 t h i s  way t h a t  t h e  p a r t i a l  
p r e s s u r e  of atomic i o d i n e  a t  e q u i l i b r i u m  w i t h  s o l i d  F e l ,  a d  
the t e m p e r a t u r e  9" c a n  he t a k e n  from t h e  PP-axis .  
s u r e  is at 5 7 5 O c ,  f o r  example,  10 
p r e s s u r e  of FeP, a t  e q u i l i b r i u m  w i t h  solid FeE, is p l o t t e d  
as a f u n c t i o n  of t h e  t e m p e r a t u r e ,  A t  5 7 5 ' C ,  f o r  example,  

atan, The scale  of  -10 = %tan at pI IO 

T h i s  pres- 
atm, The p a r t i a l  - 4 , 3  

--- a t m ,  
'Fe P 2 

Figure  4 is c o n s t r u c t e d  i n  t h e  same way a s  P ig .  3 .  
The p a r t i a l  p r e s s u r e s  of Fe%,, FeX, and Fe,I, are  p l o t t e d  

-9 as  f u n c t i o n s  of PI f o r  300, 4 8 0  and 575OC.  For PI = 1 0  
a t  4 0 0 ° C ,  F i g ,  4 gives t h e  f o l l o w i n g  p a r t i a l  p r e s s u r e s :  

A t  575OC and PI = l o s9  a t m ,  P i g .  4 g i v e s  

I n  the i r o n - i o d i n e  s y s t e m  t h e  gas phase  c o n t a i n s  p r a c t i -  
c a l l y  o n l y  atomic i o d i n e  and FeSf, at p a r t i a l  p r e s s u r e s  PIC 
less  t h a n  l o e 9  a t m  and a t  t e m p e r a t u r e s  h i g h e r  t h a n  400°C.  

The p a r t i a l  p r e s s u r e  of acomfc i o d i n e  is a% l eas t  t e n  t i m e s  
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h i g h e r  t h a n  t h e  p a r t i a l  p r e s s u r e  of FeH, under  t h e s e  con- 
d i t i o n s .  

With r e s p e c t  t o  t h e  b e h a v i o r  o f  i o d i n e  i n  c o o l a n t  cir- 
c u i t s  of gas-cooled  r e a c t o r s ,  one a r r i v e s  froin t h e  thermo- 
dynamic p o i n t  of vj.ew, at t h e  following c o n c l u s i o n s :  

I o d i n e  is mainly p r e s e n t  in a tomic  form under  t h e  con- 
d i t i o n s  w i t h i n  t h e  c o o l a n t  c i r c u i t  of a gas-cooled reactor. 

If t h e  i o d i n e  p r e s e n t  reacts w i t h  t h e  h e a t  exchanger  and d u c t  
ma te r i a l  forniing gaseous FeX, khe p a r t i a l  p r e s s u r e  of a tomic  
iodine i s  a t  least  t e n  times higher t han  the p a r t i a l  p r e s -  
s u r e  of i ron-16- iodide .  The accumula t ion  of s o l i d  F e l ,  as 
a s o l i d  phase  w i t h i n  t h e  c o o l a n t  c i r c u i t  a t  ternperatupes 
e q u a l  or less  abou t  250°@ seems t n  be p r o b a b l e ,  

4. THE ADSORFTION OF 6or)n-m ON METAL SURFACES 

6 K e i l h o l t z  and Bar ton  have w r i t t e n  a comprehensive 
rev iew of s t u d i e s  of t h e  b e h a v i o r  of i o d i n e  in r e a c t o r  con- 
tainment; s y s t e m s ,  
s o r p t i o n  of i o d i n e  on d i f f e r e n t  maler ia l s  a t  lower tempera-  
t u r e s .  
s o r p t i o n  on low chromium a l l o y  and d i s c u s s e d  from the thermo- 
dynamic p o i n t  of view t h e i r  own s o r p t l o n  data and i n  b r i e f  
t h e  d a t a  o f  o t h e r  i n v e s t i g a t o r s ,  H e r e  a l l  data available 
i n c l u d i n g  a d s o r p t i o n  measurements on o t h e r  materia 1s and a t  
lower t e m p e r a t u r e s  will be d e a l t  w i t h  i n  more d e t a i l ,  

D a v i s 7  has d i s c u s s e d  the mechanisms of 

Milstead,  B e l l  and Norman8 i n v e s t i g a t e d  t h e  i o d i n e  

In c o n n e c t i o n  with t h e  plaLeout of iodine i n  coo1a1-t 
c i r c u i t s  of gas-cooled  r e a c t o r s ,  i o d i n e  s u r f a c e  csncentra- 
(Zions a t  p a r t i a l  p r e s s u r e s  lower t h a n  l o m 9  a t m  are of pr imary  
i n t e r e s t .  Many expe r imen t s  have been car r ied  o u t  a t  appre -  
c i a b l y  h i g h e r  i o d i n e  p a r t i a l  p r e s s u r e s  t o  p r e v e n t  t h e  huge 
e x p e r i m e n t a l  d i f f i c u l t i e s  that a r i se  a t  very  l o w  i o d i n e  pa r -  
t i a l  p r e s s u r e s .  N e v e r t h e l e s s ,  t h e s e  expe r imen t s  have been ve ry  



u s e f u l  because  t h e  g e n e r a l  c h e m i c a l  hehaviol- of i o d i n e  ad- 
s o r b e d  on o x i d i z e d  m e t a l  s u r f a c e s  h a s  been d i s c o v e r e d ,  The 
e x p e r i m e n t s  performed c a n  be dfvaded  i n t o  two g roups  depending  
on whether  t h e  i o d i n e  p a r t i a l  p r e s s u r e  above t h e  specimen is 
lower o r  h i g h e r  t h a n  t h e  decompos i t ion  p r e s s u r e  above F e l , ( s )  
a t  t h e  same temperakure a t  e q u i l i b r i u m ,  The re  is no s o l i d  
FeI,  a s  a p u r e  phase  o m  t h e  s u r f a c e  of t h e  specimen i n  t h e  
f irst  case, b u t  there is s o h i d  FeI, in rhc second case, Most 
e x p e r i m e n t s  have been performed at 400' 'C, The p a r t i a l  p r e s -  
s u r e s  above F e l , ( s )  ac e q u i l i b r i u m  a t  400°C are 

2, 3x10-7 a t m ,  %ea[, 

The a d s o r p t i o n  of i o d i n e  on m e t a l s  h a s  been i n v e s t i g a t e d  
u s i n g  b o t h  a t r a n s p i r a x i o n  method w i t h  a t empera tu re  d f s t r i b u -  
t i o n  t h a t  i s  either i s o t h e r m a l  o r  non- i so thermal  in the specimen 
range and a s t a t i c  method w h e r e  t h e  a d s o r b e n t  is i s o t h e r m a l ,  
b u t  t h e  whole a p p a r a t u s  non- i so the rma l ,  The P i r s t  method is 
a l s o  c a l l e d  t h e  dynamic f low method, The second one is 
r e f e r r e d  t o  as  t h e  p s e u d o - i s o p i e s t i c  method, 

L e t  u s  f i r s t  cons ide r  e x p e r i m e n t a l  c o n d i t i o n s  where 
s o l i d  i ron -11- iod ide  i s  n o t  s t ab le  thermodynamica l ly  on t h e  
s u r f a c e  of t h e  spec imen,  The s u r f a c e  c o n c e n t r a t i o n  of i o d i n e  
is t h u s  de t e rmined  by t h e  amount of both t h e  adsorbed  i o d i n e  
and t h e  adsorbed  g a s e o u s  metal i o d i d e s ,  Pn o r d e r  t o  be a b l e  
t o  compare i o d i n e  s u r f a c e  c o n c e n t r a t i o n s  measured by d i f f e r e n t  
methods t h e  a c t u a l  p a r t i a l  p r e s s u r e s  of i o d i n e  and t h e  metal  
i o d i d e s  abovc t h e  specimen must be knowla, I n  case of t h e  
c a r r i e r  gas  method t h e s e  p a r t i a l  p r e s s u r e s  c a n  be c a l c u l a t e d  
u s i n g  t h e  mass b a l a n c e  e q u a t i o n  and t h e  t empera tu re  dependence 
of t h e  e q u i l i b r i u m  c o n s t a n t s  of t h e  r e a c t i o n s  of f o r m a t i o n  of 
t h e  metal i o d i d e s  and of the d i s s o c i a t i o n  of i o d i n e ,  I n  t h e  case 
of t h e  s t a t i c  non- i so the rma l  mexhod t h e  t h e r m a l  t r a n s p i r a t i o n  
r a t i o  of i o d i n e  in t h e  g i v e n  a p p a r a t u s  is a l s o  needed,  The 
t r e a t m e n t  of Mi lsEead  et a l O 8  t o  ca l cu la t e  the p a r t i a l  p r e s s u r e s  
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above t h e  specimen i n  t h e  non-isothermal .  s t a t i c  method w i l l  
be d i s c u s s e d  i n  d e t a i l  l a t e r  on ,  

P m  cases where s o l i d  F e r ,  is p r e s e n t  on t h e  s u r f a c e  t h e  

d e p o s i t  of i o d i n e  depends on t h e  r a t e  of f o r m a t i o n  and evapo- 
r a t i o n  of FeT, and on t h e  amount of i o d i n e  adsorbed  on t h e  
ox ide  l a y e r  and on F’el,. 

4 . 1  S u r f a c e  C o n c e n t r a t i o n  of I o d i n e  on Metals 
Measured by t h e  T r a n s p i r a t i o n  MethGd 

4 . 1 , l  G e n e r a l  Remarks - 

The a t t a i n m e n t  of e q u i l i b r i u m  i n  c h e m i c a l  re- 
a c t i o n s  i n v e s t i g a t e d  u s i n g  t h e  t r a n s p i r a t i o n  method can  be 
checked o u t  by d e t e r m i n i n g  t h e  gas  phase  c o n c e n t r a t i o n s  of 

t h e  r e a c t i o n  p r o d u c t s .  These gas  phase  c o n c e n t r a t i o n s  are 
independent  of t h e  f low r a t e  i f  t h e  f low r a t e  is f a s t  enough 
t o  e l i m i n a t e  g a s  phase  d i f f u s i o n  e f f e c t s ,  b u t  a l s o  s low enough 
t o  a l l o w  e s t a b l i s h i n g  of t h e  e q u i l i b r i u m  p a r t i a l  p r e s s u r e s  i n  
t h e  g a s  phase ,  T h e  a t t a i n m e n t  of thermodynamic e q u i l i b r i u m  
h a s  nol; been checked i n  a l l  expe r imen t s  mentioned i n  t h e  
f o l l o w i n g  because  sornc of t h e  expe r imen t s  are  o n l y  of p r e -  
l i m i n a r y  n a t u r e  and because  i n  some expe r imen t s  t h e  tes t  
s e c t i o n  was n o t  i s o t h e r m a l ,  

4. 1 . 2  Expe r imen ta l  R e s u l t s  

Zumwalt ~ u d s o r n ,  Busch, niloses and snow9 i n v e s t  i- 
g a t e d  t h e  d e p o s i t i o n  of i o d i n e  on i s o t h e r m a l  samples  of 
s t a i n l e s s - ,  low a l l o y -  and carbon s t e e l  lor an  i n l e t  i o d i n e  
p r e s s u r e  of atm i n  t h e  t e m p e r a t u r e  r ange  2 3 5 - 7 5 O O C .  

Samples i n  t h e  form of p l a t e s  w e r e  exposed i n  a q u a r t z  t u b e  
f o r  about  65 hour s  t o  a s l o w l y  f lowing  he l ium ca r r i e r  gas 
c o n t a i n i n g  i o d i n e ,  1 0 0  ppm O,, 5 ppm HzO, and 3 7 0  ppm N , .  
Thus a %  an  i o d i n e  p a r t i a l  p r e s s u r e  of l o a 4  a t m  t h e  p a r t i a l  
p r e s s u r e  of oxygen w a s  abou t  o n e  hundred t i m e s  g r e a t e r  t h a n  
t h e  one of i o d i n e .  The gas v e l o c i t y  was i n  t h e  o r d e r  of 



-1 1 cn sec . The s u r f a c e  con@eatratlsns v a r i e d  0n’Il.y s l i g h t l y  
w i t h  t h e  t y p e  of s tee l ,  

A t  400gC and a n  i o d i n e  p a r t i a l  p r e s s u r e  of l o m 6  cm t h e  
f o l l o w i n g  iodine: s u r f a c e  C o n c e n t r a t i o n s  have been measured: 

Table 1, I o d i n e  L,oadfng on S t e e l  a t  400Q@ 

from (Tarrier G a s  C o n t a i n i n g  100 ppm O , ,  
and a n  I o d i n e  P r e s s u r e  of lO-‘] atm 

5 ppm H,O,  a n d  3 7 0  ppm N;, 

A I S 9  304 s t a i n l e s s  s t ee l  1 , 5  c m - 2 )  
I f  ASTM 387B low a l l o y  s tee l  4 

1 1  AIS1 1036 ca rbon  s t e e l  4 

The l o g a r i t h m  of t h e  p l a t e o u t  0% i o d i n e  ( o r  metal. i o d i d e s  
formed) a p p e a r s  t o  be r o u g h l y  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  
r e c i p r o c a l  a b s o l u t e  t e m p e r a t u r e ,  S u b s t a n t i a l  o x i d a t i o n  and 
scaling o c c u r r e d  a t  t e m p e r a t u r e s  above 500QC,  G a s  chroma- 
t o g r a p h i c  i n v e s t i g a t i o n  showed t h a t  t h e  incoming oxygen w a s  
a p p a r e n t l y  r e a c t i n g  w i t h  t h e  c a r b o n  i n  t h e  s teel  t o  produce 
a c o r r e s p o n d i n g  amount of CO and CO,,  T h e  water r e a c t e d  
a p p a r e n t l y  t o  form hydrogen,  The s u r f a c e  roughness  and t h e  
n a t u r e  of the r e a c t i o n  p r o d u c t s  w e r e  no t  i n v e s t i g a t e d .  

Browning and Davis10” a ~ i  e x p e r i m e n t s  of p r e l i m i n a r y  
n a t u r e  i n v e s t i g a t e d  t h e  d e p o s i t i o n  of l o d i n e  on s t a i n l e s s  
steel, c o p p e r 9  iron and n i c k e l  a t  p a r t i a l ,  p r e s s u r e s  from 10 
t o  l f 5  a t m  i n  t h e  t e m p e r a t u r e  r a n g e  24-700°C.  
d e t a i l s  a s  w e l l  a s  q u a n t i t a t i v e  d a t a  are n o t  g i v e n  i n  t h i s  
r e p o r t  Browning and Dav i s  r e p o r t  t h e  f o l l o w i n g  q u a l i t a t i v e  
r e s u l t s :  t h e  amount of i o d i n e  d e p o s i t e d  on  t h e  metals v a r i e d  
i n  t h e  o r d e r  of Cu:.F@>Ni. l o d i n e  r e a c t e d  w ~ t h  the s t a i n l e s s  
s t e e l  s u r f a c e  forming  metal  i o d i d e s .  I n t r o d u c t i o n  of a i r  
seemed t o  cause  l o s s  of i o d i n e  from t h e  s u r f a c e  d e p o s i t ,  The 
s u r f a c e  c o n c e n t r a t i o n  on s-kainless s t ee l  with a p r e o x i d i z e d  

-9 

E x p e r i m e n t a l  



16 

0 

s u r f a c e  (ox ide  l a y e r  t h i c k n e s s  - ~ 2 0 0 - 3 0 0  A) a t  a n  i o d i n e  
p a r t i a l  p r e s s u r e  of a t m  is much lower t h a n  t h e  s u r f a c e  
c o n c e n t r a t i o n  on s t a i n l e s s  s t e e l  w i t h  a n  a s - r e c e i v e d  s u r f a c e ,  
whatevcr. t h i s  may have i m p l i e d .  

I ,  

Creek  and Parker12 c&!rled o u t  p r e l i m i n a r y  i n v e s t i g a t i o n s  
of t h e  d e p o s i t i o n  of i o d i n e  on s t e e l  i n  t h e  p re sence  of  hydro- 
gen ,  a i r .  and steam, I o d i n e  a t  a p a r t i a l  p r e s s u r e  of a t m  
a t  400OC c o n t a i n e d  i n  m i x t u r e s  of steam and he l ium as w e l l  a s  
hydrogen and a i r  w a s  swept th rough  s t a i n l e s s  s t e e l  o r  c a r b o n  
s t e e l  t u b e s  f o r  -20 minu te s  w i t h  a l i n e a r  f l o w  r a t e  of -P05m 

-1 sec The t e m p e r a t u r e  of t h e  e x p e r i m e n t a l  t u b e  was p ~ 6 0 0 O C  

a t  t h e  e n t r a n c e  and g r a d u a l l y  d e c r e a s e d  t o  100°C a t  t h e  e x i t .  
The p r i n c i p a l  f i n d i n g s  were: I n  he l ium and m i x t u r e s  of hydro- 
gen  and steam, r e t e n t i o n  of i o d i n e  w a s  much h i g h e r  t h a n  i n  
a i r  and steam. S t a i n l e s s  s t e e l  r e t a i n e d  much less  i o d i n e  t h a n  
d i d  ca rbon  s tee l .  Lower f r a c t i o n s  w e r e  r e t a i n e d  a t  h i g h e r  
f l o w  rates ,  S i g n i f i c a n t  d e p o s i t i o n  b e g i n s  a t  abou t  340'C and 
maxima i n  d e p o s i t i o n  o c c u r r e d  a t  180-2OO0C. By no means a l l  
o f  t h e  i o d i n e  w a s  t r a p p e d  by t h e  m e t a l  s u r f a c e .  R e t e n t i o n  
v a l u e s  v a r i e d  from 2-69%~~ Where t h e  i o d i n e  h a s  been car r ie r  
f r e e ,  - 3 3 %  w a s  r e t a i n e d  by t h e  s t a i n l e s s  s t ee l  s u r f a c e ,  whereas  
o n l y  -2% w a s  r e t a i n e d  where s t ab le  i o d i n e  ca r r i e r  had been 
added.  The maximum r e t a i n e d  on t h e  ca rbon  s t e e l  when t h e  
a i r - s team-mixture  w a s  used was a b o u t  69%. N o  s i g n i f i c a n t  
f r a c t i o n  w a s  r e t a i n e d  above 400°C, 

B u r n e t t ,  Lof ing  and Allen" i n v e s t i g a t e d  t h e  s o r p t i o n  
of  i o d i n e  on l o w  chromium a l l o y ,  mi ld  s t ee l  and I n c o l o y  800  
a t  i o d i n e  p a r t i a l  p r e s s u r e s  of a t m  i n  he l ium a s  c a r r i e r  
gas .  The heavy o x i d e  s ca l e  on t h e  s u r f a c e  of t h e  specimen 
had been removed b e f o r e  t h e  e x p e r i m e n t s  by a clielmical c l e a n i n g  
p r o c e s s .  The metal s u r f a c e s  w e r e  s t i l l  n o t i c e a b l y  o x i d i z e d .  
The he l ium f l o w  r a t e  was 5 cm sec . The g a s  passed  f i r s t  
t h o u g h  8 U-tube f i l l e d  w i t h  c r y s t a l l i n e  l3 '1 - tagged i o d  irie 

h e l d  a t  t e m p e r a t u r e s  between -78 and --4Q0C. The d u r a t i o n s  

