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LEACHING OF I R R A D I A T E D  LIGHT-WATER-REACTOR F U E L  I N  A SIMULATED 
_I._-__ 

I POST-ACCIDENT ENVIRONMENT 

A. 0 .  M i t c h e l l  
J. H. Goode 
V. C. A. Vaughen 

ABSTRACT 

Personnel  involved i n  cleanup o p e r a t i o n s  fo l lowing  a 
l igh t -wa te r - r eac to r  a c c i d e n t  i n  which t h e  f u e l  has  been s i g -  
n i f i c a n t l y  damaged w i l l  have t o  cons ide r  t h e  f i s s i o n  products  
t h a t  have leached from t h e  f u e l  i n t o  t h e  r e a c t o r  water.  I n  
t h e  s tudy  r epor t ed  h e r e ,  f i v e  samples of dec lad ,  i r r a d i a t e d  
f u e l  were leached i n  a b o r a t e  s o l u t i o n  t h a t  should approxi-  
m a t e  t h e  pos t -acc ident  c o n d i t i o n s  i n  a r e a c t o r .  The r e s u l t i n g  
release of f i s s i o n  products  w a s  measured over  t h e  cour se  of 
%1 year .  The r a d i o a c t i v i t y  l e v e l s  of t h e  l each ing  s o l u t i o n s  
were converted i n t o  l e a c h  rates and f r a c t i o n a l  releases. 
F r a c t i o n a l  releases are p r o j e c t e d  f o r  4 years fo l lowing  t h e  
start of l each ing .  T h e s e  v a l u e s  can be  used t o  e s t i m a t e  t h e  
r a d i o a c t i v e  con ten t  of t h e  r e a c t o r  w a t e r  b e f o r e  c leanup 
o p e r a t i o n s  begin .  

1. INTRODUCTION 

One of t h e  l e g a c i e s  of a s u c c e s s f u l l y  te rmina ted  a c c i d e n t  involv ing  

damaged f u e l  i s  a r e a c t o r  vessel f i l l e d  wi th  a b o r a t e  s o l u t i o n  and exposed 

f u e l  e lements .  The c o n s t i t u e n t s  of t h e  i r r a d i a t e d  f u e l  w i l l  l e ach  from 

t h e  elements  once t h e  f u e l  i s  exposed t o  water. I n  t h i s  s tudy ,  a series of 

experiments  w a s  performed i n  which samples of spen t  f u e l  were leached i n  

o r d e r  t o  estimate t h e  r a d i o a c t i v e  con ten t  of t h e  r e s u l t i n g  s o l u t i o n  i n  a 

r e a c t o r  vessel. The informat ion  obta ined  from t h e s e  tests should g ive  a 

r easonab le  estimate of t h e  f r a c t i o n  of t h e  f i s s ion -p roduc t  i nven to ry  t h a t  

w i l l  be  found i n  t h e  r e a c t o r  w a t e r  when cleanup o p e r a t i o n s  begin .  

in format ion  s h o u l d  a l s o  b e  u s e f u l  i n  work involv ing  spen t - fue l  pools  

o r  o t h e r  modes of long-term s t o r a g e  of spen t  f u e l .  It should be noted 

t h a t  t h e s e  experiments  do not account  f o r  t h e  f i s s i o n  p roduc t s  r e l e a s e d  

This  



-2- 

when t h e  f u e l  rod r u p t u r e s ;  t h i s  q u a n t i t y  can b e  es t imated  from o t h e r  

w0rk.l 

t h e  h igh  temperatures  and steam o x i d a t i o n  t h a t  would occur  p r i o r  t o  Fuel- 

rod f a i l u r e .  F u r t h e r ,  t h i s  work i s  n o t  intended t o  examine t h e  p a r t i c u l a r  

mechanisms invoJ.ved i n  l e a c h i n g ,  I n s t e a d ,  t h e  methods i ised are  intended 

t o  determine "how much" r a t h e r  than  "why." 

I n  a d d i t i o n ,  t h e  fuel. i n  t h e s e  experiments  was n o t  s u b j e c t e d  t o  

F ive  f u e l  samples were leached f o r  'L1 year  i n  a 0 .3  - M B3B03--0.05 

NaOH s o l u t i o n  w i t h  a p1-I of 8. The experiments w e r e  conducted a t  b o i l i n g  

and near -boi l ing  ('L85"C) temperatures  f o r  f u e l  fragments of 18-, 50-, 

and 200-mesh s i z e .  These parameters w e r e  chosen so  as t o  roughly approxi- 

m a t e  t h e  c o n d i t i o n s  i n  a post-accident  r e a c t o r  vessel and t o  show t h e  

i n f  1 uence of p a r t i c l e  s i z e  and temperature .  

A s  an experimental  c o n t r o l ,  two sampling techniques  were used. I n  

one, t h e  e n t i r e  l e a c h a n t  was rep laced  by f r e s h  leachant  dur ing  sampling; 

i n  the o t h e r ,  on ly  a f r a c t i o n  of t h e  l e a c h a n t  w a s  rep laced .  The two 

techniques provide d i f f e r e n t  in format ion  about  t h e  p r o g r e s s  of t h e  leach-  

i n g .  T h e  tests w i t h  s o l u t i o n  replenishment should i n d i c a t e  t h e  presence 

of a s o l u b i l i t y  l i m i t a t i o n  o r  an a u t o c a t a l y t i c  e f f e c t  t h a t  would n o t  be  

d e t e c t e d  by t h e  tes ts  w i t h  s o l u t i o n  replacement.  However, t h e  tests 

w i t h  s o l u t i o n  replacement g i v e  a much morE s e n s i t i v e  i n d i c a t i o n  of leach-  

i n g  rate.  

When t h e  experiments  w e r e  t e rmina ted ,  a p o r t i o n  of t h e  f u e l  f r a g -  

ments w a s  d i s s o l v e d  t o  confirm t h e  f i ss ion-product  inventory .  

2. P'mvIOus WORK 

Previous  leaching  tests performed with spent  f u e l  w e r e  p r i m a r i l y  

concerned wi th  t h e  l e a c h a b i l i t y  of unreprocessed f u e l  i n  a nuc lear -  

was te - repos i tory  environment. Genera l ly ,  t h e s e  were donr with ground- 

water, de ionized  water, o r  b r i n e  as t h e  l c a c h a n t .  In c o n t r a s t ,  t h e  

p r e s e n t  experiments were designed t o  i n v e s t i g a t e  l e a c h i n g  i n  a 

r e a c t o r - v e s s e l  envi-ronment and used a b o r a t e  s o l u t i o n  as the l eachant .  
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In experiments carried out at 25"C, Katayama leached declad fuel 

fragments in deionized water, distilled water, groundwater, and a 

synthetic sea brine.z,3 H i s  results indicated that the relative speed 

of leaching is: Cs > Sb > Sr,Y > Pu > Cm. Further, they demonstrated 

that fuel burnup did not significantly alter the leaching rate, and that 

the use of brine or groundwater slowed the leaching rate. The long-term 

data were €it to the equation 

m 
P = B t  , 

where 

F = total fraction of the substance released from the initial fuel, 

B = constant, 

t; = time (d), 

m = exponent, 

Using this equation, it was found that rn = 0.07 for groundwater, 

in = 0.31 for deionized water, and 0.06 zrri 5 0.35 f o r  distilled water. 

The wide range for the distilled water was attributed to the varying 

quality of the building distilled water. Katayama also found that a 

period of accelerated leaching begins after about 600 d, possibly 

because of the breakdown o f  the fuel-fragment structure. 

Strathdee et al. performed leaching tests with irradiated CANDU 

fuel.' 

cladding. At 2 2 O C  the relative leaching rate with air-saturated distilled 

water and tap water was: 13'7~s 90Sr  > 144Ce ? Pu. Although the 

experiment was continued past 600 d, no accelerated leaching period was 

noted. Another segment of fuel was autoclaved at 1 5 0 ° C  in distilled 

water without oxygen present. 

order of magnitude, but the 90Sr rate decreased with respect to the 

previous test. 

