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ABSTRACT 

I n  the semiworks d i s so lve r ,  average cur ren t s  were about 2000 amp 
during d i s s o l u t i o n  of s t a i n l e s s  s t e e l  ar~d about 1200 amp during 
d i s s o l u t i o n  of' Zi rcaloy.  These currcnte, were 0bta.i ned when t he  current  
was t r a n s f e r r e d .  t o  a  f ue l  assembly by d i r e c t  contact -  with t he  columbium 
baske t .  High d i s so lu t i on  r a t e s  a r e  an t i c i pa t ed  when the  d i s so lve r  i s  
modified so t h a t  t he  e l e c t r o l y t e  makes t he  only e l e c t r i c a l  contact  
with t h e  charge.  Laboratory experiments we1.e 111ad.e t o  dctermine the  
important  c h a r a c t e r i s t i c s  of t h i s  type of d i s so lver .  

High cor ros ion  r a t e s  of s t a i n l e s s  s t e e l  equipment by bo i l i ng  n i t r i c  
a c i d  - stain lee^ s t e e l   solution^ (under e v a p o ~ a l o r  cond i t ione)  i s  
caused by ~ r ' ~ .  
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INTRODUCTION 

Work con t inues  on methods f o r  t h e  d i s s o l u t i o n  of  t h e  p r i n c i p a l  t y p e s  
o f  spent  f u e l s  from n u c l e a r  r e a c t o r s .  E l e c t r o l y t i c  d i s s o l u t i o n  i n  
n i t r i c  a c i d  has  been shown t o  be f e a s i b l e  on a  l a b o r a t o r y  s c a l e  f o r  
s t a i n l e s s  s t e e l ,  Z i r ca loy ,  aluminum, s t a i n l e s s  s t e e l  - uranium ox ide  
cermets ,  g r a p h i t e ,  and uranium-molybdenum a l l o y (  1-5 ) . The n i t r i c  a c i d  
e l e c t r o l y t e  i s  compatible  w i t h  convent iona l  m a t e r i a l s  of  c o n s t r u c t i o n  
and wi th  e x i s t i n g  p roces ses  f o r  radiochemical  s e p a r a t i o n .  For t h i s  
t e chn ique  t o  be p17acl;ical on  a  p l a n t  s c a l e ,  a  method had t o  be 
demonstrated t o  t r a n s f e r  l a r g e  amounts of  c u r r e n t  t o  t h e  f u e l  assembl ies .  
I n  p rev lous  work, mock f u e l  assembl ies  were p l aced  i n  an anodic baske t  
o f  columbium, and t h e  c u r r e n t  flowed from t h e  baske t  t o  t h e  f u e l  charge  
th rough  t h e  p o i n t s  o f  c o n t a c t .  The concluding  t e s t s  u s ing  t h i s  
t echn ique  a r e  d e s c r i b e d  i n  t h i s  r e p o r t .  Work w a s  i n i t i a t e d  on a  
" l i q u i d  c o n t a c t "  method i n  which t h e  assembl ies  a r e  suspended i n  
n i t r i c  a c i d  'between a  p la t inum anode and columbium ca thode  and t h e  
c u r r e n t  i s  t r a n s f e r r e d  through t h e  a c i d  i n s t e a d  of th rough a  metal  
c o n t a c t .  A p la t inum anode was used p r e v i o u s l y  i n  t h e  ICPP " s e r i e s  
d i s s o l v e r "  concept  t o  t r a n s f e r  c u r r e n t  th rough an  e l e c t r o l y t e  t o  
d i s s o l v e  p i e c e s  of  me ta l ( '  ) . 
N i t r i c  a c i d  s o l u t i o n s  c o n t a i n i n g  d i s s o l v e d  s t a i n l e s s  s t e e l  can  be 
c o r r o s i v e  t o  s t a i n l e s s  s t e e l  equipment. Most of  t h e  c o r r o s i o n  i s  
caused  by t h e  presence  of C P + ~ ( ~ ) .  Corros ion  i s  no t  a  problem i n  
a n  c l e c t r o l y t l c  d i s s o l v e r  because t h e  s o l u t i o n  i s  kep t  below t h e  
b o i l i n g  p o i n t .  The o b j e c t i v e  o f  c o r r o s i o n  work I 1 1  t h e  l a b o r a t o r y  has  
been  t o  decrease  t h e  c o r r o s i o n  r a t e  i n  evapora to r s .  The p r e s e n t  
approach has  been t o  e l i m i n a t e  c o r r o s i o n  by chemica l ly  reducing  t h e  
c r f6  t o  t h e  noncorros ive  ~ r + ~ ( ' )  

SUMMARY 

The c a p a c i t y  t o  d ioaolve  s t a i n l e s s  s t e e l  and Z i r c a l o y  a s sembl i e s  i n  
t h e  meta l  c o n t a c t  d i s s o l v e r  was l i m i t e d  by an i n s u l a t i n g  l a y e r  o f  
ox ide  t h a t  formed a t  t h e  p o i n t  of  c o n t a c t  between t h e  f u e l  and t h e  
anode b a s k e t .  The c o n t a c t  r e s i s t a n c e  i n c r e a s e d  w i t h  t ime t o  g i v e  an 
e q u i v a l e n t  r e d u c t i o n  i n  d i s s o l v i n g  r a t e .  The au tomat ic  s t r i k e r  was 
snmewhat e f  f a c t i v c  i n  r.e-eskablf sh ing  c o n t a c t .  A i i  average c u r r e n t  of  
2000 amp f o r  s t a i n l e s s  s t e e l  and 1200 amp f o r  Z i r c a l o y  appeared t o  h e  
t h e  l i m i t  t h a t  cou ld  be obta lned i n  t h e  5 by 12-inch b a s k e t  i n  t h e  
semiworks d i s s o l v e r .  These c u r r e n t s .  were o b t a i n e d  a t  15 v; h i g h e r  
v o l t a g e  caused anode damage. S ince  about 34,000 amp would be r equ i r ed  
t o  d i s s o l v e  t h e  s t a i n l e s s  c l add ing  i n  Yankee assembl ies  at a  r a t e  
e q u i v a l e n t  t o  1 tonne o f  uranium pe r  day, 17 such baskets would be 
needed f o r  t h a t  proceas ing  r a t e .  



