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SECTION 1 
INTERSTITL4L TRANSPORT I N  Sr)’lIUV SYSTEYS 

C .  B a g n a l l ,  B .  R .  Grundy, S .  Orbon, S .  L .  Schrock ,  and S .  A .  S h i e l s  

1 .O OBJECTIVES 

The o b j e c t i v e s  of  t h i s  program a r e  t o  p r o v i d e  expe r imen ta l  i n f o r m a t i o n  and 
a n a l y t i c a l  r e l a t i o n s h i p s  f o r  d e s i g n  d a t a  so t h a t  t h e  r a t e  and d i r e c t i o n  of  
carbon and n i t r o g e n  t r a n s f e r  and t h e  a s s o c i a t e d  mechanica l  p r o p e r t y  changes 
of  s t r u c t u r a l  mater ia l s  w i t h i n  l i q u i d  metal  sys tems,  r e p r e s e n t a t i v e  of  
pr imary  and secondary  sodium s y s t e m s ,  may b e  p r e d i c t e d .  

2.0 P R I O R  ! IORK 

2.1 R e l a t e d  Work O u t s i d e  Westinghouse 

The c u r r e n t  AEC sponsored  i n t e r s t i t i a l  t r a n s f e r  program i s  p a r t  of  an 
o v e r a l l  n a t i o n a l  program on sodium technology.  The work a t  West inghouse 
in te r faces  w i t h ,  and i n  some areas complements, work b e i n g  performed a t  
WADCO, A I ,  A N L ,  BNL, and G E .  Programs a t  MSAR and UNC,  which have  now 
been  t e r m i n a t e d ,  a r e  a l s o  r e l e v a n t  t o  t h e  Westinghouse e f f o r t .  

I n  t h e  i m p o r t a n t  area of  carbon meter c a l i b r a t i o n  and o p e r a t i o n ,  t h e  
West inghouse program w i l l  b e n e f i t  from p a s t  work a t  UNC and BNL where 
t h e  meters were developed ,  and a t  MSAR where t h e  UNC meter was used 
s u c c e s s f u l l y  i n  h i g h  carbon envi ronments .  The ANL program i s  pe rhaps  
t h e  most e x t e n s i v e  one o u t s i d e  Westinghouse.  ANL p e r s o n n e l  are  concen- 
t r a t i n g  p r i m a r i l y  on r e l a t i n g  carbon t r a n s D o r t  t o  chemica l  s p e c i e s  and 
o n  a d a p t i n g  expe r imen ta l  meters f o r  on - l ine  u s e  i n  E B R - 1 1 .  The meter 
program i s  of p a r t i c u l a r  i n t e r e s t  t o  West inghouse .  

The work a t  A I ,  where an i n v e s t i g a t i o n  w i l l  b e  conducted on t h e  e f f e c t s  
of  t h e  carbon and n i t r o g e n  c o n t e n t  i n  s t a i n l e s s  s t e e l  on t h e  mechanica l  
p r o p e r t i e s  of t h e  s t e e l ,  w i l l  i n t e r f a c e  w i t h  t h e  work a t  West inghouse i n  
t h e  area of mater ia l  p r o p e r t i e s .  Work r e l a t e d  t o  t h i s  c o n t r a c t ,  b e i n g  per -  
formed by WADCO, i s  i n  t h e  equipment d e s i g n  and i n s t a l l a t i o n  phase .  

2.2 P r e p a r a t o r y  lrlork 

During t h e  f i r s t  h a l f  o f  FY-1970, e x t e n s i v e  p r e p a r a t o r y  work on t h e  
i n t e r s t i t i a l  t r a n s p o r t  program was performed i n  a n t i c i p a t i o n  of  t h e  c u r r e n t  
AEC c o n t r a c t .  T h i s  work i n v o l v e d  a p r e l i m i n a r y  s u r v e y  of  t h e  l i t e r a t u r e  
and i d e n t i f i c a t i o n  of  t h e  key problems i n  d e f i n i n g  i n t e r s t i t i a l  t r a n s f e r  
in sodium sys tems.  
f a c i l i t i e s  d e s i g n  concept  was o r i g i n a t e d .  
p h i e s  were embodied i n  t h e  work program which w a s  submi t t ed  i n  November 1969 .  

An expe r imen ta l  approach w a s  dec ided  upon, and a 
The program and d e s i g n  p h i l o s o -  
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A s t a t e  of  t h e  a r t  rev iew of carbon and n i t r o g e n  d i f f u s i o n  d a t a  f i r s t  
i s s u e d  a s  an  i n t e r n a l  memo i n  September 1969 h a s  been  expanded and is  
i n c l u d e d  a s  Appendix B o f  t h i s  r e p o r t .  

2.3 F a c i l i t i e s  

The d e s i g n  of  t h e  expe r imen ta l  f a c i l i t i e s ,  d e s i g n a t e d  as Carbon Equ i l ib r ium 
Loops (CEL's),  i n c l u d i n g  t h e  c o n t r o l  p a n e l s  and t i e - i n  o f  a l l  on - l ine  i n s t r u -  
men ta t ion  was completed,  and a System Design D e s c r i p t i o n  (SDD) was w r i t t e n .  
The SDD,  t o g e t h e r  w i t h  t h e  r e l e v a n t  d e t a i l e d  drawinqs ,  was submi t t ed  t o  t h e  
AEC,  Coolant  Chemistry Branch, f o r  a p p r o v a l ,  Apart from minor m o d i f i c a t i o n s ,  
t h e  SDD was accep ted .  

2.4 C)n-Line Y e t e r i n q  

A l l  o u t s t a n d i n g .  b i d s  and i n f o r m a t i o n  f o r  on - l ine  sodium i m p u r i t y  m e t e r i n g  
equipment were r e c e i v e d ,  e n a b l i n g  f i n a l  cho ices  t o  b e  made. Devices  
i n c o r p o r a t e d  a r e  a s  f o l l o w s  : 

1. UNC d i f f u s i o n  carbon meter 

2 .  BNL e l e c t r o c h e m i c a l  carbon meter 

3 .  Westinghouse e l e c t r o c h e m i c a l  oxygen meter 

4 .  F i s h e r  Gas P a r t i t i o n e r  (chromatograph)  f o r  cover  gas  hydrogen 
mon i to r ing  

3.0 CURRENT PROGRESS 

3.1 C E L - 1  

C o n s t r u c t i o n  of  CEL-1 was completed,  t h e  sys tem was f i l l e d  w i t h  sodium, and 
f low was achieved  i n  a l l  by-pass l i n e s .  D i f f i c u l t i e s  w i t h  m a i n t a i n i n g  f low 
were exper ienced;however ,  d u r i n g  subsequent  o p e r a t i o n ,  v a r i o u s  o t h e r  d e s i g n  
f a u l t s  were r e v e a l e d .  The problems and t h e  s t e p s  t aken  t o  c o r r e c t  them are 
d e s c r i b e d  below. 

1. The by-pass loop f o r  t h e  BNL meter w a s  r edes igned  t o  e l i m i n a t e  poten-  
t i a l  gas  pocke t s  and t o  f a c i l i t a t e  complete  d r a i n i n g .  The t r a c e  
h e a t e r s  on t h e  probe  hous ing  were changed t o  a l l o w  independent  h e a t i n g  
of  t h i s  r e g i o n .  T h i s  s i m p l i f i e d  p robe  removal.  A t  t h e  same t i m e ,  
t h e  UNC meter s ide-arm o r i e n t a t i o n  was changed t o  a l l o w  easier  a c c e s s  
t o  o t h e r  loop .  components. 

2.  A v a l v e  on t h e  BNL meter s ide-arm s e i z e d  and had t o  b e  r e p l a c e d .  

1- 2 
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3 .  One of t h e  r equ i r emen t s  of  t h e  ARD S t o r e d  Energy Committee was t h a t  
t h e  loop  shou ld  dump under  p o s i t i v e  p r e s s u r e  r a t h e r  t han  t h e  o r i g i n a l  
s p e c i f i c a t i o n  which c a l l e d  f o r  a s i m p l e  dump under  g r a v i t y .  The 
p o s i t i v e  p r e s s u r e  sys tem r e q u i r e s  t h a t  t h e  dump t ank  v e n t s  be  s l i g h t l y  
above a tmosphe r i c  p r e s s u r e  on t h e  dump s i g n a l .  Problems were exper-  
i enced  w i t h  sodium vapor  o r  a e r o s o l  p lugg ing  t h e  small d i ame te r  gas  
l i n e s  and t h e  s o l e n o i d  v a l v e s  on t h e  dump system. T h i s  p lugg ing  
w a s  e l i m i n a t e d  by r e p l a c i n g  t h e  114 i n c h  l i n e s  w i t h  112 i n c h  s t a i n -  
less  s t ee l  tub ing  and i n s t a l l i n g  a s i m p l e  f i b e r g l a s s  f i l t e r  b e f o r e  
t h e  v a l v e s .  A s imi l a r  f i l t e r  was used s u c c e s s f u l l y  on t h e  cover  
gas  o u t l e t  l i n e  l e a d i n g  t o  t h e  gas  chromatograph. 

4 .  The l o c a t i o n  of t h e  oxygen meter, i n  p a r a l l e l  w i t h  t h e  c o l d  t r a p ,  
made i t  d i f f i c u l t  t o  c o n t r o l  t h e  oxygen meter t empera tu re .  The 
meter was t h e r e f o r e  moved from t h i s  l o c a t i o n  and i n s t a l l e d  i n  a 
s e p a r a t e  by-pass l i n e  w i t h  t h e  a d d i t i o n  of  an  economizer  and an  
a i r  b l a s t  c o o l e r .  

I t  i s  now p o s s i b l e  t o  run  t h e  oxygen meter a t  700'F w h i l e  t h e  main 
loop  t empera tu re  i s  i n  e x c e s s  of  1200°F. 

5 .  A v a l v e  downstream of t h e  co ld  t r a p  was found t o  m a i n t a i n  a tempera- 
t u r e  lower than  t h e  t r a p .  Consequent ly ,  p l u g s  tended t o  f o r n  a t  
t h e  v a l v e ,  e s p e c i a l l y  when t h e  sodium con ta ined  a h i g h  l e v e l  of  
hydrogen.  The problem was e l i m i n a t e d  by i n s t a l l i n g  a clam s h e l l  
h e a t e r  on t h e  co ld  t r a p  o u t l e t  l i n e  and e n s u r i n g  t h a t  t h e  sodium 
e n t e r i n g  t h e  v a l v e  was a t  a h i g h e r  t empera tu re  than  t h e  co ld  t r a p .  

The a l t e r a t i o n s  d e s c r i b e d  above appear  t o  have s o l v e d  t h e  CEL-1 o p e r a t i o n a l  
d i f f i c u l t i e s .  

3.2 CEL-2 

Work on c o n s t r u c t i o n  of CEL-2 w a s  suspended f o r  two months due t o  u n c e r t a i n -  
t ies  r e g a r d i n g  f u t u r e  d i r e c t i o n  of t h e  c o n t r a c t .  
resumed w i t h  t h e  i d e n t i f i c a t i o n  of funds  cove r ing  t h e  remainder  o f  CY-1970, 

Work on t h i s  loop  was 

The p i p i n g  l a y o u t  o f  CEL-2 was changed t o  make a c c e s s  t o  loop  components 
eas ie r ,  and t h e  des ign  changes r e q u i r e d  on CEL-1 were i n c o r p o r a t e d  i n t o  
t h e  new loop  l a y o u t .  A l l  component p a r t s  have been machined and we ld ing  
o f  t h e  components is about  95% complete .  

3 . 3  Loop Opera t i on  

CEL-1 was f i l l e d  and b rough t  i n t o  o p e r a t i o n  a t  t h e  beg inn ing  o f  September.  
During t h e  p e r i o d  September-October most of  t h e  a l t e r a t i o n s  d e s c r i b e d  i n  
t h e  p r e v i o u s  s e c t i o n  were made i n v o l v i n g  approximate ly  t h r e e  weeks of  down 
t i m e .  The remainder  of  t h e  t i m e  was used t o  o b t a i n  o p e r a t i o n a l  e x p e r i e n c e  

s e c t i o n .  P rocedures  were developed f o r  changing b o t h  t h e  carbon meter and 
c on t h e  loop  and t h e  meters. Meter performance i s  r e p o r t e d  i n  a s e p a r a t e  
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t h e  oxygen meter p robes  as w e l l  as f o r  l o a d i n g  and un load ing  specimens.  
Also ,  i n  c o l l a b o r a t i o n  w i t h  t h e  A n a l y t i c a l  Chemistry Group, p rocedures  
f o r  de t e rmin ing  oxygen levels u s i n g  t h e  on - l ine  vacuum d i s t i l l a t i o n  u n i t  
were developed .  