Sections of fuel rods were leached without removing the Zircaloy 

The 137Cs leaching rate increased by an 

Norrls and Bryant conducted leaching experiments with particular 

emphasis on waste isolation studies as related t o  the degree of contain- 

ment found at the Oklo natural The experiments used 

0.635-cm (0.25-in.)-thick slices of clad fuel from the H. B. Robinson 



r e a c t o r .  The l e a c h i n g  environment w a s  c a r e f u l l y  k e p t  under  reducing o r  

o x i d i z i n g  c o n d i t i o n s  by bubbling hydrogen o r  oxygen through t h e  s o l u t i o n .  

A t  25°C t h e  l e a c h i n g  ra te  w a s  s lower i n  t h e  reducing environment,  wi th  

t h e  except ion  of cesium, which w a s  n o t  a f f e c t e d .  A f t e r  65 d t h e  t e m -  

p e r a t u r e  was increased  t o  7 0 ° C .  The r e s u l t s  showed t h a t  t h e  d i f f e r e n c e s  

between t h e  l e a c h i n g  rates i n  ox id i  zi.ng and reducing c o n d i t i o n s  became 

neg l i -g ib l e  w i t h i n  t h e  fo l lowing  30 d .  Addit-lonal d a t a  w e r e  taken t o  

determine she  d i s s o l u t i o n  ra te  €or U 0 2 .  The d i s s o l u t i o n  ra te  w a s  found 

t o  b E  slower i n  a reducing environment and reasonably independent of 

temperature .  

3 .  APPARATUS 

We used very  s imple equipment f o r  t h e  l e a c h i n g  t e s t s .  The fuel and 

t h e  l e a c h a n t  were put  i n t o  s tandard  250-mL g l a s s  b o i t l e s .  ‘The b o t t l e s  

were t h e n  placed on e l ec t r i c  hot  p l a t e s  t o  keep t h e  s o l u t i o n s  a t  t h e  

d e s i r e d  temperature .  Water-cooled g l a s s  condensers  w e r e  used t o  r e f  l u x  

tlie vapor .  Tef lon  sleeves w e r e  p o s i t i o n e d  between t h e  b o t t l e  and t h e  

condenser t o  seal the j o i n t .  (Fuel  p a r t i c l e s  would have adhered to t h e  

j o i n t  i f  g r e a s e  had been used for t h e  s e a l . )  

4 .  PROCEDURE 

4 .1  P r e p a r a t i o n  of Fuel. Samples 

The f u e l  used i n  t h e s e  tests w a s  a p o r t i o n  of f u e l  rod No. 32-028 

from Oconee-1, end of c y c l e  2.  The f u e l  was d ischarged  on February 10, 

1975, a t  an approximate burnup o f  23,000 MWd/MTU. Table  1 g i v e s  t h e  

c o n c e n t r a t i o n s  of t h e  s p e c i e s  examined i n  t h e s e  t es t s .  

The rod w a s  sheared i n t o  1.3-cm (1/2- in . ) - long segments, and t h e  

f u e l  w a s  d i s lodged  from t h e  c ladding ,  c o a r s e l y  crushed,  and s ieved .  

The t h r e e  s i z e  f r a c t i o n s  used i n  t h e s e  experiments  were t h e  f r a c t i o n s  

r e t a i n e d  by t h e  18-, 50-, and 200-size mesh (between 14 and 18 mesh, 

between 18 and 50 mesh, and between 100 and 200 mesh). 
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Table  1. Inventory  of s p e c i e s  p r e s e n t  p e r  gram 
of Oconee-1 f u e l  

Uranium, g 

PU, counts lmin 

Gross a lpha ,  counts/min 

'H, B q  

3 o S r ,  B q  

Io6Ru, B q  

l Z 5 S b ,  B q  

1 2 9 ~ ,  118 

13'tCs, B q  

1 3 7 C s ,  B q  

144Ce, Bq 

Y B q  1 5'4Eu 

0.8603 

1.84E9 

3.09E9 

7.06E6 

1.2739 

1.12E9 

6.1E7 

87.0 

7.87E38 

2.01E9 

1.40E9 

7.65E7 

4.2 P r e p a r a t i o n  of t h e  Leach S o l u t i o n s  

The l each ing  s o l u t i o n s  were prepared  by d i s s o l v i n g  reagent-grade 

chemicals  i n  t w i c e - d i s t i l l e d  water. To o b t a i n  t h e  d e s i r e d  f ina l .  concen- 

t r a t i o n s  of 0.30 - M H3BO3 and 0.04 g NaOH, t h e  r e q u i r e d  amounts of c r y s t a l s  

w e r e  weighed and d i s s o l v e d .  Analys is  of t h e  s o l u t i o n s  showed 3270 k 40 ppm 

boron as H 3 B 0 3  and 1050 k 90 ppm sodium as NaOH;  t h e  pH w a s  8.01 ? 0.09. 

The s o l u t i o n s  were then  s t o r e d  i n  p l a s t i c  j u g s ;  c a r e  w a s  t aken  t o  exclude 

COz  from t h e  a i r  space.  

4 . 3  Leach Tests wi th  S o l u t i o n  Replacement 

Two samples  (%lo  g) of each of t h e  18- and 200-mesh f u e l  f ragments  

w e r e  weighed and placed i n  s e p a r a t e  250-dA l each ing  b o t t l e s .  

w a s  f i l l e d  with 100 mL of t h e  b o r a t e  l each ing  s o l u t i o n .  A condenser w a s  

a t t a c h e d  t o  each b o t t l e ,  and t h e  s o l u t i o n  w a s  hea t ed  t o  t h e  d e s i r e d  tem- 

p e r a t u r e  - one sample of each s i z e  a t  % 1 0 0 " C  and one of each s i ze  a t  

85 k 3 ° C .  

t h e  h o t  p l a t e  w a s  a d j u s t e d  a s  r e q u i r e d .  

condenser w a s  s u f f i c i e n t  t o  keep t h e  system under t o t a l  r e f l u x .  

Each b o t t l e  

The tempera ture  w a s  monitored d a i l y  w i t h  a thermocouple, and 

The w a t e r  f lowing  through t h e  
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To sample t h e  l e a c h a n t ,  t h e  h o t  p l a t e s  w e r e  tiirned o f f ,  and the  

s o l u t i o n s  were allowed t o  c o o l  and se t t le  for  about 1 h. The l i q u i d  w a s  

decanted and repl-aced w i t h  100 mL of f r e s h  l e a c h i n g  s o l u t i o n  ( a l  ambient 

tcmpera ture) .  The ho t  p l a t e s  were then  turned on, and t h e  temperature  

w a s  a d j u s t e d  as r e q u i r e d .  

The l e a c h a n t  w a s  e i t h e r  c e n t r i f u g e d  ( a s  i n  t h e  first e i g h t  sets o f  

samples) o r  a'l.l.owed t o  s e t t l e  f u r t h e r  b e f o r e  sampl.es w e r e  t aken .  'lko 

30-nL s a m p l e s  were decanted i n t o  p l a s t i c  b o t t l e s ,  One b o t t l e  w a s  sub- 

m i t t e d  f o r  a n a l y s i s ;  t h e  o t h e r  w a s  saved t o  check any quesc ionable  

a n a l y t i c a l  r e s u l t s .  

The s o l u t i o n s  w e r e  gamoa-scanned f o r  m o s t  of t h e  f iss ion-product  

a n a l y s e s .  The presence of i o d i n e  w a s  determined by a c t i v a t i o n  a n a l y s i s .  

The uranjtim c o n c e n t r a t i o n  w a s  determined by f l u o r e s c e n c e ,  and t h e  g ross  

a l p h a  a c t i v i t y  w a s  measurpd by d i r e s t  count ing.  A n a l y t i c a l  errors were 

g e n e r a l l y  reasonable .  TabJ-e 2 shows t y p i c a l  e r r o r s  as  r e p o r t e d  by t h e  

slaff of t h e  A n a l y t i c a l  Chemistry Div is ion .  No e r r o r  band w a s  r e p o r t e d  

f o r  t h e  o t h e r  r o n s t i t u e n t s ;  however, t h e r e  w e r e  several cases i n  which 

o n l y  one s i g n i f i c a n t  d i g i t  w a s  r e p o r t e d  f o r  t h e  uranium de termina t ion .  