-1 
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of e x p e r i m e n t s  v a ~ i e d  between 184-508 h o u r s ,  and was de-  
t e rmined  by t h e  time d e s i r e d  t o  & , r a n s p o r t  t h i s  amount  of 
i o d i n e  i n t o  t h e  t u b e s  w h i c h  c;orresponds t o  t h e  s t e a d y - s t a t e -  
s u r f a c e  c o n ~ e n t r a t i o n .  I o d i n e  pkaa;eoul  a l o n g  t h e  l e n g t h  of 
e a c h  t u b e  was measured, The amount of iodine d e p o s i t e d  i n  
t h a t  p a r t  of t h e  t u b e  above 400QC d i d  n o t  i n c r e a s e  f u r t h e r  
a f t e r  about 2 5 0  h o u r s  when t h e  i o d i n e  partial p r e s s u r e  
was approx ima te ly  l o m 7  atm. Apparen t ly  a s t e a d y  s t a t e  had 
been a c h i e v e d  where the amount of i o d i n e  d e p o s i t e d  w a s  equal 
to t h e  amount of i o d i n e  and -metal i o d i d e s  deso rbed ,  The 
i o d i n e  s u r f a c e  c o n c e n t r a t i o n s  measured rn  a n e a r l y  i s o t h e r m a l  
p a r t  of t h e  tube  are g i v e n  i n  T a b l e  2 ,  

S t e a d y  s t a t e  w a s  ach ieved  o n l y  ax t h e  l o w e s t  i o d i n e  i n l e t  
p r e s s u r e s ,  B e c a u s e  t h e s e  pressures are lower than t h e  de-  
c o m p o s i t i o n  p r e s s u r e  above s o l i d  Pe I ,  (PI"PI, -= 3 , 4  x l o - 7  
atm) t h e  s t e a d y  s t a t e  c o u l d  p o s s i b l y  c o r r e s p o n d  t o  thermo- 
dynamic equilibrium between t h e  s u r f a c e  and t h e  gas  phase .  
The re  is no s i g n i f i c a n t  d i f f e r e n c e  between t h e  i o d i n e  l o a d i n g  
on Fe materials and P Z I C O ~ . Q Y  $ 0 0 ,  The e x p e r i m e n t s  have shown 
t h a t  t h e  p l a t e o u t  of i o d i n e  ora. a s t e e l  s u r f a c e  with a tem- 

p e r a t u r e  d i s t r i b u t i o n  between 100 and 4BOBC is nea r ly  quan- 
-1 t i t a t i v e  a t  the very  low l i n e a r  f low r a t e  of 5 crn sec 

presumably mainly becausc the  PeI formed h a s  been d e p o s i t e d  
a p p a r e n t l y  a long  w i t h  t h e  r ema in ing  i o d i n e ,  in t h e  Pow t e m -  
p e r a t u r e  pa r t s  of t h e  t u b e ,  

Burnette e t  aP, a l s o  performed experiments Lo i n v e s t i -  
gate  t h e  t r a n s p o r t  behav io r  of i o d i n e  and the i s ~ t o p i c  ex- 
change  b e t w e e w  adsorbed  i o d i n e  and i o d i n e  i n  the gas phase ,  
One expe r imen t  w a s  des igned  t o  i n v e s t i g a t e  Ithe t r a n s p o r t  
b e h a v i o r  of adsorbed  i o d i n e ,  I n  t h i s  exper iment  i o d i n e  
i n i t i a l l y  n e a r l y  u n i f o r m l y  d i s t r i b u t e d  o v e r  t h e  s u r f a c e  of 
a low chromium a l l o y  tube  w a s  r e d i s t r i b u t e d  by pu rg ing  t h e  
t u b e  w i t h  he l ium.  The " iod ine"  w a s  t r a n s p o r t e d  to lower 
t e m p e r a t u r e s .  The maximum of t h e  aodirac c n n c e c t r a t i s n  
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T a b l e  2 .  I o d i n e  Depos i t ed  on D i f f e r e n t  Mater ia ls  
1 3  Measured by B u r n e t t e ,  Lof ing  and Al l en  

Materia 1 I o d i n e  I n l e t  I a d i n e  
and P r e s s u r e  s o r p  t ion C o n d i t i o n  

Tempera ture  (atm) * (P-lg c m - 2 )  

1-1/4% Cr, 

1 / 2 %  Mo a t  4OOBC 9 x 6 . 5  S t e a d y  s t a t e  

1.4 x lo'-' X 5 ,  >2O Not a t  s t e a d y  st.  3OO0C 

Mild s t ee l  a t  4 2 5 ° C  8 x l o u 8  6 . 5  S t e a d y  s t a t e  

4OOaC 4 6 - 10 N o t  a t  s t e a d y  s t .  

I n c o l o y  8 0 0  a t  5 0 0 ° C  5 x 0 , s  Steady  s t a t e  

400'C 4 w 3  N o t  a t  s t e a d y  s t  

270 'C 4 x l o +  -80 Not a t  s t e a d y  s t .  

* 
The I,  vapor  p r e s s u r e  w a s  c a l c u l a t e d  from t h e  t o t a l  

amount of i o d i n e  t r a n s p o r t e d  i n t o  t h e  t u b e  and t h e  c h a r c o a l  
t s a p  



appea red  a t  approximately 180°C a f t e r  2 1 1  h o u r s  d e s o r p t i o n .  
Busmette e t  all, assume that t h i s  downstreax peak r e s u l t e d  
from c o n d e n s a t i o n  ~f v o l a b i l e  i r o n  i o d i d e .  

Another  sxperkment  w a s  d e s i g n e d  to i n v e s t i g a t e  t h e  9so- 
t ~ p i ~  exchange between adso rbed  iod lqe  and i o d i n e  i n  t h e  gas 
phase. T h e  su r face  o f  a m i l d  s t e e l  Lube was p r e s a t u r a t e d  
with s t a b l e  iod ine  b e f o r e  t h e  d e p o s i t i o n  cap a c t i v e  lodim?, 
A f t e r  t h e  p r e s a t u r a t i o n  l 3 I X  t agged  Sod%ne ad; a p a r t i a l  p r e s -  
s u r e  of -IO-’ a t m  w a s  swept aver  the s u r f a c e  f o r  226 hours .  
The sane s u r f a c e  concen t r a t ion  o f  r a d i o a c t i v e  i o d i n e  w a s  
r e a c h e d  as  in t h e  expe r imen t  withowL presaluratisn of t h e  
s u r f a c e  within t h e  same t i m e  and ad; t h e  s.ame t e m p e r a t u r e ,  
B u r n e t t e  e t  a l e  conclude from t h z s  r e s u l t  that t h e  i s o t o p i c  
exchange between the adsorbed  iodine (presumably F e l , )  and 
the gas phase is v e r y  f a s t ; ,  T h i s  c ~ ~ n e l u s i o n  h o l d s  o n l y  i f  
one makes the u n l i k e l y  a s s u ~ ~ ~ p t l o ~ ~  that the whole surface is 
c o v e r e d  e n t i r e l y  w i t h  Fe12 whfeh p r e v e n t s  further deposit%on 
of i o d i n e  and that this Fel, d i d  n o t  evaporate  d u r i n g  t h e  
226  hsu9-s sweeping of the t u b e  with helium containing 
tagged i o d i n e ,  A d d i t i o n a l l y  in a n o t h e r  expe r imen t  the de-  
sorption k i n e t i c s  af iodine froE a m i l d  s t e e l  su r face  with 
and without Inactive iod ine  a t  a p a r t i a l  p r e s s u r e  of a t m  
i n  the purge g a s  h x s  been measured. In %he case o f  a r a p i d  
iSotQpfc exchange between the i o d f n e  in FeI, and the gas phase  
i o d i n e ,  t h e  deso-rpt’isn of acif;lve iodine s h o u l d  be faster ff 
the s u r f a c e  is purged w i t h  helium containing i n a c t i v e  i o d i n e .  
B u t  $he d e s o r p t i o n  ra%e w a s  found ts be  t h e  same in both ex- 
p e r i m e n t s ,  Burnette e x  al. conc luded  f r o m  t h i s  result t h a t  
there i s  a f a s t  I s o f ~ o p i c  exchange between the s o l i d  and t h e  gas 
phase. B u t  it seems also reasonable to conc lude  that deso rp -  
tion of iodine a c t i v i t y  is m a i n l y  due t o  evapora t ion  of FeX,. 

1 3  Ig 

Burnette et al, concluded from their adscar t i o n  e x p e r i -  
ments  %ha$ the d e p o s i t i o n  of i o d i n e  OH a. stainless steel 
s u r f a c e  at 400°@ from a- gas stream is rapid and n e a r l y  
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q u a n t i t a t i v e .  It s h o u l d  be n o t e d  t h a t  t h e  d e p o s i t i o n  v e l o c i t y  
of i o d i n e  o n  s t a i n l e s s  s t e e l  measured a t  t h e  v e r y  l o w  lilraear 
flow ra te  of 5 cm sm.: i n  a temperature r a n g e  -100  t o  40OoC 

c a n n o t  be used  t o  estimate the p l a t e o u t  f a c t o r  i n  c o o l a n t  
c i r c u i t s  of gas-cooled reactors  because the l i n e a r  f low rate 
and t h e  l o w e s t  t e m p e r a t u r e  within t h e  c i r c u i t  is h i g h e r  t h a n  
i n  these e x p e r i m e n t s ,  

-1 

Rosenberg,  G e n c o  and Morrison'' s t u d i e d  t h e  d e p o s i t i o n  of 
i o d i n e  f r o m  he l ium c o n t a i n i n g  a i r  or steam-air mixturer ;  a t  
i o d i n e  p a r t i a l .  p r e s s u r e  of a t m  w i t h i n  t h e  t e m p e r a t u r e  
r a n g e  115 t o  2OO0C,  

I n  a simple flow s y s t e m ,  t h e  ca r r i e r  g a s  c o n t a i n i n g  t h e  
r a d i o a c t i v e  tagged  i . od ine  s t reamed s l o w l y  t h r o u g h  an i s o t h e r m a l  
chamber where t h e  specinaen is placed. The a c t i v i t y  of t h e  
specimen w a s  c o n t i n u o u s l y  measured by a s c i n t i l l a t i o n  c o u n t e r .  
The d u r a t i o n  of t h e  expe r imen t s  was 20-320 h o u r s  and t h e  l i n e a r  
f low r a t e  0 . 5  e m  sec P r e p a r a t i o n  of test  coupons i n v o l v e d  
p o l i s h i n g ,  d e g r e a s i n g ,  and d r y i n g  I n  a i r .  The amount of iodine 

d e p o s i t e d  w a s  found to be a l i n e a r  f u n c t i o n  of time €or mix t ;u re s  
of i o d i n e  w i t h  d r y  a i r ,  d r y  h e l i u m ,  helium-steam and air-steam. 
A chamge in t h e  co r ros ion  mechanism was observed  t o  o c c u r  be- 

tween 145 and l h O ° C .  A t  145°C t h e  d e p o s i t i o n  is l i n e a r  wi-th 
r e s p e c t  t o  t i m e ,  wki . le  a t  16OoC t he re  is an  i n i t i a l  b u r s t  of 
d e p o s i t i o n  fo l lowed  by a ra .p id  l e v e l i n g  of f  so that a f t e r  4 
h o u r s  d e p o s i t i o n  has  ceased. I n  o r d e r  t o  i n v e s t i g a t e  the e f f e c t  
of metal  compos i t ion  t h e  c o r r o s i o n  r a t e s  c;a€ d i f f e r e n t  metals 
were measured i n  iod ine-s team-a i r  mix - tu re s  a t  115OC w i t h  a 
f l o w  r a t e  of 0,4 c m  sec and an  i o d i n e  p a r . t i a P  p r e s s u r e  of 

-1 

-1 

5. 6 x lo - '  atrn. The  c o r r o s i o n  r a t e  and the total amount of 
i o d i n e  depos i ted  i n c r e a s e d  i n  t h e  o r d e r  chromium, s t a i n l e s s  
s t ee l ,  n i c k e l ,  i . ron.  T h e  d e p o s i t i o n  r a t e  at, 1 ' 6 _ 5 O @  i n  i o d i n e -  
s team-air  mix tures  i n c r e a s e d  wi-th i n c r e a s i n g  gas phase  concen- 
t r a t i o n  of t h e  i o d i n e .  ~ e ~ ~ r p t i o ~ i  e x p e r i m e n t s  a t  1 1 . ~ ' ~  
i n d i c a t e d  t h a t  the  d e p o s i t i o n  process  w a s  i r r e v e r s i b l e  i n  a 



s t eam-a i r -mix tu re  a t  1_15OC, y e t  r e v e r s i b l e  t o  a large e x t e n t  
i n  e i t he r  a i r  or  under  vacuum a t  t h e  d e p o s i t i o n  t e m p e r a t u r e .  
T h i s  b e h a v i o r  is e x p l a i n e d  by Rosenberg e% al, w i t h  t h e  
assumpt ion  t h a t  t h e  i o d i n e  is p r e s e n t  as PeE2n4H,0 which d o e s  
n o t  decompose i n  t h e  p r e s e n c e  of steam;; o t h e r  metal i o d i d e s  
c o u l d  be p r e s e n t  a l s o .  St is n o t  c lear  why a t  115OC t h e  
i o d i n e  d i d  n o t  d e s o r b  in a m i x t u r e  of steam and a i r .  One 
p o s s i b l e  e x p l a n a t i o n  is t h a t  i o d i n e  d e p o s i t e d  ow s t a i n l e s s  
s tee l  a t  115°C from steam-air m i x t u r e s  is i n c o r p o r a t e d  into 
t h e  growing c o r r o s i o n  c e n t e r s  and may be adsorbed  on metal  
o x i d e - h y d r a t e s  formed d u r i n g  t h e  c o r r o s i o n  p r o c e s s ,  De-  
s o r p t i o n  tes ts  a t  h i g h e r  t e m p e r a t u r e s  have n o t  been performed,  

I n  c o n n e c t i o n  w i t h  t h e  a c c i d e n t a l  i n g r e s s  of water i n t o  
t h e  coolanb, of a gas-cooled  r e a c t o r ,  one is concerned  whether  
t h e  i o d i n e  p l a t e d  o u t  in t h e  c i r c u i t  w i l l  become gasborne .  
Expe r imen t s  t o  i n v e s t i g a t e  d e s o r p t i o n  of i o d i n e  under  t h e  
c o n d i t i o n s  of t h i s  a c c i d e n t  have n o t  been performed as y e t ,  
However, some i n d i r e c t  c o n c l u s i o n s  c a n  be  drawn i f  t h e  i o d i n e  
d e p o s i t i o n  measured i n  t h e  p r e s e n c e  of steam is compared t o  
i o d i n e  d e p o s i t i o n  measured a t  the same t e m p e r a t u r e  and i o d i n e  
p a r t i a l  p r e s s u r e s  w i t h o u t  steam. U n f o r t u n a t e l y ,  measurements 
have been performed i n  t h e  p r e s e n c e  of steam and a i r ;  f u r t h e r -  
more, t h e r e  is a g a p  in t h e  t e m p e r a t u r e  r a n g e  Pn which i o d i n e  
d e p o s i t i o n  w i t h  and w i t h o u t  steam and a i r  h a s  been measured, 
N e v e r t h e l e s s ,  it seems t o  be u s e f u l  t o  i n v e s t i g a t e  t h e  i n -  
f l u e n c e  of steam and air on t h e  i o d i n e  d e p o s i t i o n ,  The 
f o l l o w i n g  c o n s i d e r a t i o n s  have been made i n  o r d e r  t o  compare 
t h e  amount of i o d i n e  d e p o s i t e d  on l o w  chromium a l l o y  s t e e l  i n  
t h e  p r e s e n c e  of a i r  p l u s  steam w i t h  t h e  amount of i o d i n e  de- 

p o s i t e d  f r o m  a p u r e  helium stream. B u r n e t t e  e t  measured 
on 1 -1 /4%Cr ,  1 / Z % M o  a t  3OO*C a t  an  i o d i n e  p a r t i a l  p r e s s u r e  
of 1.4 x 

e t  a l e 8  found on t h e  same mater ia l  a t  3 1 6 ° C  and 2.1 x 
an  i o d i n e  d e p o s i t  of 3190 peg crn-’* 

a t m  an i o d i n e  l o a d i n g  of >45 pg cm-‘ and Mi l s t ead  
a t m  

S t e a d y  s t a t e  had n o t  been 
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e s t a b l i s h e d  in ei ther  expcrirnent .  I o d i n e  d e p o s i t i o n  i n  t h e  
p r e s e n c e  of steam p l ~ s  air has on ly  bee21 measured on s t a i n l e s s  
s t e e l  and i r o n  b u t  n o t  on low chromium alloy s t ee l ,  An i o d i n e  
d e p o s i t  of 2 pg mn-' on s t a i n l e s s  s t ee l  a t  160°C has been 
found a t  an i o d i n e  partial p r e s s u r e  of 6 x 10 atm i n  a mix- 
t u r e  of he l ium p l u s  4 0  v/o a i r ,  I n  o r d e r  t o  compare t h e  amount 
of i o d i n e  d e p o s i t e d  on low chromium a l l o y  s t ee l  i n  t h e  p r e s e n c e  
U P  a i r  and steam w i t h  t h e  amount  of iodinta d e p o s i t e d  w i t h o u t  
s t eam and air, the d i f f e r e n c e  betwc.cn i r o n  and stainless s t ee l  
w i t h  r e g a r d  t o  i o d i n e  d e p o s i t i o n  must be Laken i n t o  accoun t .  
For a v e r y  rough. estinnate, i o d i n e  1-oadings measured a t  a lower 
te rnpera turc  may be c o n s i d e r e d  i n  s p i t e  of t h e  f a c t  that, t h e  
p l a t e o u t  mechanism a t  lower t e m p e r a t u r e s  c o u l d  be d i f f e r e n t  
from t h e  one a t  h i g h  t e m p e r a t u r e s .  The amount of i o d i n e  de-  
p o s i t e d  from steam-air m i x t u r e s  at 1 1 5 O C  on s t a i n l e s s  steel 
w i t h i n  t h e  same time has been found t o  be  a f a c t o r  of 5 lower 
t h a n  t h e  amount d e p o s i t e d  on i r o n .  For t h i s  r e a s o n  it i s  h e r e  
assumed t h a t  a t  lhO'C f i v e  times more i o d i n e  is d e p o s i t e d  on 
a l o w  chromium a l l o y  s t e e l  t h a n  on s t a i n l e s s  steel i n  a steam- 
a i r  mix tu re .  W i t h  r e g a r d  t o  t h e  2 p g  cm measured on s t a i n -  
less s t e e l  a t  l h O ° C ,  1 0  pg i o d i n e  will be d e p o s i t e d  on a 
low chromium a l l o y  s t ee l  under  t h e  same c o n d i t i o n s  (160*C, 
i o d i n e  p a r t i a l  p r e s s u r e  is 6 x atmle If one compares 
t h i s  v a l u e  with t h e  >45  t o  >l90 pg c m e 2  measured a t  a lower 
i o d i n e  p a r t i a l  pressurc and a h ighe r  t en ips ra tu re  i t  f o l l o w s  
t h a t  a h i g h e r  i o d i n e  l o a d i n g  h a s  been ach ieved  i n  t h e  absence  
of steam and a i r ,  S o  it is reasonable t o  conc lude  t h a t  a t  
t e m p e r a t u r e s  >160°@ a m i x t u r e  01 steam and a i r  p r e v e n t s  de-  
p o s i t i o n  of i o d i n e  on s t a i n l e s s  s t e e l  t o  a l a r g e  e x t e n t .  One 
p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  behav io r  is t h a t  Fe%, w i l l  be 
o x i d i z e d  i n  t h e  p r e s e n c e  of a i r .  The f i g u r e s  used i n  t h e  

e v a l u a t i o n  g i v e n  above a re  summarized in T a b l e  3 .  