The p r i n c i p a l  o p e r a t i o n a l  problem a t  t h i s  t i m e  is  c o n t r o l l i n g  t h e  hydrogen 
which accumula tes  i n  t h e  s y s t e m  d u r i n g  o p e r a t i o n  of  t h e  UNC carbon meter. 
The c o l d  t r a p  sys tem i s  r e l i e d  on as t h e  major  means o f  c o n t r o l l i n g  t h e  
hydrogen l e v e l ;  and under  s t e a d y  s t a t e  o p e r a t i o n  a t  1200"F, t h e  c o l d  t r a p  
w i l l  h o l d  t h e  hydrogen a t  a level  e q u i v a l e n t  t o  T,  30 ppm i n  t h e  cover  gas  
(Purg ing  a t  1 cu.  f t / h r  a t  30 p s i )  as measured by a gas  chromatagraph.  
However, t h e  co ld  t r a p  w i l l  n o t  hand le  sudden s u r g e s  of hydrogen. During 
one o p e r a t i o n  t h e  co ld  t r a p  plugged a t  t h e  c o n t r o l  v a l v e  and f low was 
i n t e r r u p t e d  i n  t h e  co ld  t r a p  by-pass l i n e .  The LJNC carbon meter was i n  
o p e r a t i o n  d u r i n g  t h i s  time, b u t  t h e  cover  gas  hydrogen level  d i d  n o t  rise 
above Q, 36 ppm. When f low w a s  r e - s t a r t e d  i n  t h e  co ld  t r a p  l i n e ,  t h e  
hydrogen l e v e l  peaked a t  about  350 ppm. Presumably,  hydrogen had accumu- 
l a t e d  i n  t h e  co ld  "dead l eg"  of  t h e  co ld  t r a p .  The c o l d  t r a p  sys tem could 
n o t  h a n d l e  t h i s  hydrogen level and plugged a t  t empera tu res  as h i g h  as 500°F. 

A similar s i t u a t i o n  o c c u r r e d  when a t t e m p t s  were made t o  s ta r t  up t h e  h o t  
t r a p  sys tem.  P r i o r  t o  s t a r t i n g  up t h e  h o t  t r a p  by-pass sys tem,  t h e  c o l d  
t r a p  w a s  s h u t  o f f  t o  c o n t a i n  t h e  t r apped  oxygen. Once a g a i n  t h e  "dead 
r e g i o n , "  i n  t h i s  case the h o t  t r a p  l i n e ,  had accumulated l a r g e  amounts of 
hydrogen.  When t h e  co ld  t r a p  was r e s t a r t e d ,  i t  cou ld  n o t  h a n d l e  t h e  hydro- 
gen w i t h o u t  p lugg ing .  I n  each  case t h e  hydrogen was c l e a r e d  from t h e  
system by  s h u t t i n g  o f f  t h e  UNC meter and f l u s h i n g  o u t  t h e  c o l d  t r a p .  The 
hydrogen e v e n t u a l l y  d i f f u s e d  o u t  th rough t h e  1200°F conta inment  w a l l s .  
When t h e  hydrogen r eached  a managable l eve l  t h e  co ld  t r a p  t empera tu re  
w a s  reduced.  

During f u t u r e  o p e r a t i o n s ,  c o l d  t r a p p i n g  w i l l  b e  con t inuous  w h i l e  t h e  
UNC meter i s  i n  o p e r a t i o n ,  and any s i d e  loops  which are n o t  i n  use  con- 
t i n u o u s l y  w i l l  b e  p e r i o d i c a l l y  purged of  hydrogen.  Also ,  t h e  UNC meter 
w i l l  b e  used on an i n t e r m i t t e n t  b a s i s  on ly .  

3.4  On-Li ne Y e t e r i  ng 

S i n c e  t h e  l a s t  r e p o r t  (June 1970)  a l l  t h e  proposed m e t e r i n g  Lzv ices  were 
o b t a i n e d  and i n s t a l l e d  on CEL-1. 
mances t o  d a t e  of each  meter. 

The fo l lowing  are d e t a i l s  of  t h e  p e r f o r -  

3.4.1 UNC D i f f u s i o n  Carbon Meters 

Del ive ry  was made o f  two s i d e  loops  and hous ings  w i t h  p robes  as manufactured 
by UNC. 
d e s c r i b e d  by UNC.[lI I n  a d d i t i o n  t o  t h e  f u e l ,  a i r ,  and d e c a r b u r i z i n g  g a s e s  
fo rmula t ed  t o  conform t o  UNC recommendations,  t w o  g a s  m i x t u r e s  f o r  checking  
performance o f  t h e  flame i o n i z a t i o n  d e t e c t o r  (FID) and c a t a l y t i c  c o n v e r t o r  
were procured .  
CH4 and CO and 4000 pprn of CH4 and CO. 

The f i r s t  of t h e s e  was i n s t a l l e d  i n  CEL-1 t a k i n g  t h e  p r e c a u t i o n  

Those mix tu res  con ta ined  approximate ly  200 ppm of b o t h  

Y 
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No d i f f i c u l t y  was expe r i enced  i n  removing t h e  dummy probe  and i n s e r t i n g  
t h e  carbon meter probe  i n  i t s  p l a c e .  

The two c o n t r o l  c o n s o l e s  ( t e m p e r a t u r e  c o n t r o l  and g a s  s u p p l y  and a n a l y s i s )  - were p r e v i o u s l y  used by  MSAR, and s e v e r a l  of t h e  i d i o s y n c r a s i e s  d e s c r i b e d  0 
by Rodgers and Shrive121 have  appeared  i n  t h e  p r e s e n t  work which i n c l u d e s  
t h e  f o l l o w i n g :  

1. A t  t h e  f u e l  and a i r  p r e s s u r e s  sugges t ed  by UNC ( 9  and 15  p s i ,  
r e s p e c t i v e l y )  f o r  t h e  FID, t h e  f lame goes o u t  w i t h  ever r e - r o u t i n g  

(14 and 15 p s i )  which gave improved s e n s i t i v i t y ,  b u t  t h e  f lame s t i l l  
goes o u t  w i t h  c e r t a i n  g a s  r e - r o u t i n g  o p e r a t i o n s .  

of gas f low.  The pressures used by Rodgers and ShriveL2 T were adopted  

2 .  The h u m i d i f i e r  t empera tu re  was s e t  t o  g i v e  a water c o n t e n t  i n  t h e  
d e c a r b u r i z i n g  g a s  co r re spond ing  t o  a dewpoint of  27°F. T h i s  dewpoint  
v a r i e d  w i t 5  ambient  t e m p e r a t u r e .  
and S h r i v e [ 2 ]  t h e  dewpoint  was r a i s e d  t o  a nominal  47°F. 
s i n c e  have been i n  t h e  range  47-48°F. 

Fol lowing t h e  p rocedure  of  Rodgers 
Readings 

3 .  S m a l l  s t e p  changes i n  t h e  FID o u t p u t  o c c u r  under  s t e a d y  s t a t e  opera-  
t i o n a l  c o n d i t i o n s .  The f requency  of t h e s e  changes h a s  d iminished  
s ince  r a i s i n g  t h e  water c o n t e n t  of t h e  d e c a r b u r i z i n g  gas .  

4.  The combinat ions of n e e d l e  valve and r o t a m e t e r  used  f o r  gas  f low 
c o n t r o l  were u n s a t i s f a c t o r y .  S t i c k i n g  f l o a t s ,  f l o a t s  un respons ive  
t o  changes i n  f low,  and i n a b i l i t y  t o  se t  a r e q u i r e d  f low were some 
of t h e  symptoms. I t  proved imposs ib l e  t o  c a l i b r a t e  t h e  FID o r  
check t h e  c a t a l y t i c  c o n v e r t o r .  T h i s  s e r i o u s  d e f i c i e n c y  was over-  
come by i n s t a l l i n g  a Matheson L i n e a r  Mass Flowmeter w i t h  e l e c t r i c a l  
r e a d o u t  immediately b e f o r e  t h e  FID. Accura te  f low measurement 
i s  now p o s s i b l e  and h a s  shown t h a t  a p a r t i c u l a r  f low cannot  b e  
e a s i l y  s e t  w i t h  t h e  n e e d l e  va lves ,  S i n c e  a change i n  FID o u t p u t  
w i t h  gas  f low h a s  been n o t e d ,  i t  was n e c e s s a r y  t o  c a l i b r a t e  FID 
o u t p u t  v e r s u s  f l o w  r a t e  f o r  s m a l l  flow d e v i a t i o n  e i t h e r  s i d e  of 
t h e  r e q u i r e d  v a l u e  of 1 2 . 5  cc/min.  

A c a l i b r a t i o n  of  t h e  FID was o b t a i n e d  u s i n g  t h e  methane f r a c t i o n  of  t h e  
c a l i b r a t i o n  g a s e s .  100% e f f i c i e n c y  w a s  confirmed f o r  conve r s ion  of t h e  
CO f r a c t i o n  of  t h e  c a l i b r a t i o n  g a s e s  t o  CH4 by t h e  c a t a l y t i c  c o n v e r t o r .  
These r e s u l t s  are  p l o t t e d  i n  F i g u r e  1-1. The c u r v e  i s  i d e n t i c a l  w i t h  t h a t  
i n d i c a t e d  as t y p i c a l  by UNC. 

3 . 4 . 2  BNL E l  ectrochemi cal Carbon Yeter 

Three  meters were s u p p l i e d  by BNL i n c o r p o r a t i n g  a c a r b o n a t e  e l e c t r o l y t e  
and a g r a p h i t e  r e f e r e n c e  e l e c t r o d e .  A hous ing  w a s  n o t  i n c l u d e d ,  t h e r e f o r e  
i t  was n e c e s s a r y  t o  d e s i g n  one. I t  was f a b r i c a t e d  from one-inch d i ame te r  
s t a in l e s s  s t e e l  t u b i n g .  Sodium f lows i n t o  t h e  bot tom and o u t  of  a s i d e  
arm p o s i t i o n e d  e i g h t  i n c h e s  above t h e  end of t h e  meter probe .  T h i s  complies  
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w i t h  t h e  BNL recommended minimum immersion depth  of  s i x  i n c h e s .  
p robe  i s  s e a l e d  i n  p l a c e  by a one-inch d i ame te r  Conoseal ,  and a gas  s p a c e  
normal ly  s e p a r a t e s  t h e  s ea l  from t h e  sodium. A gas  l i n e  t o  t h i s  s p a c e  i s  
provided  and connected i n t o  t h e  cover  gas  sys tem.  Th i s  p e r m i t s  gas  v e n t i n g  

h e a t e r / c o o l e r  sys tem w a s  i n c l u d e d  i n  t h e  sodium i n l e t  l i n e  t o  t h e  hous ing .  
Th i s  was des igned  t o  m a i n t a i n  t h e  meter i n  i t s  recommended o p e r a t i o n a l  
t empera tu re  range  of  1145-1200°F w i t h  t h e  main loop between 800 and 1400'F. 

The meter 

7 and p r e s s u r e  e q u a l i z a t i o n  a c r o s s  t h e  probe  diaphragm when n e c e s s a r y .  A 

When t h e  f i r s t  meter was b rough t  t o  t empera tu re ,  i t  was found t o  have  an 
i n t e r n a l l y  open c i r c u i t .  I t  i s  p r o b a b l e  t h a t  t h i s  damage o c c u r r e d  d u r i n g  
t r a n s p o r t  a l t h o u g h  t h e  meters were c a r e f u l l y  packed.  I n s t a l l a t i o n  of t h e  
second meter proved d i f f i c u l t ,  and i t  was dec ided  t o  a l t e r  t h e  geometry 
of the  BNL s ide arm. 
d i f f i c u l t ,  and t h e  meter was s u b j e c t e d  t o  a c o n s i d e r a b l e  p r e s s u r e  d i f f e r -  
e n t i a l  when t h e  gas  l i n e  became b locked  w i t h  sodium. Th i s  meter was a l s o  
open c i r c u i t  a t  t empera tu re .  The damage a lmost  c e r t a i n l y  r e s u l t e d  from 
t h e  o p e r a t i o n a l  d i f f i c u l t i e s  d e s c r i b e d  above. Upon removal, t h e  bot tom o f  
t h e  i r o n  membrane (10-mil t h i c k  w i t h  r e i n f o r c i n g  r i b s )  was s e e n  t o  b e  d i s h e d .  
I n s t a l l a t i o n  o f  t h e  t h i r d  meter and e s t a b l i s h m e n t  o f  f low w a s  s t r a i g h t f o r -  
w a r d .  An EMF i n  t h e  expec ted  range  ( t y p i c a l l y ,  0.03OV a t  1200'F) q u i c k l y  
appeared .  

E s t a b l i s h i n g  f low a f t e r  these changes was a l s o  

BNL has  i n d i c a t e d  t h a t  mass t r a n s f e r  o f  i r o n  through t h e  mol ten  e l e c t r o l y t e  
h a s  been  obse rved ,  r e s u l t i n g  i n  growth o f  a wh i ske r  which can s h o r t  t h e  
r e f e r e n c e  e l e c t r o d e  t o  t h e  i r o n  diaphragm. 
l y  e a r l y  i n  t h e  meter 's  l i f e  and subsequen t ly ,  on t h r e e  more o c c a s i o n s .  
The s h o r t s  o c c u r r e d  a f t e r  280, 333, 4 5 8 ,  and 516 hour s  of o p e r a t i o n .  A 
t o t a l  of 530 hour s  o p e r a t i o n  has  been reached  (December 1, 1970) .  The 
s h o r t  i s  e a s i l y  c o r r e c t e d  by l o o s e n i n g  t h e  c e n t e r  e l e c t r o d e  coup l ing  a t  
t h e  upper  p a r t  of t h e  meter and r o t a t i n g  t h e  e l e c t r o d e  w i t h  t h e  e l e c t r o -  
l y t e  mol ten .  
f u l l  r ecove ry  of EMF. 