Table  2 .  Typica l  errors ( i n  Z) as r e p o r t e d  
by t h e  A n a l y t i c a l  Chemistry D i v i s i o n  

311 

1 06Ru 

1 2 9 1  

l't4ce 

54Eu 

125Sb 

2 

33 

18 

'7 

32 

37 

The sampling frequency w a s  similar t o  t h a t  recommended by Hcspe.  

Samples w e r e  t aken  every working day f o r  t h e  f i r s t  week, three times 

each week f o r  t h e  fo l lowing  3 weeks, once each week for the subsequent 

4 weeks, and about once each month t h e r e a f t e r .  
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4.4 Leach Tests w i t h  So lu t ion  Replenishment 

Af t e r  about  t h r e e  months, ano the r  experiment w a s  s t a r t e d  i n  which 

a p o r t i o n  of t h e  l each ing  s o l u t i o n  w a s  rep laced  dur ing  sampling. The 

50-mesh f u e l  f ragments  (Q15 g) were p laced  i n  a 250-mL l each ing  b o t t l e ,  

and 150 mL of t h e  s o l u t i o n  w a s  added. The condenser w a s  f i t t e d  t o  t h e  

b o t t l e ,  and t h e  s o l u t i o n  w a s  hea ted  t o  b o i l i n g .  

The l eachan t  w a s  sampled as desc r ibed  i n  Sect. 4 . 3 ,  b u t  on ly  ~ 3 0  mL 

of t h e  s o l u t i o n  w a s  decanted.  A f t e r  f u r t h e r  s e t t l i n g ,  two 10-mL s a m p l e s  

w e r e  decanted from t h e  30-mL p o r t i o n ;  t h e  remainder w a s  r e tu rned  t o  t h e  

l each ing  b o t t l e .  

s o l u t i o n  t o  i t s  o r i g i n a l  150-mL volume. Samples  were taken  about  once 

each month. 

Fresh  b o r a t e  s o l u t i o n  w a s  added t o  r e t u r n  t h e  l each ing  

4.5 Terminat ion of t h e  Experiments 

A f t e r  t h e  l each ing  s tudy  had been completed,  t h e  r e s i d u a l  f u e l  

f ragments  were s t o r e d  f o r  l a t e r  use.  Each f u e l  sample w a s  d r i e d  wi th  

ace tone  and sepa ra t ed  i n t o  two f r a c t i o n s .  The f i r s t  f r a c t i o n  w a s  pu t  

i n  a capped b o t t l e  f o r  s t o r a g e ,  wh i l e  t h e  second f r a c t i o n  w a s  d i s so lved  

i n  n i t r i c  a c i d  so t h a t  an a n a l y s i s  of t h e  remaining f u e l  and f i s s i o n  

p roduc t s  could be made. 

5 .  PRESENTATION OF RESULTS 

* 
Four t r ia l s ,  85-18, 85-200, 100-18, and 100-200, were made i n  

which s o l u t i o n  replacement  w a s  used f o r  t h e  sampling method and t h e  l e a c h  

rate w a s  measured over  d i s c r e t e  t i m e  i n t e r v a l s .  One t r i a l ,  100-50, w a s  

made in which s o l u t i o n  replenishment  w a s  used as t h e  sampling method and 

t h e  cumulat ive amount of material leached w a s  determined.  

* 
The two numbers i n  t h e s e  d e s i g n a t i o n s  r e f e r  t o  tempera ture  and 

s i e v e  s i z e ,  r e s p e c t i v e l y .  
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5 .1  Leach Rates 

The equat ion  used by Katayama2 w a s  chosen f o r  c a l c u l a t i n g  l e a c h i n g  

rates f o r  a l l  t r ia ls  except  100-50. The equat ion  i s  as fo l lows:  

K. = 
7, 

where 

R .  = l e a c h  ra te  (g of f u e l  leached/d .cn?) ,  

x. = amount of a p a r t i c u l a r  s p e c i e s  found i n  t h e  l e a c h  s o l u t i o n  i, 
3: = amournt of a parti.c.ular s p e c i e s  i n  t h e  o r i g i n a l  f u e l  sample, 

2 

2 

0 
M = m a s s  of t h e  fuel. sample ( E ) ,  

A = s u r f a c e  area of t h e  f u e l  sample (cm’), 

t. = l e a c h i n g  t i m e  up t o  when sample i w a s  taken ( d ) .  
2 

T r i a l  100-50 w a s  used oii1.y as a comparison f o r  t h e  t o t a l  f r a c t i o n  r e l e a s e d .  

I t  i s  important  t o  n o t e  t h e  p a r l - i c u l a r  u n i t s  used i n  t h i s  form of 

the l e a c h  rate.  Leach rates are o f t e n  r e p o r t e d  as t h e  f r a c t i o n  of t he  

inventory  leached p e r  u n i t  of t i m e .  Howcver, i n  Lhis formula t ion ,  t h e  

ra te  i s  expressed as t h e  f r a c t i o n  of t h e  inventory  leached p e r  u n i t  of 

t i m e ,  d i v i d e d  by t h e  s u r f a c e  area per  gram of f u e l .  

Values f o r  G (g iven  i n  Table  1) were t aken  from a n a l y s e s  O F  t h e  
0 

d i s s o l v e d  f u e l  a f t e r  t h i s  series of experiments  bad been terminated and 

from a n a l y s e s  f o r  p r e v i o u s l y  d i s s o l v e d  f u e l  - 9 

Values f o r  t h e  area, A ,  a re  only approximate.  The area w a s  calcu-  

l a t e d  by c o n s i d e r i n g  t h e  sieve dimensions and by making assumptions about  

t h e  shape of t h e  fragments.  Photographs of t h e  18-mesh f u e l  w e r e  measured 

t o  o b t a i n  an independent estimate of t h e  s u r f a c e  area. The r e s u l t s  of 

t h e s e  two methods w e r e  qu i te  c l o s e ,  whi.ch shows t h e  i n s e n s i t i v i t y  of 

t h e  area-per-mass r a t i o .  Xowever, t h e s e  numbers should n o t  b e  cons t rued  

as being t h e  a c t u a l  s u r f a c e  area open t o  I.eaching s i n c e ,  as can be observed 

i n  t h e  photographs,  t h e  s u r f a c e  i s  rough and uneven. The area is used only  

as a c o n s t a n t  d i v i s o r  t h a t  w i l l ,  we hope, p u t  t h e  d i f f e r e n t  sieve s i z e s  

on t h e  s a m e  basi.s. 

The d u r a t i o n  of t h e  l e a c h i n g  per iod  is given by t b u t  t h e  c a l c u l a t e d  i’ 
ra te  from Eq .  ( 2 )  is  a n  average r a t e  from i . t o  t . . Thus, t h e  t:i-me 

2-1 2 
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associated with the rate is  the average of t and t.. Because of 

repairs in the Eacility, there was a 2-week break in the experiment. 

For  trial 100-50, the break occurred after 25 d of leaching, whereas, 

for 85-18, 85-100, 100-18, and 100-200, the break occurred after 102 d 

of leaching. Even though the fuel remained in the leachant during 

this interval (at: ambient temperature), the 2-week break was neglected 

i n  determining the total days of leaching. 

i - 2  2 

Because a significant amount of scatter was found in the experi- 

mental data, the data smoothing routine (3RSSH twice) described by 

Tukey was used. I 1  

and after smoothing. 

the data after smoothing unless otherwise noted. 