-5 

- 2  

S i m i l a r  i n v e s t i g a t i o n s  t o  t h o s e  performed by Rosenberg 
1 5  et al. have a l s o  been made by Morris and N i c h o l s .  
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4 . 2  S u r f a c e  C o n c e n t r a t i o n s  of I o d i n e  on Metals Measured -- y____ 

by t h e  Non-Isothermal  =tic Method 

4 . 2 . 1  G e n e r a l  Remarks 
_y^II___ 

T h e  p r i n c i p l e  of t h e  non- i so thermal  s t a t i c  (or  
p s e u d o - i s o p i e s t i c )  method is v e r y  simple, The  specimen is 
pl-aced i n  t h e  h o r i z o n t a l  l e g  of an  IL-shaped Pyrex  t u b e  h e a t e d  
by a % u r n a c e .  The verLfcal l e g  c o n t a i n s  j o d i n e  Lagged w i t h  
13’1 main ta ined  a t  c o n s ~ a n t  t e m p e r a t u r e  u s i n g  a r e f r i g e r a t i o n  
u n i t .  T h e  aniount of i o d i n e  on t h e  specimen is monitored w i t h  
a c a l i b r a t e d  gamma-scint. i l l a t i o n  c o u n t e r  

The advan tage  of t h e  method is t h e  ease of per forming  a n  
expe r imen t .  The d i s a d v a n t a g e s  a r i s e  Prom the f a c t  t h a t  thc 
p a r t i a l  p r e s s u r e s  o f  i o d i n e  and t h e  gaseous metal iodides 
formed by r e a c t i o n  of t h e  i o d i n e  w i t h  t h e  spec:imen must be  
c a l c u l a t e d  making a s sumpt ions  which are  h a r d  L o  , j u s t i f y  under  
t h e  c o n d i t i o n s  of t h e  e x p e r i m e n t .  The a t t e m p t  of M i l s t e a d ,  
B e l l  and  N o r m a n 8  t o  c a l c u l a t e  t h e  a c t u a l  p a r t i a l  p r e s s u r e s  
above t h e  specimen under  c o n d i t i o n s  a t  which s o l i d  FeI,  is 

thermodynamical ly  u n s t a b l e  is discussed i n  Appendix C .  I t  is 
shown there Lhat t h e  treatment of Milstead e t  a l ,  g i v e s  i n -  
correct  r e s u l t s ,  if a p p l i e d  t o  the measurement of the ad-  
s o r p t i o n  of i o d i n e  on s t e e l  i n  the g i v e n  t empera tu re  anid 
p a r t i a l  p r e s s u r e  r a n g e ,  Consequen t ly ,  t h e  r e l a t i o n  of t h e  

measured i o d i n e  d e p o s i t  t o  t h e  p a r t i a l  p r e s s u r e s  of i o d i n e  
a n d ,  e s p e c i a l l y  of t h e  metal  i o d i d e s ,  i s  u n c e r t a i n .  The 
p a r t i a l  p r e s s u r e s  of i o d i n e  c a l c u l a t e d  with d i f f e r e n t  assump- 
t i o n s  a g r e e  for an  i o d i n e  s o u r c e  p r e s s u y e  of -10 a t m  w i t h i n  
a f a c t o r  of  abou t  3 a s  shown i n  Appendix C .  Such a small  d i f -  
f e r e n c e  is u s u a l l y  no t  i m p o r t a n t  and i n  m o s t  cases c o u l d  be 

n e g l e c t e d ,  B u t  more s e r i o u s  w i t h  r e s p e c t  t o  t h e  c o r r e l a t i o n  
of  measured i o d i n e  s u r f a c e  c o n c e n t r a t i o n s  w i t h  t h e  i o d i n e  
p a r t i a l  p r e s s u r e  above t h e  specimen may be the f a c t  t h a t  t h e  
p a r t i a l  p r e s s u r e s  of t h e  gaseous  i o d i d e s  above t h e  specimen 
d o  n o t  co r re spond  t o  t h e  p a r t i a l  pressures i n  an  i s o t h e r m a l  

-6 



s t a t i c  sys t em a t  e q u i l i b r i u m ,  T h i s  is d i s c u s s e d  i n  d e t a i l  
a l s o  i n  Appendix C and w i l l  be o n l y  b r i e f l y  mentioned h e r e :  
The p s e u d o - i s o p i e s t i c  sys t em is n o t  i s o t h e r m a l  and t h e  g a s e o u s  
metal i o d i d e s  formed d i f f u s e  i n  t h e  gas phase  from t h e  high 
t e m p e r a t u r e  specimen t o  t h e  c o o l e r  p a r t s  of t h e  a p p a r a t u s  
where t h e y  condense ,  Fo r  t h i s  r e a s o n  t h e  a c t u a l  p a r t i a l  
p r e s s u r e  of t h e  m e t a l  i o d i d e s  above t h e  specimen depend ow 
t h e  ra te  of f o r m a t i o n  of t h e  i o d i d e s  and d o  n o t  c o r r e s p o n d  t o  
t h e  p a r t i a l  p r e s s u r e s  a t  thermodynamic e q u i l i b r i u m .  The r a t e  
of f o r m a t i o n  of t h e  i od ides  is supposed t o  be low and f o r  t h i s  
r e a s o n  t h e  p a r t i a l  p r e s s u r e s  of t h e  metal i o d i d e s  above t h e  
specimen are lower in t h e  case of the non- i so the rma l  s t a t i c  
s y s t e m  t h a n  a t  the same i o d i n e  p a r t i a l  p r e s s u r e  and t h e  same 
t e m p e r a t u r e  i n  a t r u l y  i s o t h e r m a l  s t a t i c  sys tem a t  e q u i l i b r i u m .  
One c a n n o t  suppose  a p r i o r i  t h a t  t h e  measured i o d i n e  d e p o s i t i o n  
does  n o t  depend on t h e  metal  i o d i d e  p a r t i a l  p r e s s u r e s  above t h e  
spec imen,  For  t h i s  r e a s o n  t h e  i o d i n e  s u r f a c e  c o n c e n t r a t i o n s  
measured by t h e  non- i so the rma l  s t a t i c  method may be t o o  low 
when compared t o  a s u r f a c e  c o n c e n t r a t i o n  measured by an  i s o -  
t h e r m a l  s t a t i c  method o r  a t r a n s p i r a t i o n  method a t  t h e  same 
i o d i n e  p a r t i a l  p r e s s u r e  and t h e  same t e m p e r a t u r e  where thermo- 
dynamic e q u i l i b r i u m  h a s  been e s t a b l i s h e d .  A s  shown i n  Appendix 
C ,  one is j u s t i f i e d  in c a l c u l a t i n g  t h e  p a r t i a l  p r e s s u r e  of 
a tomic  and molecu la r  i o d i n e  above t h e  specimen a t  low r e a c t i o n  
r a t e s  and s o u r c e  i o d i n e  p r e s s u r e s  a t m  s imp ly  assuming 
c o n s t a n t  p r e s s u r e  w i t h i n  t h e  whole a p p a r a t u s  and t a k i n g  i n t o  
accoun t  t h e  d i s s o c i a t i o n  of i o d i n e .  This s i m p l e  t r e a t m e n t  
w i l l  h e  a p p l i e d  h e r e  l a te r  t o  compare t h e  r e s u l t s  of d i f -  
f e r e n t  i n v e s t i g a t o r s ,  

4 .2 ,2  Exper imen ta l  R e s u l t s  

The s o r p t i o n  of i o d i n e  by s t a i n l e s s  s tee l  a t  
p a r t i a l  p r e s s u r e s  from l o m 9  t o  
tween 7 0  and 500°@ has  been measured in e x p e r i m e n t s  of a pre- 
l i m i n a r y  n a t u r e  by Dav i s  and Browning. l2 

a t m  and t e m p e r a t u r e s  be- 

I n  t h e s e  e x p e r i m e n t s  



2 6  

i o d i n e  f r o m  a n  e l e m e n t a l  i o d i n e  s o u r c e  d i f f u s e d  d u r i n g  1 t o  
1 0  h o u r s  i n t o  an e v a c u a t e d ,  h e a t e d  s t a i n l e s s  s t e e l  tube .  The 
a c t i v i t y  of t h e  d e p o s i t e d  i o d i n e  w a s  aneasured. About t w o  
monolayer e q u i v a l e n t s  w e r e  adsorbed  a t  500°C a t  a n  i o d i n e  
p a r t i a l  p r e s s u r e  of atm. The s o r p t i o n  r a t e  d e c r e a s e d  i f  
t h e  s t a i n l e s s  s t e e l  s u r f a c e  had been pre -ox id ized ,  Only t h e  
e a r l y  s t a g e  of t h e  a d s o r p t i o n  k i n e t i c s  h a s  been measured, 
S t eady  s t a t e  w a s  n o t  ach ieved  i t a  t h e s e  e x p e r i m e n t s .  

1 6  Gray ,  Neil1 and K r e s s  i n v e s t i g a t e d  t h e  a d s o r p t i o n  of  
i o d i n e  on mi ld  s t e e l  and s t a i n l e s s  s t e e l  a t  i o d i n e  p a r t i a l  
p r e s s u r e s  between lom9 and 4 x l o T 5  a t m  a t  400'C d u r i n g  r u n s  
of 1 2  t o  100 h o u r s  d u r a t i o n  u s i n g  the a p p a r a t u s  d e s c r i b e d  i n  
4 . 2 . 1 .  The s t e a d y  s t a t e  s u r f a c e  c o n c e n t r a t i o n  o f  i o d i n e  on 
m i l d  s t ee l  which had been p r e v i o u s l y  annea led  i n  hydrogen was 
0 . 5  pg c m - 2  a t  a n  i o d i n e  p a r t i a l  p r e s s u r e  of 4 x lo-' atm. 
The d e s o r p t i o n  of i o d i n @  from non-oxidized s t a i n l e s s  s t e e l  
s u r f a c e s  w a s  i n v e s t i g a t e d  a t  6 5 0 ° @ .  The s u r f a c e  c o n c e n l r a t i o n  
w a s  i n i t i a l l y  0.2 pg C M  ~ T h i s  s u r f a c e  c o n c e n t r a t i o n  corre- 
sponds  t o  a b o u t  a monolayer cove rage  i f  one assumes t h a t  t h e  
i o d i n e  is s p r e a d  ove r  t h e  geomet r i c  s u r f a c e  u n i f o r m l y .  The 
gas  phase  i o d i n e  w a s  purged w i t h  he l ium from t h e  chamber and 
the d e s o r p t i o n  r a t e  measured ,  Between 4 0  and 907'0of t h e  
i o d i n e  desorbed  froni t h e  s u r f a c e  w i t h i n  h a l f  an  h o u r ,  The 
r ema in ing  i o d i n e  was e q u i v a l e n t  t o  a t e u t h  of a monolayer 
and w a s  n o t  removed by f u r t h e r  pu rg ing  w i t h  he l ium.  FeI ,  w a s  
found i n  t h e  c o o l e r  p a r t s  of t h e  a p p a r a t u s  i n  a l l  a d s ~ ~ * p t i ~ n  
and d e s o r p t i o n  e x p e r i m e n t s .  Au to rad iograph ic  i n v e s t i g a t i o n s  
of b o t h  o x i d i z e d  and R, -annealed s t a i n l e s s  s t e e l  s u r f a c e s  
exposed t o  i o d i n e  showed t h a t  t h e  i o d i n e  d e p o s i t i o n  w a s  n o t  
un i fo rm.  

- 2  

B l a s t i n g  a n  o x i d i z e d  s t a i n l e s s  s t ee l  s u r f a c e  contaminated  
w i t h  1311 w i t h  w e t  s team and v i g o r o u s  rubb ing  of t h e  s u r f a c e  
d i d  n o t  c a u s e  a removal  o r  r e d i s t r i b u t i o n  of the i o d i n e .  I n -  
format  i o n  about t h e  s u r f  a c e - c o n c e n t r a t  i o n  of i o d i n e ?  the 
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t e m p e r a t u r e  of t h e  steam and whether  a i r  w a s  p r e s e n t  d u r i n g  
t h e  steam b l a s t i n g  is n o t  g i v e n .  

B u l l  and N e d 7  s t u d i e d  t h e  d e s o r p t i o n  of i o d i n e  f r o m  
hvdrogen  annea led  mi ld  s t e e l  a t  t e m p e r a t u r e s  between 3 2 0  and - 

6 4 0 B C ,  I o d i n e  vapor  ( tagged  w i t h  l3ln at a p a r t i a l  p r e s s u r e  
of - ~ l C l - ~  a t m  w a s  adsorbed  on t h e  spec imen,  
of i o d i n e  had d e p o s i t e d  t h e  p r e s s u r e  of bo th  1, and P w a s  
reduced  t o  ~ 1 0 ~ ~  atm and t h e  i o d i n e  s o u r c e  w a s  p l aced  i n  a 
P iqu id  n i t r o g e n  b a t h .  The d e s o r p t i o n  of t h e  d e p o s i t e d  i o d i n e  
w a s  fo l lowed  by measur ing  t h e  d e c r e a s e  of t h e  a c t i v i t y  w i t h  
a g a m m a  s p e c t r o m e t e r ,  Approximately 50% of t h e  i o d i n e  w a s  
deso rbed  w i t h i n  2 0  hours  a t  3 7 0 ° C ,  The r a t e  o f  d e s o r p t i o n  
w a s  c o n s i d e r a b l y  lower t h a n  in t h e  expe r imen t  i n  which t h e  

specimen w a s  purged w i t h  H e ,  A f t e r  t h e  d e s o r p t i o n  p r o c e s s  
t h e  s u r f a c e  c o n c e n t r a t i o n  remained p r a c t i c a l l y  c o n s t a n t  f o r  
t h e  following 4 5  h o u r s .  The remain ing  su r face  c o n c e n t r a t i o n  
of i o d i n e  is p r o p o r t i o n a l  t o  t h e  amount; of i o d i n e  i n i t i a l l y  
p r e s e n t  on t h e  s u r f a c e ,  The measured d e s o r p t i o n  c u r v e  i s  

probab ly  t h e  sum of d i f f e r e n t  p r o c e s s e s .  D e s o r p t i o n  of 
i o d i n e  adsorbed  on FeI ,  and t h e  oxide layer9 e v a p o r a t i o n  of 
Fel, and decomposi t ion  of Fe I ,  c o u l d  be i n v o l v e d ,  

When a monolayer 

B u l l  and N e i l l ”  s t u d i e d  t h e  r e a c t i o n  of i o d i n e  ad; 48OoC 
w i t h  m i l d  s t ee l ,  s t a i n l e s s  s t e e l  and s t e e l  wool a t  t h e  r a t h e r  
h i g h  i o d i n e  p a r t i a l  p r e s s u r e  of I O - ”  a t m ,  
ma te r i a l s  i n v e s t i g a t e d  w e r e  ro l led  into s p i r a l s  and p l a c e d  i n  
t h e  h o r i z o n t a l  leg of t h e  L-shaped Pyrex  t u b e .  Some s t r i p s  
had been p r e v i o u s l y  o x i d i z e d .  A f t e r  four days  - 1-g  of 

i o d i n e  had r e a c t e d  with t h e  spec imen,  A f t e r  18 days  t h e  

weight  change of t h e  specimen w a s  measured and t h e  r e a c t i o n  
p r o d u c t  d e p o s i t e d  i n  t h e  c o o l e r  p a r t s  of the apparatus ana lyzeda  
The p roduc t  of r e a c t i o n  between a steel. surface and i o d i n e  
vapor  w a s  found t o  be Fe12,  Thc r e a c t i o n  took  p l a c e  i n  s p i t e  
of %he f a c t  t h a t  &he  nmetal was cove red  by a 0 . 1  t o  0 , 7  mm 

t h i c k  o x i d e  l a y e r ,  The amount: o f  i o d i n e  found ora t h e  s u r f a c e  

S t r i p s  of t h e  
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of t h e  s t ee l  specimens a t  t h e  end of t h e  expe r imen t  w a s  q u i t e  
h i g h  ( ~ 0 . 2  mg c m  >. Photomicrographs  showed a s m a l l  amount 
of a new s o l i d  phase  on t h e  t o p  of t h e  ox ide  l a y e r .  T h i s  
phase  h a s  n o t  been i n v e s t i g a t e d .  N e g l e c t i n g  t h e  minor con- 
s t i t u e n t s  of t h e  s t e e l  i t  seems t o  be c lear  from t h e  thermo- 
dynamic p o i n t  of view t h a t  t h e  r e a c t i o n  p roduc t  between 
i o d i n e  and s t e e l  is FeI .20  Because t h e  metal  is covered  by an  
o x i d e  l a y e r  t h e  q u e s t i o n  is how w a s  t h e  FeX, formed. The 
o x i d e  l a y e r  on t h e  specimen which w a s  exposed t o  i o d i n e  had 
a tendency  t o  scale .  A f e w  c r a c k s  i n  t h e  f i l m  w e r e  n o t e d .  
I t  seems t o  be l i k e l y  t h a t  i o d i n e  o r  i r o n  d i f f u s e s  th rough  
t h e  c r a c k s  i n  o r  t h rough  t h e  ox ide  f i l m  i t s e l f  forming FeI ,  
which e v a p o r a t e s .  Photomicrographs  have shown t h a t  t h e  
amount of FeX, on t h e  o x i d e  l a y e r  is i n v e r s e l y  p r o p o r t i o n a l  
t o  t h e  t h i c k n e s s  of t h e  o x i d e  l a y e r .  

-2  

To e x p l a i n  t h e  f o r m a t i o n  of FeI,, B u l l  and N e i l l  con- 
s i d e r e d  a mechanism where i o d i n e  i n t e r a c t s  w i t h  t h e  o x i d e  a t  
t h e  o u t e r  s u r f a c e  t o  form F e l ,  and an  i r o n - d e f i c i e n t  o x i d e  
a c c o r d i n g  t o  t h e  e q u a t i o n s  

I r o n  w a s  t h e n  supposed t o  d i f f u s e  from t h o  s t e e l  i n t o  
t h e  ox ide  l a y e r .  I n  o r d e r  t o  prove  t h e  proposed mechanism 
B u l l  and N e i l l  performed t w o  expe r imen t s  i n  which i o d i n e  vapor  
c o n t a c t e d  Fe,O, powder a t  4OO0C!,  N o  r e a c t i o n  p r o d u c t s  w e r e  
found d u r i n g  t h e  two week d u r a t i o n  of the r u n s .  T h i s  r e s u l t  
is i n  agreement  w i t h  t h e  f a c t  that Fe,O, is  v e r y  s t a b l e  
a g a i n s t  o x i d i z i n g  a g e n t s ,  even a g a i n s t  c h l o r i n e .  A n  est imate  
of  t h e  change of t h c  f r e e  ene rgy  for r e a c t i o n  (1) and f o r  
r e a c t i o n  ( 2 )  under  t h e  c o n d i t i o n s  of t h e  expe r imen t  y i e l d e d  
p o s i t i v e  v a l u e s  ("7 and - 2 1  kca l /mol) .  