Th i s  s h o r t  developed unexpected-  

A f t e r  b r e a k i n g  t h e  wh i ske r s ,  several h o u r s  are r e q u i r e d  f o r  

Presence of hydrogen i n  the loop  der iving by d i f f u s i o n  from the decarbur-  
i z i n g  gas mix tu re  u s e d  w i t h  t h e  UNC carbon m e t e r  h a s  a l s o  been  observed  t o  
a f f e c t  t h e  e l e c t r o c h e m i c a l  carbon meter. I t  shou ld  b e  n o t e d ,  however, 
t h a t  t h e  i n i t i a l  s h o r t  by i r o n  wh i ske r s  occur red  b e f o r e  s t a r t i n g  o f  t h e  
UNC meter. When hydrogen i s  observed  i n  t h e  cover  g a s , a  d e p r e s s i o n  of t h e  
EMF o c c u r s .  On one o c c a s i o n  l a r g e  amounts of  accumulated hydrogen from 
t h e  co ld  t r a p ,  when passed  i n t o  t h e  loop ,  gave rise t o  a s  much a s  350 ppm 
hydrogen i n  t h e  cover  gas .  A co r re spond ing  d e p r e s s i o n  o f  BNL ineter EMF 
t o  0.004 V was observed .  When t h e  hydrogen was removed, t h e  meter recov-  
ered.  I t  shou ld  b e  no ted  t h a t  t h e  e f f e c t  appea r s  d i r e c t l y  on t h e  meter 
and n o t  an i n t e r a c t i o n  of hydrogen and carbon i n  sodium s o l u t i o n .  Such an 
i n t e r a c t i o n  would b e  expec ted  t o  reduce  carbon a c t i v i t y  and,  t h e r e f o r e ,  
g i v e  an  i n c r e a s e d  EMF. 

O p e r a t i o n  of  t h e  BNL carbon meter and t h e  LlNC carbon meter s i m u l t a n e o u s l y  
on a small  l oop  appea r s  v e r y  d i f f i c u l t  because  of t h e  hydrogen i n s e r t e d  
i n t o  t h e  loop  by t h e  UNC meter. 

= 8  
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3.4.3 Wes ti nghouse E l  ectrochemi cal Oxygen Yeter A 

The Westinghouse oxygen meter was i n s t a l l e d  s o  t h a t  p a r t  of  t h e  co ld  t r a p  
s i d e  loop was common t o  b o t h  d e v i c e s .  
co ld  t r a p  o r  meter f low t o  b e  o b t a i n e d  independen t ly  and a p re -coo le r  was 
used t o  keep t h e  meter t empera tu re  below 1000°F. 

A bypass  a r rangement  enab led  e i t h e r  

Opera t ion  of t h e  meter of n e c e s s i t y  h a s  been  l i m i t e d  by t h e  s t a g e  reached  
i n  a ceramic e l e c t r o l y t e  development program a t  WADCO, i n  c o o p e r a t i o n  w i t h  
t h e  commercial  s u p p l i e r ,  Zirconium Corp. o f  America. Three  meter p robes  
inco rp .o ra t ing  e l e c t r o l y t e  (Tho2 - 7-1/2% Y2O3) r e p r e s e n t a t i v e  of an i n t e r -  
m e d i a t e  s t a g e  i n  development were o p e r a t e d .  
r educ ing  i m p u r i t y  c o n t e n t .  
g r a i n  b o u n d a r i e s  h i g h e r  i m p u r i t y  c o n c e n t r a t i o n  than  b e f o r e  h a s  been  ob- 
s e r v e d .  Meter performance was u n s a t i s f a c t o r y ;  a l l  developed l a r g e  
t empera tu re  c o e f f i c i e n t s  q u i c k l y  (up t o  - 1 . 0  p V/"F) r e n d e r i n g  t h e  meter 
' lnoisy" and t h i s  was a s s o c i a t e d  w i t h  poor  s e n s i t i v i t y .  

The improvement l a y  i n  
T h i s  was ach ieved  on a b u l k  b a s i s ,  b u t  a t  

I t  became a p p a r e n t  t h a t  t empera tu re  c o n t r o l  was i n a d e q u a t e ,  and modi f ica-  
t i o n s  d e s c r i b e d  i n  an ear l ie r  s e c t i o n  have been made t o  a l l e v i a t e  t h e  
s i t u a t i o n  i n  a n t i c i p a t i o n  o f  improved meter p robes .  
i n  i t s  own s i d e  loop and h a s  a tube  and s h e l l  h e a t  exchanger  g i v i n g  good 
t empera tu re  s t a b i l i t y .  

The meter now o p e r a t e s  

I s o s t a t i c a l l y  p r e s s e d ,  h i g h  p u r i t y ,  ceramic e l e c t r o l y t e s  are  now becoming 
a v a i l a b l e ,  and p r e l i m i n a r y  tests e l sewhere  i n d i c a t e  e x c e l l e n t  meter 
c h a r a c t e r i s t i c s .  A meter i n c o r p o r a t i n g  t h i s  t y p e  of e l e c t r o l y t e  i s  t o  
b e  i n s t a l l e d  i n  t h e  n e a r  f u t u r e .  

3 .4 .4  Cover Gas Hydrogen Yoni tor ing By Gas Chromatograuh 

The F i s h e r  Gas P a r t i t i o n e r  Model 29 h a s  been i n s t a l l e d  t o  mon i to r  cove r  
gas  hydrogen c o n t e n t .  Hydrogen i s  i n t r o d u c e d  i n t o  t h e  sodium by d i f f u s i o n  
from t h e  d e c a r b u r i z i n g  gas  of  t h e  d i f f u s i o n  carbon meter. 

I n  p r e l i m i n a r y  l a b o r a t o r y  tests,  i t  was e s t a b l i s h e d  t h a t  t h e  l i m i t  of 
d e t e c t i o n  was 5 ppm hydrogen u s i n g  a rgon carr ier  gas  and a 5 m l .  sample ,  
The chromatograph was modi f ied  t o  p r o v i d e  au tomat i c ,  t i m e  sample i n j e c t i o n  
u s i n g  a Var i an  s o l e n o i d  o p e r a t e d  sampl ing  v a l v e  and a s o l i d  s t a t e  timer. 
On t h e  loop ,  t h e  whole cover  gas  sweep of 1 cu f t / h r  i s  passed  through 
t h e  sampl ing  v a l v e  c o n t i n u o u s l y ,  and samples  are i n j e c t e d  e v e r y  3 minu tes ,  
The cove r  gas  i s  t aken  from t h e  sample t ank  v ia  a two s t a g e  sodium vapor /  
a e r o s o l  f i l t e r .  An ea r l i e r  s i n g l e  s t a g e  f i l t e r  r e q u i r e d  m o d i f i c a t i o n  s i n c e  
i t  b locked  i n  24 hour s  w i t h  t h e  loop  o p e r a t i n g  a t  1200°F. Two s t a n d a r d  
c a l i b r a t i o n  g a s e s  are a v a i l a b l e  and can b e  f e d  t o  t h e  meter as r e q u i r e d .  

Opera t ion  of t h e  system h a s  been  s a t i s f a c t o r y .  The chromatograph responded 
r a p i d l y  t o  t h o s e  changes i n  loop  o p e r a t i o n  which caused hydrogen peaks  such  
as i n i t i a t i o n  o f  f low i n  p r e v i o u s l y  s t a t i c  by-pass loops  w i t h i n  one f o u r  
minute  sampl ing  c y c l e .  Unequivocal  i n d i c a t i o n  of  hydrogen h a s  been  v e r y  
u s e f u l  i n  showing p o t e n t i a l  dange r s  i n c l u d i n g :  
accumulate  i n  s t a t i c  s i d e  loops  u n l e s s  ma in ta ined  a t  h i g h  s a t u r a t i o n  temper- 

tendency of hydrogen t o  

Y 

Y 
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a t u r e s ;  and d e t r i m e n t a l  i n f l u e n c e  of  hydrogen on t h e  e l e c t r o c h e m i c a l  carbon 
meter. 
can b e  used t o  remove hydrogen from t h e  sys tem,  a s  an  e a r l i e r  a n a l y s i s  i n d i -  
c a t e d .  [31 
t h e  i n d i c a t e d  hydrogen l e v e l  h a s  f a l l e n  i n  t h e  range  p r e d i c t e d  by  t h e  
a n a l y s i s ,  [31 assuming e f f i c i e n c y  of hydrogen s t r i p p i n g  by t h e  cove r  g a s  l i e s  
between 10  and 100%. 

I t  h a s  a l s o  shown t h a t  d i f f u s i o n  through conta inment  a t  1200°F 

Under dynamic s t e a d y  s t a t e  c o n d i t i o n s ,  w i t h  no  co ld  t r a p p i n g ,  

? 

Before  Run A f t e r  Run 
( P P d  ( P P d  

r I 

2-4 10 

7.5 + 1.3 8.2 + 1 . 4  

O2 

By-Pass Sampling O2 - - 

Vacuum D i s t i l l a t i o n  

3.5 Sodium A n a l y s i s  

3.5.1 D e t e r m i n a t i o n  o f  Oxygen b y  On-Li ne Vacuum D i  s ti 11 a t i o n  

During t h i s  r e p o r t  p e r i o d  two s u c c e s s f u l  on - l ine  d i s t i l l a t i o n  a n a l y s e s  
were performed whi le  t h e  CEL-1 was o p e r a t i n g  a t  720'F w i t h  t h e  by-pass 
sample and d i s t i l l a t i o n  l i n e s  a t  630'F d u r i n g  sampl ing .  
were performed immediately p r i o r  t o  and a f t e r  t h e  f i r s t  e x p e r i m e n t a l  
run .  Each t i m e  t h e  d i s t i l l a t i o n  chamber and sample c r u c i b l e  were through-  
l y  degassed  p r i o r  t o  a l lowing  sodium t o  f low o v e r  t h e  c r u c i b l e  f o r  20 
minu tes .  The c r u c i b l e  was then  withdrawn i n t o  t h e  i n d u c t i o n  c o i l  f i e l d ,  
t h e  sampl ing  w e l l  va lved  o f f ,  and t h e  sample was d i s t i l l e d  a t  700'F f o r  
one hour .  By-pass samples  were t aken  a f t e r  t h e  removal o f  t h e  c r u c i b l e  
from t h e  sampl ing  w e l l  f i v e  minutes  a f t e r  t h e  f i r s t  d i s t i l l a t i o n  sample 
was t aken  and t h i r t y  minu tes  a f t e r  t h e  second sample.  Tab le  1-1 shows 
t h e  r e s u l t s  o b t a i n e d  on t h e  samples  f o r  each a n a l y s i s .  
w i l l  be  performed by o n - l i n e  d i s t i l l a t i o n  t o  e s t a b l i s h  t h e  p rocedure .  

The a n a l y s e s  

F u r t h e r  a n a l y s e s  

T a b l e  1-1. CEL-1 SODIUY ANALYSIS BEFQRE AND AFTER RUN NO. 1 
I I 1 

3.5.2 D e t e r m i n a t i o n  o f  N i t r o g e n  and Carbon 

The ARD procedures  f o r  t h e  measurement of carbon and n i t r o g e n  i n  sodium 
metal were a c c e p t e d  a s  i n t e r i m  methods u n t i l  t h e  committee t o  r ev iew 
sampl ing  and a n a l y t i c a l  methods r e a c h e s  agreement on t h e  ANL i n t e r i m  
methods manual.  

Carbon and n i t r o g e n  a n a l y s e s  were performed on t h e  by-pass samples  b e f o r e  
and a f t e r  t h e  f i r s t  expe r imen ta l  run .  
Tab le  1-1. 

- The v a l u e s  o b t a i n e d  a r e  g iven  i n  
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3.6 Experimental  Work 

Type 304 s t a i n l e s s  s t e e l  f o i l  specimens were mounted on t h e  n i n e  bobb ins ,  
two t o  a bobbin ,  and loaded  i n t o  t h e  sample t a n k  on October  22. P r i o r  t o  
mounting, t h e  2-3/4" x l", t h r e e  m i l  f o i l  s t r i p s  were l i g h t l y  a b r a i d e d ,  
deg reased ,  washed, d r i e d ,  and weighed. The e x a c t  l o c a t i o n  of each  s p e c i -  
men i n  t h e  sample t ank  was r eco rded .  The loop  r a n  a t  s t e a d y  s t a t e  condi- 
t i o n s  a t  about  720"F, co ld  t r a p p i n g  a t  300"F, f o r  20 hour s  a f t e r  which a 
sodium by-pass sample and t h e  f i rs t  vacuum d i s t i l l a t i o n  sample were t aken .  
The f i r s t  r u n  was t h e n  i n i t i a t e d  by i n c r e a s i n g  t h e  o p e r a t i n g  t empera tu re  
t o  1200°F. These c o n d i t i o n s  were ma in ta ined  f o r  265 hour s .  Based on a v a i l -  
a b l e  d i f f u s i o n  d a t a ,  t h e  265 hour s  a t  1200°F was c o n s i d e r e d  s u f f i c i e n t  t o  
a c h i e v e  n e a r  e q u i l i b r i u m  c o n d i t i o n s  i n  t h e  3 m i l  f o i l .  The LJNC meter 
r ead  31.5 FID u n i t s  and co ld  t r a p p i n g  a t  300°F was conducted c o n t i n u o u s l y  
d u r i n g  t h i s  p e r i o d .  