High d i s s o l u t i o n  r a t e s  cause damagc at t . h ~  p o i n t s  where t h e  charge 
touches  t h e  anode b a s k e t .  Labora tory  t e s t s  show t h a t  t h e s e  p o i n t s  oS 
c o n t a c t  a r e  hea t ed ,  sometimes t o  me l t i ng ,  and t h a t  t h e  h igh  tempera ture  
c a u s e s  o x i d a t i o n  o f  b o t h  t h e  columbium anode baske t  and t h e  s t a i n l e s s  
s t e e l  charge .  Good c o n t a c t  was o b t a i n e d  i n  l a b o r a t o r y  t e s t s  by l i m i t i n g  
t h e  c u r r e n t  t o  120  amp/kg o f  charge  weight ,  b u t  f o r  s u s t a i n e d  o p e r a t i o n  
a  l i m i t a t i o n  t o  l e s s  t h a n  60 amp/kg must be a p p l i e d  t o  prevent  o x i d a t i o n  
o f  t h e  p o i n t s  o f  c o n t a c t .  

The h e a t  damage and c u r r e n t  l i m i t s  imposed by t h e  d i r e c t  passage of 
c u r r e n t  between charge  and anode baske t  (meta l  c o n t a c t  d i s s o l v e r )  
c a n  be avoided  by u s i n g  t h e  n i t r i c  a c i d  e l e c t r o l y t e .  t o  pas s  c u r r e n t  
between b o t h  e l e c t r o d e s  and t h e  charge ( " l i q u i d  c o n t a c t "  d i s s o l v e r ) .  
The parameters  a f f e c t i n g  t h e  e f f i c i e n c y  o f  a  l i q u i d  c o n t a c t  d i s s o l v e r  
wen% e a p l o r c d  p r i o r  t o  modifying t h e  5000-amp u n i t  at t h e  Semiworks. 
The measurements t h a t  were made and equat1c)ns tha t  pel.1111t c n l c u l  a t  ion. 
o f  t h e  r e s i s t a n c e  i n t r o d u c e d  by anode b a s k e t s ,  smal l  e l e c t r o d e s ,  and 
c y l i n d r i c a l  c o n f i g u r a t i o n s  of  e l e c t r o d e  a r e  p r e s e n t e d  i n  t h e  Appendix. 

An i r r a d i a . t e d  b l a n k e t  rod  o f  Zi rca loy-2-c lad  uranium oxide  was d i s s o l v e d  
e l e c t r o l y t i c a l l y  i n  a  s m a l l ,  d i r e c t  c o n t a c t  d i s s o l v e r .  Uran.l.um l o s s  
t o  t h e  s ludge  w a s  n e g l i g i b l e .  D i s s o l u t i o n  o f  t h e  i r r a d i a t e d  rod  was 
no d i f f e r e n t  from p rev ious  d i s s o l u t i o n s  o f  u n i r r a d i a t e d  rods .  

High c o r r o s i o n  o f  s t a i n l e s s  s t e e l  by n i t r i c  a c i d  - s t a i n l e s s  s t e e l  
s v l u t i o n a  d u r i n g  eva.l.,ol-ation i s  caused by t h e  ~ r + ~  and i s  independent  
o f  n i t r i c  ac id  c o n c e n t r a t i o n  ( 3  t o  1 2 ~ )  excep t  as Ll~e a c i d  conoent ra t? .on  
a f f e c t s  t h e  ~ r + ~  c o n c e n t r a t i o n .  The ~ r " " ' ~  i s  formed by t h e  o x i d a t i o n  
o f  ~ r + ~  by b o i l i n g  n i t r i c  a c i d .  

DISCUSSION 

SEMIWORKS 

The t e s t s  i n  t h e  5000-amp d i s s o l v e r  w i t h  a  5 by 12- inch  baske t  were 
dea igned  t o  determine t h e  h i g h e s t  p r a c t i c a l  r a t e s  o f  d i s s o l u t i o n  under  
c o n d i t i o n s  I n  which t h e  c u r r e n t  i s  t r a n s f e r r e d  t o  t;he charge 8 0 1 ~ 3 ; y  
by m e t a l l i c  c o n t a c t  w i t h  t h e  columbium anode b a s k e t .  I n  o r d e r  t o  
min.iml xe damage t o  t h e  b a s k e t  i n  t h e  f i r s t  s e r i e s  o f  t e s t s ,  t h e  
p o t e n t i a l  was l i m i t e d  t o  15 v .  Shor t  ( 2  f t  l o n g )  f u e l  assembl ies  were 
used so  t h a t  a l l  c o n t a c t s  w i t h  t h e  anode baske t  would be immersed 
i n  t h e  n i t r i c  a c i d  e l e c t r o l y t e .  The  mock f u e l  assembl ies ,  made of 
1/4- inch-diameter ,  t y p e  304 s t a i n l e s s  s t e e l  p ipe ,  were charged  t o  t h e  
b a s k e t  i n  one c a s e  so  t h a t  one 6 by 14-tube a r r a y  r e s t e d  on t h e  bottom 
i n  a  v e r t i c a l  p o s i t i o n ,  and i n  t h e  second c a s e  so  t h a t  one 6 by 6-tube 
a r r a y  r e s t e d  on t h e  bot tom i n  a hori .zonta1 p o s i t i o n  and f i v e  similar 
a r r a y s  were s t a c k e d  above i t .  The f u e l  charge  i n  each  c a s e  weighed 
about  70 l b ,  and a  columbium weight o f  95 l b  was p l aced  on t h e  f u e l  



charge i n  s l id ing  contact with the wall of the  basket. The weight 
served t o  simulate the weight of uranium i n  actual  fue l  assemblies 
and permitted current t o  en te r  a t  the top of the charge. 