I n  agreement  w i t h  t h e  e x p e r i m e n t a l  r e s u l t  of B u l l  and 
N e i l 1  a r e a c t i o n  between i o d i n e  and Fe,O, is i m p o s s i b l e  from 
t h e  thermodynamic p a i n t  of view. 

M i l s t e a d ,  B e l l  and Norman8 s t u d i e d  t h e  a d s o r p t i o n  of 
i o d i n e  on low chromium a l l o y  s t e e l  (1?’0Cr, 1/40/0Mo a l l o y )  ove r  
a n  i o d i n e  s o u r c e - p r e s s u r e  r ange  of t o  1 0  a t m  i n  t h e  
t e m p e r a t u r e  r a n g e  3 1 6  t o  482OC. I n  agreement  w i t h  o t h e r  i n -  
v e s t i g a t o r s  M i l s t e a d  e t  a l .  found t h a t  i o d i n e  i n t e r a c t s  w i t h  
t h e  s t e e l  s u r f a c e  t o  form v o l a t i l e  i r o n  i o d i d e s  and t h e y  
p o i n t e d  o u t  t h a t  i n  t h e s e  expe r imen t s  a s t e a d y  s ta te  must 
have been a t t a i n e d  where in  t h e  s u r f a c e  c o n c n t r a t i o n  of i o d i n e  
depended on t h e  n e t  r a t e s  of f o r m a t i o n  and e v a p o r a t i o n  of F e I , ,  
The t r e a t m e n t  of M i l s t e a d  e t  a l ,  t o  e v a l u a t e  t h e  a d s o r p t i o n  
measurements is d i s c u s s e d  i n  d e t a i l  i n  Appendix C. The l o a d i n g  
of i o d i n e  on low chromium a l l o y  steel  a t  4OOQC as  a f u n c t i o n  

-5 

of t h e  i o d i n e  s o u r c e  p r e s s u r e  P9 is g i v e n  i n  T a b l e  4. 
I2 

T a b l e  4 ,  S o r p t i o n  of I o d i n e  on 1% C r - 1 / 4 %  Mo Al loy  
8 a t  400’C Measured by M i l s t e a d ,  B e l l  and Norman 

8 . 3  x 
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4.3 Summary and D i s c u s s i o n  of t h e  Adsorp t ion  Neasurements -- 

The d i s c u s s i o n  of t h e  two methods a p p l i e d  t o  t h e  measure- 
ment of  i o d i n e  a d s o r p t i o n  on metals h a s  shown t h a t  t h e  t r a n s -  
p i r a t i o n  method is more s u i t a b l e  from t h e  t h e o r e t i c a l  p o i n t  of 
v i e w  t h a n  t h e  non- i so thermal  s t a t i c  method. Most of t h e  d a t a  
a v a i l a b l e  have been o b t a i n e d  by t h e  non- i so thermal  s t a t i c  
method e 

The g e n e r a l  r e s u l t s  of  t h e  i n v e s t i g a t i o n s  mentioned h e r e  
c a n  be summarized a s  f o l l o w s .  

I o d i n e  reac ts  w i t h  o x i d i z e d  and c l e a n  metal. s u r f a c e s  
forming metal  i o d i d e s .  The ra te  of t h e  f o r m a t i o n  of metal 
i o d i d e s  is presumably de te rmined  by d i f f u s i o n  O P  i r o n  o r  i o d i n e  
th rough  c r a c k s  i.n t h e  o x i d e  l a y e r ,  The d i s t r i b u t i o n  of i o d i n e  
on  t h e  s u r f a c e s  is n o t  un i fo rm.  The s u r f a c e  c o n c e n t r a t i o n s  
on p re -ox id ized  a l l o y s  are lower t h a n  on a l l o y s  w i t h  as- 
r e c e i v e d  s u r f a c e s .  The p re sence  of  steam and oxygen p r e v e n t s  
d e p o s i t i o n  of i o d i n e  t o  a n  e x t e n t ,  depending on t h e  concen- 
t r a t i o n  of H20 + 0, i n  t h e  gas phase .  The i o d i n e  d e p o s i t i o n  
seems t o  be q u i t e  independent  of t h e  t y p e  of s tee l ,  The re  
seems t o  be n o  s i g n i f i c a n t  d i f f e r e n c e  between t h e  i o d i n e  load-  
i n g  on  f e r r o u s  materials and I n c o l o y .  I o d i n e  adsorbed  on 
o x i d i z e d  metal  s u r f a c e s  d e s o r b s  i n t o  car r ie r  g a s  streams i n  
e l e m e n t a l  foriii as w e l l  as  i n  t h e  form of metal i o d i d e s .  

Some of t h e s e  g e n e r a l  r e s u l t s  w i l . 1 .  be discussed i n  more 
d e t a i l  u s i n g  F i g .  5. I o d i n e  d e p o s i t i o n  on d i f f e r e n t  mater ia l s  
measured by b o t h  t h e  ca r r i e r  gas and t h e  non- i so thermal  
s t a t i c  method is summarized i n  T a b l e  4 .  S u r f a c e  c o n c e n t r a t i o n s  
measured unde r  non-steady s t a t e  c o n d i t i o n s  are i n d i c a t e d  by 
t h e  s i g n  >. The s u r f a c e  of t h e  specimen is s l i g h t l y  o x i d i z e d  
i f  no o t h e r  i n d i c a t i o n  is g i v e n .  The s i g n s  g i v e n  i n  t h e  l a s t  
row of T a b l e  5 r e f e r  t o  Fig. 5. 

F i g u r e  5 is a g raph  of i o d i n e  d e p o s i t i o n  ( p g  c m - 2 >  as 3 

f u n c t i o n  of  t h e  l o g a r i t h m  of e i t h e r  t h e  i n l e t  o r  t h e  i o d i n e  
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F i g .  5. The I o d i n e  Loading a t  400°C as a F u n c t i o n  of 
E i t h e r  t h e  I n l e t  o r  t h e  Source  I o d i n e  P r e s s u r e  (P +.PI 1. 
The p a r t i a l  p r e s s u r e s  P and PI i n  a sys tem c o n t & i n i n g Z o n l y  
i o d i n e  are  p l o t t e d  a s  f u n c t i o n  bf t h e  t o t a l  i o d i n e  pressure  
(PI + PI 1. FeI, is s t ab le  a t  t o t a l  i o d i n e  p a r t i a l  p r e s s u r e s  
e q u a l  o r Z h i g h e r  t h a n  t h e  p r e s s u r e  i n d i c a t e d  by the dashed 
l i n e .  

I 



T a b l e  5 .  I o d i n e  Loading on D i f f e r e n t  Materials Measured w i t h  t h e  Ca r r i e r  G a s  
Method or t h e  Non-Isothermal  S t a t i c  Method 

I n l e t  o r  Source  
Method (oC) I o d i n e  P r e s s u r e  

( a t m 9  
Temp ; Materia 1 Ref. Loading 

(pg-cm-2) S i g n  

a 
a 9 

T r a n s -  400 AIS1 s t a i n l e s s  s t e e l  1 . 5  Zumwa It 
p i r a t  i o n  400 10- ASTM 387B low a l l o y  4 e t  a l .  
Method s teel  

6 

400 10'6 AISI 1030 carbon s t e e l  4 17 
( c a r r i e r  gas c o n t a i n e d  
PO0 ppm O Z 9  5 ppm H,O9 
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300 
425 
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27 0 
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Iso therma 1 400 
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Method 400 

400 
400 
400 
400 
400 

w 
9 x lo -8  l-1/4% C r ,  1/27' Mo 6 . 5  B u r n e t t f 3  0 

11 N 
1 .4  x 10-7 1-1/40/0 C r ,  1/270 MO >4 5 e t  a l .  
8 x Mild s t e e l  6 
8 x Mild s t e e l  5 D 
4 1 0 - ~  Mild s t e e l  >10 

4 10-7 Inco loy  8 0 0  > 3  
4 x 10-7 Inco loy  8 0 0  >8 0 

5 x 10'8 Inco loy  800 0 .5  

-10-9 
4 
1.1 x 10-5  

4 . 0  x 10'6 
8 . 3  x 10" 

2 . 8  x 10 
2.8 x 
1 . 3  10-9 

1 6  Mild s t e e l ,  B, annea led  0 . 5  Gray . 
Mild s t ee l ,  €3, annea led  > 3  e t  al. 
l% Cr-1/4?0 Mo alloy '.'* 2 0 . 8 Rl i l s tead  

23.2 e t  a1.8 I 1  

1 1  

I 1  

1 P  

I? 

l t  

9 . 2  
9 .3  

14.2 
1 2 . 2  

3.8 
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1 a t m ,  The p a r t i a l  p r e s s u r e s  P and 
36 

s o u r c e  p r e s s u r e  (P a- PI, 1 
P 
as  f u n c t i o n s  of t h e  l o g a r i t h m  of t h e  t o t a l  i o d i n e  p r e s s u r e  

~ I B  a system c o n t a i n i n g  Only i o d i n e  at 400OC are p l o t t e d  
1 2  

(PI -+ PI 
FeI, at 40OBC are a l so  shown i n  Fig. 5. S o l i d  iron-EE-iodide 

The p a r t i a l  p r e s s u r e s  PI and P above s o l i d  
2 1 2  

is s t a b l e  a t  480°C a& i o d i n e  pressures (P 
a t m ,  This v a l u e  is i n d i c a t e d  i n  Pig. 5 by t h e  v e r t i c a l  dashed 
l i n e ,  Only on t h e  r i g h t  hand s i d e  of t h e  d a s h e d  line is s o l i d  
i ron -11- iod ide  as a pu re  phase  s t a b l e  and presumably p r e s e n t  
on t h e  s u r f a c e  of t h e  specimen.  

i- pH,) >, 3 . 3  x 6 

The s o l i d  p o i n t s  r e p r e s e n t  i o d i n e  d e p o s i t i o n  measured by 
t h e  non- i so the rma l  s t a t i c  method, The o t h e r  s i g n s  r e p r e s e n t  
d a t a  measured by t h e  t r a n s p i r a t i o n  mekhod. O n l y  s t e a d y - s t a t e  
da ta  from T a b l e  5 are p l o t t e d ,  

A s  c a n  be seen  from P i g .  5 t h e  i n c r e a s e  of t h e  i o d i n e  

+ PI,) is more I l o a d i n g  w i t h  i n c r e a s i n g  i o d i n e  p r e s s u r e  (P 
r a p i d  when F e I , ( s )  is thermodynamical ly  s t a b l e ,  Data i n  t h i s  
r e g i o n  have been measured by M i l s t e a d  e t  a l e 8  on low chromium 
a l l o y  u s i n g  t h e  non- i so the rma l  s t a t i c  method. 

A t  i o d i n e  p r e s s u r e s  h i g h e r  t h a n  t h e  p r e s s u r e  above s o l i d  
F e I ,  t h e  amount d e p o s i t e d  s h o u l d  depend main ly  on t h e  r a t e  of 
f o r m a t i o n  and e v a p o r a t i o n  of F e f , ,  though e l e m e n t a l  i o d i n e  is 
a l s o  adso rbed  on F@%, and on any o x i d e  l a y e r .  A s a t u r a t i o n  
v a l u e  f o r  i o d i n e  d e p o s i t i o n  s h o u l d  be reached  a t  a c e r t a i n  
i o d i n e  p r e s s u r e  when t h e  r a t e  of f o r m a t i o n  of FeS, is e q u a l  
t o  t h e  r a t e  of its e v a p o r a t i o n ,  The observed  i n c r e a s e  of 
i o d i n e  d e p o s i t i o n  w i t h  i n c r e a s i n g  i o d i n e  p r e s s u r e  s e e m s  t o  
i n d i c a t e  t h a t  t h e  s a t u r a t i o n  v a l u e  has so f a r  n o t  been r eached .  

The i o d i n e  l o a d i n g  measured a t  i o d i n e  p r e s s u r e s  below 
t h e  decompos i t ion  p r e s s u r e  of s o l i d  i r o n - % I - i o d i d e  is more 
i m p o r t a n t  w i t h  r e s p e c t  t o  t h e  p l a t e o u t  of i o d i n e  w i t h i n  t he  

c o o l a n t  c i r c u i t .  The d a t a  measured a t  low i o d i n e  p r e s s u r e s  
are q u i t e  s c a t t e r e d ,  These d a t a  w e r e  de te rmined  by d i f f e r e n t  
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i n v e s t i g a t o r s  on d i f f e r e n t  mater ia l s  (mild s t e e l  arid l o w  
chromium a l l o y )  by t w o  d i f f e r e n t  met;hods, The I e w  d a t a  a v a i l -  
ab le  i n  t h i s  low p r e s s u r e  r e g i o n  c a n n o t  be used t o  e x t r a p o l a t e  
r e l i a b l y  i n t o  t h e  p a r t i a l  p r e s s u r e  r a n g e  of i n t e r e s t  
a tm) .  The dashed s i g n s  i n  F i g .  5 r e p r e s e n t  d a t a  measured on 
l o w  a l l o y  s t e e l ,  ca rbon  s t e e l  and s t a i n l e s s  s teel  i n  t h e  
p r e s e n c e  of 1 0 0  ppm Q, p l u s  5 ppm W,O, The i o d i n e  l o a d i n g  
i n  t h e  p r e s e n c e  of a n  excess of oxygen and o f  some water is 
s i g n i f i c a n t l y  lower t h a n  one would e x p e c t  a t  t h e  same r e l a -  
t i v e l y  h i g h  i o d i n e  p r e s s u r e  w i t h o u t  water and oxygen. On t h e  
o t h e r  hand ,  i t  seems t o  be r e a s o n a b l e  t o  conc lude  t h a t  ad- 
s o r b e d  i o d i n e  w i l l  become gasborne  i f  exposed t o  a mix tu re  
of water and a i r  a t  t e m p e r a t u r e s  > 160'~. ~ o w s v e r ,  no  
c o n c l u s i o n s  c a n  be drawn abou t  whether  adsorbed  i o d i n e  w i l l  
d e s o r b  i f  exposed t o  water  vapor  a l o n e .  

5. DEPOSITIQN OF I O D I N E  I N  LOOPS 

5 . 1  Exper imen ta l  R e s u l t s  - 
The d e p o s i t i o n  p a t t e r n  of i o d i n e  i n  l o o p s  h a s  been i n -  

v e s t i g a t e d  a t  O a k  Ridge N a t i o n a l  Labora to ry  axid B a t t e l l e  
Memorial I n s t i t u t e .  
l a b o r a t o r y  scale  t o  s t u d y  Lhe d e p o s i t i o n  of l3l1 and l3 

on s t a i n l e s s  s tee l .  
o t h e r  f i s s i o n  p r o d u c t s  from i r r a d i a t e d  UC-pa r t i c l e s  h e a t e d  
t o  7 9 O o C .  The s u r f a c e  t e m p e r a t u r e  w i t h i n  t h e  s t a i n l e s s  s t e e l  
t e s t  s e c t i o n  d e c r e a s e d  from 6 6 0  t o  36OC:, About atoms of 
1311 were r e l e a s e d  d u r i n g  t h e  exper iment  i n t o  he l ium a t  a 
p r e s s u r e  of 0 . 7  atm r e c i r c u l a t e d  w i t h  a l i n e a r  flow r a t e  of 

6 c n i  sec . The d u r a t i o n  of t h e  r u n  w a s  24 h o u r s .  The 
h i g h e s t  s u r f a c e  c o n c e n t r a t i o n  of 1311 w i t h i n  t h e  L e s t  s e c t i o n  
w a s  l o l o  atoms cm-'* 
h o t t e s t  p o i n t s  (66OOC)  of t h e  d e p o s i t i o n  t u b e .  The 
began t o  d e p o s i t  i n  more t h a n  t race  amounts where t h e  t u b e  

scott19 performed one exper iment  on a 

1311 and 132Te were r e l e a s e d  a l o n g  with 

-1 

T r a c e s  of 13'1 were found even a t  t h e  
13 l1 
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w a s  a t  440°C and showed a v e r y  i n t e n s e  maxhum a t  3 0 8 O C .  Most 
of t h e  13%e d e p o s i t e d  at 600°C, 
d i s t r i b u t i o n  from t h e  f l o w  r a t e  and t h e  d u r a t i o n  of t h e  ex-  
per iment  h a s  n o t  been checked.  