Figure 1 is a typical example of the data before 

The plots in all subsequent figures will display 

Figure 2 gives the leach rates for uranium. These values are also 

a measurement of the fuel dissolution rate. We expect this rate to be 

reasonably constant since the leaching solution is always at essentially 

zero concentration in uranlum. The rate, which was initially d E - 6  g 

fuel/d.cm2, slowly decreased to %lE-8 g/d.cm2. The decrease could be 

due to a reduction in the surface area open for dissolution, as sug- 

gested by Katayama,2 or it could be caused by the formation of some type 

of passivating layer, as suggested by Strathdee et ais4 Such a decrease 

could also result if a solubility limit were reached during each sampling 

period. Because the amount leached is divided by progressively longer 

time periods, the resultant leaching rate would artificially decrease. 

However, the decrease in the rate cannot be attributed to a limiting 

solubility for UO2 since the leaching solution was replaced before a 

limiting solubility was reached and the uranium concentration of the 

samples generally declined during the course of the experiment. 

The curves in Fig. 2 suggest that the dissolution rate is slower 

at 100°C than at 85°C.  Particle size seems to have no consistent effect 

on the long-term dissolution rate, but the short-term rate is higher for 

the larger particles (18 mesh). However, it should be noted that, in 

the tests with the larger fuel fragments, the uranium concentration in 

the leaching solution was very close to the limit of analytical 



-10- 

ORNL DWG 80-4453 
----- 

@ 

0 
l... 

P 
\ 
6 

a 100-18 '25Sb SMOOTHED 
100--i8 '25Sb UNSMOO'PHE 

10-7 b ..._.. J. u .... 1 .... L-1 I I I 1 I I 
0 40 80 120 f60 200 240 280 

TIME ( d )  

F i g .  I. Experimental  d a t a  before  and af ter  smoothing. 



-11- 

- - - 
0 85-18 URANIUM 

85-200 URANIUM 
O 400-18 URANIUM 

- 
- 
- 

100-200 URANIUM I 

- - - - - 

E 

- 

I I I I I I I I 1 I I I I I 

R 
O B 

to-6 1 \, 0 

h E\ 4 



detec1:ioii and t h a t  t h e  r e s u l t s  ( e s p e c i a l l y  f o r  100-18) are only known 

t o  one s i g n i f i c a n t  d i g i t .  

'The l e a c h  ra te  f o r  gross al.pha a c t i v i t y  was a l s o  measured; r e s u l t s  

This  rate,whi.ch was i n i t i a l l y  ~ 6 E - 7  g fuel./d.cm2, 

This  i s  s u b s t a n t i a l l y  1.ower than  t h e  ra te  f o r  

are  given i n  F ig .  3. 

f e l l  to %2E-9 g/d.cn,'. 

uranium. No d e f i n i t e  temperature  e f f e c t  was found; however, t h e  s m a l l  

fraginerits have a h igher  long-term and a lower short- term l e a c h  ra te .  

S ince  cerium and europium ( a s  f i s s i o n  products )  do n a t  s e g r e g a t e  

w i t h i n  the f u e l  m a t r i x  d u r i n g  i r r a d i a t i o n  t h e i r  l e a c h i n g  ra te  should 

be s imi l a r  t o  t h a t  of Lhe uranium matrix." F igures  4 and 5 show t h e  

r e s u l t s  f o r  1 " 4 C e  and 154Eu, r e s p e c t i v e l y .  The curves  are very  s imi l a r  

t o  those  f o r  uranium, and some of t h e  same Eeatiires are apparent .  The 

ra te  of leaching ,  which i s  i n i t i a l l y  %lE-6 g fuel /d .cm2,  g r a d u a l l y  

decreases  t o  %lE-$. 

f o r  uranium, but  t h e  d i f f e r e n c e  i s  probably w i t h i n  experimenLa1 error" 

Altlioiigh t h e s e  are  no t  enough d a t a  p o i n t s  to determine t h e  long-term 

i n f l u e n c e  of temperature  and fragment s i z e ,  t h e  short- term r a t e  f o r  t h e  

l a r g e r  p a r t i c l e s  i s  h igher  f o r  bo th  lG4Ce and 15LtEu.  This  was a l s o  t h e  

case f o r  uranium. 

Thc d e c r e a s e  i s  s l i g h t l y  more r a p i d  f o r  1 4 4 C e  than  

I n  c o n t r a s t  t o  t h e  rare e a r t h s ,  some f i s s i o n  products  m i g r a t e  

withihi the  f u e l  dur ing  i r r a d i a t i o n  arid p r e f e r e n t i a l l y  deposit: :I.n c r a c k s  

and voids12 - t h e  primary example i s  cesium. The exper imenta l  d a t a  f o r  

1 3 4 C s  and 1 3 7 C s  are shown i n  F i g s .  5 and 7 ,  r e s p e c t i v e l y .  

expected,  t h e s e  t w o  i s o t o p e s  rep1i.car.e each o ther ,  as i s  ses.n i.n rhe 

corresponding curves.  No e f f e c t  of temperature  i.s e v i d e n t ,  bu t  t h e  

l a r g e  fragments  release cesium a t  a h igher  rate t h a n  do t h e  smaller 

p a r t i c l e s .  T h i s  e f f e c t  seems t o  d isappear  i n  t h e  long-term rates.  Over 

t h e  l e a c h i n g  p e r i o d ,  t h e  leach ra te  f o r  cesium dec l ines  from s ~ E - 5  g 

f u e l / d  - c m 2  t o  SlE-7. 

may be  caused by t h e  d e p l e t i o n  of cesium i n  the cracks .  

A s  would be 

The rate i n i t i a l l y  d e c r e a s e s  very  r a p i d l y ,  which 

Iodi tw i n  i r r a d i a t e d  f u e l  i s  suspected of be ing  i n  t h r  form of C s I ;  

L h u s ,  the l e a c h  rates of cesium and i o d i n e  would b e  expected t o  be  

s i m i l a r . ' '  F i g u r e  8 shows experimental  d a t a .  Berause of a s p a r s i t y  of 
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F i g .  4 .  Leach rates for 144Ce. 
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p o i n t s ,  t h e  d a t a  are g iven  i n  t h e  o r i g i n a l  r a t h e r  t han  t h e  smoothed 

form. 

r a t e  i s  G E - 7  g/d.cm2. 

measured f o r  cesium, due t o  t h e  l a r g e r  cesium inven to ry  t h a t  appears  i n  

t h e  denominator of Eq. ( 2 ) .  

as i n  Fig.  9 ,  t h e  l each ing  of C s I  becomes more apparent .  No d e f i n i t e  

e f f e c t  of tempera ture  i s  observed,  b u t  t h e  i o d i n e  i n  t h e  l a r g e r  f u e l  

f ragments  l eaches  a t  a h igher  rate. 

The i n i t i a l  l e a c h  rate i s  q~3E-4 g fue l /d*cm2,  whereas t h e  f i n a l  

These v a l u e s  are moderately h ighe r  than  those  

If t h e  v a l u e s  are i n  terms of pmol/d.cm2, 

The r e s u l t s  €or l Z 5 S b  (see Fig.  10) are s imi l a r  t o  those  f o r  cesium. 

The l each ing  ra te ,  which i s  i n i t i a l l y  %5E-5 g fue l /d -cm2 ,  dec reases  t o  

'L5E-7 g/d.cm'. The l a r g e r  f u e l  pieces release antimony more qu ick ly  

over  t h e  e a r l y  t i m e  per iod .  Although no d e f i n i t e  tempera ture  e f f e c t  

is apparent ,  t h e  curves  i n d i c a t e  t h a t  125Sb might l each  f a s t e r  a t  lower 

tempera tures .  