Operation was sa t i s f ac to ry  with both the horizontal  and the  ve r t i ca l  
charges provided the  columbium weight was placed on the charge. Good 
e l e c t r i c a l  contact was obtained with the s t r i k e r  on a 30-sec cycle. 
There was no indication of arcing o r  overheating. The ve r t i ca l  charge 
was 97$ dissolved (as  shown i n  Figure 1) a t  an average r a t e  of 2000 amp; 
the  horizontal  charge was 938 dissolved a t  an average r a t e  of 1600 amp. 
The current had decreased t o  l e s s  than 400 amp when the runs were 
terminated. The operating charac ter i s t ics  of the runs a re  shown i n  
Figure 2. The current supplied t o  the v e r t i c a l  charge was b r i e f l y  
increased by 35% i n  the  middle of the .run by increasing the potent ia l  
from 15 t o  30 v, but there was evidence of overheating a t  the  area 
of contact between the weight and the basket even though t h i s  area 
was submerged. Removal of the columbium weight decreased the dissolut ion 
r a t e  by a f ac to r  of ten.  The decreased dissolut ion r a t e  was caused 
by los s  of the top contacts and by e f fec t ive ly  decreasing the contact 
force tha t  held the charge i n  contact with the anode basket. 

FIG. 1 VERTICAL CHARGE AFTER DISSOLUTION 
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Time, hours 

a. Vertical Fuel Tubes 
Single 70-lb Assembly 

Time, hours 

b. )lulinontal Fll-l Tubes 
Six 12-lb Assemblies, Stacked 

FIG. 2 OPERATING CHARACTERISTICS DURING ELECTROLYTIC DISSOLUTION 

The highest average current a t ta ined  without damage t o  the anode basket 
was PO00 amp f o r  s t a i n l e s s  s t e e l  (1.2 kg of s t a in l e s s  s t e e l  dissolved 
p e r  hour).  The average current forb Zircaloy i s  3 200 amp (1.2 kg of 
Zircaloy dissolved per hour).  Scrap and heels  from .Zircaloy dissolut ion 
did rluL diooolve rcedlly upon the addition of a  new charge. Assuming 
a r a t i o  of uranii~m t o  cladding of 3 t o  1 i n  5L typlual powor f u e l ,  a 
r a t e  of 20 kg of cladding per hour would be  required t o  process one 
tonne of uranium i n  a  16.5-hour day. For a  nominal "one-tonne-per day" 
dissolver ,  17 baskets Would be required. 

LABORATORY 

ELECTROLYTIC DISSOLUTION BY DIRECT CO~~?AC'~'  

Experience wlth the 5UUU-mp sei~~iwerka dipsnlver bas shown tha t  a t  
high d isso lu t ion  r a t e s  the points of corlLact bctween the charge and 
anode basket heat up, melt, and oxidize. The r e s u l t  of t h i s  heating 
i s  poor e l e c t r i c a l  contact and erosion of the columbium basket. A 
laboratory study has been made of contacts i n  order  t o  determine 
operating conditions t h a t  permit high dissolut ion raates without damage 
t o  the anode basket. 

The voltage drop across points of contact between s t a in l e s s  s t e e l  
and columbium immersed i n  n i t r i c  acid has been measured as a  function 
of  current .  Nu qurrcnt w i 1 3  flow u n t i l  the contact potent ia l  reaches 
0.25 t o  0.35 v; t h i s  voltage i s  probably required t o  break down the 
l aye r  of oxide between the contacts. Once the oxide has been broken 
down, the potent ia l  can be reduced without l o s s  of contact. 



Llewellyn-Jones has  developed an e q u a t i o n ( g )  t h a t  r e l a t e s  c o n t a c t  
p o t e n t i a l  t o  t h e  maximum tempera ture  i n  a  c o n t a c t .  

where T = maximum temperature of contact ,  OK 

To = temperature of massive metal, OK 

Vc = contact po ten t i a l  

T h i s  r e l a t i o n s h i p  i s  n o t  a f f e c t e d  d i r e c t l y  by e i t h e r  c u r r e n t  o r  c o n t a c t  
f o r c e .  The e q u a t i o n  was developed and v e r i f i e d  f o r  c o n t a c t  between 
pure me ta l s  i n  a  vacuum. Although n e i t h e r  o f  the'se c o n d i t i o n s  i s  met 
by t h e  o t  a i n l e s s  s t e e l  - columbium c o n t a c t ,  exper imenta l  observa . t ions  a r c  
c o n s i s t e n t  w i t h  t h e  Llewellyn-Jones equa t ion .  

Columbium o x i d i z e s  when i t  i s  h e a t e d  i n  a  p o i n t  o f  e l e c t r i c a l  c o n t a c t .  
Columbium h e l d  a t  2 5 0 ' ~  f o r  2  h r  i n  a i r  forms an oxide  l a y e r  cm 
t h i c k ( ' ' ) ;  t h e  oxide  i s  about a s  t h i c k  a s  t h e  oxide  f i l m  t h a t  is formed 
a n o d i c a l l y '  l 1  ) . The r a t e  o f  o x i d a t i o n  of  columbium i n c r e a s e s  w i t h  
t empera tu re ;  t h e r e f o r e ,  h i g h  c o n t a c t  p o t e n t i a l s  would l e a d  t o  h i g h  
c o n t a c t  tempera tures ,  r a p i d  format ion  of  an oxide  coa t ing ,  and 
d e t e r i o r a t i o n  of  t h e  e l e c t r i c a l  c o n t a c t .  Formation o f  i r o n '  ox ide  
i s  thought  t o  be more seve re  and probably  c r e a t e s  an  e q u i v a l e n t  o r  
g r e a t e r  r e s i s t a n c e .  

The e l e c t r i c a l  c o n t a c t  between columbium and s t a i n l e s s  s t e e l  immersed 
i n  n i t r i c  a c i d  was observed at v a r i o u s  c o n t a c t  p o t e n t i a l s  (Table  I ) .  
The t empera tu re s  a r e  c a l c u l a t e d  from t h e  Llewellyn-Jones equa t ion .  
I n  a l l  c a s e s ,  t h e  a c t u a l  p o i n t  o f  c o n t a c t  was enveloped i n  a  bubble 
about 1/8 i n c h  i n  d iameter .  The p i t s  i n  t h e  columbium  a able I, 
column 4 )  a r e  probably  formed by o x i d a t i o n  o f  t h e  columbium and 
subsequent  m e l t i n g  of t h e  oxide  (me l t i ng  p o i n t  of  Cb205 i s  1 5 0 0 ' ~ ) .  
The s i z e  o f  t h e  p i t s  probably  depends on t h e  c o n t a c t  forc.e,  which was 
0 . 2  kg f o r  t h i s  experiment .  A t  a l l  v o l t a g e s ,  a  burned spo t  was 
observed  on t h e  s t a i n l e s s  s t e e l  c o n t a c t .  