13  l1 The independence of 

N e i l l Z 0  i n v e s t i g a t e d  t h e  d e p o s i t i o n  p a t t e r n  of i o d i n e  
w i t h i n  a loop  on t e c h n i c a l  s c a l e  a t  B a t t e l l e  Memorial 
I n s t i t u t e ,  The i o d i n e  w a s  r e l e a s e d  from i r r a d i a t e d  f u e l  i n t o  
t h e  r e c i r c u l a t e d  c a r r i e r  g a s  h e l i u m ,  The d u r a t i o n  of one run  
was 48 h o u r s ,  
40O0C and t h e  p r e s s u r e  2 2  a t m .  The l o o p  c o n s i s t s  of a h i g h  
t e m p e r a t u r e  (650OC) and a low t e m p e r a t u r e  (400OC) i s o t h e r m a l  
zone as  w e l l  as non- i so the rma l  zones (240-650°6). The de-  

p o s i t e d  a c t i v i t y  h a s  been measured by s c a n n i n g  t h e  d e p o s i t i o n  
s e c t i o n  w i t h  a g a m m a - s c i n t i l l a t i o n  d e t e c t o r ,  The s u r f a c e  
c o n c e n t r a t i o n  of 1311 v a r i e d  between lo8 and 1011 atoms cmT2 
and w a s  found t o  be  about  one hundred t i m e s  lower i n  t h e  h i g h  
t e m p e r a t u r e  i s o t h e r m a l  zone t h a n  i n  t h e  low t e m p e r a t u r e  i so-  
t h e r m a l  zone,  The i o d i n e  d e p o s i t  i n c r e a s e s  i n  t h e  heat 
exchanger  c o n t i n u a l l y  as t h e  t e m p e r a t u r e  d e c r e a s e d  from 6 0 0  

The f low r a t e  of he l ium w a s  1 . 2  4 s@c -l a t  

t o  400"6, Conver se ly ,  t h e  s u r f a c e  c o n c e n t r a t i o n  of 137cs 
is independent  of t e m p e r a t u r e  and d e c r e a s e s  mona ton ica l ly  
th roughou t  t h e  t e s t  r e g i o n .  
i o d i n e  and not as  ces ium i o d i d e  because  t h e  d i s t r i b u t i o n  
p a t t e r n  of 137Cs and I3lI are c o m p l e t e l y  d i f f e r e n t ,  

Apparen t ly  1311 is released as  

N e i l l ,  E i ssenberg  and Gray" s t u d i e d  t h e  a d s o r p t i o n  of 
i o d i n e  on c o p p e r ,  s i l v e r ,  s t a i n l e s s  s t e e l  and c a r b o n  s t ee l  
i n  a n  i s o t h e r m a l  d e p o s i t i o n  s e c t i o n  of t h e  ORWL f i s s i o n  
p r o d u c t  d e p o s i t i o n  l o o p  i n  t h e  t e m p e r a t u r e  r a n g e  150-320"C0 
About 5 mg i o d i n e  t agged  w i t h  1311[ and d i s s o l v e d  i n  benzene 
o r  cyc lohexane  had been i m j e c t e d  w i t h i n  1 t o  2 h o u r s  i n t o  
he l ium a t  2 2  a t m  f l o w i n g  w i t h  a l i n e a r  f low rate between 
1008 and 5500 c m  sec-' and Reynolds  numbers between 2 5 , 0 0 6  
and 80 ,000 .  l w t r o d u c t i o n  of benzene and cyc lohexane  s h o u l d  
n o t  a f f e c t  t h e  p r i n c i p a l  f i n d i n g s .  I n  some r u n s  t h e  i o d i n e  
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was r e e i r c u l a t e d ,  i n  o t h e r  r u n s  a f u l l  f l o w  s i l v e r  filter 
was i n s t a l l e d  ups t ream of t h e  p o i n t  of i n j e c t i o n  t o  p r e v e n t  
r e c i r c u l a t i o n  of i o d i n e  remain ing  i n  "cbe g a s  stream aft;er a 
comple te  l o o p  c y c l e .  The a c t i v i t y  was measured by scann ing  
the d e p o s i t i o n  s e c t i o n  w i t h  a g a m m a - s c i n t i l l a t i o n  d e t e c t o r ,  
The d e p o s i t  i o n  p a t t e r n s  of i o d i n e  on a s - r ece ived  s t a i n l e s s  
s t ee l  a t  320OC: and 2 2  a t m  became independent  on t h e  Reynolds  
number a t  h i g h  v a l u e s .  For example,  t h e  d e p o s i t i o n  p a t t e r n s  
found a t  R e  = 2 7 , 5 0 0  and R e  =: 5 0 , 0 0 0  d i f f e r e d  o n l y  s l i g h t l y .  
I o d i n e  d e p o s i t e d  on s t a i n l e s s  s t e e l  a t  2 0 5 * @  d i d  n o t  d e s o r b  
i n  s t r e a m i n g  he l ium w i t h i n  2 0  h o u r s  a t  t h e  same t e m p e r a t u r e  
b u t  8 0 %  of t h e  i n i t i a l l y  d e p o s i t e d  i o d i n e  desorbed  w i t h i n  
124 h o u r s  a f t e r  r a i s i n g  t h e  t e m p e r a t u r e  t o  2 6 0 * C .  

The s u r f a c e  c o n c e n t r a t i o n  of i o d i n e  was found t o  be 

lower a t  h o t  s p o t s  t h a n  i n  t h e  s u r r o u n d i n g  i s o t h e r m a l  r eg ion .  

N e i l l ,  Gray and Kress" c o n t i n u e d  t h e  expe r imen t s  w i t h  
t h e  ORNL f i s s i o n  p roduc t  d e p o s i t i o n  l o o p ,  A s i l v e r  wool 
f i l t e r  behind  t h e  t e s t  s e c t i o n  was i n t r o d u c e d  j n t o  each ex-  
per iment  t o  remove the i o d i n e  n o t  d e p o s i t e d ,  The iod ine  
s o u r c e  w a s  h e a t e d  PdP, T h e  e s t i m a t e d  rnaxirnurin i o d i n e  concen- 
t r a t i o n s  i n  t h e  he l ium l a y  between 0 . 0 4  t o  1 , O  mg m m 3  
c o r r e s p o n d i n g  t o  i o d i n e  p a r t i a l  p r e s s u r e s  between and 

3 x a t m ,  The hel ium p r e s s u r e  has  b e e n  2 2  a t m ,  the 
l i n e a r  f l o w  r a t e  540 t o  2000  c m  SPC and t h e  Reynolds  nmmbcr 
2000  t o  2 5 , 0 0 0 .  D e p o s i t i o n  w a s  i n v e s t i g a t e d  on c o p p e r ?  s i l v e r ,  
m i l d  s t e e l  and s t a i n l e s s  s t e e l  a t  a s u r f a c e  t empera tu re  of 
260°C w i t h i n  t h e  isothermal  t es t  s e c t i o n .  The d u r a t i o n  of 

t h e  a d s o r p t . i o n  and d e s o r p t i o n  expe r imen t s  werc 2 and 15 h o u r s ,  
r e s p e c t i v e l y .  Iodine s u r f a c e  c o n c e n t r a t i o n s  of  0 .8  pg c m  
f o r  t y p e  1 0 1 5  mi ld  s t ee l  and 0 . 0 4  pg c m m 2  f o r  t y p e  316 s t a i n -  
less s t e e l  was found w i t h i n  a d e p o s i t i o n  t i m e  of 2 h o u r s  and 
a t  a s u r f a c e  t e m p e r a t u r e  of 2 h 0 ° C .  I t  has riot been proved 
whether  t h e  s u r f a c e  c o n c e n t r a t i o n  was c o n s t a n t  i n  the ad- 
s o r p t i o n  tes t  a f t e r  2 h o u r s .  N e i l l  e t  al. des igned  a n  

-1 

- 2  
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expe r imen t  t o  i n v e s t i g a t e  t h e  r a t e  and e x t e n t  of i o d i n e  
d e p o s i t i o n .  They showed by measuring t h e  i o d i n e  a c t i v i t y  
d e p o s i t e d  on s i l v e r  w i r e s  mounted i n  t h e  f lowing  he l ium i n  
a s t e e l  p i p e  t h a t  fo r  low l e v e l s  of s u r f a c e  c o n c e n t r a t i o n  and 
n e g l i g i b l e  d e s o r p t i o n  t h e  h e a t - m a s s - t r a n s f e r  ana logy  c a n  be 
a p p l i e d .  Another i n t e r e s t i n g  r e s u l t  of these expe r imen t s  is 
t h a t  t h e  d e p o s i t i o n  v e l o c i t y  of i o d i n e  on s t ee l  a t  h i g h  l i n e a r  
f low r a t e s  is r e l a t i v e l y  l o w ,  The i o d i n e  c o n c e n t r a t i o n  i n  t h e  
g a s  phase  remained p r a c t i c a l l y  c o n s t a n t  o v e r  3 2 0  c m  from t h e  
i o d i n e  s o u r c e ,  Ira t h i s  exper iment  a s t a i n l e s s  s tee l  p i p e  h a s  
been u s e d ,  The l i n e a r  f low ra te  w a s  2 0 7 0  c m  sec t h e  
Reynolds  number 25,000,  t h e  t e m p e r a t u r e  2 6 0 ' 6  and t h e  i o d i n e  
p a r t i a l  p r e s s u r e  -10 -13 a t m .  
w a s  d e p o s i t e d  w i t h i n  t h e  t e s t  s e c t i o n .  The d e p o s i t i o n  ve- 
l o c i t y  is d e f i n e d  as t h e  r a t i o  of s u r f a c e  c o n c e n t r a t i o n  and 
g a s  phase  c o n c e n t r a t i o n  m u l t i p l i e d  by t h e  i n j e c t i o n  t i m e .  
The d e p o s i t i o n  v e l o c i t y  of i o d i n e  w a s  found t o  d e c r e a s e  w i t h  
i n c r e a s i n g  s u r f a c e  cove rage ,  even  a t  ve ry  low i o d i n e  s u r f a c e  
c o n c e n t r a t i o n s .  The d e p o s i t i o n  v e l o c i t y  i n c r e a s e d  w i t h  i n -  
c r e a s i n g  s u r f a c e  roughness ,  A sudden en largement  i n  t h e  f low 
p a s s a g e  caused  a n  i n c r e a s e  i n  t h e  amount of i o d i n e  d e p o s i t e d  
a f t e r  t h e  en la rgemen t .  

-1 

Only -1% of t h e  i n j e c t e d  i o d i n e  

R a i n e s ,  A b r i s s ,  Morr i son  and EwingZ3 s t u d i e d  t h e  de- 
p o s i t i o n  of trace amounts of f i s s i o n  p r o d u c t s  on s t a i n l e s s  
s tee l  i n  t h e  i s o t h e r m a l  and non- i so the rma l  zone (340  t o  
63OoC) w i t h i n  t h e  loop a t  B a x t e l l e  Memorial I n s t i t u t e  d u r i n g  
r u n s  of 55  hour s .  Helium a t  2 0  a t m  w a s  pas sed  over a m i l d l y  
i r r ad ia t ed  f u e l  specimen and r e c i r c u l a t e d  i n  a loop  c o n s i s t -  
i n g  of a n  i s o t h e r m a l  h i g h  t e m p e r a t u r e  zone ( 6 6 O 0 C ) ,  a h e a t  
exchange r ,  a low t e m p e r a t u r e  i s o t h e r m a l  zone (350'C) and a 
c e n t r i f u g a l  blower.  The he l ium passed  t h e  whole c i r c u i t  
abou t  f i v e  t i m e s  pe r  sec. The Reynolds  number X Z ~  5 
t o  7300 w i t h i n  t h e  d i f f e r e n t  p a r t s  of t h e  c i r c u i t .  The amounts 
of t h e  f i s s i o n  p r o d u c t s  d e p o s i t e d  w e r e  de te rmined  by a l ea s t  



s q u a r e s  computer  a n a l y s i s  p rocedure  deve loped  t o  a n a l y z e  t h e  
gamma s p e c t r a  o b t a i n e d  on snia1.1 s e c t i o n s  of t h e  l o o p ,  

Xn i s o t h e r m a l  zones  g r o s s  a c t i v i t y  d e c r e a s e d  rough ly  ex- 
p o n e n t i a l l y .  The re  w a s  an a b r u p t  and s i g n i f i c a n t  i n c r e a s e  i n  
d e p o s i t i o n  a t  bends ,  thermocouples  or other p l a c e s  where t h e  
hydrodynamic f l o w  p a t , t e r n  w a s  p e r t u r b e d  ., Behavior  of t h e  

95Zr-Nb, and lo3Ru, was q u i t e  comparable  and was most a f f e c t e d  
by hydrodynamic d i s t u r b a n c e s  b u t  n o t  by t e m p e r a t u r e .  The 
s u r f a c e  c o n c e n t r a t i o n s  decreased  rough ly  c o n t i n u o u s l y  w i t h  i n -  
c r e a s i n g  d i s t a n c e  from t h e  s o u r c e .  Iod ine-131 had i t s  own 
un ique  d e p o s i t i o n  b e h a v i o r ,  Smal l  q u a n t i t i e s  d e p o s i t e d  i n  
t h e  h i g h  t e m p e r a t u r e  i s o t h e r m a l  r e g i o n ,  The b u l k  of it de-  
p o s i t e d  i n  t h e  heat exchanger ,  I n  t h e  low t e m p e r a t u r e  iso-  
t h e r m a l  zone,  i o d i n e  d e p o s i t i o n  appeared  .to be a l m o s t  
independent  of p o s i t i o n  i n  t h e  loop .  According t o  Rai .nes  
e t  a1. behav io r  o f  i o d i n e  proved t o  be most d i f f i c u l t  t o  
i n t e r p r e t  and t h e  l e a s t  amenable t o  t h e o r e t i c a l  t r e a t m e n t  of 
a l l  of  t h e  f i s s i o n  p r o d u c t  d e p o s i t e d .  The re  w a s  a s h a r p  peak 
i n  depos i . t ed  1311 i n  t h e  low t e m p e r a t u r e  i . sotherma1 s e c t i o n ,  
R a i n e s  e t  a l .  cons ide red  a c o l d  s p o t  as r e a s o n  of t h i s  peak.  
N o  c o r r e s p o n d i n g  i n c r e a s e  i n  t h e  depcpsi.tion of ;I meta l l i c  
f i s s i o n  p roduc t  was a p p a r e n t ,  a t  t h i s  p o i n t ,  s u g g e s t i n g  t h a t  
d e p o s i t i o n  w a s  of e l e m e n t a l  i o d i n e ,  

f i s s i o n  p r o d u c t s  i n  t h e  g r o u p ,  comprised of l4 k e  , OSa-L,a 9 

Milstead3 '  performed a t  Gulf G e n e r a l  A - t o m i c  a long-term 
mixed f i s s i o n  p roduc t  exper iment  t o  i n v e s t i g a t e  t h e  d e p o s i t i o n  
of ces ium,  s t r o n t i . u m ,  and i o d i n e  on low chromium a l l o y  o v e r  a 
t e m p e r a t u r e  r a n g e  of approx ima te ly  3 0 0  t o  5 O O 0 C .  The sys tem 
w a s  des igned  as  a c l o s e d  loop ,  whereby ces ium,  s t r o n t i u m  and 
i o d i n e  were s i m u l t a n e o u s l y  c a r r i e d  by t h r e e  s e p a r a t e  hel ium 
streams t o  a t u b e  where t h e  gas streams w e r e  a l lowed t o  mix 
and p a s s  th rough  t h e  t u b e .  The p a r t i a l  pressures of s t r o n t i u m ,  
ces ium and i o d i n e  w e r e  a t m .  The d u r a t i o n  of .(:he e x p e r i -  
ment was 3 0 0 0  h o u r s .  



Examinat ion  of t h e  p l a t e o u t  p r o f i l e s  of each  of t h e  
t h r e e  e l e m e n t s  shows: 
1. Cesium d e p o s i t i o n  w a s  un i fo rmly  l o w  pg C s  c m  -2 

a l o n g  t h e  specimen tube  i n  t h e  r a n g e  483 t o  312'C, Only 3 8 %  
of t h e  ces ium w a s  found i n  t h i s  area. The remainder  passed  
t h r o u g h  t h e  sys t em and condensed i n  c o o l e r  areas. N o  c e s i u m  
w a s  d e t e c t e d  downstream of t h e  rear c o n n e c t i o n  t o  t h e  s p e c i -  
men 

2. The d e p o s i t i o n  of s t r o n t i u m  w a s  i n i t i a l l y  h i g h  i n  t h e  
f r o n t  s e c t i o n  of t h e  specimen t u b e ,  d e c r e a s i n g  u n i f o r m l y  ove r  
t h e  next  e i g h t  i n c h e s ,  and f i n a l l y  r e a c h i n g  a n  approximate  
c o n s t a n t  l e v e l  a t  t e m p e r a t u r e s  below abou t  430cC. N o  d i s t i n c t  
e f f e c t  of t e m p e r a t u r e  on the d e p o s i t i o n  is d i s c e r n i b l e .  
Twenty-one p e r c e n t  of t h e  s t r o n t i u m  w a s  found i n  t h e  c o o l e r  
r e g i o n s  below - ~ 3 0 0 ' C .  

3 .  Like  s t r o n t i u m ,  i o d i n e  d e p o s i t i o n  o c c u r r e d  on t h e  f i r s t  
metal s u r f a c e s  c o n t a c t e d  a t  t e m p e r a t u r e s  above 450'C, de-  
c r e a s e d  s l i g h t l y  u n t i l  t h e  metal t e m p e r a t u r e  dropped below 
300°C,  and f i n a l l y  o c c u r r e d  i n  heavy amounts i n  t h e  c o o l e r  
r e g i o n  of t h e  sys t em,  I n  this x-egion t h e  i o d i n e  s u r f a c e  
c o n c e n t r a t i o n  w a s  h i g h e r  by a f a c t o r  of 1 0 0 0  than on the 
f i r s t  meta l  s u r f a c e  c o n t a c t e d .  Seventy-seven p e r c e n t  of t h e  
i o d i n e  e n t e r i n g  t h e  sys t em w a s  found i n  t h e  t e m p e r a t u r e  r ange  
100 t o  2 0 0 Q C .  Only 0,7070 w a s  found a t  t e m p e r a t u r e s  above 
312'C, E s s e n t i a l l y  no i o d i n e  w a s  found downstream of t h e  
specimen t u b e .  T h i s  d e p o s i t i o n  p r o f i l e  i n d i c a t e s  t h a t  a l l  
of  t h e  i o d i n e  r e a c t e d  w i t h  t h e  metal s u r f a c e  t o  form FeI,, 
which w a s  s u b s e q u e n t l y  e v a p o r a t e d  from t h e  s u r f a c e  and t r a n s -  
p o r t e d  downstream t o  condense i n  an area where  t h e  p a r t i a l  
p r e s s u r e  of FeI, w a s  extremely low (PFep 
a t  2 0 0 ~ ~ ) .  

- 7 x l O  -12 a t m  
2 

The r e s u l t s  showed t h a t  t h e  d e p o s i t i o n  of ces ium and 
s t r o n t i u m  on low chromium a l l o y  is r e l a t i v e l y  independent  of 
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t h e  t e m p e r a t u r e  of t h e  metal ,  w i t h  t he  h e a v i e s t  s t r o n t i u m  
d e p o s i t i o n  o c c u r r i n g  on t h e  f i r s t  s u r f a c e  c o n t a c t e d .  There  
is no way t o  v e r i f y  whether t h e s e  two s p e c i e s  w e r e  t r a n s -  
p o r t e d  as i o d i d e s ,  b u t  examina t ion  of t h e  f i r s t  t h r e e  i n c h e s  
of t h e  specimen t u b e  showed a d e f i c i e n c y  i n  t h e  amount o f  

i o d i n e  n e c e s s a r y  for S r I ,  t o  be  t h e  d e p o s i t e d  s p e c i e s .  I n  
a l l  o t h e r  areas t h e r e  is a s u f f i c i e n t  amount of i o d i n e  de- 
p o s i t e d  t o  combine w i t h  t h e  cesium and s t r o n t i u m .  

The observed  i o d i n e  d e p o s i t i o n  was 1.1 ,ug/cm2 a t  
40OoC.  

5 . 2  Summary and D i s c u s s i o n  of t h e  Loop Exper iments  

The s u r f a c e  c o n c e n t r a t i o n s  of t h e  l ess  v o l a t i l e  meta l l ic  
f i s s i o n  p r o d u c t s  d e c r e a s e  roughly  c o n t i n u o u s l y  w i t h  i n c r e a s i n g  
d i s t a n c e  from t h e  s o u r c e  and are q u i t e  independent  of t h e  
t e m p e r a t u r e .  The d e p o s i t i o n  p a t t e r n  of  i o d i n e ,  however, is 
main ly  de te rmined  by t h e  t empera tu re  d i s t r i b u t i o n  w i t h i n  t h e  
Poop. Most of the  i o d i n e  is  d e p o s i t e d  iii a r a t h e r  narrow 
t e m p e r a t u r e  zone. I t  may be concluded  from t h e  d i f f e r e n t  
d e p o s i t i o n  p a t t e r n s  of meta l l ic  f i s s i o n  p r o d u c t s  on one hand 
and i o d i n e  on t h e  o t h e r  hand t h a t  i o d i n e  is r e l e a s e d  from t h e  
i r r a d i a t e d  f u e l  i n t o  t h e  he l ium main ly  i n  e l e m e n t a l  form and 
n o t  as  f i s s i o n  p roduc t  i o d i d e .  But c e r t a i n l y  t h e r e  c o u l d  be  
some MeIx. 