F igu re  11 shows t h e  r e s u l t s  f o r  106Ru, The l e a c h  rate starts a t  

%2E-6 g fuel/d.cm2 and dec reases  t o  %2E-8 g/d.cm2. 

i n  t h e  l e a c h  rate i s  s l i g h t l y  more erratic than  was seen  i n  t h e  o t h e r  

p l o t s ,  which may be  caused by t h e  smoothing r o u t i n e  and e r r a t i c  d a t a  o r  

by t h e  form t h a t  ruthenium t a k e s  i n  i r r a d i a t e d  f u e l .  Ruthenium tends  

t o  c o n c e n t r a t e  i n  metall ic i n c l u s i o n s  i n  t h e  f u e l ; 1 2  thus ,  t h e  s m a l l  

peaks i n  F ig .  11 may be t h e  r e s u l t  of l each ing  t h e  f u e l  and p e r i o d i c a l l y  

r e l e a s i n g  some of t h e s e  i n c l u s i o n s ,  No clear e f f e c t  i s  seen  f o r  t h e  

temperature  o r  t h e  fuel-fragment  s i z e ;  aga in ,  however, t h e  shor t - te rm 

l e a c h  rate i s  h ighe r  f o r  t h e  l a r g e r  p a r t i c l e s .  

F igu re  1 2  g i v e s  t h e  r e s u l t s  €o r  YoSr .  

The r educ t ion  

S t ront ium is leached  from 

t h e  l a r g e r  p a r t i c l e s  a t  a h igher  rate,  and t h e  t r ia l s  a t  100°C g e n e r a l l y  

show a h ighe r  rate than  do those  a t  85°C. The i n i t i a l  l e a c h  ra te  i s  

%5E-6 g fuel /d .cm2;  t h e  f i n a l  r a t e  is  %8E-8 g/d-cm2. 

F igure  13  g ives  t h e  r e s u l t s  f o r  t r i t i u m .  The rate,  which is  

i n i t i a l l y  between 7E-7 and 5E-5 g fue l /S-cm2,  d e c l i n e s  by about  an o r d e r  

of magnitude du r ing  t h e  nex t  two months and then levels o f f  a t  %2E-7 g 

fuel /d-crn2.  

throughout  t h e  t e s t ,  p a r t i c l e  s i z e  appears  t o  be. s i g n i f i c a n t .  The l a r g e  

Although tests s h o w  no conc lus ive  e f f e c t  of temperature  
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f u e l  f ragments  release t r i t i u m  a t  a f a s t e r  r a t e  than  do t h e  s m a l l  

f ragments .  

5.2 Cumulative Leach F rac t ion  

An i n t e g r a t i o n  of l e a c h  rate over  t i m e  g i v e s  t h e  t o t a l  f r a c t i o n  

of t h e  p a r t i c u l a r  subs tance  t h a t  w a s  r e l e a s e d  from t h e  f u e l .  For t h e s e  

experiments ,  t h e  l e a c h  f r a c t i o n  w a s  determined by two methods. 

100-50, i n  which t h e  l eachan t  w a s  r ep len i shed  r a t h e r  t han  r ep laced ,  t h e  

cumulat ive f r a c t j o n  w a s  being measured d i r e c t l y .  The l e a c h  rate w a s  t h e  

q u a n t i t y  measured i n  t r i a l s  85-18, 85-100, 100-18, and 100-200; some 

c a l c u l a t i o n s  were r equ i r ed  t o  o b t a i n  t h e  f r a c t i o n a l  release. 

I n  t r i a l  

For t r i a l  100-50, t h e  cumulat ive l e a c h  f r a c t i o n  w a s  c a l c u l a t e d  by 

summing t h e  amount of t h e  s o l u t e  conta ined  i n  t h e  l each ing  v e s s e l  w i th  

t h e  amounts of s o l u t e  removed dur ing  sampling. These r e s u l t s  w e r e  no t  

smoothed because of t h e  s m a l l  number of d a t a  p o i n t s .  

The l e a c h  ra te  d a t a  f o r  t r i a l s  85-18, 85-200, 100-18, and 100-200 

were smoothed and numer ica l ly  i n t e g r a t e d  over  t i m e .  The i n t e g r a t i o n  w a s  

performed by assuming t h a t  t h e  logar i thm of t h e  rate v a r i e d  l i n e a r l y  from 

one d a t a  p o i n t  t o  t h e  n e x t .  Thus, f o r  t h e  i n t e r v a l  of t i m e  d t o  t i m e  

ti, t h e  rate i s  desc r ibed  by 
i-1 

ln(Ri) = a . t  + bi , (3) 
2 

where 

and 

The v a l u e s  f o r  u. and b .  are regarded  as c o n s t a n t s  over  t he  t i m e  i n t e r v a l .  

For t h i s  a n a l y s i s  t h e  l e a c h  rate i s  i n  terms of f r a c t i o n  pe r  day,  o r  
2 7, 

i n  t h e  n o t a t i o n  of E q .  ( 2 ) .  It i s  then  an easy  matter t o  c a l c u l a t e  t h e  

f r a c t i o n a l  release over  t h a t  t i m e  i n t e r v a l  by us ing  
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I.. 
2- 1 

and over t h e  course  o f  t h e  experiment by  us ing  

n 

F -  F .  
2 

This  procedure was a p p l i e d  t o  t h e  sinoothed d a t a  u n l e s s  noted o the rwise .  

F igu re  14  shows the r e s u l t s  f o r  uranium. The f r a c t i o n a l .  release of 

uranium i n t o  t h e  l each ing  s o l u t i o n  is  less than  1E-3  € o r  a l l  f i v e  t r ia ls .  

The larger p a r t i c l e s  have R sigr i i  f i c a n t l y  smaller f r a c t i o n a l  release, 

and h ighe r  tempera ture  seems t o  i n h i b i t  the release of uranium. 

F igure  15  shows t h e  r e l e a s e  of g r o s s  a lpha  a c t i v i t y ,  o r  plutonium. 

The cumulative r e l e a s e  i s  about a f a c t o r  of 5 smaller than  t h a t  f o r  

uranium. The curves  f o r  t h e  l a r g e r  p a r t i c l e s  show a definite l e v e l i n g  

o f f  a f t e r  20 d ,  whereas t h e  smaller p a r t i c l e s  con t inue  t o  release a c t i v i t y .  

The exp lana t ion  f o r  t h i s  behavior  i s  no t  c l e a r .  

A s  was t h e  case  wi th  t h e  l e a c h  ra tes ,  f r a c t i o n a l  rel-ease curves  f o r  

cerium and europium would be  expected t o  fo l low those  f o r  uranium. 

F igu re  16  shows the curves f o r  l 4 l 4 C e .  

and 100-200 a r e  ve ry  s i m i l a r  t o  t hose  f o r  uranium. However, t h e  r e s u l t s  

f o r  85-18 and 85-200 show a s i g n i f i c a n t l y  smallcr release f r a c t i o n .  The 

curves  f o r  15"Eu, shown i n  F ig .  1 7 ,  a r e  ve ry  similar t o  and tend  t o  con- 

f irn t h e  uranium r e s u l t s .  

The results f o r  t r ia ls  100-18 

It would be expected t h a t  s e m i v o l a t i l e  f i s s i o n  p roduc t s  would have 

la rger  f r a c t i o n a l  r e l e a s e s  than  w a s  observed f o r  uranium and the rare 

e a r t h s .  

F igs .  18  and 1 9 ,  r e s p e c t i v e l y .  About 4E-4 of t h e  uranium wits r e l e a s e d ,  

and %3E-3 of t h e  cesium w a s  leached f r o m  t h e  f u e l ,  S l i g h t l y  m o r e  cesi.im 

i s  r e l e a s e d  a t  the higher  tempera ture ;  t h e  i n f l u e n c e  of p a r t i c l e  s i z e  i s  

unc lea r .  

This  i s  indeed t h e  case, as i s  shown f o r  13'tCs and 1 3 7 C s  i n  
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It i s  suspec ted  t h a t  i o d i n e  occur s  i n  t h e  f u e l  as C s l ;  t h u s ,  t h e  

amount of i o d i n e  r e l e a s e d  should  be  similar t o  t h e  amount of cesium. 

F igu re  20 shows t h e  f r a c t i o n  of 1291 r e l e a s e d .  

smoothed p r i o r  t o  t h e  i n t e g r a t i o n  procedure  f o r  t h i s  p l o t  because o f  

t h e  s m a l l  number of d a t a  p o i n t s .  