TABLE I 

Observations of Columbium - Sta in l e s s  S tee l  
Contacts Immersed i n  6# HNO, 

Contact Calc 
Potent ia l ,  Temp, observations 

v OC During Contact Damage t o  Cb Dl.~ration of Col~Lact 

0.31 800 Bubble None No change i n  2 h r s  

0.37 950 Bubble Discoloration Voltage t r i p l e d  i n  
32 minutes 

0.45 1200 Smallorange 5 - m i l - d i a p i t  ----- 
glow 

0.70 2000 Large white 30-mil-dia Lost contact  a f t e r  
glow P i t  severa l  seconds 



Damage t o  t h e  columbium anode can be avoided by keeping t h e  maximum 
temperature  i n  a  po in t  of con tac t  down t o  300 '~ .  By t h e  Llewellyn-Jones 
equat ion,  3 0 0 ' ~  corresponds t o  a  con tac t  p o t e n t i a l  of 0.15 v (measured 
d i r e c t l y  ac ross  t h e  c o n t a c t s ) ;  bu t ,  flow of c u r r e n t  cannot be i n i t i a t e d  
a t  0.15 v  because of t h e  i n s u l a t i n g  l a y e r  of oxide t h a t  covers anodized 
columbium. E lec t r l f ca l  contact  can be e s t a b l i s h e d  by inc reas ing  t h e  
c o n t a c t  p o t e n t i a l  t o  about 0.30 v and then decreasing t h e  con tac t  
p o t e n t i a l  t o  0.15 v.  . 

The e f f e c t  of f o r c e  on an e l e c t r i c a l  contact  was determined by measuring 
t h e  c u r r e n t  a t  constant  vol tage  a s  a  func t ion  of contact  f o r c e  ( ~ i g u r e  3) 

Contact. Force, kg 

FIG. 3 CURRENT VS. CONTACT FORCE 



The lowest  p o t e n t i a l  a t  which good c o n t a c t  can  be e s t a b l i s h e d ,  0 . 3  v, 
was chosen f o r  t h e  c o n s t a n t  p o t e n t i a l  o f  t h e  c o n t a c t .  A t  t h i s  p o t e n t i a l  
t h e  c u r r e n t  was found t o  be d i r e c t l y  p r o p o r t i o n a l  t o  c o n t a c t  f o r c e .  I n  
a  l a r g e  e l e c t r o l y t i c  d i s s o l v e r  i n  which it i s  n o t  p r a c t i c a l  t o  measure 
e i t h e r  c o n t a c t  tempera ture  o r  c o n t a c t  p o t e n t i a l ,  t h e  c o n t a c t  tempera ture  
can  be c o n t r o l l e d  by t h e  r a t i o  o f  c u r r e n t  t o  c o n t a c t  f o r c e .  Good 
e l e c t r i c a l  c o n t a c t  can be e s t a b l i s h e d  by l i m i t i n g  t h e  c u r r e n t  t o  120  amp 
f o r  eve ry  k i logram o f  charge  weight ( 0 . 3  v  c o n t a c t  p o t e n t i a l ) ,  b u t  
d u r i n g  s u s t a i n e d  o p e r a t i o n  t h e  c u r r e n t  must be l i m i t e d  . t o  l e s s  t h a n  
60  amp/kg of  charge weight (0 .15  v )  t o  prevent  damage t o  t h e  columbium. 

Higher d i s s o l u t i o n  r a t e s  might be r e a l i z e d  wi thout  anode damage i n ' a  
d i r e c t  c o n t a c t  d i s s o l v e r  by r e p l a c i n g  t h e  pure columbium w i t h  an a l l o y .  
Alloys, o f  columbium w i t h  546 of e i t h e r  molybdenum o r  vanadium a r e  f i v e  
t i m e s  a s  r e s i s t a n t  t o  o x i d a t i o n  a s  

LIQUID CONTACT DISSOLVER 

Many of  t h e  problems a s s o c i a t e d  wi th  meta l - to-meta l  c o n t a c t  can  be 
avoided  by us ing  t h e  n i t r i c  a c i d  e l e c t r o l y t e  t o  make e l e c t r i c a l  c o n t a c t  
between t h e  anode and t h e  charge .  A d i s s o l v e r  t h a t  u ses  t h e  l i q u i d  
c o n t a c t  p r i n c i p l e  must be a r r anged  so t h a t  t h e  charge ,  which does n o t  
t ouch  e i t h e r  e l e c t r o d e ,  p r e s e n t s  a  more a t t r a c t i v e  p a t h  t o  t h e  c u r r e n t  
t h a n  does t h e  n i t r i c  a c i d .  Under such c o n d i t i o n s ,  anodic d i s s o l u t i o n  
w i l l  occur  on t h e  s i d e  o f  t h e  charge  f a c i n g  t h e  ca thode .  

. . 
- 

Large c u r r e n t s  w i l l  f low from an e l e c t r o d e  t o  an  e l e c t r o l y t e  o n l y  i f  
an  e l ec t rochemica l  r e a c t i o n  t a k e s  p l a c e .  Plat inum i s  used a s  an anode 
c l a d d i n g  because i t  i s  t h e  on ly  m a t e r i a l  t h a t  i s  no t  damaged du r ing  
anodic r e a c t i o n  i n  n i t r i c  a c i d (  l3 ) . The anodic r e a c t i o n  produces 
oxygen on t h e  s u r f a c e  of  t h e  p la t inum.  Oxides of  n i t r o g e n  a r e  produced 
a t  t h e  columbium ca thode .  