The d e p o s i t i o n  p a t t e r n  of all f i s s i o n  p r o d u c t s  depends on 
hydrodynamic d i s t u r b a n c e s .  The re  is an  i n c r e a s e  i n  d e p o s i t  ion 
a t  bends ,  thermocouples  o r  o t h e r  p l a c e s  where the hydrodynamic 
f l o w  p a t t e r n  is p e r t u r b e d .  There  is an i n c r e a s e  i n  i o d i n e  
d e p o s i t i o n  on c o l d  s p o t s .  

N o  a t t e m p t  h a s  been made t o  f i n d  o u t  whether  gaseous  
metal  i o d i d e s  have been formed by r e a c t i o n  between i o d i n e  and 
t h e  p i p e  mater ia l  w i t h i n  t h e  loop, The f o r m a t i o n  of gaseous  
i r o n  i o d i d e s  has  been demonst ra ted  i n  l a b o r a t o r y - s c a l e  ex- 
p e r i m e n t s  o n l y .  But i t  is ve ry  l i k e l y ,  t ha t  i n  loops gaseous  
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metal i o d i d e s  were formed by r e a c t i o n  between p i p e  material 
and i o d i n e .  These metal i o d i d e s  w e r e  t h e n  t r a n s p o r t e d  t o  
r e g i o n s  of lower t e m p e r a t u r e  where t h e y  d e p o s i t  i n  a r a t h e r  
narrow zone ,  b u t  some i o d i n e  s t i c k s  a t  h igh  t e m p e r a t u r e .  

The s h a p e  of t h e  i o d i n e  d i s t r i b u t i o n  i n  a d e p o s i t i o n  
zone and t h e  t e m p e r a t u r e  where t h e  maximum of t h e  s u r f a c e  
c o n c e n t r a t i o n  a p p e a r s  s h o u l d  depend on t h e  i o d i n e  concen-  
t r a t i o n  i n  t h e  g a s  and t h e  molecu la r  s p e c i e s  and f u r t h e r  on 
t h e  l i n e a r  f l o w  r a t e  and t h e  d u r a t i o n  of a r u n ,  The i n f l u e n c e  
of t h e  d u r a t i o n  of a r u n  on t h e  d e p o s i t i o n  p a t t e r n  h a s  n o t  
been  i n v e s t i g a t e d .  

I t  f o l l o w s  from expe r imen t s  of N e i l 1  e t  a l . 2 2  t h a t  o n l y  
abou t  1% of t h e  i o d i n e  c o n t a i n e d  i n  a he l ium stream of h i g h  
l i n e a r  f l o w  rate  and h i g h  Reynolds  number is d e p o s i t e d  w i t h i n  
0 . 1 5  sec on s t a i n l e s s  s t e e l  a t  260'C. In gas-cooled  r e a c t o r  
c i r c u i t s  a volume e lement  needs  abou t  6 sec f o r  one p a s s .  
Assuming i n  t h e  r e a c t o r  c i r c u i t  t h e  same d e p o s i t i o n  v e l o c i t y  
a s  i n  t h e  loop  exper iment  ment ioned above ,  abou t  4070oof t h e  
i o d i n e  w i l l  be removed from t h e  gas phase  i n  one p a s s .  Taking  
i n t o  accoun t  t h e  much h i g h e r  t e m p e r a t u r e s  i n  t h e  c o o l a n t  
c i r c u i t ,  i t  seems t o  be r e a s o n a b l e  t o  conc lude  t h a t  t h e  i o d i n e  
c o n c e n t r a t i o n  w i l l  be n e a r l y  c o n s t a n t  w i t h i n  t h e  whole c i r c u i t  
i n  t h e  g a s  phase .  

6.  SUMMARY 

The a d s o r p t i o n  behav io r  of i o d i n e  adsorbed  on o x i d i z e d  
metals i n  e x p e r i m e n t s  on l a b o r a t o r y  as  w e l l  as on t e c h n i c a l  
scale c a n  be e x p l a i n e d  assuming c h e m i s o r p t i o n  of i o d i n e  and 
f o r m a t i o n  of  gaseous  i r o n  i o d i d e s .  

Mainly i o d i n e  atoms w i l l  be p r e s e n t  i n  c o o l a n t  c i r c u i t s  
of gas-cooled  r e a c t o r s .  The i o d i n e  w i l l  react  w i t h  t h e  h e a t  
exchanger  and p i p e  m a t e r i a l  t o  form g a s e o u s  metal  i o d i d e s ,  



4 2  

presumably m a i n l y  Fe I ,  bu t  t h e  p a r t i a l  p r e s s u r e  of a tomic 
i o d i n e  w i l l  be a t  least  t e n  t i m e s  g r e a t e r  t han  t h e  p a r t i a l  
p r e s s u r e  of F e I , .  The accumula t ion  of s o l i d  FeI, as  a pu re  
phase  w i t h i n  t h e  c i r c u i t  seems t o  be p o s s i b l e  a t  t e m p e r a t u r e s  
< Z 5 O o C .  R a t h e r  l a r g e  amounts of i o d i n e  a c t i v i t y  c o u l d  be ac- 
cumulated i n  c e r t a i n  l o w  t e m p e r a t u r e  zones  of t h e  c o o l a n t  
c i r c u i t .  I o d i n e  w i l l  be  chemisorbed a t  h i g h e r  t e m p e r a t u r e s .  

Adsorbed i o d i n e  o r  i o d i n e  p r e s e n t  i n  the form of F e I , ( s )  
w i l l  presumably become gasborne  i f  exposed t o  a mix tu re  of 
steam and a i r  a t  t e m p e r a t u r e s  >16O0C. Whether t h e  i o d i n e  w i l l  
become gasborne  i f  exposed t o  steam a l o n e  canno t  be p r e d i c t e d .  

A Van Arkel - type  p r o c e s s  seems t o  be p o s s i b l e  r e s u l t i n g  
i n  t h e  t r a n s p o r t  of m e t a l s  i n t o  t h e  c o r e  i n  t h e  form of metal  
i o d i d e s .  
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APPENDIX A 

THE DEGREE OF DISSOCIATION OF IODINE CONTAINED I N  HELIUM 

The d e g r e e  of d i s s o c i a t i o n  IY is d e f i n e d  as  t h e  f r a c t i o n  
of molecu le s  which are d i s s o c i a t e d  a t  e q u i l i b r i u m  w i t h  r e s p e c t  
t o  t h e  number of molecu le s  p r e s e n t  assuming t h e r e  w a s  no  d i s -  

s o c i a t i o n .  If  t h e r e  are n '  moles of  I 2  a t  t h e  beg inn ing  and 
n moles of molecu la r  i o d i n e  a f t e r  d i s s o c i a t i o n  e q u i l i b r i u m  
h a s  been e s t a b l i s h e d  a c c o r d i n g  t o  

1 2  

I 2  

t h e  d e g r e e  of d i s s o c i a t i o n  is g i v e n  by 

CY may a l so  be d e f i n e d  i n  terms of n t h e  number of i o d i n e  
atoms a t  e q u i l i b r i u m  r e l a t i v e  t o  t h e  number of i o d i n e  atoms 
formed by 100% d i s s o c i a t i o n ,  

I 

LY = nI/2n; . (A3 1 
2 

For a r e a c t i o n  

nAA t- n B =s nCC -k n D B D 

t h e  e q u i l i b r i u m  c o n s t a n t  K is g i v e n  by P 
nA nB n n  C D  Kp = PC PD / PA PB . 

To e x p r e s s  t h e  e q u i l i b r i u m  c o n s t a n t  i n  terms of t h e  mole 
f r a c t i o n s  t h e  following r e l a t i o n s  are used .  The mole f r a c t i o n  
Xi is g i v e n  by 
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and t h e  t o t a l  p r e s s u r e  P by t h e  sum of t h e  p a r t i a l  pressures 

P = z P i ,  

S i n c e  
Pi = XiP 

( A 7  1 

(A81 

( A 9  1 An is g i v e n  by = K /P 
KX P 

For  r e a c t i o n  (Al) t h e  number of moles of v a r i o u s  s p e c i e s  
p r e s e n t  i n  a mixture of he l ium and i o d i n e  are g i v e n  by 

T a b l e  A - 1 .  Species P r e s e n t  i n  t h e  System Helium-Iodine 

Without D i s s o c i a t i o n  A t  E q u i l i b r i u m  

n’  - ( n I / z >  mole I, 
I2 

n’  mole I,  
1 2  

n mole I I 0 mole I 

nHe mole H e  nHe mole He 

The mole f r a c t i o n s  a t  e q u i l i b r i u m  are: 

XI = nI / [n;, +- n H e  + (nI/2)] 

From Eq. ( A 9 ) :  
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I t  f o l l o w s  from ( A 1 2 )  s u b s t i t u t i n g  T for K /P t h a t  
P 

nn; (n; + n ) 

[ ( T / 4 )  + 1 1  
2 ‘%enp - 2 2 H e  = 0 

S o l v i n g  of ( A 1 3 )  y i e l d s :  

1 2 Kp(2n; + %e)2 + 16  K P P h i  
2 (Kp -t- 4P) 

+ [. n K  H e  P 
(KP + 4P) 

n = -  I 

E q u a t i o n  ( A 1 4 )  p r o v i d e s  t h e  correct l i m i t i n g  v a l u e  for CY €or 
a pure i o d i n e , s y s t e m ,  because  w i t h  nHe = 0 

which is e q u a l  t o  

because  
K 

(A17 1 P 
K2 f 4K P 

Q =  nI and P p =  
zn; 2 (Kp +- 4P)’ K P + 4P 

E q u a t i o n  ( A 1 4 )  c a n  now be used  t o  c a l c u l a t e  t h e  d e g r e e  of 
d i s s o c i a t i o n  of n’ moles of i o d i n e  i n  a c e r t a i n  volume of 
he l ium of a p a r t i a l  p r e s s u r e  P (atm) a t  t e m p e r a t u r e  T u s i n g  
the known v a l u e s  of K 
t a k e n  f r o m  t h e  JANAF Thermochemical T a b l e s .  The number of 
moles of he l ium,  nHeP p r e s e n t  p e r  l i t e r  a t  a g i v e n  t e m p e r a t u r e  
and p r e s s u r e  c o u l d  be c a l c u l a t e d  u s i n g  t h e  i d e a l  gas l a w .  
The d e v i a t i o n s  f r o m  t h i s  l a w  i n  t h e  p r e s s u r e  and t e m p e r a t u r e  

I 2  

H e  
The e q u i l i b r i u m  c o n s t a n t  K h a s  been 

P’ P 
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r ange  of i n t e r e s t  i n  c o n n e c t i o n  w i t h  gas-cooled r e a c t o r s  
c o u l d  be n e g l e c t e d .  However, t h e  Van der. Waals e q u a t i o n  h a s  
been used  t o  c a l c u l a t e  t h e  number of moles H e  n t o  account  
t o  some d e g r e e  f o r  the  d e v i a t i o n s  from t h e  i d e a l  g a s  l a w  a t  
h i g h e r  p r e s s u r e s  e Thus t h e  computer code  mentioned l a t e r  
is more g e n e r a l l y  a p p l i c a b l e  t h a n  would be d e s i r e d  f o r  t h e  
p r e s e n t  purpose  e 

He 

where 

BHe = X - U/RT . 
The v a l u e s  of t h e  c o n s t a n t s  X and Y have been t a k e n  from 
K o r t C I m .  3 1  

X = 0 . 0 2 3 7 0  ( a  mole-') 

Y = 0.03412 ( a Z  a t m  molem2) . 
For V = 1 l i t e r ,  i t  f o l l o w s :  

The t o t a l  p r e s s u r e  a t  e q u i l i b r i u m  P is g i v e n  by 

H e  + PI + PI2 P - p  

The p a r t i a l  p r e s s u r e s  P and P c a n  be c a l c u l a t e d  o n l y  
I 1 2  

when nI  and nI 
c a l c u l a t e d  from Eq, ( A 1 4 )  by a n  i t e r a t i v e  p r o c e s s .  A con- 

are  b o t h  known. For  t h i s  r e a s o n  nI must be 
2 

v e n i e n t  s t a r t i n g  p o i n t  is P = p ,4 computer program h a s  
been w r i t t e n  t o  perform t h i s  i t e r a t i o n .  I n p u t  d a t a  are  t h e  
e q u i l i b r i u m  c o n s t a n t  K t h e  i o d i n e  c o n c e n t r a t i o n ,  t h e  hel ium 
p r e s s u r e  and t h e  t e m p e r a t u r e .  Output  d a t a  a r e  t h e  d e g r e e  of 

P' 

d i s s o c i a t i o n ,  t h e  p a r t i a l  p r e s s u r e s ,  t h e  t o t a l  p r e s s u r e  and 
t h e  l o g a r i t h m  of t h e  sum of t h e  i o d i n e  p a r t i a l  p r e s s u r e s  
l o g  [PI -t- P ] 

1,  
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APPENDIX B 

THERMODYNAMIC DATA FOR THE SYSTEM IRON-IODINE 
AND THE EXTIEAPOLAT160N OF MEASURED EQUILIBRIUM 

CONSTANTS TO LOWER TEMPERATURES 

B . 1  The Thermodynamic Data 

A l l  t h e  d a t a  g i v e n  have been t a k e n  from JANAF Thermo- 
Chemical  T a b l e s  (1966) s 

B. 1,1 F e I t  ( C r y s t a l )  

H e a t  of fo rma t ion :  = -25 i 4 kcal /mol  

Ent ropy  : 

Mel t ing  p o i n t :  = 860 f 2 * K  

s k 8 . 1 5  = 4 0  f 2 Glbbs/mol 

The h e a t  of s u b l i m a t i o n  of FeI ,  t o  monomer w a s  c a l c u l a t e d  as 
t h e  d i f f e r e n c e  between 
The h e a t  of s u b l i m a t i o n  of Fe I ,  t o  dimer w a s  c a l c u l a t e d  as 
t h e  d i f f e r e n c e  between t h o s e  f o r  Fe,I ,  ( g )  and 2Fe1, ( c ) .  

15 for Fe12 ( g >  and FeP, (c). 

H e a t  of S u b l i m a t i o n :  
I= 4 6  kcal/mo1 

= 52 kcal /mol  
mi 29  8.15 

aH;z98 * 15  

To monomer 

T o  d imer  

The vapor  p r e s s u r e  of FeI, has been measured by S c h g f e r  
and H6nes2 Lasing t h e  t r a n s p i r a t i o n  method and by S h e  and 
Gregory3 u s i n g  t h e  t o r s i o n  e f f u s i o n  method, The r e s u l t s  of 
bo th  methods are i n  e x c e l l e n t  agreement  and are r e p r e s e n t e d  4 

i n  t h e  t e m p e r a t u r e  r a n g e  L50-587'C by: 
16 .742  - 9435/T - 2 .969  l o g  T . log Patm 

€3.1.2 FeI , ,  I d e a l  G a s  

Head; of fo rma t ion :  AH&98.15 = 21.8 f 3 kcal /mol  

Ent ropy:  ';98.15 = $ 3 . 5  Gibbs/mol 

B. 1 , 3  Fe, I,, I d e a l  G a s  
Heat of fo rma t ion :   AH&^^, 
Entropy:  'g98.15 

= 2 0 . 0  f 5 kcal /mol  

= 129 .9  Gibbs/mol 
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€3.2 The E x t r a p o l a t i o n  of Measured E q u i l i b r i u m  C o n s t a n t s  - 
t o  L o w e r  Tenmera tures  

The t e m p e r a t u r e  dependence of t h e  e q u i l i b r i u m  c o n s t a n t  
of t h e  r e a c t i o n  F e l ,  ( s )  + F e ( s )  I- I z ( g )  03.1) 
h a s  been r e p r e s e n t e d  between 5 0 0  and 587'C a c c o r d i n g  t o  Zaugg 
and Gregory 4 9 5  by: 

log; K 5 . 2 6 2 4  - 8192/T . ( B . 2 )  

An e q u a t i o n  for t h e  t e m p e r a t u r e  dependence of K for r e a c t i o n  
(R.  1 )  approx ima te ly  v a l i d  i n  t h e  t e m p e r a t u r e  r a n g e  200-587°C 
h a s  been d e r i v e d  u s i n g  t h e  r e l a t i o n s h i p :  

nc 
4- log T I- i mo l o g  K = - 

4.574 T 1.9865 
(B. 3 )  

where AHo and i are  a r b i t r a r y  c o n s t a n t s .  
of t h e  s p e c i f i c  h e a t s  of t h e  p r o d u c t s  and r e a c t a n t s  and  has 
been t a k e n  as 5.5 [ ca l /mol  deg]. 
and i w i t h  AC = 5.5 u s i n g  Eq. ( R . 2 )  y i e l d s :  

AC i s  t h e  d i f f e r e n c e  
P 

The d e t e r m i n a t i o n  of A H o  

P 

The e q u i l i b r i u m  c o n s t a n t s  f o r  t h e  f o l l o w i n g  r e a c t i o n s  
have been de termined  by Zaugg and Gregory 4 9 5  and S c h g f e r  and 

Wanes. The e q u i l i b r i u m  c o n s t a n t  f o r  t h e  r e a c t i o n  
% 

i s  g i v e n  i n  t h e  t e m p e r a t u r e  r a n g e  587-791,*6 by: 

log K = -3.550 f 7540/T . 0.3. 6 )  

Values  o f  C have  been t a k e n  from JANAF Thermochemical T a b l e s  
and c a n  be r e p r e s e n t e d  by 

P 

The d e t e r m i n a t i o n  of AHo and i i n  Eq.  ( B . 3 1 ,  u s i n g  Eq. (B.6) 
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y i e l d s :  

c 

log K = -4.806 + 7155.4/T + 0.8075 l o g  T - 7.776 x 10-4T 

(Be 7) 
T h i s  fo rmula  is v a l i d  i n  t h e  t e m p e r a t u r e  r a n g e  150-800°C. 
The e q u i l i b r i u m  c o n s t a n t  of t h e  r e a c t i o n  

i n  t h e  t e m p e r a t u r e  r ange  587-791OC is g i v e n  by;  

l o g  K = -8.751 + 1 9 ,  213/T . (Be 9 )  

Values  of C have  been t a k e n  from JANAF Thermochemical T a b l e s .  
aC c a n  b e  r e p r e s e n t e d  by 

P 
P 

-2 AC = 5.06 - 1 , 4 2  x 10 T . 
P 

The d e t e r m i n a t i o n  of t h e  a r b i t r a r y  c o n s t a n t s  i n  E q .  (2 )  g i v e s :  

log K = 18,  833/T + 2.547 log T - 1.552 x 10-3T - 14.452 

(B. 10) 

The e q u i l i b r i u m  c o n s t a n t  of t h e  r e a c t i o n  

F e ( s )  + 31(g) *Fe13 ( g )  (B. 11) 

is g i v e n  by 

log K = -6 .811 + 13,024/T (B. 12)  

The e q u i l i b r i u m  c o n s t a n t  of t h e  r e a c t i o n  

is g i v e n  b y  

1% K 9,017 - 9820/T (B. 14) 

b o t h  i n  t h e  t e m p e r a t u r e  r ange  500-65Q°C. Values of t h e  
spec i f ic  h e a t  C of Fer3 and Fe , Ib  a r e  n o t  p u b l i s h e d .  P 
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THE NON-ISOTHERM STPTHC METHOD FOR THE MEASUREMENT 
OF IODINE ADSORPTBON ON METALS 

The non- i so thermal  s t a t i c  method h a s  been d e s c r i b e d  i n  
C h a p t e r  4 . 2  and h a s  been used f r e q u e n t l y  by d i f f e r e n t  i n v e s t i -  
g a t o r s .  M i l s t e a d ,  B e l l  and Norman's expe r imen t ,  which is  
t y p i c a l  of t h e  non- i so thermal  s t a t i c  m e  Lhod ( p s e u d o - i s o p i e s t i c )  
h a s  been r e p r e s e n t e d  a s  a box c o n t a i n i n g  a p a r t i t i o n  whose 

8 

f u n c t i o n  is t o  s e p a r a t e  t h e  two t e m p e r a t u r e  zones,  
s p e c i e s  d i f f u s e  th rough  an o r i f i c e .  