A f t e r  comple t ion  of  t h e  t e s t ,  t h e  samples  were removed from t h e  loop  and 
we igh t  change d a t a  were o b t a i n e d  from t h e  specimens i n  an  a t t e m p t  t o  re la te  
n e t  i n t e r s t i t i a l  change,  as de termined  by a n a l y s e s ,  t o  a l o s s  o r  g a i n  i n  
mass. It w a s  assumed t h a t  a l t e r a t i o n  of metal l ic  a l l o y  composi t ion  o v e r  
a s h o r t  t i m e  p e r i o d  i s  n e g l i g i b l e .  For  example, a n e t  combined l o s s  of 
500 ppm carbon and n i t r o g e n  from a one gram sample shou ld  b e  measurable  
as a we igh t  l o s s  o f  about  0.0005 grams. 

Although a l l  of t h e  specimens,  w i t h  one e x c e p t i o n ,  showed a we igh t  l o s s  of  
abou t  5 x grams p e r  gram of  material, i t  does  n o t  r e p r e s e n t  an i n t e r -  
s t i t i a l  change s i n c e  a n e t  g a i n  was r eco rded  by chemica l  a n a l y s i s .  
combina t ion  of mass t r a n s f e r ,  o x i d e  removal,  and p o s s i b l y  humidi ty  changes 
i n  t h e  l a b o r a t o r y  a tmosphere  between t h e  t i m e  of t h e  two weighings  may 
have caused t h e  we igh t  changes.  

A 

P o s t  exposure  i n t e r s t i t i a l  a n a l y s e s  (Table  1-2)  showed some v a r i a t i o n s  w i t h  
r e g a r d  t o  specimen p a i r s  and specimen l o c a t i o n .  However, t h e s e  were of a 
random n a t u r e ,  and no g r a d i e n t  o r  l o c a l  c o n c e n t r a t i o n  e f f e c t s  i n  t h e  sample 
t a n k  could  b e  i d e n t i f i e d .  

With two e x c e p t i o n s ,  t h e  measured carbon l e v e l s  i n  t h e  f o i l s  a f t e r  
exposure  f e l l  w i t h i n  t h e  range  532 + 65 ppm. 
ove r  t h e  i n i t i a l  l e v e l  (340 
p o s s i b l e  i n c r e a s e  o f  290 ppm. 

Th i s  r e p r e s e n t s  a n  i n c r e a s e  
30 ppz)  o f  100 ppm minimum up t o  a maximum 

Ni t rogen  d a t a  e s t a b l i s h e d  on t h e  f o i l  m a t e r i a l  c o v e r i n g  o v e r  70 s e p a r a t e  
d e t e r m i n a t i o n s  gave an  a s - r ece ived  c o n c e n t r a t i o n  o f  929 + 64 ppm. A f t e r  
sodium exposure  i n  t h e  above exper iment ,  a n a l y s e s  from tKe 18 f o i l  samples  
gave s t a t i s t i c a l  d a t a  of 928 + 63 ppm. 
may b e  e x p l a i n e d  i f  i t  i s  assumed t h a t  t h e  i n n e r  wal l  s u r f a c e s  o f  t h e  
containment  t u b i n g  have  a n i t r o g e n  c o n c e n t r a t i o n  a t  a similar h i g h  leve l  
t o  t h a t  f i n a l l y  p r e s e n t  i n  t h e  Type 304 s t a i n l e s s  s teel  f o i l .  The 
second run  i n  CEL-1 i s  now under  way. 
r e p e a t  of  t h e  f i r s t  w i t h  t h e  loop  se t  a t  1200°F f o r  two weeks. 
an  e f f o r t  was made t o  lower carbon and n i t r o g e n  c o n c e n t r a t i o n s  i n  t h e  sys-  
t e m  by ho t - t r app ing  a t  1100°F f o r  one week p r i o r  t o  l o a d i n g  t h e  specimens.  

The absence  of s i g n i f i c a n t  change 

Th i s  exper iment  i s  b a s i c a l l y  a 
Hcwever, 

f 

t 
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Table 1 - 2 .  Type 304 Stainless  Steel Sample Data 

Sample No. 

Tube No. I n t e r s  t i t  i a l  Con t e n t  
and Weight a f t e r  245hr/120O0F 

Loca t ions  Loss ( X )  Carbon (pprn) 1 Ni t rogen  (ppm) 

S 4 / A  

S4/B 

s 4 / c  

S4/D 

S 4 / E  

S4/F 

S4/G 

S 4 / H  

S 4 / I  

S 4 / J  

S4/K 

S4/L 

S4/M 

S 4 / N  

s 4 / 0  

S 4 / P  

s 4 / Q  

S4/R 

l l - T  

13-B 

12-c 

13-C 

12-B  

1 l -B  

12-T 

13-T 

l l-c 

-- 
-- 

0.055 

0.047 

0.066 

0.064 

0.047 

0.047 

0.064 

0.045 

0.045 

0.055 

0.046 

0.046 

0.045 

0.046 

N I L  

0.027 

554 

450 

50 3 

479 

516 

513 

533 

468 

572 

49 9 

490 

561  

602 

578 

568 

744 

510 

545 

9 39 

1063 

967 

916 

1009 

946 

9 15  

769 

952 

849 

924 

937 

911 

839 

941 

833 

945 

9 43 

Notes  : 

As-received i n t e r s t i t i a l  c o n t e n t s  de te rmined  as: 

Carbon 340 ppm 2 30 

Ni t rogen  929 ppm 2 64. 

Tube numbers i d e n t i f y  t h e  t h r e e  sample t u b e s ;  specimen 
l o c a t i o n  in sample tank  i s  no ted  by T ( t o p ) ,  C ( c e n t e r )  
and B (bo t tom) . 
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Type 304 s t a i n l e s s  s t ee l  f o i l  specimens,  t o g e t h e r  w i t h  t h r e e  f o i l s  of A r w o  
I r o n ,  have been p laced  i n  t h e  sample tank.  
b e  made p e r i o d i c a l l y  w i t h  t h e  side-arm t empera tu re  a t  v a r i o u s  s e t t i n g s  
between 1000" and 1400°F. During i t s  o p e r a t i o n ,  con t inuous  c o l d  t r a p p i n g  
w i l l  b e  used t o  e n s u r e  t h a t  hydrogen b u i l d u p  i n  t h e  loop  i s  k e p t  t o  an  
a b s o l u t e  minimum. 

UNC carbon meter r e a d i n g s  will 

Figure  1-2  shows t h e  change i n  m i c r o s t r u c t u r e  o c c u r r i n g  a f t e r  exposure  of  
t h e  Type 304 s t a i n l e s s  s t e e l  f o i l  i n  sodium f o r  265 hour s  a t  1200°F. The 
micrographs  were t aken  from t h e  c e n t r a l  r e g i o n  of t a p e r  s e c t i o n s  through 
t h e  t h r e e  m i l  f o i l .  The major  a l t e r a t i o n  as a r e s u l t  of  t h e  exposure  ap- 
p e a r s  t o  b e  fo rma t ion  of an  equiaxed  g r a i n  s t r u c t u r e  and second-phase 
p r e c i p i t a t i o n  a t  g r a i n  boundar i e s .  

Experiments  p lanned  f o r  t h e  n e x t  q u a r t e r  are expec ted  t o  produce several 
c a l i b r a t i o n  p o i n t s  f o r  t h e  carbon meters and show t h e  r e l a t i o n s h i p  between 
carbon meter r e a d i n g ,  t empera tu re ,  and material  t y p e  f o r  some of  t h e  
specimen m a t e r i a l s .  

3.7 Thermodynamic Modeling 

Some e f f o r t  h a s  been  d i r e c t e d  towards e s t a b l i s h i n g  a t h e o r e t i c a l  model 
f o r  i n t e r s t i t i a l  t r a n s f e r  i n  sodium sys tems,  The approach t aken  i s  t o  
deve lop  computa t iona l  t echn iques  u s i n g  c lass ica l  thermodynamics f o r  t h e  
d e t e r m i n a t i o n  of  e q u i l i b r i u m  carbon p r o f i l e s  i n  a c l o s e d  s t a i n l e s s  s t ee l  
loop  sys tem under  an  a r b i t r a r y  t empera tu re  p r o f i l e  and t o  l a t e r  modify 
t h i s  by i n t r o d u c i n g  k i n e t i c  e f fec ts .  The combina t ion  o f  t h e  thermodyna- 
mic and k i n e t i c  t r e a t m e n t s  w i l l  l e a d  t o  a computa t iona l  method o f  pre-  
d i c t i n g  carbon and e v e n t u a l l y  n i t r o g e n  levels and p r o f i l e s  i n  a k i n e t i c  
nonequ i l ib r ium s i t u a t i o n .  

3.7.1 Derivation o f  Model 

Work d u r i n g  t h i s  r e p o r t i n g  p e r i o d  h a s  been concerned w i t h  t h e  thermo- 
dynamic model on ly .  A mathemat ica l  model of a c l o s e d ,  a l l  a u s t e n i t i c  
loop  was c o n s t r u c t e d  and ana lyzed  from t h e  p o i n t  of view of  c l a s s i c a l  
e q u i l i b r i u m .  Based on t h i s  a n a l y s i s ,  a computer program w a s  w r i t t e n  t o  
c a l c u l a t e  a n  e q u i l i b r i u m  ca rbon  c o n c e n t r a t i o n  p r o f i l e  i n  a h y p o t h e t i c a l  
l oop .  The comple te  a n a l y s i s  i s  g i v e n  i n  Appendix A and is  summarized below. 

D e f i n i t i o n s  and assumpt ions  made i n  t h i s  a n a l y s i s  are a s  fo l lows :  

1. The chemical  p o t e n t i a l  f o r  an i s o t h e r m a l  v o l  yxp e lement  i s  c o n s t a n t  
a c r o s s  t h e  sod ium-s t a in l e s s  s t e e l  i n t e r f a c e .  

2 .  A mass b a l a n c e  c o n t r a i n t  i s  obeyed,  i .e . ,  t h e  i n i t i a l  and f i n a l  
t o t a l  carbon c o n t e n t s  o f  t h e  sys tem must b e  t h e  same. 

3 .  The major  metal l ic  element  c o n c e n t r a t i o n s  do n o t  change. 

4 .  The s t a n d a r d  s t a t e  f o r  carbon i n  b o t h  t h e  sodium and t h e  s t ee l  i s  
rega rded  as g r a p h i t e .  

A 
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AS-RECE I VED 

O X A L I C  A C I D  ETCH 

AFTER EXPOSURE 

H F / H NO /GLY CERO L E T C H  

F i g u r e  1-2. E f f e c t  of 265 Hours Sodium Exposure at 1200°F on Type 304 
S t a i n l e s s  S t e e l  F o i l .  (Micrographs were t aken  from c e n t r a l  
r e g i o n s  of t a p e r  s e c t i o n s  through t h e  f o i l s )  (250~) 

3992-2 
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5. The carbon c o n t e n t  of t h e  sodium i s  assumed e s s e n t i a l l y  c o n s t a n t  
th roughout  t h e  sys tem.  

Two c o n d i t i o n s  must  be  sa t i s f ied  f o r  any developed model. 
volume e lement  of sodium 6VNa i n  ' e q u i l i b r i u m '  w i t h  a volume e lement  of 
s t a i n l e s s  s t ee l  6 V S t  a t  a t empera tu re  T 

First, f o r  any 

Y = v i  Na 
'i 

where p:a and p y  a r e  t h e  chemica l  p o t e n t i a l s  of s p e c i e s  i n  t h e  sodium 

and t h e  s tee l ,  r e s p e c t i v e l y .  
i 

The second c o n d i t i o n  i s  t h e  mass b a l a n c e  c o n s t r a i n t  where: 

+ M : ~  = M .  t o t a l  
Mi '  1 

where M is the  mass of species i. 

Using thermodynamic d a t a  r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  t h e  ac t iv i ty  of 
carbon i n  steelL51 and i n  sodium, [6] t h r e e  p r i n c i p a l  e q u a t i o n s  were 
developed which a l l o w  t h e  c a l c u l a t i o n  of t h e  amount of carbon i n  t h e  
s tee l  and i n  t h e  sodium a t  any t empera tu re  T. 

i 

RTmaxlnX> (15206+3Tmax+1300Xfr) - (3450+7. 5Tmax) (1-X:) 2-27000Xcr (1-X:) 

where Xga is  t h e  carbon c o n t e n t  of t h e  sodium. 

where X z  is  t h e  carbon c o n t e n t  of t h e  s teel  a t  any t empera tu re .  

0 

where Xc i s  t h e  carbon c o n t e n t  of t h e  steel  a t  t h e  h i g h e s t  t empera tu re .  
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A computer program was w r i t t e n  t o  perform t h e  c a l c u l a t i o n s  and p l o t  t h e  
r e s u l t s .  The numer i ca l  i n t e r g r a t i o n  was performed by u s e  o f  a t r a p e z o i d a l  
t e c h n i q u e  u s i n g  Rombergs e x t r a p o l a t i o n  methodL71. 