I n  o r d e r  f o r  c u r r e n t  t o  f low through t h e  charge,  t h e  p o t e n t i a l  d rop  
between t h e  e l e c b r o l y t e  touching  t h e  two extremes of  t h e  charge must 
exceed t h e  combined anodic and ca thod ic  r e a c t i o n  p o t e n t i a l s  of  t h e  charge .  
The r e s i s t a n c e  of t h e  charge i s  n e g l i g i b l e .  Combined anodic and c a t h o d i c  
r e a c t i o n  p o t e n t i a l s  were determined by measuring t h e  c u r r e n t  a t  s e v e r a l  
d i f f e r e n t  p o t e n t i a l s  f o r  a  c e l l  t h a t  had charge m a t e r i a l  f o r  bo th  anode 
and ca thode .  The s t r a i g h t  l i n e  p o r t i o n  o f  t h e  p l o t  of p o t e n t i a l  v s .  
c u r r e n t  was e x t r a p o l a t e d  back t o  t h e  r e a c t i o n  p o t e n t i a l ,  t h e  p o t e n t i a l  
a t  which n o . c u r r e n t  flowed ( s e e  Table 11). 

Reaction P o t e n t i a l o  

Mater ia l  Reaction P o t e n t i a l ,  v 

S t a i n l e s s  s t e e l  1.1 

Aluminum 1 . 9 5  

Zirconium - 3 . 5  
Pt -Cb e l e c t r o d e s  2 .8  



I n  l abora to ry  experiments t o  examine the  feasibility of the  l i q u i d  
con tac t  d i s so lve r ,  a  platinum anode and a  columbium cathode were placed 
p a r a l l e l  t o  each o t h e r  and. 35 cm apart .  i n  a  l a rge  g l a s s  vessel  con<aining 
~ M H N O ,  a t  .2T0c. A rod of s t a i n l e s s  s t e e l ,  33 cm long and with a  
tra.nsverse c ross - sec t iona l  a r ea  equal t o  about 1% of t h e  a r ea  of e i t h e r  
e l e c t rode ,  was placed perpendicular ly  between t he  e l ec t rodes  with a  
c lea rance  of 1 cm a t  each end. c a l cu l a t i ons  , i nd i ca t ed  t h a t  approximately 
90% of t h e  t o t a l  , c e l l  cu r ren t  would be conducted by the  s t a i n l eao  
s t e e l .  The ca l cu l a t i ons  were confirmed by t e s t s  with c e l l '  p o t e n t i a l s  
o f  10 t o  20 v  and wi th  cu r r en t s  of 2 ;5  t o  10  amp; t he  mass of  s t e e l  t h a t  
d i s so lved  i n  t h e  t e s t s  was equivalent  t o  between 85 and 90% of the  t o t a l  
c u r r e n t .  When the  c ross - sec t iona l  a r ea  of t h e  s t e e l  was reduced t o  
1/2$ of t h a t  of t h e  platinum anodk between 75 and 80$ of t he  current  
was s t i l l  conducted by t he  s t e e l .  The r e s u l t s  were not a f f ec t ed  by 
changes i n  ariode cur ren t  density between 0.3 and 3 amp/crn2. These 
l abo ra to ry  t e s t s  demonstrated t h a t  the  major por t ion  of the  c e l l  cur ren t  
e f f e c t i v e l y  d i spo lves  the  s t e e l  even when the s tee l  uccup les  a veyy 
small po r t i on  of t h e  space between the  e lec t rodes .  

The be s t  des ign f o r  a l i q u i d  contact  e l k c t r o l y t i c  d i s so lve r  i s  one t h a t  
minimizes t he  d i s tance  between charge and e l ec t rodes  and maximizes t he  
a r ea s  of  con tac t  and the  d i s tance  between e l ec t rodes .  The e lec t rode  
compartment of  the ,proposed semiworks d i s so lve r  ( ~ i g u r e  4) i s  a  box 

Insulators 

Cb Cathode 

FIG. 4 PROPOSED DESIGN OF THE ELECTRODES FOR LIQUID CONTACT DISSOLVER 
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w i t h  e l e c t r o d e s  on oppos i t e  s i d e s .  The w a l l s  connect ing  t h e  e l e c t r o d e s '  
a r e  made of  i n s u l a t i n g  m a t e r i a l .  The cathode i s  s loped  so  t h a t  it  
ex tends  from t h e  l i q u i d  l e v e l  down under t h e  anode. The charge i s  
v e r t i c a l  and r e s t s  on t h i n  s t r i p s  o f  i n s u l a t i o n  on t h e  s loped ca thode .  
The anode a l s o  h a s  s t r i p s  o f  i n s u l a t i o n  on it  t o  prevent  t h e  charge 
from making d i r e c t  c o n t a c t  wi th  t h e  anode. D i s s o l u t i o n  occur s  on t h e  
s i d e  o f  t h e  charge t h a t  f a c e s  t h e  cathode ( t h e  bot tom) .  The charge 
f a l 1 s . a ~  it  d i s s o l v e s  and s t a y s  c l o s e  t o  t h e  cathode.  Therefore  t h e  
gap  between t h e  charge and t h e  e l e c t r o d e s  remains c o n s t a n t  throughout  
t h e  d i s s o l u t i o n .  

To e l i m i n a t e  c o s t l y  r e c t i f y i n g  equipment, a l t e r n a t i n g  c u r r e n t  was 
b r i e f l y  i n v e s t i g a t e d  as a  sousce of' power f o r  t h e  l i q u i d  c o n t a c t  
d i s s o l v e r .  The charge t h a t  was suspended between two p la t inum e l e c t r o d e s  
d i s s o l v e d  s a t i s f a c t o r i l y .  However, t h e  60-cps a l t e r n a t i n g  c u r r e n t  
caused some d i s s o l u t i o n  of  t h e  p la t inum e l e c t r o d e s .  Other  work' l4 ) has  
shown t h a t  a t  h igh  f r equenc ie s ,  5 kc, no d i s s o l u t i o n  of t h e  p la t inum 
o c c u r s .  