20 t i m e s  h ighe r  t han  t h a t  f o r  cesium. 

inven to ry  of cesium i n  t h e  f u e l  ( ~ 1 5  Umol of cesium p e r  g of f u e l  vs 

%0.9 pmol of i o d i n e  p e r  g of f u e l ) .  

i n  t e r m s  of micromoles r e l e a s e d ,  as i n  F ig .  2 1 ,  t h e  l each ing  of CsI can- 

n o t  be  d ismissed .  

The rate d a t a  w e r e  no t  

The f r a c t i o n a l  release i s  %6E-2, o r  

Again, t h i s  i s  due t o  t h e  l a r g e r  

When t h e  two subs t ances  are  compared 

The r e s u l t s  f o r  antimony ( s e e  F ig .  22) i n d i c a t e  a t o t a l  release of 

Q6E-3, which is  s l i g h t l y  h ighe r  than  t h e  f r a c t i o n a l  release of cesium. 

The tempera ture  does n o t  have a c o n s i s t e n t  i n f l u e n c e  on t h e  r e s u l t s ;  

however, t h e  smaller p a r t i c l e s  a p p a r e n t l y  release a l a r g e r  f r a c t i o n  of 

t h e i r  i nven to ry  t o  t h e  l e a c h  s o l u t i o n  than  do t h e  l a r g e r  p a r t i c l e s .  

Ruthenium is  r e l e a s e d  from t h e  fue l  t o  about t h e  same e x t e n t  as 

uranium. 

t h e  f u e l  i s  r e l e a s e d  t o  t h e  l e a c h a n t  w i t h i n  t h e  f i r s t  y e a r .  The release 

f r a c t i o n  appears  t o  be enhanced by e l e v a t e d  tempera tures  and by s m a l l  

p a r t i c l e  s i z e s .  

F igure  23 shows t h a t  QitE-4 of t h e  lo6Ru i n i t i a l l y  p r e s e n t  i n  

F igure  24 g i v e s  t h e  r e s u l t s  f o r  s t ron t ium.  About 8E-4 of t h e  

inven to ry  w a s  r e l e a s e d  from t h e  f u e l  du r ing  t h e s e  experiments.  

t h e  i n f l u e n c e  of t e m p e r a t u r e  i s  n o t  ve ry  d e f i n i t i v e ,  p a r t i c l e  s i z e  

appeared t o  be impor tan t  s i n c e  t h e  small  p a r t i c l e s  r e l e a s e d  s l - l g h t l y  

more s t r o n t i u m  t h a n  d i d  t h e  l a r g e r  p a r t i c l e s .  

Although 

F igure  25 shows t h e  curves  f o r  t r i t i u m .  The cumula t ive  release i s  

'L3E-3 a f t e r  1 yea r .  

s i z e  i s  seen. 

N o  conc lus ive  e f f e c t  of tempera ture  o r  p a r t i c l e  

The f a c t  t h a t  t h e  d a t a  €o r  t r i a l  100-50 are u n u s a l l y  ve ry  nea r  t h e  

cu rves  f o r  the o t h e r  f o u r  t r ia ls  is  encouraging. T h i s  t ends  t o  v a l i d a t e  

bo th  t h e  numeric i n t e g r a t i o n  scheme and t h e  r e s u l t s  of t h e  ana lyses .  

I t  a l s o  i n d i c a t e s  t h a t  t h e  i o n s  p r e v i o u s l y  leached  from t h e  f u e l  do n o t  

s i g n i f i c a n t l y  r e t a r d  o r  enhance f u r t h e r  l e a c h i n g  of t h e  f u e l .  The s i n g l e  
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except ion  i s  t h e  f r a c t i o n  of lZ91 r e l e a s e d  i n  t r i a l  100-50, which w a s  

only one-tenth of t h a t  r e l e a s e d  i n  t h e  o t h e r  t r i a l s .  The reason  f o r  

t h i s  d i f f e r e n c e  is not clear,  

6. DISCUSSION OF RESULTS 

The r e s u l t s  o€ t h e s e  experiments should b e  h e l p f u l  i n  planning f o r  

the  cleanup of a damaged n u c l e a r  f a c i l i t y .  The t .ests measured the l e a c h  

rates and f r a c t i o n a l  releases f o r  important  f i s s i o n  p r o d u c t s ,  and a l s o  

i n d i c a t e d  t h e  i n f l u e n c e  of t e m p e r a t u r e  and p a r t i c l e  s i z e ,  The v a l u e s  

obta ined  are  s i m i l a r  t o  t h o s e  of o t h e r  i n v e s t i g a t o r s .  However, t h e  

l i m i t a t i o n s  of t h e s e  experiments must be cons idered  b e f o r e  t h e  r e s u l t s  

are a p p l i e d  t o  a real. s i t u a t i o n .  

The r e l . a t ive  rate of l e a c h i n g ,  as nieasured a t  t h e  end of t h e s e  

tests,  i s  Sb > T > 3B > C s  > S r  > Ru,Ce,Eu,U > Pu. The l o n g - t c m  rates 

are  bracke ted  by 'L5E-7 g fucl /d .cm2 f o r  antimony and %2E-9 g fuel/d.cm3 

f o r  plutonium. 

The ranking by f r a c t i o n a l  release can be summarized as fo l lows:  

I > Sb > 3B,Cs  > S r  > Ru,Ce,Eu,U > Pu, a f t e r  250 d of leaching .  The releases 

f o r  i o d i n e  and plutonium are M E - 2  and %lE-Lt, respect i -veby-  These releases 

can be used t o  estimate t h e  reactor-water  c o n c e n t r a t i o n  by mult:iplying 

t h e  f r a c t i o n a l  release by a11 e s t i m a t i o n  of t h e  f u e l  inventory  and a n  

e s t i m a t i o n  of t h e  amount: of f u e l  open t o  l e a c h i n g ,  and then  d i v i d i n g  t h e  

product by tlre volume of water. To p r o j e c t  the release f r a c t i o n  curves  

(Figs .  14-25) t o  f u t u r e  t i m e s ,  the  long-term frac-tional.  releases were 

f i t  t o  t h e  form of Eq.  (1) t o  o b t a i n  a v a l u e  f o r  rn. T h F s  v a l u e  i s  s i m p l y  

the s lope  of t h e  long-term l i n e  i n  F igs .  1.4-25. The break  between 

"long t e r m ' '  and "shor t  t e r m "  w a s  made by i d e n t i f y i n g  t h e  t i m e  at: which 

t h e  f r a c t i o n a l - r e l e a s e  ciirves change s l o p e .  This  t i m e  i s  u s u a l l y  w i t h i n  

t h e  f i r s t  month of leaching .  I n  s e v e r a l  cases, t h i s  break  w a s  cl.ear and 

t h e  time b7as easy t o  determine;  i n  o t h e r  cases,  the break was chosen  more 

s u b j e c t i v e l y .  I n  one case no break w a s  seen  because of a l a c k  of l-ong- 

t e r m  d a t a ;  consequent ly ,  no v a l u e  i s  r e p o r t e d .  The values f o r  t h e  

exponent rfl i n  E q .  (1) are  given i n  Table  3 .  The r e s u l t s  show t h a t  t h e  
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m Table 3 .  Value f o r  m in E ' =  Et 

Trial 
I 

Substance 85-18 85-200 100-18 100-200 AV 

Uranium 

Gross alpha 

3H 

9 0 ~ r  

Io6Ru 

125Sb 
1 2 9 1  

1 " 7 c s  

1 3 4 c s  

1 4 4 ~ ~  

54Eu 

Av 

0.21 

0,01 

0.13 

0.12 

0.12 

0.31 

0.02 

0.10 

0.09 

0.13 

0.12 

0.34 

0.57 

0.59 

0 . 2 9  

0.23 

0.28 

0.03 

0.17 

0.16 

0.32 

0.20 

0.29  

0.17 

0.07 

0.47 

0.37 

0.07 

0.11 

0.02 

0.07 

0.07 

0.08 

0.17 

0.15 

0.19 

0.22 

0 .49  

0.28 

0.14 

0.10 

0.03 

0.33 

0.30 

0.17 

0.23 

0 . 2 2  

0.23 

0.22 

0.42 

0.27 

0.14 

0.20 

0.02 

0.17 

0.15 

0.17 

0.20 

exponent is larger for the smaller particles and that temperature has no 

apparent effect. The results also show that some substances (notably, 

tritium) have a higher exponent than the others. This does not  mean that 

tritium had a faster leach rate at the termination of these experiments, 

but rather that tritium will probably be the first substance to completely 

leave the fuel. 