* 
3.7.2 A p p l i c a t i o n  o f  t h e  Model 

An a r b i t r a r y  t empera tu re  p r o f i l e ,  w i t h  t e m p e r a t u r e s  between 700-140OoF, 
was assumed f o r  a s i m p l e  monometal l ic  (Type 304 s t a i n l e s s  s t e e l )  s i n g l e  
tube  system, and t h e  a b o v e ~ + n a l y s i s  was a p p l i e d  t o  i t .  The t e m p e r a t u r e  
p r o f i l e  i s  shown i n  F i g u r e  1-3 t o g e t h e r  w i t h  t h e  r e s u l t i n g  carbon p r o f i l e .  

The a n a l y s i s  p r e d i c t s  t h a t ,  f o r  a system w i t h  an i n i t i a l  ca rbon  l e v e l  of 
500 ppm; 

1. A l l  areas above abou t  800°F w i l l  l o s e  carbon and below t h i s  tempera- 
t u r e ,  w i l l  p i c k  up carbon. 

2 .  A t  t h e  h i g h e s t  t e m p e r a t u r e ,  1400"F, t h e  e q u i l i b r i u m  v a l u e  w i l l  b e  
approx ima te ly  5 ppm. 

-4 3 .  The p r e d i c t e d  carbon l e v e l  of t h e  sodium i s  abou t  10 ppm, which 
i s  below t h e  s o l u b i l i t y  l i m i t  and s u b s t a n t i a l l y  less t h a n  measured 
sodium carbon c o n t e n t s .  

A 

S e v e r a l  f a c t o r s  which may l e a d  to  e r r o r  have n o t  been inc luded  i n  t h i s  
p r e l i m i n a r y  t r e a t m e n t .  The major  assumption was, o f  n e c e s s i t y ,  t h a t  t h e  
system is  a p u r e l y  thermodynamic one,  and k i n e t i c s  have n o t  been c o n s i d e r e d .  
I n  c o l d e r  r e g i o n s ,  t h e  sodium may n o t  b e  i n  e q u i l i b r i u m  w i t h  s t a i n l e s s  
s t e e l  b u t  r a t h e r  w i t h  d e p o s i t s  of  v e r y  d i f f e r e n t  chemis t ry .  
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APPENDIX A 

THERYODYNAYIC VODELING CALCULATIONS 

S .  Orbon 

1.0 ASSUYPTIONS 

The fo l lowing  r e s t r a i n t s  and assumptions were made i n  t h e  development of 
t h e  carbon t r a n s f e r  model. 

1. The chemica l  p o t e n t i a l  f o r  an  i s o t h e r m a l  volume e lement  i s  c o n s t a n t  
a c r o s s  t h e  sod ium-s t a in l e s s  s t e e l  i n t e r f a c e ,  [ I ]  

2 .  A mass b a l a n c e  c o n s t r a i n t  i s  obeyed; i . e . ,  t h e  i n i t i a l  and f i n a l  
carbon c o n t e n t s  of  t h e  system must be  t h e  same. 

3 .  The major  m e t a l l i c  element c o n c e n t r a t i o n s  do n o t  change. 

4 .  The s t a n d a r d  s t a t e  f o r  carbon i n  b o t h  t h e  sodium and t h e  s t e e l  i s  
rega rded  as g r a p h i t e .  

5 .  The carbon c o n t e n t  of  t h e  sodium i s  assumed t o  b e  c o n s t a n t ,  indepen-  
d e n t  of  t empera tu re .  

2.0 THE YODEL 

Consider  a volume e lement  of sodium 6VNa i n  e q u i l i b r i u m  w i t h  a volume 
e lement  o i  s t a i n l e s s  s t e e l  6vY 

At equilibrium, 

a t  a t empera tu re  T .  

Na - Y - lJi 'i 

Expanding, 

Na = ,,O,Y + RT I n  ai Y 
i o Na + RT I n  ai  

'i 

0 -  

= t h e  s t a n d a r d  s t a t e  of t h e  i t h  s p e c i e s  
l J i  

where: 

s u p e r s c r i p t  Na d e n o t e s  sodium 

s u p e r s c r i p t  y deno tes  a u s t e n i t i c  s t a in l e s s  s t e e l  
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a =  a c t i v i t y  of  t h e  i t h  s p e c i e s  i 

Solv ing  Equat ion  2 f o r  a' i g i v e s  

0, Na o,Y ay 

a 

i 
Na 
i 

- =  (3)  

The second c o n d i t i o n  t o  b e  s a t i s f i e d  i s  t h e  mass b a l a n c e  c o n d i t i o n  

MI + M:a = Mi t o t a l  ( 4 )  

where M .  i s  t h e  mass of t h e  i t h  s p e c i e s .  
1 

The above equat ions  must  be  solved f o r  each species t o  f u l l y  c h a r a c t e r i z e  
t h e  volume e lement .  However i t  i s  assumed f o r  t h e  s a k e  o f  s i m p l i f i c a t i o n  
t h a t  o n l y  carbon i s  t r a n s f e r r i n g ,  t h e r e f o r e  i = c where c d e n o t e s  ca rbon ,  

The most r e s t r i c t ive  assumpt ion  is  perhaps  t h a t  of  g r a p h i t e  as t h e  
s t a n d a r d  s t a t e .  However, t h e  form o f  t h e  active c a r b u r i z i n g  s p e c i e s  i n  
t h e  sodium i s  s t i l l  a matter of d e b a t e , 1 2 ]  and i t  i s  p o s s i b l e  t h a t  several 
s p e c i e s  c o n t r i b u t e  t o  carbon t r a n s f e r .  The a t t rac t ive  f e a t u r e  o f  d e f i n i n g  
t h e  s t a n d a r d  s t a t e  as g r a p h i t e  i s  t h a t  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  

a: 1 aNa i n  Equat ion  3 can b e  s e t  e q u a l  t o  u n i t y .  i 

3.0 COYPUTATIONAL PROCE9URE 
Two s o u r c e s  o f  i n f o r m a t i o n  have been  used  f o r  b a s i c  thermodynamic d a t a ,  [2 ,31  

1. The a c t i v i t  
and H i l l e r t Y 2 ]  as 

o f  carbon i n  a n  a u s t e n i t i c  s teel  is g iven  by Sawstrom 

)+Ai, Xf, + By (1-Xc)2+C~rXCr(l-Xc)+C~iXNi(l-Xc) (5) RTlnaY = RTlnX; + ('cy - 'GEraphite 

mere: xY = mole f r a c t i o n  of c i n  y ( a u s t e n i t e )  
C 

si = mole f r a c t i o n  o f  n i c k e l  

A- 2 



= mole f r a c t i o n  o f  chromium 'Cr 

T = a b s o l u t e  t empera tu re  i n  O K  

[ 2 1  The v a l u e s  f o r  t h e  c o n s t a n t s  i n  t h e  e q u a t i o n  a re  g iven  as: 

) = 14381 + 3T g r a p h i  t e 

Ay = 1300 

By = -3450 - 7 .5T  

C g r  = -27000 

C i i  

C 
( " G Z  - " G  

C r  

= 11000 

2 .  The a c t i v i t y  of carbon i n  sodium i s  g iven  by Natesan and Kassner [31 
as 

RT 1x1 aNa C = RT I n  k (T) XNa C 

w i t h  k (T) chosen such t h a t  a:a = 1 a t  s a t u r a t i o n .  

From Equa t ion  6 ,  

1 k (T) = - 

For any t empera tu re  T ,  k ( T )  is  g i v e n  as ,  

( 7 )  

N a  By e q u a t i n g  Equa t ions  5 w i t h  6 w e  can o b t a i n  a term f o r  X 
t empera tu re .  I n  t h i s  c a s e  T = T w a s  s e l e c t e d .  

a t  a p a r t i c u l a r  
C 

max 

*!a = 2. exp RT lnX>(15206+3Tmax+1300Xcr)-(3450+7. 2 5Tmax) (1-X;) 2-27000X,.(1-X~) ( 9 )  
k(Tmax max 

A- 3 



0 

where: X i s  the equilibrium carbon content of the s t e e l  a t  T = Tmax, 
C 

From Equat ion  6 ,  

N a  a = k(T)X:a w i t h  X:a = c o n s t .  by d e f i n i t i o n  
C 

. * .  XNa a t  any tempera ture  T i s  g iven  by,  
C 

k (T) x( Equat ion  9 ) 

We can now e q u a t e  Equat ion  10 w i t h  5 as 

RT I n  aNa = RT I n  ay 
C C 

and s u b s t i t u t i n g  a(X 1 f o r  27000 XCr -1300 X i r  - 11756 C r  

w e  o b t a i n  

(+) Y(X 1 (1-f ) =  I n  X: 
max I n  X: (+) 

Solv ing  f o r  X: g i v e s  

0 

All terms i n  Equat ion  1 2  are known e x c e p t  f o r  X 
i n  t h e  s t ee l  a t  Tmax. 

X i s  o b t a i n e d  from t h e  mass b a l a n c e  (Equat ion  4 ) .  

t h e  carbon c o n t e n t  
C’ 

0 

C 

I Wri t ing  t h e  mass b a l a n c e  f o r  t h e  en t i re  system g i v e s  
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where: j is the set of volume elements 

MNa = amount of carbon in the sodium 
C 

'r j 
j c  

But M = X AV-5 (AV = volume element) 

r, = factor for converting concentrations expressed as mole 
fraction to volume concentrations 

K 

C 
5 X: AVj + MNa = M 

C 
j =1 

Na 
A s  Mc is small relative to My it can be ignored. Therefore, as AV+O 

C 
L Jxy C dV = 

0 

L 

where x the initial average concentration and V = total volume of steel 
used in the system. 

0 

Substituting Equation 12 into 14 and solving for X gives 
C L 

, x=o 
0 

Thus the solution to Equation 15 gives X the carbon content at T 
C max. 

Use of Equation 12 then gives Xy for any temperature, and Equation 9 
gives x N ~  . C 

C 
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APPENDIX B 

DETERYINATION OF CARBON GRADIENTS I N  STAINLESS STEEL AFTER EXPqSURE 

TO A L I Q U I D  YETAL ENVIRgNYENT 

C .  Bagna l l  

1.3 INTRODUCTION 

During t h e  p a s t  y e a r ,  a c o n t i n u i n g  s e a r c h  and up -da t ing  of t h e  l i t e r a t u r e  
on carbon d i f f u s i o n  i n  s t a in l e s s  s t e e l  a l l o y s  has been conducted.  
appendix d i s c u s s e s  t h e o r e t i c a l  and e x p e r i m e n t a l  d e t e r m i n a t i o n s  o f  ca rbon  
g r a d i e n t s  and carbon d i f f u s i v i t i e s  i n  s t a i n l e s s  s t e e l  a f t e r  prolonged 
e l e v a t e d  t e m p e r a t u r e  exposure t o  a l i q u i d  metal environment .  The r e s u l t s  
and methods o u t l i n e d  i n  t h i s  appendix are e s s e n t i a l l y  t h o s e  used t o  
estimate carbon t r a n s f e r  rates and d e p t h s  of  d e p l e t i o n  i n  FFTF components. 
The importance and e f f e c t  o f  v a r i o u s  a s sumpt ions  on t h e  r e s u l t s  and some 
g e n e r a l  p o i n t s  c o n t r i b u t i n g  t o  e r r o r  are b r i e f l y  d i s c u s s e d .  A s i m p l i f i e d  
method of ca rbon  g r a d i e n t  c a l c u l a t i o n  i s  a l s o  p r e s e n t e d .  

T h i s  

2.0 THEORETICAL CARBON GRADIENTS 

The f o l l o w i n g  e q u a t i o n  ( d e r i v e d  from F i c k s  law) may b e  used t o  d e s c r i b e  
t h e  c o n c e n t r a t i o n  o f  ca rbon  C a t  any p o i n t ,  x ,  w i t h i n  t h e  w a l l  of a 
t u b e  a f t e r  a g iven  t i m e ,  t :  (x ,  t )  

where: Co = I n i t i a l  carbon c o n c e n t r a t i o n  

C = E q u i l i b r i u m  s u r f a c e  c o n c e n t r a t i o n  

D = D i f f u s i o n  C o e f f i c i e n t  

e 

The e q u a t i o n  p e r t a i n s  t o  a system i n  which t h e  r a t e  of  ca rbon  movement i s  
c o n t r o l l e d  e n t i r e l y  by t h e  d i f f u s i o n  r e s i s t a n c e ;  i n t e r f a c i a l  o r  i n t e r n a l  
k i n e t i c  r e s i s t a n c e s  are  c o n s i d e r e d  n e g l i g i b l e .  A l so ,  i t  i s  assumed t h a t  
t h e  d i f f u s i o n  c o e f f i c i e n t ,  D ,  i s  n o t  dependent on t h e  c o n c e n t r a t i o n  of t h e  
d i f f u s i n g  s p e c i e s ,  i . e . ,  Df f ( D x , t ) .  To estimate d e p l e t i o n  d e p t h s  and 
t h e  s h a p e  of  t h e  carbon c o n c e n t r a t i o n  g r a d i e n t ,  a computer program was 
s e t  up t o  s o l v e  t h e  e q u a t i o n  (summing t h e  f i r s t  t e n  terms i n  t h e  s e r i e s )  
f o r  ca rbon  c o n c e n t r a t i o n  a t  t e n  e q u a l  i n t e r v a l s  throughout  a t u b e  w a l l ,  
u s i n g  t h e  f o l l o w i n g  pa rame te r s :  

B-1  



Cons tan t  t empera tu re ,  T = 1950'F 

P e r i o d  o f  exposure ,  t ,  = 2.195 x 10  (25 y e a r s )  

I n i t i a l  Carbon Concen t r a t ion ,  Co = 600 ppm 

Equ i l ib r ium S u r f a c e  Concen t r a t ion ,  

5 

( a >  = 100 ppm ( a r b i t r a r y  v a l u e )  
e C 

Tube wal l  t h i c k n e s s ,  a12 = 0.125", 0.500", 0.750", 1.000" 

D i f f u s i o n  C o e f f i c i e n t ,  D ,  = 0.25 x cm2hr-', 0 .25 x 1i6 
2 -1 2 -1 cm h r  , 0 .25  x cm h r  

The w a l l  t h i c k n e s s e s  used i n  t h i s  c a l c u l a t i o n  r e p r e s e n t  t h e  r ange  o f  w a l l  
t h i c k n e s s e s  encountered  i n  many of  t h e  FFTF s t r u c t u r a l  components. Also ,  
as d i s c u s s e d  l a t e r ,  t h e  v a l u e s  used f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  approxi -  
ma te ly  r e p r e s e n t  t h e  sca t te r  band r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  carbon 
movement i n  s ta in less  s tee ls .  