DISSOLUTION OF IRRADIATED Z I R C  ALOY -2 

A Zi rca loy-2-c lad  U02 p i n  t h a t  would normally be used i n  t h e  b l anke t  
o f  t h e  Shippingpor t  Atomic Power S t a t i o n  (PWR) and t h a t  had been 
i r r a d i a t e d  t o  5000 MWD/T i n  t h e  M a t e r i a l s  T e s t i n g  Reactor  was d i s s o l v e d  
a n o d i c a l l y  a t  r a t e s  t h a t  showed t h a t  i r r a d i a t i o n  had no e f f e c t  on t h e  
r a t e  o f  d i s i n t e g r a t i o n  of t h e  Z i rca loy .  The 200-g p i n  was nominal ly 
1 0  inches  long and 411 m i l s  i n  d iameter .  The c l add ing  w a s  27 m i l s  t h i c k ,  
and t h e  t o t a l  Zi rca loy-2  i n  t h e  c l add ing  and end p lugs  was 34 g .  The 
p i n  was c u t  i n t o  two 5-inch l eng ths ,  so a s  t o  be completely immersed i n  
t h e  e l e c t r o l y t e ,  and t h e  s e c t i o n s  were d i s i n t e g r a t e d  e l e c t r o l y t i c a l l y  
i n  10M HNO,. Of t h e  60% of t h e  c l add ing  t h a t  was d i s i n t e g r a t e d ,  85% 
o f  t h e  zirconium formed i n s o l u b l e  Zr02. The l o s s  of  uranium t o  t h e  
s ludge  a f t e r  r i n s i n g  was about 0.1%, which i s  s a t i s f a c t o r i l y  low. Th i s  
sma l l  l o s s  may have r e s u l t e d  from incomplete  washing of  t h e  s ludge .  The 
c u r r e n t  u t i l i z a t i o n  f o r  t h e  d i s i n t e g r a t i o n  of  t h e  remazninq Z i r c a l o y  
s c r a p  was between 0.9 and 1.1 g/imp-hr ( t h e  same as f o r  u n i r r a d i a t e d  
Z i r c a l o y )  . 
CORROSION 

B o i l i n g  s o l u t i o n s  of n i t r i c  a c i d  c o n t a i n i n g  d i s s o l v e d  s t a i n l e s s  s t e e l  
a r e  cv r sos ive  t o  m e t a l l i c  s t a i n l e s s  st.eel.  The oorrooion  i o  caused 
by t h e  combined a c t i o n  of  ~ r + ~  and n i t r i c  a c i d ( ' j 8 ) .  Corros ion  i s  not  
a  problem dur ing  the  e l . e r . t r o l y t i c  d i s s o l u t i o n  o f  s t a i n l e ~ c  o t c c l  i n  
n i t r i c  a c i d  because t h e  temperature i s  kep t  below ~ O ' C  and because 
c o r r o s i v e  ~ r + ~  i s  reduced by t h e  l a r g e  q u a n t i t i e s  of  n i t r o g e n  ox ides  
g e n e r a t e d  at t h e  .cathode.  Corrosion i s  a  s e r i o u s  problem dur ing  
evapora t ion  because t h e  tempera ture  i s  h i g h e r  and t h e  reducing  ox ides  
o f  n i t lwgen are soon l o s t  from t h e  hodI.ing s o l u t i o n .  



A method of  a n a l y s i s  has been developed(8)  f o r  ~ r + ~  and a c i d  i n  the  
presence  of  h i g h  concen t ra t ions  of  d i s so lved  s t a i n l e s s  s t e e l .  Analysis  
h a s  shown t h a t  t h e  ~ r ' " " ~  concen t ra t fon .  and ins t an taneous  c o r r o s i o n  
r a t e  change dur ing  a  s t andard  48-hr t e s t .  A s  i s  desc r ibed  i n  t h e  
fo l lowing  paragraphs,  t h e  change i n  ~ r + ~  concen t ra t ion  i s  caused by: 
(1) t h e  o x i d a t i o n  of  cr+, t o  c o r r o s i v e  ~ r + ~  by b o i l i n g  n i t r i c  a c i d  and 
( 2 )  by r e d u c t i o n  of  ~ r + ~  t o  C r + =  by t h e  ox ides  o r  n i t r o g e n  t h a t  a r e  
produced by t h e  c o r r o s i o n  of  s t a i n l e s s  s t e e l .  Af te r  about 100 h r ,  both  
r e a c t i o n  r a t e s  a r e  cons tan t  and an equ i l ib r ium i s  e s t a b l i s h e d .  A t  
e q u i l i b r i u m  c o n d i t i o n s  t h e  concen t ra t ion  of ~ r " ~  and t h e  c o r r o s i o n  r a t e  
a r e  c o n s t a n t .  

cr+, i s  slowly ox id ized  t o  ~ r + ~  by b o i l i n g  n i t r i c  a c i d .  I n  l i m i t e d  
t e a t s  ch.romic n i t r a t e  was d i s s o l v e d  i n  n i t r i c  a c i d  and r e f l u x e d  i n  a  
c1ea.n. g l a s s  syscem w i t h  110 corrosion coupon p r e s e n t .  ',l.':bf! nxl.t'iatlon i7att 
i s  shown i n  Figure  5 a s  a  f u n c t i o n  o'f n i t r a t e  concen t ra t ion .  

toto1 Ktrote Concentrotion, M 

During c o r r o s i o n  t e s t s  t h e  n i t r i c  a c i d  o x i d a t i o n  of  cr+, t o  crS6 i s  
l i m i t e d  by t h e  c o r r o s i o n  products  of s t a i n l e s s  s t e e l .  Corrosion by 
H N O ~ - C ~ + ~  produces n i t r o u s  ac fd  and oxides  of n i t r o g e n  t h a t  reduce 
~ r + ~  t o  cr+, ( ~ i g u r e  6 ) .  By t h i s  r educ t ion  some of  t h e  ~ r + ~  i n  a  h igh ly  
c o r r o s i v e  s o l u t i o n  i s  reduced t o  t h e  i n a c t i v e  cr+, and t h e  co r ros ion  
r a t e  i s  decreased.  F igure  7 i s  a  comparison of t h e  c o r r o s i o n  r a t e  and 
~ r + ~  c o n c e n t r a t i o n  of t h r e e  b o i l i n g  s o l u t i o n s :  one of them o r i g i n a l l y  
con ta ined  6 g  ~ r + ~ / 1  (from sodium dichromate)  i n  10M HNO,, t h e  second 
s o l u t i o n  con ta ined  31 g / l  of d i s so lved  s t a i n l e s s  s t e e l  ( 6  g  C r / l ) ,  



Time, hr 

FIG. 6 REDUCTION OF cit6 AS THE R'ESULT OF THE CORROSION PROCESS 



and t he  t h i r d  so lu t i on  was the  same a s  the  second except t h a t  i t  had 
a  cold  f i n g e r  condenser, whereas t he  f i r s t  two so lu t i ons  had r e f l u x  
condensers. Af te r  the  so lu t ions  were bo i led  fo r ,  about 100 h r  an 
equ i l ib r ium was reached i n  the  so lu t ions .  The corros ion r a t e s  were 
found t o  be h igher  i n  the  t e s t s  with t he  r e f l u x  condensers because 
they a r e  open t o  t h e  atmocphere and oxides of n i t rogen  can be swept 
ou t  of t he  system. Removal of t he  corrosion. coupons e l iminatco the  
p ro t ec t i on  of t h e  ni t rogen oxides, and oxidat ion t o  ~ r + ~  continues 
unchecked. 