The gaseous  

I n i t i a l l y  t h e  low t e m p e r a t u r e  zone c o n t a i n s  o n l y  i o d i n e ,  t h e  

h i g h  t e m p e r a t u r e  zone on ly  the  a d s o r b e n t  A s  the exper iment  
p roceeds  i o d i n e  d i f f u s e s  i n t o  t h e  h i g h  t empera tu re  zone where 
it is adsorbed  on t h e  specimen.  In t h e  expe r imen t s  of 
M i l s t e a d  e t  a l .  i r o n  i o d i d e s  w e r e  formed and diffused i n t o  
t h e  low t e m p e r a t u r e  zone where t h e y  condensed ,  

I n  o r d e r  t o  be a b l e  to compare i o d i n e  s u r f a c e  concen- 
t r a t i o n v  measured by d i f f e r e n t  methods it is impor t an t  t o  know 
t h e  r e a l  p a r t i a l  p r e s s u r e s  o f  i o d i n e  and of t h e  metal  i o d i d e s  
w i t h i n  t h e  a p p a r a t u s .  
r i v e d  a s t e a d y - s t a t e  tran.spol-t  e q u a t i o n  t o  c a l c u l a t e  t h e  vapor 
p r e s s u r e s  of the i o d i n e  s p e c i e s  above t h e  specimen.  T h e i r  
t r e a t m e n t  w i l l  now be d i s c u s s e d  i n  more d e t a i l .  Firs% let u s  
c o n s i d e r  t h e  s i m p l e r  i s o t h e r m a l  s t a t i c  expe r imen t .  

Mils-tead, Bell an.d Norman8 have de-  

19 n; moles of i o d i n e  a r e  i n t r o d u c e d  i n t o  a c l o s e d  v e s s e l  
2 

made from pure  i r o n  unde r  c o n d i t i o n s  where FeT, (s) i s  n o t  s t a b l e  
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a t  t h e  g i v e n  t e m p e r a t u r e  and i o d i n e  p a r t i a l  p r e s s u r e ,  t h e  
f o l l o w i n g  r e a c t i o n s  o c c u r :  

2 U g )  -1,  ( g )  

F e ( s )  + 21Qg)  + F e I , ( g )  

F e ( s )  + 3 I ( g )  +Fe13 ( g )  

2 F e ( s )  + 4 1 ( g )  + F e 2 1 4 ( g )  

2 F e ( s )  + 6X(g)  +Fe,Ib (9) 

The e q u i l i b r i u m  c o n s t a n t s  are g iven  by: 

K l  = PI,/Px 2 

- 2 
K2 - 'FeI , ''1 

(c. 1 .1 )  

( c .  2.1) 

(c. 3 . 1 )  

( C . 4 . 1 )  

(c. 5.1)  

( c .  1. 2)  

(c. 2.2) 

- 3 ( C . 3 . 2 )  K3 - PFe13/PI 

K4 - 'Fe, I, 1'1 - 4 ( C . 4 . 2 )  

R e a c t i o n  ( C .  5 . 1 )  c a n  be n e g l e c t e d  because t h e  p a r t i a l  p r e s s u r e  
of Fe,16 is ve ry  low in comparison t o  t h e  o t h e r  i o d i d e s .  The 
mass-balance e q u a t i o n  e x p r e s s e d  i n  moles I, is t h e n  

+ 1 . 5  nFeI + "FeI, ( ( 2 . 6 )  
+ 2nFe214 3 

n' = nI, -+ 0.5  nI 
1 2  

Using Avogadro 's  h y p o t h e s i s ,  E q .  (C.6) c a n  be  w r i t t e n :  

P'  = PI, + 0.5 PI + 2PFe I + 1 . 5  PFeI -' 'FeI, ( ( 2 . 7 )  
1 2  2 4  3 

I n t r o d u c i n g  Eqs, (C,1.2) t o  ( C . 4 . 2 )  i n t o  E q .  (C.7) e n a b l e s  u s  
t o  e x p r e s s  a l l  q u a n t i t i e s  i n  t e r m s  of PI.  

2 3 2 (P;2)o = (KIPl + 0.5  PI + K4Pt + 1 . 5  K3P1 + K2PI) a t  

e q u i l i b r i u m  e (C.8) 

Equa t ion  ( C . 8 )  r e l a t e s  t h e  p a r t i a l  p r e s s u r e  of atomic 

i .odine P I ,  a t  e q u i l i b r i u m  t o  t h e  p a r t i a l  p r e s s u r e  of molecu la r  
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i o d i n e  ( P t  ) b e f o r e  t h e  i o d i n e  reacts w i t h  t h e  i r o n .  A f t e r  
s o l v i n g  Eq. ( C . 8 )  t h e  p a r t i a l  p r e s s u r e s  of the o t h e r  i o d i n e  
s p e c i e s  can  be  c a l c u l a t e d  u s i n g  Eqs. (C. l .2 )  t o  (C.4.2) .  

Equa t ion  ( C , 8 )  is v a l i d  f o r  a c l o s e d  s y s t e m  i n  which n '  moles 
i o d i n e  have been i n t r o d u c e d  c o r r e s p o n d i n g  t o  a n  i n i t i a l  p a r -  
t i a l  p r e s s u r e  P' of i o d i n e ,  i f  e q u i l i b r i u m  has  been e s t a b -  
l i s h e d  and i f  t h e r e  is no s o l i d  FeX, p r c s e n t  i n  t h e  sys tem,  

I2 0 

* 2  

1 2  

I f  thermodynamic e q u i l i b r i u m  h a s  no t  been es  t , ab l i shed  t h e  
p a r t i a l  p r e s s u r e  of a tomic  i o d i n e  would be found t o  be  t o o  
low, i f  c a l c u l a t e d  acco rd ing  t o  E q .  ( 8 ) .  Cor respond ing ly ,  
t h e  p a r t i a l  p r e s s u r e s  of i r o n  i o d i d e s  would be found t o  be 
t o o  h i g h  i n  coniparison w i t h  t h e  a c t u a l  p a r t i a l  p r e s s u r e s  i n  
t h e  s y s t e m .  I f  we c o n s i d e r  the l i m i t i n g  case t h a t  t h e r e  is 
no r e a c t i o n  a t  a l l ,  f o r  i n s t a n c e ,  because  t h e  i r o n  s u r f a c e  is 
cove red  with a p r o t e c t i v e  l a y e r ,  t h e  p a r t i a l  p r e s s u r e s  of t h e  
i r o n  i o d i d e s  are  z e r o  and t h e  p a r t i a l  p r e s s u r e  of a tomic  
i o d i n e  i n  t h e  s y s t c n i  is g i v e n  by 

z 
= KIPZ + 0 . 5  PI . "i- 2 

N e v e r t h e l e s s ,  i f  E q .  ( ( 2 . 8 )  is  a p p l i e d  t o  a sys tem i n  which 
t h e r e  is no r e a c t i o n ,  e q u i l i b r i u m  p a r t i a l  p r e s s u r e s  w i l l  be 

c a l c u l a t e d  which don '  t co r re spond  t o  the a c t u a l  p r e s s u r e s  
w i t h i n  t h e  s y s t e m ,  

Equa t ion  ( C . 8 )  is v a l i d  f o r  dynamic t r a n s p i r a t i o n  
sys t ems  u s i n g  a ca r r i e r  g a s  stream i f  t h e r e  i s  no s o l i d  Fe I ,  
p r e s e n t  and i f  t h e  f low r a t e  is f a s t  enough t o  e l i m i n a t e  g a s  
phase  d i f f u s i o n  e f f e c t s  and s low enough t o  a l l o w  e s t a b l i s h m e n t  
of the e q u i l i b r i u m  p a r t i a l  p r e s s u r e s  i n  t h e  g a s  phase .  For  
t h i s  r eason  t h e  l a c k  of dependence of a l l  g a s  phase  concen-  
t r a t i o n s  on the l i n e a r  f low r a t e  must be conf i rmed b e f o r e  
Ey. ( C . 8 )  c a n  be a p p l i e d  - as is w e l l  known. 

The main d i f f e r e n c e  between t h e  i s o t h e r m a l  and pseudo- 
i s o p i e s t i c  s y s t e m s  a re :  
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The number of m o l e s  o f  i o d i n e  (1, +- 1) e n t e r i n g  t h e  
h i g h  t e m p e r a t u r e  zone where t h e  specimen is p l a c e d  
must be c a l c u l a t e d .  
The gaseous  r e a c t i o n  p r o d u c t s  l e a v e  t h e  r e a c t i o n  
chamber. T h e r e f o r e ,  i t  is n o t  p o s s i b l e  t o  check  
whether  thermodynamic e q u i l i b r i u m  bas been r eached  
which c a n  be done for both isothermal .  s y s t e m s ,  
The number o f  m ~ l e s  of t h e  r e a c t i o n  p r o d u c t s  l e a v i n g  
t h e  r e a c t i o n  chamber m u s t  t h e r e f o r e  be c a l c u l a t e d .  

The p s e u d o - i s o p i e s t i c  method is a p p l i c a b l e  and e q u i v a l e n t  
i s o t h e r m a l  methods if t h e  vapor s  are uncandensable .  P o i n t  

( 2 )  needs  t o  be  d i s c u s s e d  i n  more d e t a i l .  The gaseous  re- 
a c t i o n  p r o d u c t s  l e a v e  t h e  r e a c t i o n  chamber by d i f f u s i o n  at a 
ra te  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  of  t h e i r  molec- 
u l a r  we igh t s .  For t h i s  r e a s o n  one c o u l d  conc lude  t h a t  t h e  

r a t i o s  (PP/PFeH,; PI/PFe13 . 
f e r e n t  i n  t h e  non- i so the rma l  s t a t i c  system and i n  an iso- 
t h e r m a l  s t a t i c  sys t em a t  t h e  same i o d i n e  p a r t i a l  p r e s s u r e  
and t e m p e r a t u r e .  T h i s  c o n c l u s i o n  is o b v i o u s l y  wrong because  
t h e  ra t ios  mentioned above are  f i x e d  f o r  a g i v e n  P and a 
g i v e n  t e m p e r a t u r e  by Eqs. ( C . 1 . 2 )  to (C,4.2) .  I f ,  f o r  
i n s t a n c e ,  due t o  t h e  m a s s  dependence of t h e  rate of d i f f u s i o n  

'Fe, I, 
c o n s t a n t ,  F e , I ,  w i l l  decompose and FeH, w i l l  be formed u n t i l  
t h e  e q u i l i b r i u m  part . ial  p r e s s u r e s  c o r r e s p o n d i n g  to t h e  g i v e n  
P are  e s t a b l i s h e d  a g a i n ,  

a t  s t e a d y  s ta te  are d i f -  

a 

i n c r e a s e s  above t h e  v a l u e  f i x e d  by t h e  equilibrium 

P 
I n  o r d e r  t o  c a l c u l a t e  t h e  number of molecu le s  e n t e r i n g  

and l e a v i n g  t h e  r e a c t i o n  chamber,  M i l s t e a d  e t  a l a 1  assumed 
t h a t  t h e  l o w  t e m p e r a t u r e  zones w e r e  s e p a r a t e d  by a n  o r i f i c e  
and i n t r o d u c e d  f i r s t  t h e  Knudsen e q u a t i o n  i n t o  E q .  ( C . 6 )  and 
t h e n  E q s .  ( C . l . 2 )  ts (C.4.2).  The Knudsen e q u a t i o n  a l l o w s  
u s  t o  c a l c u l a t e  t h e  number n ( t )  of moles of a gas at p r e s s u r e  
P and t h e  t e m p e r a t u r e  T e s c a p i n g  from a v e s s e l  a f t e r  - t i m e  t 
t h r o u g h  ala o r i f i c e :  
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2 M is t h e  molecu la r  weight  of t h e  g a s  molecu le s ,  F (cm ) t h e  
area of t h e  o r i f i c e  and K = (27rR) 

-&\2 

The t r e a t m e n t  of M i l s t e a d  e t  a l .  i m p l i e s  t h r e e  assumpt ions :  
1. Thermodynamic e q u i l i b r i u m  is e s t a b l i s h e d  w i t h i n  t h e  

h i g h  t e m p e r a t u r e  compartment of t h e  a p p a r a t u s ,  
2 .  There  is no s o l i d  FeI ,  p r e s e n t .  
3 .  T h e  Knudsen-equation is v a l i d  f o r  t h e  g i v e n  s y s t e m .  

A t  f i r s t ,  assumpt ion  (I) w i l l  be d i s c u s s e d  assuming assumpt ions  
( 2 )  and ( 3 )  are  v a l i d .  Let u s  f i r s t  c o n s i d e r  a g a i n  t h e  l i m i t -  
i n g  case w h e r e  t h e  specimen is cove red  w i t h  a p r o t e c t i v e  
l a y e r .  N o  r e a c t i o n  between i r o n  and i o d i n e  occur s .  I n  t h i s  
case t h e  p a r t i a l  p r e s s u r e s  of t h e  i r o n  i o d i d e s  a re  z e r o  and 
t h e  p a r t i a l  p r e s s u r e s  F 
r e g i o n  of t h e  a p p a r a t u s  a re  r e l a t e d  t o  t h e  vapor  p re s su re  of 
t h e  i o d i n e  s o u r c e  Pi 
E q s ,  ( C . 6 )  and (C.10): 

and PI i n  t h e  h igh  t e m p e r a t u r e  (T,) 
1 2  

a t  t h e  t e m p e r a t u r e  T1. a c c o r d i n g  t o  
2 

T h e r e  i s  no n e t  f l o w  of i o d i n e  between the t w o  compartinents 
and t h e r e  is no  a tomic  i o d i n e  i n  t h e  low t e m p e r a t u r e  zone. 
Obv ious ly ,  Eq. (C.11) a l s o  h o l d s  i f  t he  r e a c t i o n  ra te  is low 
compared w i t h  t h e  t r a n s p o r t  of i o d i n e  i n t o  the r e a c t i o n  
chamber. Let; u s  assume t h e  s y s t e m  is a t  e q u i l i b r i u m  (no n e t  
f l ow of i o d i n e ) ,  The p a r t i a l  p r e s s u r e  of t h e  i o d i n e  i n  t h e  
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r e a c t i o n  chamber decreases if some i o d i n e  is adsorbed  on t h e  
o x i d e  s u r f a c e ,  I o d i n e  from t h e  i o d i n e  Source  will now d i f -  
f u s e  i n t o  t h e  r e a c t i o n  chamber u n t i l  t h e  i n i t i a l  p a r t i a l  
p r e s s u r e  is e s t a b l i s h e d .  Now t h e r e  is a g a i n  n0  n e t  f l o w  of 
i o d i n e  between the compartment w i t h  t h e  i o d i n e  s o u r c e  and t h e  
compartment a t  h i g h  t e m p e r a t u r e .  The adso rbed  i o d i n e  d i f f u s e s  
on t h e  s u r f a c e  or t h r o u g h  t h e  o x i d e  l a y e r  o r  t h rough  c r a c k s  i n  
t h i s  l a y e r  u n t i l  i t  is able to react wish  the metal. The re-  

a c t i o n  p r o d u c t  is now adsorbed  and d e s o r b s  w i t h  a c e r t a i n  
r a t e ,  The p a r t i a l  p r e s s u r e  of i o d i n e  i n  t h e  gas phase  remains  
c o n s t a n t  d u r i n g  a l l  t h e s e  d i f f u s i o n ,  r e a c t i o n  and d e s o r p t i o n  
p r o c e s s e s  i n v o l v i n g  t h e  f o r m a t i o n  of gaseous  i o d i d e s  and 
does  n o t  d e c r e a s e  a c c o r d i n g  t o  the amount of i o d i n e  t ransformed 
i n t o  i r o n  i o d i d e s  as i s  r e q u i r e d  by E q .  ( C . 6 ) ,  Only t h e  amount 
of i o d i n e  p r e s e n t  i n  t h e  i o d i n e  s o u r c e  decreases. 

The p a r t i a l  p r e s s u r e  of  t h e  i r o n  iod ides  c o r r e s p o n d s  o n l y  
t o  t h e  p a r t i a l  p r e s s u r e  of i o d i n e  a c c o r d i n g  t o  t h e  s t e a d y -  
s t a t e  t r a n s p o r t  e q u a t i o n  d e r i v e d  by M i l s t e a d  e t  a l e  u s i n g  t h e  
mass-balance e q u a t i o n ,  t h e  Knudsen e q u a t i o n  and E q s .  (6,1.2) 

t o  (C.4,2) i f  &he w’ moles i o d i n e  e n t e r i n g  t h e  specimen 
r a n g e  of t h e  a p p a r a t u s  d u r i n g  the t i m e  t react w i t h o u t  d e l a y  
w i t h  t h e  specimen forming  g a s e o u s  i o d i d e s  i n s t a n t a n e o u s l y .  
T h i s  s t a t e m e n t  w i l l .  be d i s c u s s e d  i n  more d e t a i l  u s i n g  She 
s t e a d y - s t a t e  t r a n s p o r t  e q u a t i o n  d e r i v e d  by Mi l s t ead  e t  a B .  

* 2  

I n t r o d u c i n g  t h e  Knudsen-equation. ( C a  10) into the mass- 
b a l a n c e  Eq. ( C . 6 )  g i v e s :  

PIt 1 

(c. 12) 
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The l e f t - h a n d  s i d e  of Eq. (C.12) c o r r e s p o n d s  t o  t h e  n e t  t r a n s -  
L p o r t  of i o d i n e  p e r  c m  of t h e  a p e r t u r e  i n  Lime t ,  

r 1 

i n t o  t h e  h o t  zone ( t h e  c o n s t a n t  K i n  E q .  (C.1.0) has  been 
n e g l e c t e d ) .  