A p r o f i l e  of carbon c o n c e n t r a t i o n  a c r o s s  a t ube  wal l  i s  p l o t t e d  g r a p h i c a l l y  
i n  F i g u r e s  B-1  and B-2 f o r  the various combina t ions  of these d a t a .  

3.3 DETER'1IIATIr)N OF 9, THE DIFFUSION COEFFICIEYT 3F CARBON 

There  are v a r y i n g  r e p o r t s  r e g a r d i n g  t h e  v a l u e  of  d i f f u s i v i t y  of  carbon i n  
a u s t e n i t i c  s t a i n l e s s  s tee l .  I n  s p i t e  of  t h e  f a c t  t h a t  D i s  a p h y s i c a l  pro- 
p e r t y  o f  t h e  m a t e r i a l ,  v a l u e s  o b t a i n e d  v a r y  o v e r  several  o r d e r s  of magni- 
t ude .  T h i s  s e c t i o n  reviews t h e  d a t a  and r e s u l t s  of t h r e e  expe r imen te r s ,  
whose work was d i r e c t e d  a t  i n t e r s t i t i a l  d i f f u s i v i t y  d e t e r m i n a t i o n s  i n  
Types 316 and 304 s t a i n l e s s  s t e e l  when exposed t o  a l i q u i d  metal envi ron-  
ment. [1 ,2 ,31  

3.1 Data Documented By !dalker e t  a l .  (1966)[11 (See F i g u r e  B-3, P o i n t  A )  
Ni t rogen  g r a d i e n t s  were measured i n  s t a i n l e s s  s t ee l  specimens i n s e r t e d  i n  a 
l i q u i d  potass ium loop  o v e r  t empera tu res  r ang ing  from 1200-15OOOF. 
c o e f f i c i e n t s  were c a l c u l a t e d  from t h e s e  d a t a  and a l i nea r  p l o t  o f  1nD 
a g a i n s t  t h e  r e c i p r o c a l  o f  t h e  a b s o l u t e  t empera tu re  c o n s t r u c t e d .  The d i f f u -  
s i o n  c o e f f i c i e n t  of  carbon was c a l c u l a t e d  a t  1500°F u s i n g  d a t a  o b t a i n e d  
from a n a l y s i s  o f  s u c c e s s i v e  l a y e r s  o f  t h e  d e c a r b u r i z e d  tube  wal l .  T h i s  
p o i n t  was t h e n  used t o  c o n s t r u c t  a d i f f u s i o n  cu rve  f o r  carbon p a r a l l e l  t o  
t h a t  d e r i v e d  f o r  n i t r o g e n ,  assuming t h a t  d i f f u s i o n  rates of t h e  two 
similar atoms would e x h i b i t  approximate ly  t h e  same tempera tu re  dependency, 

D i f f u s i o n  

. 

(a)The e f f e c t  o f  t h e  v a l u e  of  Ce on D i s  d i s c u s s e d  i n  S e c t i o n  4.0. 
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The l i n e a r  p l o t  of 1nD v s .  1 / T  f o r  n i t r o g e n  was c o n s t r u c t e d  from f o u r  
e x p e r i m e n t a l  g r a d i e n t  a n a l y s e s  between 1200°F and 1500°F u s i n g  Equa t ion  
1 w i t h  a p p r o p r i a t e  boundary c o n d i t i o n s .  The p l o t  f o r  carbon shown i n  
F i g u r e  B-3, t h e r e f o r e ,  depends on t h e s e  f o u r  d a t a  p o i n t s  and t h e  s i n g l e  
carbon a n a l y s i s  a t  1500°F f o r  i t s  a c c u r a c y .  Provided t h e  v a l u e  f o r  t h e  
d i f f u s i t y  o f  carbon a t  1500°F i s  r e l i a b l e ,  e x t r a p o l a t i o n  o v e r  t h e  
1200-1500°F t empera tu re  r ange  shou ld  i n t r o d u c e  minimal e r r o r ,  on t h e  
r e a s o n a b l e  assumption t h a t  t h e  s i m i l a r i t y  of carbon and n i t r o g e n  atoms 
w i l l  l e a d  t o  s imi l a r  ra tes  of  d i f f u s i o n .  E x t r a p o l a t i o n  below 120OoF, 
however, shou ld  b e  t r e a t e d  w i t h  some c a u t i o n ,  s i n c e  t h e  o r i g i n a l  d a t a  
are so l i m i t e d .  

3 

3 . 2  Data Documented By Plumlee e t  a l .  (1965)[* ’  (See F i g u r e  B-3 ,  Poin t  B )  

Two small  r o d s ,  3/4-inch d i a m e t e r  and 3-112-inch long ,  machined from Type 
316 s t a i n l e s s  s t e e l  were p l a c e d  i n  a n  i s o t h e r m a l  t e s t  loop  s o  t h a t  one 
rod was upstream o f  a carbon s o u r c e  and t h e  o t h e r  downstream. A f t e r  a t e s t  
run ,  t h e  samples  were i n c r e m e n t a l l y  machined and ana lyzed  f o r  ca rbon  
(1 /2g  samples ) .  D i f f u s i o n  c a l c u l a t i o n s  were made from d a t a  o b t a i n e d  a t  
t e m p e r a t u r e s  between 838°F and 1051°F under t h e  b a s i c  assumption t h a t  car- 
bon c o n c e n t r a t i o n s  i n  t h e  sodium remained c o n s t a n t  t h roughou t  any t e s t .  

The f o l l o w i n g  p o i n t s  were no ted :  

I 

1. Oxygen l e v e l s  i n  t h e  sodium f o r  t h e  tes ts  v a r i e d  from 10 t o  7 7  ppm. 

2 .  Carbon c o n c e n t r a t i o n  i n  t h e  carbon s o u r c e s  ( c a r b u r i z e d  AISI-1012 
carbon s t e e l  s h e e t ,  18-mil t h i c k  wound i n t o  a s p i r a l )  v a r i e d  from 
1.1 t o  1 .6  w/o. 

3.  With a f low r a t e  of one gpm, t h e r e  was a marked d i f f e r e n c e  between 
carbon pick-up i n  upstream and downstream specimens,  t h e  former 
always b e i n g  less t h a n  t h e  l a t t e r .  I n  p r e l i m i n a r y  tes ts  a t  e i g h t  
gpm, no positional e f f e c t s  w e r e  obse rved .  

The r e l i a b i l i t y  o f  d a t a  o b t a i n e d  i n  t h e s e  expe r imen t s  i s  somewhat u n c e r t a i n ,  
because  of  non-uniform l o o p  o p e r a t i n g  c o n d i t i o n s  and t h e  c y l i n d r i c a l  geome- 
t r y  of t h e  specimens.  
half-gram samples  r e q u i r e d  an i n c r e a s i n g  d e p t h  of  c u t  f o r  each l a y e r  s o  t h a t  
mean carbon c o n c e n t r a t i o n  c a l c u l a t i o n s  were made f o r  d i f f e r e n t  r a d i a l  
t h i c k n e s s e s .  

Machining c o n s e c u t i v e  l a y e r s  from t h e  r o d s  t o  g i v e  

The v a l u e s  o b t a i n e d  f o r  e x t r a p o l a t e d  s u r f a c e  carbon c o n t e n t s  (Ce v a l u e s )  
were dependent  upon specimen l o c a t i o n .  The v a r i a t i o n  i n  c a l c u l a t e d  v a l u e s  
of  D between upstream and downstream specimens i s  g i v e n  i n  T a b l e  B-1 .  
Average v a l u e s  determined from each p a i r  of f i g u r e s  a t  each  t e m p e r a t u r e  
were used t o  p l o t  t h e  1nD vs. 1 / T  cu rve  g iven  i n  t h e  pape r .  

It i s  r e a s o n a b l e  t o  assume t h a t  t h e  specimens p l a c e d  downstream from t h e  
carbon s o u r c e  would r e a c h  i n  t i m e  an e q u i l i b r i u m  c o n d i t i o n  w i t h  t h e  carbon- 
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Table B-1.  Calculated Diffusion Coefficients r ) f  Carbon 

Sample p o s i t i o n  
w i t h  Respec t  t o  

Temp. (qF) Carbon Source 
D i f f .  Coef . ,  D 

(cm2/sec.)  

838 

843  

9 40 

9 4 4  

1051 

Upstream 

Downstream 

Ups t r earn 

Downstream 

Downstream 

Upstream 

Downstream 

Downstream 

1 . 5  x 

2 . 4  x 

1 . 3  x 

1 . 9  x 

11 x 

6.7 x 

7 . 2  x 

18 x 

Base Carbon Content  of Samples 0.05 w/o 

s a t u r a t e d  sodium. The specimens p l aced  upstream of t h e  s o u r c e  w i l l  r e a c h  
an e q u i l i b r i u m  c o n d i t i o n  a l s o ,  b u t  a f t e r  pas sage  of  t h e  sodium round t h e  
loop ,  t h i s  e q u i l i b r i u m  may b e  d i f f e r e n t  from t h e  downstream e q u i l i b r i u m  
c o n d i t i o n .  I n  F i g u r e  B-3, d a t a  from t h e  downstream specimens have been 
p l o t t e d  on t h e i r  own w i t h  t h e  r e s u l t  t h a t  d i f f u s i o n  ra te  i n c r e a s e s  less 
r a p i d l y  w i t h  i n c r e a s i n g  t empera tu re  t h a n  i n d i c a t e d  i n  t h e  pape r .  

Th i s  new cu rve  i s  a lmost  p a r a l l e l  t o  t h a t  g iven  by Walker.  

3 . 3  Data Documented by Anderson and Snessby (1960)r31 (See Figure B-3 P o i n t  C )  

Al though t h e  work of t h e s e  a u t h o r s  c o n c e n t r a t e s  upon c a r b u r i z a t i o n  of  Type 
304 s t a i n l e s s  s t e e l ,  t h e  material  i s  s o  c l o s e  i n  composi t ion  t o  Type 316 
s t a i n l e s s  s t ee l  t h a t  i t  i s  u n l i k e l y  t h a t  d i f f u s i v i t y  v a l u e s  w i l l  change 
by as much a s  an  o r d e r  of  magni tude from one t o  t h e  o t h e r .  F i g u r e  B-4 
shows t h e  composi t ion  f i e l d s  o f  each  a l l o y  p l o t t e d  on a S c h a e f f l e r  diagram; 
Type 304 s t a i n l e s s  s t ee l  may c o n t a i n  up t o  10% f e r r i t e ,  which i n  g e n e r a l  
w i l l  b e  twice t h e  amount found i n  Type 316 s t a i n l e s s  s teel .  But t h e  phase  
w i l l  b e  p r e s e n t  predominant ly  a t  g r a i n  boundar i e s  where d i f f u s i o n  rates 
are  i n  any e v e n t  one o r  two o r d e r s  of magni tude h i g h e r  t h a n  i n  t h e  m a t r i x .  
So u n l e s s  t h e r e  i s  s u f f i c i e n t  f e r r i t e  p r e s e n t  and a s u f f i c i e n t l y  l a r g e  
g r a i n  s i z e  t o  p e r m i t  t h e  con t inuous  fo rma t ion  of f e r r i t i c  ne tworks ,  

- 8  
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t h e  o v e r a l l  e f f e c t  of  t h e  phase  w i l l  b e  minimal .  The p r e s e n c e  o f  molybdenum 
i n  Type 316 s ta in less  s t e e l  a s  a c a r b i d e  s t a b i l i z i n g  element i s  a l s o  n o t  
l i k e l y  t o  s i g n i f i c a n t l y  a f f e c t  t h e  o v e r a l l  movement o f  carbon through t h e  
a u s t e n i t i c  m a t r i x .  

Most of t h e  specimens were n o t  exposed i n  a loop  system b u t  were encapsu-  
l a t e d  w i t h  sodium i n  Type 304 s t a i n l e s s  s t ee l  t u b i n g ,  1-1/2-inch OD w i t h  
a 0 .065-inch w a l l  and 3 t o  6-inch l e n g t h .  The c a p s u l e s  were i n c l i n e d  a t  
an a n g l e  o f  30" and r o t a t e d  i n  t h e  f u r n a c e  a t  1 5  rpm. However, some 
specimens were suspended i n  ' ' smal l  sodium tes t  l o o p s  b e i n g  o p e r a t e d  f o r  
o t h e r  expe r imen t s ; "  d i s t i n c t i o n  between t h e s e  two exposure  methods i s  n o t  
i n d i c a t e d  i n  t h e  r e p o r t e d  d a t a .  