These estimates were made by extending the curves in Figs. 14-25 with a 

straight line [ a s  defined by E q .  ( l ) ]  and finding the minimum and maximum 

values produced. 

fuel fragments; the maximum estimate was generally given by the 200-mesh 

fragments. The only exception is that both the minimum and maximum 

values for tritium were given by the 18-mesh fragments. These values 

can be used to estimate reactor-water concentrations at future times. 

Projected fractional releases are given in Table 4. 

The minimum values were always given by the 18-mesh 

These experiments were designed to determine the influence of tem- 

perature and particle size on leach rate and released fraction. While 

the size of the fuel fragment was found to have a definite effect, the 

temperature data were inconclusive. 
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Table 4 .  Estimated percentage  o f  f u e l  inventory  1-eached 
from t h e  f u e l  over  t i m e  

..... ....... 

T i m e  

(Y) 

Substance 1 2 3 4 
....... .................... - -- 

Uranium O.OOH.087 0.010-0.11 0.011-0.13 0.011-0.14 

Gross a lpha  

3 1-1 0.13-0.64 0.18-0.70 0.21-0./4 0.24-41.7 6 

9 0 ~ r  0.06&0.12 0.072+. 15 0.076---O. 1.6 O.O79--O. 18 

0.004--0.022 0 . 0 0 H . 0 2 6  0.005--0.030 0.005--0.036 
a 

6Ru 0.01.6-4.093 0.017-0.10 0 .  O l S O .  11 0.018-0.1L 

125% 0.30-1.2 0.32-1.5 0.33-1.6 0.34-1.8 
1 2 9 1  5.6-7.4 5 . 7-7 .5 5.7-7.6 5. (97 .6  

l 3 4 C s  0.24-0.41 0.3 0 - 3 . 4  6 0.31-0.49 0.3 2-0.52 

137cs 0 .  W 0 . 4 6  0.30-0.51.. 0.30-0.5.5 0.31---0.57 

1 4 - 4 ~ ~  0.0 124.0 6 6 0 .01  34.0 7 4 0.0 1 F O  . 0 7 9 0.014-4.0 83 

1 5'tEu 0.012--0.063 0.014.--0.073 0.01.5-0.080 0.016-0.086 
I__._. s___ I .- .__. 

a 
Plutonium. 

The apparent  i n f l u e n c e  of temperature  on t h e  v a r i o u s  subs tances  was 

noted i n  Sect .  5. The only cons:i.stent e f f e c t s  found were an i n c r e a s e  i n  

t h e  s t r o n t i u m  l e a c h  ra te  and a decrease  i n  t h e  uranium l e a c h  rate as t h e  

teiuperature w a s  i n c r e a s e d  from 85 t o  100°C. The d a t a  obta ined  a t  t h e  

o t h e r  leach rates di-d n o t  show any d e f i n i t i v e  t r e n d .  There were enough 

d a t a  on e i g h t  of t h e  subs tances  s t u d i e d  t o  make a de termina t ion  of t h e  

e f f e c t  of temperature .  Tf determined s o l e l y  by chance, one would expect  

one-fourth of t h e  r e s u l t s  t o  show a n  increased  l e a c h  r a t e  w i t h  tempera- 

ture and one-fourth t o  show a decreased rate.  T h i s  was t h e  s i t u a t i o n  

observed i n  our  tests;  t h u s ,  because neit iher of t h e  a p p a r e n t  e f f e c t s  

w a s  clearly deci .s ive,  v7e conclude t h a t  the temperature  t r e n d s  noted i n  

S e c t .  5 w e r e  only fortuitous resul ts .  
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The i n f l u e n c e  of p a r t i c l e  size can be seen  more c l e a r l y .  O f  t h e  

seven subs tances  f o r  which t h e r e  were s u f f i c i e n t  d a t a ,  s i x  showed an 

inc reased  l each  rate wi th  inc reased  fuel-fragment s i z e .  Thus, a d e f i n i t e  

e f f e c t  w a s  observed,  and on ly  a f r a c t i o n  of t h e  e f f e c t  can be  a sc r ibed  

t o  t h e  inaccuracy  of t h e  s u r f a c e  area measurement. This  e f f e c t  is  a l s o  

r e f l e c t e d  by the v a l u e s  f o r  the exponent rn i n  Table  2 and i n  t h e  frac- 

t i o n a l  releases. Although the  l a r g e r  p a r t i c l e s  had a h ighe r  l each  rate 

( i n  u n i t s  of g fue l /d .cm*) ,  t hey  had a smaller f r a c t i o n a l  release ( i n  

u n i t s  of f r a c t i o n  of subs t ance  inventory)  by a f a c t o r  of %3. The 

apparent  i ncons i s t ency  between t h e  h ighe r  l e a c h  rate r e s u l t i n g  i n  a 

smaller f r a c t i o n a l  release is simply due t o  t h e  u n i t s  of t h e  ra te  and 

t h e  d i s p a r i t y  i n  t h e  s u r f a c e  area p e r  gram of f u e l  f o r  t h e  two p a r t i c l e  

s i z e s .  

The r e s u l t s  of t h e s e  tests compare f avorab ly  w i t h  those  of p re -  

v i o u s l y  publ i shed  work. The r e l a t i v e  rate of l each ing  i s  C s  > Sb > 
Sr  > Pu accord ing  t o  Katayama,)- C s  > S r  > Ce > Pu accord ing  t o  

S t r a t h d e c  e t  

ing  t o  our  tests. The only  change i n  o r d e r  is  between cesium and 

antimony. The va lues  f o r  t h e  l each ing  rates are lower than  those  

r epor t ed  by Katayama by about  a f a c t o r  of 5. This  may be because h e  

r e p o r t s  t he  ra tes  a t  20 weeks r a t h e r  than  40 weeks. These r e s u l t s  may 

a l s o  r e f l e c t  t he  use  of a b o r a t e  l e a c h  s o l u t i o n .  The v a l u e s  f o r  t h e  

exponent m correspond w e l l  w i th  the  range  (0 .06 -0 .35 )  found by 

Katayama' f o r  d i s t i l l e d  water. For t h e  i n d i v i d u a l  i s o t o p e s ,  Katayama 

found 0.07 t o  0.35 f o r  '"Sr and 0.06 t o  0.32 f o r  137Cs. These v a l u e s  

compare Eavorably wi th  t h e  range found i n  t h e  s tudy  r epor t ed  he re .  

(The agreement is not  too  s u r p r i s i n g  when w e  cons ider  t h e  l a r g e  range 

involved . )  

and Sb > I >. 3H > C s  > S r  > Ru,Ce,Eu,U > Pu accord- 

There w e r e  s e v e r a l  s h o r t f a l l s  i n  our  experiments  t h a t  must be  

cons idered  i n  t h e  i n t e r p r e t a t i o n  of t h e  r e s u l t s .  T h e  c o n t r o l s  on t h e  

l each ing  c o n d i t i o n s  l e f t  open some v a r i a b l e s  (such as the oxygen c o n t e n t s  

of t h e  s o l u t i o n s )  t h a t  may have an rimportant i n f l u e n c e  on t h e  outcome. 

The ana lyses  f o r  some of t h e  subs tances  s t u d i e d  had s i g n i f i c a n t  levels 

of u n c e r t a i n t y ;  consequent ly ,  t h e  r e s u l t s  cannot  be used as exac t  



measures of t h e  q u a n t t t i e s  involved.  I n  addi.t.ion, t h e  s u r f a c e  area 

measurement w a s  n o t  v e r y  p r e c i s e ,  and t h e  a c c i d e n t  c o n d i t i o n s  p r i o r  t o  

a c ladding  f a i l u r e  w e r e  no t  s imulated.  