The ~ r + ~  concentra t ion and t he  corros ion r a t e  of s t a i n l e s s  s t e e l  were 
measured i n  va r ious  so lu t i ons  of bo i l i ng  n i t r i c  a c i d  and ~ r + ~ .  After 
50 t o  100 h r ,  equi l ibr ium was reached a.t which n e i t h e r  the  ~ r + ~  
concentra t ion nor  the  corros ion r a t e  changed s i g n i f i c a n t l y .  A t  t h i s  
s t eady  o t a t e  a s c ~ l i l l ~ l ~ ) ~ ~  of dLSSo1ved o t a i n l e s s  s t e e l  11.1 ri l tr lr .  acid 
~ U I ~ F O C I ~ ~  Cype jO4L s t a i n l e s s  s t e e l  a t  about the  sarrle r a t e  a s  a  n i t r i c  
a c i d  so lu t i on  conta ining the  same concentra.tj.on n t  ~ s + ~  ( ~ i g u r e  7 ) .  
The c o ~ r ~ o u i o n  r a t e  a t  s teady s t a t e  has been p l o t t e d  agains t  ~ r + ~  
concen t ra t ion  a t  equi l ibr ium ( ~ i g u r e  8 ) .  From t h i s  p l o t  i t  can. be 
seen t h a t  a c id  concentra t ions  over the  range of 5 t o  12M have l i t t l e  
e f f e c t  on corrosioll  r a t e s .  The major. e f f e c t  of a c id  i s  i t s  e f f e c t  
on the  r a t e  of ox ida t ion  of ~ r + ~  t o  ~ r + ~ .  Acid concentra t ion a f f e c t s  
t h e  concen t ra t ion  of ~ r + ~  a t  steady s t a t e  r a t h e r  than the  corros ion 
r a t e .  In. a s i m i l a r  manncr t he  type OF condenser a f f e c t s  the  f i n a l  
~ r + ~  concentra t ion,  through r e t e n t i o n  of n i t rogen  oxides,  r a t h e r  
than  t h e  cor ros ion  r a t e .  

Corrosion i s  caused by ~ r + ~  and n i t r i c  ac id .  Chemical reduction of t he  
~ r + ~  t o  ~ r ' ' . ~  WOIII-d reduce t he  corros ion r a t e .  The copious q u a n t i t i e s  
of mixed n i t rogen  oxides generated during e l e c t r o l y t i c  d ~ s s o l u t l n n  
of' sl ;al l l less steel. r e r i i l r~  a l l  tho  ~ r + '  i n  the i lec l ,~ .ulyLe.  In prcvioua 
l abo ra to ry  t e s t s ' ' ) ,  n.itrous oxide ( ~ ~ 0 )  was found t o  have rlu ef'f'ect 
and n i t r i c  oxide ( N O )  wds found t o  reduce corros ion by a fa.ctcrr nf ~ i g h t .  
111 ~-ecellL experiments n i t rogen  dioxide ( ~ 0 ~ )  was found t o  have no e f f e c t  
on the  ~ r + ~  concentra t ion o r  corros ion r a t e  i n  a bo i l i ng  so lu t i on  of 
6M HNO, - 30 g/ l  of s t a i n l e s s  s t e e l .  Poor gas u t i l i z a t i o n  was probably 
t h e  reason t h a t  t h e  sparging of n i t rogen  oxides f a i l e d  t o  i n h i b i t  ~ r + ~  
cor ros ion  i n  t h e  l abora to ry  t e s t s .  Finely  divided s o l i d  rcductants  a r e  
rlow being i nves t i ga t ed .  N i t r i c  acid, ox id izes  the  diapersed reductarit 
and genera tes  oxides  of n i t rogen  throughout t he  so lu t ion .  
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APPENDIX 

RESISTANCE CALCULATIONS 

Modifications t o  both l i q u i d  contact  and d i r e c t  contact  d i s so lve r s  
can be evaluated by use of equations f o r  c a l cu l a t i ng  e l e c t r i c a l  
r e s i s t ance .  The simplest  case i s  the  ca l cu l a t i on  of the  r e s i s t ance  of 
an e l e c t r o l y t e  of uniform c ro s s  sec t ion  between two p a r a l l e l  e lec t rodes .  

P L R = - 
As 

where 
R = e l e c t r i c a l  r e s i s t ance  

p = e l e c t r i c a l  r e s i s t i v i t y  

L = dis tance  between e lec t rodes  

A = a r ea  of so lu t i on  normal t o  cur ren t  path  
S 

The e l e c t r i c a l  r e s i s t ance  of a  cel l '  w i l l  be increased by i n s e r t i n g  a  
diaphragm with a  hole In  it between the  e l ec t rodes  of the  c e l l .  The 
add i t i ona l  r e s i s t ance  imposed by the  hole i s  genera l ly  c a l l e d  a  
cono t r i c t i on  r e s i s t ance .  For t h e  purpose of c a l cu l a t i on ,  t h e  r e s i s t ance  
of a  cons t r i c t i on  can be considered t o  be t he  r e s i s t ance  of a  d i sc  with 
t h e  diameter of t he  hole  and a length  equal t o  t h e  rad ius  of the  ho le .  
The r e s i s t ance  of the  r e s t  of the  e l e c t r o l y t e  i s  ca l cu l a t ed  a s  though 
t he r e  were no diaphragm except t h a t  the  th ickness  of the  above d i sc ,  
the  rad ius  of the hole ,  i s  subtracted from the  d i s tance  between 
e l ec t rodes .  I f  the  diaphragm has s i g n i f i c a n t  th ickness ,  then t h i s  
th ickness  i s  added t o  the  l eng th  of t he  c o n s t r i c t i o n  resistance. The 
t o t a l  r es i s t ance  of a  c e l l  t h a t  conta ins  a  t h i c k  diaphragm with a  hole * .  . + 

i n  it i s :  
c o n s t r i c t  ion  diaphragm e f f e c t i v e  r e s i s t ance  
r ~ s f  s tance  res i s t ance  of r e s t  of c e l l  