I n s t a n t a n e o u s  r e a c t i o n  of t h e  i o d i n e  e n t e r i n g  t h e  h o t  zone 

%e, I4 ’ ‘FeI, ’ ‘FeI, w i t h  t h e  i r o n  y i e l d s  t h e  vapor  p r e s s u r e s  
and co r re spond ing  t o  Eq. (C.10) f l u x e s  of t h e s e  i r o n  i o d i d e s  
from t h e  h o t  zone to t h e  lower t e m p e r a t u r e  zone of t h e  appa- 
r a t u s .  The sum of these  f l u x e s  i s  e q u a l  t o  the n e t  f l u x  of 
i o d i n e  from t h e  i o d i n e  source  t o  t h e  specimen a t  s t e a d y  s t a t e .  

L e t  u s  now examine t h e  case where i o d i n e  and i r o n  react 
s l o w l y  r a t h e r  t h a n  i n s t a n t a n e o u s l y .  T o  do t h i s  i t  is con- 
v e n i e n t  t o  m u l t i p l y  t h e  r igh t -hand  s i d e  of Eqs.  (C12)  and 
((213) by a f a c t o r  y where 0 < y ,< 1, 

n ’  ( t )  - [n ( t )  -+- 0 . 5  n I ( t >  = 
1 2  1 2  1 

(C. 14)  

I f  t h e  l e f t - h a n d  s i d e  of Eq.  (C.12) i s  d e s i g n a t e d  by F and t h e  
ri.gh.t-hand s i d e  by E ,  E q .  ( C . 1 2 )  becomes 

The v a l u e  of y depends main ly  on t h e  k ind  of t h e  s u r f a c e  
o f  t h e  m e t a l  specimen and the t e m p e r a t u r e  but  a l s o  on t h e  
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vapor  p r e s s u r e  of t h e  iod.i.De s o u r c e  and t h e  shape  of t h e  
a p p a r a t u s .  y may approach  u n i t y  a t  h i g h  t e m p e r a t u r e  i f  
t h e  specimen is n o t  p r o t e c t e d ,  f o r  example,  by a n  o x i d e  
l a y e r .  I n t r o d u c i n g  E q s .  ( C . l - 2 )  t o  (C.4,Z) i n  Eq, (C.15)  
g i v e s :  

(C 16)  
Equa t ion  (C. 16)  i s  i d e n t i c a l  t o  M i l s t e a d  and co-worker ' s  
s t e a d y - s t a t e  t r a n s p o r t  e q u a t i o n  € o r  y = 1. 

I n  o r d e r  t o  compare t h e  p a r t i a l  p r e s s u r e s  c a l c u l a t e d  
u s i n g  d i f f e r e n t  approaches ,  PI and PI have  been c a l c u l a t e d  
f o r  a n  i o d i n e  s o u r c e  t e m p e r a t u r e  Tl = - 2 l " C ,  a n  i o d i n e  s o u r c e  
vapor  p r e s s u r e  of 4 x a t m  and a t e m p e r a t u r e  w i t h i n  t h e  
r e a c t i o n  chamber of T2 = 400°C,  
been c a l c u l a t e d  assuming thermal. t r a n s p i r a t i o n  and a ve ry  

2 

A t  f i r s t . ,  PI and PI have 
2 

low r e a c t i o n  r a t e  ( 7  = 8 ) .  

c a l c u l a t e d  n e g l e c t i n g  t h e r m a l  t r a n s p i r a t i o n  and assuming 
c o n s t a n t  p r e s s u r e  w i t h i n  t he  whale sys tem a c c o r d i n g  t o :  

Secondly ,  PI and PI have been 
2 

P = Pi2 (a  - a V ( 1  -3- CY) (C.17) 
1, 

w i t h  CY = 0.15 at 4OOdC and Pi --o 4 x atm, The r e s u l t s  
a r e  g i v e n  i n  T a b l e  C * L  The t e m p e r a t u r e  i n  t h e  ho t  zone is 
400°C. 
s o u r c e  t e m p e r a t u r e  - 2 1 ' ~ .  

2 

The i o d i n e  s o u r c e  p r e s s u r e  is 4 x IOy6 a t m  and t h e  

The v a l u e s  of PI c a l c u l a t e d  on t h e  one hand assuming a 
v e r y  low chemical, r e a c t i o n  ra te  and t h e r m a l  t r a n s p i r a t i o n  
and on t h e  o t h e r  n e g l e c t i n g  t h e r m a l  t r a n s p i r a t i o n  and 
assuming c o n s t a n t  p r e s s u r e  w i t h i n  t h e  whole a p p a r a t u s  are 
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T a b l e  C ,  1. Comparison of Atomic I o d i n e  P a r t i a l  P r e s s u r e s  
W i t h i n  t h e  Reac t ion  Chamber o f  a Non-Isothermal  S t a t i c  

System C a l c u l a t e d  According t o  D i f f e r e n t  Assumptions 

-e .- -.- 
Thermal  T r a n s p i r a t  i o n  Cons tan t  P r e s s u r e  

Within t h e  Whole 
-- 

y ' o  Appara tus  Milstead et al. 
y =  1 

3 . 4  x 1 O - l  1 . 6  x l o m 6  
6 . 2  x 

4 x 

2 . 9  x 

4 x 1Lr6 

n e a r l y  e q u a l ,  The  e q u i l i b r i u m  p a r t i a l  p r e s s u r e  P tal-culated 
assuming i n s t a n t a n e o u s  chemica l  r e a c t i o n  and the rma l  t r a n s -  
p i r a t i o n  (y = 1 )  i s  approx ima te ly  a f a c t o r  o f  3 lower  than  
P c a l c u l a t e d  assuming no  chemica l  r e a c t i o n  (y = 0 )  and 
thermal t r a n s p i r a t i o n .  
is about l o ) .  The l a t t e r  case is supposed Lo be e q u i v a l e n t  
t o  a p r o c e s s  where t h e  r e a c t i o n  ra te  is  v e r y  low compared t o  
t h e  r a t e  of t h e  t r a n s p o r t  of i o d i n e  i n t o  the r e a c t i o n  chamber, 
T h e  d i f f e r e n c e  of the c a l c u l a t e d  PI  v a l u e s  may be impor t an t  i f  
P c a l c u l a t e d  a c c o r d i n g  t o  M i l s t e a d  and co-workers '  steady-state 

t r a n s p o r t  e q u a t i o n  is j u s t  below t h e  decomposi t ion p r e s s u r e  
above s o l i d  Fe I ,  whercas Pa c a l c u l a t e d  w i t h  2 -s 0 g i v e s  a 
vapor  p r e s s u r e  h i g h e r  t h a n  l h e  decomposi t ion  p r e s s u r e  o f  

s o l i d  Fe I , .  I n  t h e  first case one h a s  t o  conclude  t h a t  there  
is n o  FeT, as  a pu re  s o l i d  phase  i n  t h e  reac t ion  chamber where- 
as t h e r e  is s o l i d  F e l ,  i n  t h e  second case. This makes a con-  
s i d e r a b l e  d i f f e r e n c e  t o  t h e  i n t e r p r e t a t i o n  of i o d i n e  s u r f a c e  
c o n c e n t r a t i o n s  i n  a d s o r p t i o n  measurements.  

P 

1 
(The same f i g u r e  i n  the case of PI  

2 

I 

Up t o  now it  has  a l w a y s  been assumed Lhat t h e r e  i s  no 
s o l i d  Pel, present  in the systeii i .  If there is P e l ,  (solid) 

t h e  r e a c t i o n s  
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must be c o n s i d e r e d .  Both,  t h e  p a r t i a l  p r e s s u r e s  of i o d i n e  
and of F e l ,  are f i x e d  by E q s ,  (C.18) and ( C . 1 9 ) .  

U s e  of E q ,  ( 2 % )  i n  t h e  s t e a d y - s t a t e  t r a n s p o r t  e q u a t i o n  
now g i v e s  an e r r o n e o u s  r e s u l t .  One must, t h e r e f o r e  check  
whether  t h e r e  is s o l i d  Fe I ,  i n  t h e  r e a c t i o n  chamber b e f o r e  
one starts t h e  c a l c u l a t i o n  of p a r t i a l  p r e s s u r e s .  

The d i s c u s s i o n  of t h e  non- i so the rma l  s t a t i c  method up t o  
t h i s  p o i n t  h a s  shown t h a t  t h e  c a l c u l a t e d  e q u i l i b r i u m  iodine 
p r e s s u r e s  i n  t h e  r e a c t i o n  chamber (and t h e  r e l a t i o n s h i p  of 
t h e  measured i o d i n e - s u r f a c e  c o n c e n t r a t i o n  to t h e  i o d i n e  p r e s -  
s u r e )  is q u i t e  s e n s i t i v e  t o  t h e  r a t e  o f  r e a c t i o n  and t o  t h e  
p r e s e n c e  of s o l i d  PeX,, 

F i n a l l y  assumpt ion  ( 3 )  of M i l s t e a d  e t  aZ. w i l l  be  d i s -  
c u s s e d .  Le t  u s  assume f i r s t  t h a t  i o d i n e  n e i t h e r  reacts w i t h  
the specimen n0r  dissociates.  I n t r o d u c i n g  t h e  Knudsen Eq, 
(10)  i n t o  E q .  ( 6 )  g i v e s  

P’ and P 
of t h e  i o d i n e  s o u r c e  and ad; t h e  Sempera.kure Tz i n  t h e  r e a c t i o n  

are t h e  i o d i n e  p r e s s u r e s  at t h e  t e m p e r a t u r e  T1 
1 2  1.2 

chamber,  r e s p e c t i v e l y .  
t h e r m a l  t r a n s p i r a t i o n  r a t i o  and 

In g e n e r a l ,  R -- P1/Pz i s  known as 

Pl and P 
r a t u s  a t  t e m p e r a t u r e  T1 and T z P  X is t h e  mean free p a t h  of 
t h e  molecu le s  and d is t h e  d i a m e t e r  of t h e  appa rakus  i n  t h e  
r e g i o n  of t h e  t e m p e r a t u r e  g rad i . ea t .  Equa t ion  (C.  20) is wide ly  
imp l i ed  i n  t e x t b o o k s  as g i v i n g  t h e  l i m i t i n g  t h e r m a l  t r a n s -  
p i r a t i o n  r a t i 0  for all g e o m e t r i e s ,  A c a r e f u l  i n v e s t i g a t i o n  t o  

are t h e  p r e s s u r e s  in t h e  two p o r t i o n s  Q f  an appa- 
Z 
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check  t h e  general .  a p p l i c a b i l i t y  of E q .  ( C . 2 0 )  has been c a r r i e d  
o u t  on ly  r e c e n t l y .  
s u r i n g  t h e  thermal  t r a n s p i r a t i o n  r a t i o  R in hel ium and neon,  
t h a t  t h i s  equation is o n l y  v a l i d  f o r  t w o  compartments j o i n e d  
by an  a p e r t u r e  of a diameter which i s  small compared with t h e  
diameter of the eonipartments. For long t u b e s  and two b u l b s  
connec ted  by t u b i n g  t h e  f o l l o w i n g  e q u a t i o n  is v a l i d :  

Edmonds and I-EabsenZ5 have showri by mea- 

where A i s  a c o n s t a n t  g r e a t e r  t han  1 if T1 

of hel ium and neon the constant A h a s  been determined as L , 1  
t o  1 .3 .  The e q u a t i o n  for thermal. t r ansp i r a tAon  has been 
d e r i v e d  from t h e  k i n e t i c  t h e o r y  of g a s e s Z h  assuming no n e t  
g a s  flow a c r o s s  t h e  a p e r t u r e  and u s i n g  t h e  f o l l o w i n g  assump- 
t i o n s  : 

T 2 "  Xn t h e  case 

I,  A molecule  accommodating to  a s u r f a c e  simp1.y 
d i s a p p e a r s  from t h e  g a s  phase upon impact, 

2 ,  A r e f l e c t e d  malecul_e s u f f e r s  an e l a s t i c  c o l -  
lision with t h e  s u r f a c e .  

3 .  The d e s o r b i n g  molecu le s  l e a v e  a s u r f a c e  w i t h  
a v e l o c i t y  c o r r e s p o n d i n g  t o  t h e  t e m p e r a t u r e  
of the s u r f a c e .  

4. The d e s o r b i n g  molecu le s  l e a v e  a su r face  w i t h  
a cosine d i s t r i b u t i o n  i n  a n g l e .  

Both E q s ,  ( C , 2 0 )  and (C.21) are on ly  v a l i d  for thermal 
t r a n s p i r a t i o n  i n  a s i n g l e  i d e a l  gas,  They are not proven 
for mixtures o f  gases which are condensab le  o r  c h e m i c a l  un- 
s t ab le  under  t h e  cond iL ions  of t h e  experiirteimt. I n  agreement 
w i t h .  t h e  t h e o r e t i c a l  assumptions Rdinonds and HsbsenZ5 found 
e x p e r i m e n t a l l y  t h a t  i n  t h e  c a s e  for neon and he l ium,  where 
p h y s i c a l  a d s o r p t i o n  of the gas  w i t h i n  t h e  a p p a r a t u s  is 
n e g l i g i b l e ,  E q s .  ( C . 2 0 )  a n d  (C.21) a re  v a l i d  o n l y  if t h e  mean 
f r e e  path h and t h e  d i a m e t e r  of the a p e r t u r e  between t h e  Lwo 
compartments i s  (X/d) S 1 5  and i f  the t e m p e r a t u r e  g r a d i e n t  a t  
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t h e  a p e r t u r e  c o n n e c t i n g  t h e  two compartments  is s h a r p ,  
Under t h e  e x p e r i m e n t a l  c o n d i t i o n s  of t h e  non- i so the rma l  s t a t i c  
method are some of t h e  a s sumpt ions  made d u r i n g  t h e  d e r i v a t i o n  
of Eq. (C.20) and (C.21) n o t  a p p l i c a b l e ,  F i r s t  of a l l ,  t h e  
mean f r e e  p a t h  of t h e  molecu le s  is i n  t h e  same o r d e r  o f  magni- 
t u d e  as t h e  d i a m e t e r  of t h e  a p p a r a t u s ,  as  w i l l  be shswn below. 

According t o  Dushman and L a f f e r t y Z 7  X is g i v e n  by  
1 -I 

= [(2P n?rr2] 0 (cm) (C.22) 

3 where n is t h e  number o f  molecules/cm and ro t h e  s e p a r a t i o n  
d i s t a n c e  a t  which t h e  Lemnard-Jones p o t e n t i a l  between gas 

mo1.ecules becomes z e r o .  T h i s  d i s t a n c e  is c o n s i d e r e d  as co l -  
l i s i o n  diameter for l o w  ene rgy  c o l l i s i o n s .  According do 
Braune and Linke ,28  i n  t h e  case of I , -molecules  ro is 4.892 
le 

E x p r e s s i n g  Eq. (C.22) i n  t e r m s  o f  t h e  p r e s s u r e  P g i v e s  

X = 7 . 3  T/1020 P r: (cm) ( C . 2 3 )  

where 'E is i n  QK, ro in cm and P i n  t o r r .  
u s i n g  t h e  non- i so the rma l  s t a t i c  method have been carried o u t  
a t  i o d i n e  p r e s s u r e s  in t h e  r ange  of Pi 
i n  t h e  r e g i o n  of t h e  i o d i n e  s o u r c e c  Equa t ion  ( 6 . 2 3 )  g i v e s  
X = 3 a n  under  t h e s e  c o n d i t i o n s .  N e g l e c t i n g  d i s s o c i a t i o n  of 
t h e  I, molecu le s  and assuming t h e  same p a r t i a l  p r e s s u r e  of I, 
molecu le s  i n  t h e  r e g i o n  ad; 400'C g i v e s  = 8 . 5  c m .  The d i a -  

meter of t h e  a p p a r a t u s  is about 3 cm and t h e r e f o r e  (& Id )  <3, ,  
Fur the rmore ,  t h e r e  is a d s o r p t i o n  o f  i o d i n e  and PeI ,  i n  n e a r l y  
a l l  p a r t s  of t h e  a p p a r a t u s  on four d i f f e r e n t  materials ( i o d i n e ,  
g l a s s ,  F e I ,  and an  o x i d i z e d  metal s u r f a c e ) .  In s p i t e  o f  t h e  
assumpt ion  mentioned above e l a s t i c  c o l l i s i o n s  of 12. molecu le s  
w i t h  an o x i d i z e d  meta l l ic  s u r f a c e  as well as w i t h  s u r f a c e s  
cove red  with i o d i n e  or FeI ,  seemed t o  be un l ike l .y ,  Where 
t h e o r y  r e q u i r e s  a s i n g l e  s t e e p  t empera tu re  g r a d i e n t  t h e r e  

The e x p e r h e n L s  

= l o y 6  a t m  a t  -20°C 
2 
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a re  t w o  i l l - d e f i n e d  tennpcrature g r a d i e n t s  i n  t h e  a p p a r a t u s  
used i n  t h e  n s n - - i s s t h e r m a l  s t a t i c  method. 

1.t f o l l o w s  t h a t  t h e r e  i s  no bas i s  t o  a p p l y  t h e  e q u a t i o n  
for thermal  t r a n s p i r a t i o n .  t o  t h e  non- i so thermal .  s t a t i c  rnethsd 

without ;  a careful experimental d e t e r m i n a t i o n  o f  t h e  r e a l  
thermal .  t r a n s p i r a t i o n  ra t i .o  X under  t h e  g i v e n  c o n d i t i o n s .  If 

one assumes  the v a l i d i t y  of Eq, (C.21) and i f  t h e  value of 
A is 1.3 as de termined  by Edrnonds and Hobsen'? f o r  a sys t em 
of similar g e o m e t r i c a l  s h a p e  b u t  w i t h  a s h a r p  tempera-kure 
g r a d i e n t  and if X >> d we have 

which,  i n  t u r n ,  leads to 

-6 P = 4.7 x 10 atmi 
12. 

f o r  
= 4 x l o m 6  a t m  and a t  T Z  = 4QOoC and Ta. = -21OC. pi2 

Compar ison  w i t h  T a b l e  C , l  shows t h a t  these p a r t i a l  p r e s s u r e s  
are h i g h e r  t h a n  t h e  p a r t i a l  p r e s s u r e s  c a l c u l a t e d  n e g l e c t i n g  
thermal  t r a n s p i r a t i o n  and assuming constant p r e s s u r e  within 
t h e  whole a p p a r a t u s .  B u t  t h e  d i f f e r e n c e s  a r e  c e r t a i n l y  
w i t h i n  t h e  e x p e r i m e n t a l  e r ro r  of maintaining a c o n s t a n t  
i od j i i e  p r e s s u r e  w i t h i n  t h e  a p p a r a t u s .  Bccause in t h e  non- 
i s o t h e r m a l  s t a t i c  sys tem is X 2 d and because  the t h e r m a l  
t r a n s p i r a t i o n  ratio R approaches  u n i t y  as X decreases i n  
comparison t o  d ,  i t  is r e l e v a n t  t o  c a l c u l a t e  the p a r t i a l .  
p r e s s u r e s  P and PI w i t h i n  t h e  r e a c t i o n  chamber s i m p l y  
u s i n g  E q .  (C.17). Presurnpt,ion f o r  t h i s  t r e a t m e n t  is, how- 
ever, t h a t  the r e a c t i o n  rate i s  low compared t o  t h e  t r a n s p o r t  
r a t e  of i o d i n e  and t h a t  t h e  i o d i n e  s o u r c e  pl-essurc  is 

P 2 
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