: 

Three  major  f a c t o r s  a f f e c t i n g  d i f f u s i o n  r a t e s  were cons ide red  f o r  t h i s  work. 

C o n c e n t r a t i o n  Grad ien ts  

The d i f f e r e n c e  between t h e  carbon c o n c e n t r a t i o n  of t h e  s u r f a c e  i n  
e q u i l i b r i u m  w i t h  carbon s a t u r a t e d  sodium and t h e  i n i t i a l  carbon 
c o n t e n t  o f  t h e  s t e e l  was c o n s i d e r e d  a major  c o n t r o l l i n g  f a c t o r  i n  
t h e  ra te  o f  carbon d i f f u s i o n .  For long  exposure  t imes,  t h e  assumpt ion  
w a s  made t h a t  t h e  specimen s u r f a c e  i n  c o n t a c t  w i t h  t h e  sodium would 
come t o  i n s t a n t a n e o u s  e q u i l i b r i u m .  For  t h e s e  expe r imen t s ,  t h e  assump- 
t i o n  was found t o  b e  s a t i s f a c t o r y  f o r  exposure  times of  one hour  o r  
g r e a t e r .  

Specimen Geometry 

The s i z e  and shape  of  a specimen c o n t r i b u t e s  s i g n i f i c a n t l y  t o  c a r b u r i z a -  
t i o n  r a t e s .  Thin s h e e t  specimens were chosen f o r  t h i s  work so  t h a t  
edge, corner, and o t h e r  p e r i p h e r a l  e f f e c t s  prominent  i n  specimens of  
more s o l i d  geometry,  could  b e  ignored .  Care was t aken  t o  e n s u r e  t h a t  
f o r  any c a l c u l a t i o n  of D ,  t h e  specimen t h i c k n e s s  was a t  l ea s t  tw ice  t h e  
t o t a l  d e p t h  of  t h e  c a r b u r i z e d  zone. A c o n c e n t r a t i o n  g r a d i e n t  i n  a 
specimen t h i n n e r  t han  t h i s  minimum would b e  modi f ied .  

Temperature 

Temperature  c o n t r o l  was cons ide red  i m p o r t a n t  f o r  e s t a b l i s h i n g  s u r f a c e  
c o n c e n t r a t i o n  of  t h e  d i f f u s i n g  e lement  when i n  e q u i l i b r i u m  w i t h  t h e  
s o u r c e .  

I n  m i c r o s t r u c t u r a l  s t u d i e s ,  t h e  a u t h o r s  observed  t h a t  c a r b u r i z a t i o n  proceeded 
t o  a g r e a t e r  dep th  a t  g r a i n  boundar i e s ,  b u t  found t h a t  t h i s  s e p a r a t e  d i f -  
f u s i o n  r a t e  accounted f o r  a n e g l i g i b l e  p o r t i o n  of  o v e r a l l  carbon g a i n .  
observed ,  m e t a l l o g r a p h i c a l l y ,  t h a t  i n c r e a s i n g  t empera tu re  caused a d e c r e a s e  
i n  t h e  s t r u c t u r a l  e f f e c t  on d i f f u s i o n .  C a r b u r i z a t i o n  rates were de termined  
i n  t h e  fo l lowing  ways: 

They 
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Chemical Analysis 
S e v e r a l  s h e e t  specimens v a r y i n g  i n  t h i c k n e s s  from 0.002 t o  0.030 
inch  were exposed t o  ca rbon- sa tu ra t ed  sodium f o r  a g iven  ( r e l a t i v e l y  
s h o r t )  p e r i o d  of  time a t  a t empera tu re  of  1200°F and then  ana lyzed  t o  
de te rmine  t h e  average  carbon c o n c e n t r a t i o n  of each specimen. The 
p l o t  o f  average  carbon c o n c e n t r a t i o n  v s .  t h i c k n e s s  was e x t r a p o l a t e d  
t o  zero  t h i c k n e s s  t o  de t e rmine  t h e  s u r f a c e  ( e q u i l i b r i u m )  c o n c e n t r a t i o n .  
An approximate v a l u e  of D a t  1200'F was then  c a l c u l a t e d  from t h e  
expres s ion :  

Where: C = average  carbon c o n c e n t r a t i o n  a f t e r  exposure  

= s u r f a c e  carbon c o n c e n t r a t i o n  a f t e r  exposure 

m 

Cs 

C = i n i t i a l  carbon c o n c e n t r a t i o n  

K 

L 

0 

= g e o m e t r i c a l  c o n s t a n t ,  e q u a l  t o  2 / J n  

= 1 / 2  t h e  specimen t h i c k n e s s  

t = t i m e  of exposure 

The e q u a t i o n  vas a p p l i e d  only  t o  specimens which were t h i c k e r  t han  
twice  t h e  d i f f u s i o n  depth .  

The v a l u e  of C was f u r t h e r  r e f i n e d  by u s i n g  t h i s  approximate v a l u e  of 

D i n  t h e  expres s ion :  
S 

A and B a r e  c o n s t a n t s  
e q u a l  t o  0.0851 and 1 l'* 0.993 r e s p .  ( 3 )  

. - [ . - B l o g l - c  c n - c  - co 0 

D t  

S 

t o  de te rmine  f o r  what t h i c k n e s s  specimens would have an o v e r a l l  carbon 
g a i n  e q u a l  t o  99% of  t h e  ( e x t r a p o l a t e d )  s u r f a c e  carbon g a i n .  The 
average  carbon c o n c e n t r a t i o n  f o r  a l l  specimens a t  and below t h i s  minimum 
t h i c k n e s s  was c a l c u l a t e d ,  and a f t e r  ad jus tment  t o  t h e  100% e q u i l v a l e n t ,  
t h i s  was taken  as t h e  t r u e  v a l u e  f o r  carbon s u r f a c e  c o n c e n t r a t i o n .  A 
new v a l u e  of  D w a s  t hen  de termined .  

. 

J u s t i f i c a t i o n  f o r  t h i s .  l a t t e r  man ipu la t ion  i s  presumably founded upon 
t h e  i n i t i a l  g r a p h i c a l  e x t r a p o l a t i o n  f o r  Cs, which was h i g h l y  imagina- 
t i v e  and c e r t a i n l y  d i d  n o t  r e p r e s e n t  a smooth e x t e n s i o n  of t h e  e x p e r i -  
men ta l ly  determined p a r t  of t h e  c o n c e n t r a t i o n  curve .  
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Yetallographic Examination 

The r e l a t i o n s h i p  d e r i v e d  by Darken and Gurry between t h e  c o n c e n t r a t i o n  
f u n c t i o n  (C-Co)  / ( C o - C o )  and t h e  d i m e n s i o n l e s s  v a r i a b l e  x / ( D t ) l / Z  ( t h i s  
i s  d i s c u s s e d  i n  S e c t i o n  4 . 0 )  w a s  used i n  g r a p h i c a l  form t o  d e t e r m i n e  ca rbon  
c o n c e n t r a t i o n s  C ,  a t  m e t a l l o g r a p h i c a l l y  d e t e c t a b l e  c a s e  d e p t h s ,  x ,  
u s i n g  t h e  p r e v i o u s l y  determined v a l u e s  of D ,  C s ,  and C o .  

With v a l u e s  of c o n c e n t r a t i o n  s o  c a l c u l a t e d ,  a series of  c u r v e s  were 
c o n s t r u c t e d  r e l a t i n g  c a s e  dep th  w i t h  time a t  v a r i o u s  t e m p e r a t u r e s .  

Hardness Yeas urernen t s  

A p a r a l l e l  t ype  of c a l c u l a t i o n  on h a r d n e s s  d a t a  i n d i c a t e d  t h a t  300 khn 
corresponded t o  a carbon c o n t e n t  of  0.19%. Th i s  v a l u e  was t a k e n  as t h e  
l i m i t  of  t h e  c a r b u r i z e d  c a s e  f o r  a l l  specimens. Case d e p t h s  de t e rmined  
from b o t h  h a r d n e s s  and m e t a l l u r g i c a l  measurement were then used t o  
c a l c u l a t e  d i f f u s i o n  c o e f f i c i e n t s  a t  v a r i o u s  t e m p e r a t u r e s .  

Results from t h e s e  t h r e e  methods of  c a l c u l a t i n g  d i f f u s i o n  c o e f f i c i e n t s  
graph of 1nD v s .  1 / T ,  a s  shown i n  F i g u r e  B-3. 

The f o l l o w i n g  p o i n t s  were no ted :  

1. The s t r a i g h t  l i n e  shown i n  F i g u r e  B-5 appea r s  t o  have been drawn 
u s i n g  "average" chemical  a n a l y s e s  a t  1200 and 1000°F o n l y .  
r ange  of D v a l u e s  o b t a i n e d  a t  t h e s e  t e m p e r a t u r e s  v a r i e d  from 0 .2  
t o  0 .7  x 10-10 cm2sec-1 f o r  t h e  former and from 0 .7  x 10-12 t o  
0.6 x 10 - l1  cm2sec-l f o r  t h e  l a t t e r .  Th i s  s t r a i g h t  l i n e  was t h e n  
ex tended  through t h e  t empera tu re  r ange  f o r  which c a s e  d e p t h s  were 
measured. 

The 

2 .  A good c o r r e l a t i o n  between ha rdness  d a t a  a t  1200°F and carbon 
c o n t e n t  was e s t a b l i s h e d ,  s u g g e s t i n g  t h a t  a t  t h i s  t e m p e r a t u r e  
h a r d n e s s  measurements could b e  used t o  check chemica l  a n a l y s i s  
r e s u l t s  (and a l s o  as an i n d i r e c t  method of d e t e r m i n i n g  carbon 
c o n c e n t r a t i o n  of a sodium s y s t e m ) .  However, t h e  u s e f u l n e s s  of 
t h i s  r e l a t i o n s h i p  would appea r  t o  b e  conf ined  t o  a c a r b u r i z i n g  
system and t o  t h e  lower t empera tu re  r a n g e s ,  s i n c e  above 1250°F 
as  t h e  a u t h o r s  i n d i c a t e ,  c o r r e l a t i o n  between carbon c o n t e n t  and 
h a r d n e s s  becomes t o o  dependent  on t i m e  of exposure  t o  be  r e l i a b l e .  

3 .  D i f f u s i o n  ra tes  were found t o  b e  lower a t  lower t e m p e r a t u r e  
t h a n  t h o s e  r e p o r t e d  f o r  Type 316 s t a i n l e s s  s t e e l  material .  

The d a t a  o b t a i n e d  by Anderson and Sneesby f o r  t h e  c o e f f i c i e n t  of 
d i f f u s i o n  of carbon i n  Type 304 s t a i n l e s s  s t ee l  a t  1200°F as determined 
by chemica l  a n a l y s i s  of c a r b u r i z e d  specimens,  s u p p o r t s  d a t a  s i m i l a r l y  
o b t a i n e d  by o t h e r  workers .  However, t h e  s l o p e  of t h e  D vs. 1 / T  c u r v e  

B - 1 1  
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canno t  b e  c o n s i d e r e d  too  p r e c i s e ,  s i n c e  i t  was l a r g e l y  e s t a b l i s h e d  by 
m e t a l l o g r a p h i c  and h a r d n e s s  measurements.  Although t h e r e  i s  no d i s c u s s i o n  
of p o s s i b l e  deg ree  of e r r o r  c o n t r i b u t e d  by t h e  v a r i o u s  forms of  
measurement, some i d e a  o f  i t s  magnitude may be  ga ined  by o b s e r v i n g  t h e  
s c a t t e r  o f  1200°F ( F i g u r e  B - 5 ) .  

i 

3 . 4  Summary 

The t h r e e  expe r imen t s  d e s c r i b e d  a b o v e ' f o r  t h e  s t u d y  of carbon d i f f u s i o n  are  
t h e  on ly  ones c u r r e n t l y  r e p o r t e d  i n  t h e  l i t e r a t u r e  i n  which d a t a  were ob- 
t a i n e d  by expos ing  specimens t o  a l i q u i d  meta l  environment .  One of  t h e  
expe r imen t s  d e a l s  w i t h  specimen d e c a r b u r i z a t i o n  and t h e  o t h e r  two w i t h  
c a r b u r i z a t i o n ,  and each i n c l u d e s  a s o u r c e  of  e r r o r  which may a r i s e  e i t h e r  
from an assumption o r  from e x p e r i m e n t a l  p r o c e d u r e ,  Y e t ,  t h e  d i f f u s i o n  d a t a  
c a l c u l a t e d  from t h e  t h r e e  ( a f t e r  modifying P lumlee ' s  d a t a )  are w i t h i n  a 
f a c t o r  of t h r e e  of one a n o t h e r  above 1000°F. 