Since 

Lhen 

where 
R = t o t a l  r e s i s t ance  of c e l l  

I p = e l e c t r i c a l  r e s i s t i v i t y  pf the  e l e c t r o l y t e  

L = dis tance  between e lec t rodes  



Le = e f f e c t i v e  l eng th  of e l e c t r o l y t e  between e lec t rodes  

t = th ickness  or dlapk~ragm 
FH = rad ius  of t h e  hole 

AH = a r e a  of t h e  hole 

As = a r ea  of t he  so lu t i on  normal t o  cur ren t  path  

The e l e c t r i c a l  r e s i s t ance  of t he  hole ( i n  t he  above express ion)  was 
determined experimental ly by sub t rac t ing  t he  r e s i s t ance  of t he  c e l l  
without a  diaphragm from the  r e s i s t ance  of the  same c e l l  with a  
diaphragm. The measured r e s i s t ance  of a  c e l l  without a  diaphragm, 
Rc,  was s u b s t i t u t e d  f o r  the  ca l cu l a t ed  c e l l  r e s i s t ance  term P ~ / A ,  
i n  the  above equat ion.  

Simplifying:  

The measured and ca l cu l a t ed  values  f o r  r e s i s t ance  a r e  t abu la ted  i n  
Table 111. 

TABLE I11 

Rooiotanoo of a  Col l  Containing a Diaphragm with a Holc 

E l ec t ro ly t e :  6 . 0 ~  HNO, 
f180C = 1.3 ohm-Cm 

t = 0.15 cm 
L = 5.6 cm 

R/P 
~ H J  Temp, P,  R, R,/P, AH, As,  Calc, Obs, 
cm "c -- cm-I cm-l ohm-cm ohms m cm" cm" 

A diaphragm with  more than one hole i n  i t  has a  lower e l e c t r i c a l  
r e s i s t ance  than a  diaphragm conta ining a  s i ng l e  hole of t he  same a rea .  
The mathematical express ion f o r  t he  r e s i s t ance  of a  c e l l  t h a t  conta ins  
a  diaphragm with n uniformly d i s t r i b u t e d  ho les  i n  i t  i s :  



where 
n  = number of holes  

This r e l a t i onsh ip  was subs tan t ia ted  by measuring the  r e s i s t ance  of two 
a r r ays  of holes :  (1) 10  ho les  of 0.77-cm diameter on 2.4-cm cen t e r s  
and ( 2 )  40 ho les  of t he  same diameter on 1.2-cm cen te r s .  The r e s u l t s  
a r e  i n  Table IY. 

An e lec t rode  t h a t  i s  smaller  than the  c12oss-sectional a r ea  of t he  
e l e c t r o l y t e  inc reases  the  r e s i s t ance  of a c e l l .  The r e s i s t ance  
caused by the  small e lec t rode  i s  ha l f  of the  r e s i s t ance  of a  hole i n  
a  diaphragm. For the  experiments t abu la ted  i n  Tables V and V I ,  one 
e lec t rode  i s  small and the  o the r  e lec t rode  f i l l s  t he  e n t i r e  c ross  
s ec t i on  of t he  e l e c t r o l y t e .  The equation f o r  a  c e l l  with e l e c t rodes  
of  d i r r e r e n t  s i z e s  13: 

where 
r = rad ius  o r  narrowest dimension of a  small e lec t rode  H 
AH = a r ea  of small e lec t rode  

The equation f o r  t he  r e s i s t ance  of a  so lu t i on  was appl ied  to  cy l i nd r i ca l  
e l e c t r o l y t i c  d i s so lve r s ,  Experimental measurements were made f o r  the  
case  where t h e  anode i s  small compared t o  t he  cathode t h a t  surrounds i t .  

where 
rc = rad ius  of cathode 

ra = rad ius  of anode 

h  = l eng th  of e lec t rodes  



TABLE IV 

Resistance of Arrays of Holes 

Electrolyte:  4~ HNO, 
Diaphragm thickness negligible 

NO. ~ H J  Temp, P ,  L, As, AH, CaJ-c, Obs, 
Holes c m  OC ohm-cm cm cm2 cm2 cm-' cm-' - - - - - -  

TABLE V 

Iiesistance of a Cell w i t h  One Electrode 
Smaller than the Cross-Sectional Area of the Cell 

Shape of PH, KHJ As, L, Calc, Obs, 
Run Electrode cm - cm2 cm2 cm. c m - l  c m - I  

H Circle 0.55 0.95 9.08 4 . 2 '  0.721 0.69 

B Circle 0.55 0.95 9.08 2.4 0.534 0.60 

E Circle 0.55 0.95 9.08 4.7 0.776 0.82 

D Circle 0.55 0.95 484 2 . 3  0.293 0.39 

F Circle 0.55 0.95 484 4.7 0.388 0.43 

C Circle 2.48 6.15 9.08 2.5 0.341 0.30 

G Circle 2.48 6.15 9.08 4.7 0.583 0.53 

1 Rectangle 0.16 1.59 .18.0 1.1 0.107 0.11 

2 Rectangle 0.75 3.82 25.0 0.75 0.112 0.10 

TABLE V I  

CalculaLed and Measured Kesistances 
of a Cyllr~drical  Dissolver 

r,, rcj 11, P J  ncafr .  Robs t  
c rn cm cm ohm-cm ohms ohm --- -- 

0.159 8.0 7.7 1 . 3  0.1.05 0.10 

0.635 8.0 7.7 1 . 3  0.062 0.064 

1.27 8.0 7.7 1 .3  0.049' 0.055 

0.4'97 10.8 5.6 1.09 0.100 0.099 

0,635 10.8 5.6 1.09 0.088 0.094 
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