A s  s t a t e d  i n  Sec t ,  2 ,  many i n v e s t i g a t o r s  c a r e f u l l y  c o n t r o l  t h e  

reducing o r  o x i d i z i n g  p o t e n t i a l  of t h e i r  l e a c h i n g  s o l u t i o n  I 'They f i n d  

t h a t  t h e  o x i d i z i n g  p o t e n t i a l  has  an e f f e c t  on l e a c h  rates i n  some cases. 

The r e s u l t s  of t h e  work of N o r r i s 5  and Bryant6 demonstrate  t h a t  leachi-ng 

i s  slower i n  a reducing environment. Reactor  water i s  normally kept  

reducing,  o r  oxygen-free, t o  i n h i b i t  c o r r o s i o n  of t h e  metal s u r f a c e s ,  

W e  made no s p e c i a l  e f f o r t  t o  exclude oxygen from t h e  l e a c h i n g  s o l u t i o n s ;  

t hus ,  l e a c h i n g  i.n a r e a c t o r  v e s s e l  should proceed a t  the same speed as., 

o r  s lower than,  t h a t  i n  our  experiments.  

The c o n c e n t r a t i o n s  of some of t h e  subs tances  were near  t h e  minimum 

a n a l y t i c a l  d e t e c t i o n  leve l ;  t h e r e f o r e ,  t h e  r e s u l t s  contained o.nly one 

s i g n i f i c a n t  d i g i t  i n  some cases. This  was t r u e  f o r  uran i iw,  cerium, 

europium, and ( t o  a lesser e x t e n t )  ru%benium. The l a c k  of s i g n i f i c a n t  

d i g i t s  p r o h i b i t s  l i t e r a l  i n t e r p r e t a t i o n  of t h e  resi-dts . However because 

t h e  c o n c e n t r a t i o n  range be ing  studi.ed is  so  l a r g e ,  even an e r r o r  band of 

20 o r  30% i s  minor when p l o t t e d  on a l o g a r i t h m i c  scale.  Although i o d i n e  

levels  w e r e  i n  t h e  range o f  a n a l y t i c a l  c a p a b i l i t y ,  about  one-half of t h e  

estimated i n i t i a l .  i.nventory w a s  unaccounted f o r  a t  t h e  conclus ion  of t h e  

experiment.  P r i o r  measuremmts and c a l c u l a t i o n s  deterrnined t h a t  t h e r e  

was ' ~ 9 0  pg of 1291 p e r  gram of f u e l .  When t h e  tests were coinpleted and 

f o u r  fuel.  samples were d i s s o l v e d ,  ~ 4 4  j ~ g / g  fuel. w a s  found, and Q 5 ug/g 

f u e l  w a s  p r e s e n t  i n  t h e  l e a c h i n g  so lu t ions . .  The f a t e  of t h e  remainder 

i s  unknown. 

A s  s t a t e d  previoi is ly ,  t h e  s u r f a c e  areas of t h e  samples w e r e  n o t  

measured v e r y  a c c u r a t e l y .  This  d e f i c i e n c y  h a s  two s i g n i f i c a n t  e f f e c t s  

on the i n t e r p r e t a t i o n  of t h e  resialts: 

1. Other i n v e s t i g a t o r s  have expressed l e a c h  ra te  r e s u l t s  on a "per 

s u r f a c e  area" b a s i s ,  as w e  have. Because none of them h a s  measured 

s u r f a c e  area e x a c t l y ,  the v a l u e s  cannot be  compared ainong i n v e s t i g a t o r s  

wi th  any degree of r e l i a b i l i t y .  
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2 .  The i n e x a c t  measurement of s u r f a c e  area p r e s e n t s  t i  problem i n  com- 

pa r ing  one p a r t i c l e  s i z e  wi th  another .  Our r e s u l t s  can be t r u s t e d  

i n  i d e n t i f y i n g  l a r g e  e f f e c t s  ( f a c t o r s  of 10) o f  p a r t i c l e  s i z e  

because t h e  s u r f a c e  area measurements are c o n s i s t e n t  w i th  each 

o t h e r ;  however, t h e  r e s u l t s  cannot be used t o  i d e n t i f y  s m a l l  

e f f e c t s  ( f a c t o r s  of 1 .5 )  because t h e  measurements are no t  t h a t  

p r e c i s e .  

W e  d i d  not cons ide r  f i s s ion -p roduc t  release dur ing  t h e  i n i t i a l  

r u p t u r e  of t h e  rod o r  any e f f e c t s  of c ladding  ox ida t ion .  Lorenz e t  al. 

found t h a t  t h e  b u r s t  release of cesium and i o d i n e  would be < O . l %  of t h e  

t o t a l  inventory , ’  which would be a s m a l l  a d d i t i o n  t o  t h e  t o t a l  amount 

r e l e a s e d  i n  ou r  experiments .  

The r e s u l t s  p re sen ted  h e r e  will provide  u s e f u l  in format ion  concern- 

i n g  t h e  f r a c t i o n  of t h e  f i s s ion -p roduc t  inventory  t h a t  w i l l  be  found i n  

t h e  w a t e r  sur rounding  a damaged r e a c t o r  c o r e  p r i o r  t o  cleanup o p e r a t i o n s .  

Leach rates and f r a c t i o n a l  releases w i l l  be impor tan t  i n  choosing and i n  

s c a l i n g  t h e  p rocess  used f o r  t h e  cleanup.  Although t h e  agreement between 

our  r e s u l t s  and those  o f  o t h e r  i n v e s t i g a t o r s  is good and t ends  t o  confirm 

OUT f i n d i n g s ,  i t  i s  s t i l l  important  t o  recognize  t h e  l i m i t a t i o n s  i n  t h e  

experiments  r epor t ed  h e r e .  

7. CONCLUSIONS 

The fo l lowing  conc lus ions  can be drawn from t h e  r e s u l t s  ob ta ined  

i n  t h i s  s tudy:  

1. The re la t ive speed of l each ing  t h e  c o n s t i t u e n t s  of spen t  fuel.  a f t e r  

250 d has  been determined t o  be :  

t h e  range  .is f r o m  %5E-7 g fuel /d .cm2 f o r  125Sb t o  %2E-9 g fue l /d-cm2 

f o r  plutonium. 

Sb > 1 > 3H r S r  > Ru,Ce,Eu,U > Pu; 

2. The re la t ive releases a f t e r  250 d ,  as a f r a c t i o n  of t o t a l  inven to ry ,  

can be summarized as: 1 > Sb > 3H,Cs S r  > Ru,Ce,U Pu;  t h e  

range  i s  from q.6E-2 f o r  i o d i n e  to ~ d l E - 4  €or plutonium. 
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3 "  

4 .  

5. 

6.  

7. 

The v a l u e  f o r  t h e  exponent m i n  Eq .  (I) varies  from 0 . 0 1  t o  0.59, 

depending on t h e  subs tance  s t u d i e d  an3 t h e  l e a c h i n g  c o n d i t i o n s .  

Assuming t h e  v a l i d i t y  of Eq. (I.),  t h e  f r a c t i o n a l  release of t h e  

v a r i o u s  subs tances  can be  p r o j e c t e d  f o r  f u t u r e  t i m e s .  

No s i - g n i f i c a n t  temperature  e f f e c t  was found f o r  t h e  l e a c h  rates.  

The l e a c h  ra tes  ( i n  u n i t s  of g fuel/d.crna) of t h e  subs tances  

s t u d i e d  were h igher  f o r  t h e  l a r g e r  p a r t i c l e  s i z e s .  

The f r a c t i o n a l .  releases o f  t h e  subs tances  s t u d i e d  w e r e  smaller f o r  

t h e  l a r g e r  p a r t i c l e  s i z e s  by a f a c t o r  of % 3 .  
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