The mean cu rve  f o r  t h e  above d a t a  i s  shown i n  F i g u r e  B - 6 ,  t o g e t h e r  w i t h  
carbon d i f f u s i o n  d a t a  f o r  o t h e r  a u s t e n i t i c  materials de t e rmined  o u t  of a 
l i q u i d  metal  environment .  [ 4 9 5 , 6 , 7 1  Two s t r i k i n g  f e a t u r e s  are a p p a r e n t :  
t h e  t e m p e r a t u r e  dependence of t h e  d i f f u s i o n  c o e f f i c i e n t  i s  much less  i n  
t h e  l i q u i d  metal environment expe r imen t s ,  and i t s  v a l u e  i s  lower a t  
t e m p e r a t u r e s  above 1000'F. A t  1300"F, t h e  out-of-sodium d a t a  are s p r e a d  
o v e r  two o r d e r s  of  magnitude above t h i s  mean cu rve .  

One f u r t h e r  p i e c e  of e x p e r i m e n t a l  ev idence  t o  s u p p o r t  t h i s  mean c u r v e  f o r  
ca rbon  d i f f u s i o n  i s  d e r i v e d  from some work a t  ANL.18] I n  t h i s  work, Type 
304 s t a in l e s s  s t e e l  r o d s  were exposed t o  "impure" sodium a t  1200'F f o r  
one week. The r e s u l t s  i n d i c a t e  t h a t  t h e  d i f f u s i v i t y  o f  ca rbon  a t  t h i s  
t empera tu re  i s  0 .61  x 10-10 cm2sec-1;(a) as shown i n  F i g u r e  B-6, t h i s  
v a l u e  f a l l s  n e a r  t h e  mean cu rve  d e r i v e d  from t h e  work i n  l i q u i d  metal  
d e s c r i b e d  above. 

The d i s c r e p a n c y  between t h e  two se t s  of d i f f u s i o n  d a t a  ( i n  and out-of 
a l i q u i d  m e t a l  environment)  i s  d i f f i c u l t  t o  j u s t i f y  o r  e x p l a i n  on 
t h e o r e t i c a l  grounds.  The d i f f u s i o n  c o e f f i c i e n t  of  an element  i n  a g iven  
mater ia l  i s  a c o n s t a n t  of t h a t  mater ia l  and shou ld  n o t  b e  dependent  upon 
method of  measurement o r  e x t e r n a l  environment .  However, s t a i n l e s s  s t e e l  
m i c r o s t r u c t u r e  i n  t h e  t empera tu re  range 1000 - 1400°F i s  i n  a c o n s t a n t  
s t a t e  o f  change, and many of  i t s  p h y s i c a l  p r o p e r t i e s  e x p e r i e n c e  a r a d i c a l  
a l t e r a t i o n  s o  t h a t  t h e  material  i t s e l f  may b e  c o n s i d e r e d  as a v a r i a b l e .  
Why t h i s  i s  n o t  r e f l e c t e d  as a b r e a k  i n  t h e  Ar rhen ius  p l o t  of  d i f f u s i v i t y  
v s .  t empera tu re  i s  n o t  c l e a r ;  t h e  p l o t  shou ld  n o t  b e  l i n e a r  a t  a l l  i f  t h e  
material  r e a l l y  does a l t e r  s i g n i f i c a n t l y .  Why a sodium environment  shou ld  
a p p a r e n t l y  s low down carbon movement i n  t h e  material  i s  a l s o  c o n f u s i n g .  
A t  p r e s e n t ,  i t  i s  o n l y  p o s s i b l e  t o  conclude t h a t  i t  i s  n o t  a d i f f u s i o n  
c o e f f i c i e n t  t h a t  i s  measured a t  a l l ,  b u t  r a t h e r  an o v e r a l l  r e a c t i o n  r a t e  
f o r  carbon i n  a g iven  a l l o y  i n  a g iven  environment .  

( a ) C a l c u l a t i o n  of t h i s  v a l u e  i s  g iven  i n  S e c t i o n  4.0.  * Q  
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4 

4.0 A S I V P L I F I E Q  YETHOD FOR CARBON GRADIENT C A L C U L A T I O N  

The problem of  d e t e r m i n i n g  t h e  d i s t r i b u t i o n  of a d i f f u s i n g  element  a f t e r  
any g i v e n  time i s  d i s c u s s e d  i n  some d e t a i l  by Darken and Gurry.19]  
Mathemat i ca l ly ,  t h i s  i n v o l v e s  t h e  i n t e g r a t i o n  of t h e  p a r t i a l  d i f f e r e n t i a l  
e q u a t i o n  d e s c r i b i n g  F i c k s  second law: 

9 

3 

a Lc ac 
a t  a x  - D -  - -  ( 4 )  

s o  t h a t  t h e  boundary c o n d i t i o n s  of  i n i t i a l  uniform compos i t ion ,  C o ,  and 
i n s t a n t a n e o u s  i n i t i a l  s u r f a c e  e q u i l i b r i u m  c o n c e n t r a t i o n ,  C,, a re  
s a t i s f i e d ;  i . e . ,  

C = C  a t t = O , a n d O > x > m  

C = C  a t x = O , a n d O > t > m  

0 

S 

Equa t ion  4 h a s  a s o l u t i o n  t o  i t s  i n t e g r a t i o n  i n  t h e  form o f  a n  e r r o r  
f u n c t i o n ,  4 ,  which may b e  w r i t t e n  

c - c  
0 

s o  

- - X 
2 J D t  c - c  1 - 4 = e r f  (5) 

From t h i s  e x p r e s s i o n ,  t h e  c o n c e n t r a t i o n  f r a c t i o n  i s  a f u n c t i o n  o n l y  of 
t h e  s i n g l e  d imens ion le s s  v a r i a b l e ,  X I & .  

a g a i n s t  d i s t a n c e  i s  p r e c i s e l y  t h e  same form a t  a l l  t imes; i . e . ,  any one 
c u r v e  may be  imagined as o b t a i n e d  from any o t h e r  by s t r e t c h i n g  o r  con- 
t r a c t i n g  the absc i s sa .  

Hence, a p l o t  o f  c o n c e n t r a t i o n  

From a p l o t  of  ( C - C o ~ ( C s - C o )  v s .  x/&, i t  i s  found t h a t  when ( C - C o ) /  
( C s - C o )  = 0.5000,  x/& = 0.9538. 
t h a t  when c o n c e n t r a t i o n  of  t h e  d i f f u s i n g  element  i s  midway between i n i t i a l  
and u l t i m a t e  v a l u e s  ( i . e . ,  a t  1 1 2  ( C o + C s ) ,  t h e  d i s t a n c e  x of t h i s  p l a n e  
from t h e  s u r f a c e ,  a t  which c o n c e n t r a t i o n  i s  Cs, i s  e q u a l  t o  6. Using 
t h i s  i n f o r m a t i o n ,  w e  may c o n s t r u c t  approximate d i f f u s i o n  c u r v e s  f o r  t h o s e  
shown i n  F i g u r e  B-2 u s i n g  Tab le  B-2. 

Thus, w e  may make t h e  approx ima t ion  

Two p o i n t s  are p l o t t e d  f o r  each v a l u e  of D :  one f o r  t h e  tube  s u r f a c e  
where c o n c e n t r a t i o n  = C s ,  and t h e  o t h e r  f o r  1 1 2  (Cs+Co)  where x = mt, as 
g i v e n  i n  T a b l e  B-2.  A s t r a i g h t  l i n e  i s  c o n s t r u c t e d  through t h e s e  two 
p o i n t s  t o  t h e  i n t e r s e c t i o n  of  t h e  h o r i z o n t a l  l i n e  of o r i g i n a l  c o n c e n t r a t i o n ,  
C,. 
c u r v e s  o f  F i g u r e  B-2. 

The t h r e e  cu rves  are shown i n  F i g u r e  B - 7 ,  t o g e t h e r  w i t h  t h e  computed 
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i D 
( cm2 hr-1)  

Table 8-2. Values For x When (C-Co)/C,-Co) 

x= 6 t  X 

(em) ( i n . )  Dt2 t 
( h r )  (cm 1 

I = 1/2, For Various Values O f  D I 

The major d ive rgence  between t h e  computed and approximated c u r v e s  o c c u r s  
as t h e  v a l u e  o f  Co i s  approached.  
s e r i o u s l y  e f f e c t  material p r o p e r t i e s  and w i l l  b e  comparable t o  normal 
c o n c e n t r a t i o n  f l u c t u a t i o n s  w i t h i n  t h e  b u l k  of t h e  m a t e r i a l .  

Carbon d e p l e t i o n  a t  t h i s  l e v e l  w i l l  n o t  

The good o v e r a l l  agreement between t h e  two sets of  cu rves  s u g g e s t  t h a t  t h e  
approximate  method of c a l c u l a t i o n  could b e  used f o r  d e t e r m i n a t i o n s  of  
e lement  g r a d i e n t s  a t  t h e  s u r f a c e  of  a m a t e r i a l ,  g iven  t h e  exposure  c o n d i t i o n s  
and a p p r o p r i a t e  d i f f u s i o n  c o e f f i c i e n t s .  

A s  a f u r t h e r  example of a p p l i c a t i o n  of t h e  method t h e  work r e f e r e n c e d  i n  
S e c t i o n  3 . 0 [ 8 h a y  b e  used t o  o b t a i n  an  approximate  v a l u e  f o r  D a t  1200'F 
as f o l l o w s .  

A t ype  304 s t a i n l e s s  s t e e l  rod  w a s  exposed i n  sodium f o r  a p e r i o d  o f  one 
week. The r e p o r t  ment ions t h a t  " s u r f a c e  l a y e r s ,  t o  a dep th  of abou t  
4 x i n c h ,  had carbon c o n c e n t r a t i o n s  o f  abou t  0.070 w/o. Specimen 
l a y e r s  from 6-12 m i l s  i n  dep th  showed g r a d u a l l y  reduced carbon c o n t e n t ,  
from 0.056 t o  0 .052 w/o." 
c o n c e n t r a t i o n s  a t  t h e  mean of t h e  f i r s t  f o u r  m i l s ,  and a t  s i x  and twelve 
m i l  d e p t h s  a r e  p l o t t e d  as g iven ,  and t h e s e  t h r e e  p o i n t s  are used t o  
e x t r a p o l a t e  t h e  cu rve  t o  o b t a i n  a s u r f a c e  carbon c o n c e n t r a t i o n .  

F i g u r e  B-8 shows a p l o t  of  t h e s e  d a t a ;  

Using t h e  r e l a t i o n :  

, where x = depth  a t  which c o n c e n t r a t i o n  X 2  D = -  
t 

From F i g u r e  B-8, t a k i n g  C = 520 ppm, C = 830 ppm, 
a t  1 / 2  (Co+Cs) (= 675 ppm?. S 

(2.4 x 2.54 x 2 -1 
cm sec 7 x 24 x 3600 hence ,  D = 

e q u a l s  1/2(C0+Cs> 

t h e n  x = 2.4 m i l s  

n 
= 0 .61  x cm2 sec" 
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T h i s  v a l u e  i s  p l o t t e d  on F i g u r e  B-6 and shows good agreement  w i t h  t h e  
mean cu rve  d e r i v e d  from o t h e r  work conducted i n  a l i q u i d  m e t a l  environment .  
The impor tance  of  t h i s  i l l u s t r a t i o n  i s  t o  show t h a t  even  w i t h  a minimum 
of  da ta ,  u s e f u l  i n f o r m a t i o n  can  be  ga ined  concern ing  r a t e  of carbon move- 
ment;  t h e  f i g u r e s  may-be approximate  b u t  shou ld  n o t  b e  i n  e r r o r  by a s  much 
as a n  o r d e r  of magni tude.  

I 

One f u r t h e r  p o i n t  shou ld  b e  mentioned r e g a r d i n g  t h e  measurement o f  s u r f a c e  
( e q u i l i b r i u m )  c o n c e n t r a t i o n s  and t h e  dep th  of t h e  zone e x p e r i e n c i n g  change 
due t o  d i f f u s i o n  i n t o  o r  o u t  of  a m a t e r i a l .  Suppose a f t e r  time t a t  
c o n s t a n t  t empera tu re  T ,  a g iven  m a t e r i a l  l o s e s  a q u a n t i t y  of  some e lement  
by a d i f f u s i o n  p r o c e s s  a c r o s s  a boundary,  
g r a p h i c a l l y  as shown i n  F igu re  B-9. A composi t ion  g r a d i e n t  i s  e s t a b l i s h e d  
over some distance X from the boundary concentrat ion of the element, Cs, 
t o  t h e  i n i t i a l  c o n c e n t r a t i o n ,  Co, i n  t h e  b u l k  m a t e r i a l .  

The s i t u a t i o n  may b e  r e p r e s e n t e d  

A t  t empera tu re  T ,  t h e  d i f f u s i v i t y  D of  t h e  e lement  may b e  de te rmined  from 
m a n i p u l a t i o n  of t h e  e r r o r  f u n c t i o n ,  

% x , t )  = C 0 e r f  -&- 

u s i n g  t h e  r e l a t i o n  a s  b e f o r e  t h a t  

2 X X - , when x = 2 t D =  

X i s  dependent  on ly  on t ,  and n o t  on C . 
A t  any g iven  t empera tu re ,  t h e r e f o r e ,  dep th  of  d e p l e t i o n  w i l l  i n c r e a s e  
w i t h  t i m e ,  b u t  w i l l  n o t  b e  a f f e c t e d  by t h e  s u r f a c e  c o n c e n t r a t i o n .  

S 
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