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BEHAVIOR OF SPENT NUCLEAR FUEL 

I N  WATER POOL STORAGE 

SUMMARY AlVD CONCLUSIONS 

- -  - 
- * Storage o f  i r r a d i a t e d  nuc lea r  f u e l  i n  water  pools (bas ins )  has been - 

standard p r a c t i  ce s i  nce nucl  ea r  reac to rs  f i r s t  began o p e r a t i  on ~ 3 4  years 
1 

ago. Pool s torage i s  t h e  s t a r t i n g  p o i n t  f o r  a l l  o t h e r  f u e l  s to rage  candi-  
u date  processes and i s  a candidate f o r  extended i n t e r i m  f u e l  s to rage u n t i l  

po l  i c y  quest ions regard ing  reprocessing and u l t i m a t e  d isposa l  have been 

reso l  ved. 

Th i s  r e p o r t  assesses t h e  c u r r e n t  performance o f  nuc lear  f u e l  i n  pool 

s torage,  t h e  range o f  s to rage cond i t i ons ,  and t h e  prospects f o r  extending 

res idence times. The assessnient i s  based on v i s i t s  t o  f i v e  U.S. and 

Canadian f u e l  s to rage s i t e s ,  rep resen t i ng  n i n e  s to rage pools, and on d i s -  

cussions w i t h  operators o f  an a d d i t i o n a l  21 s to rage  pools. Spent f u e l  

s torage experience from B r i t i s h  pools a t  W i n f r i t h  and Windscale and from 

a German pool a t  Kar lsruhe (WAK) a l s o  i s  summarized. 

A t  t h e  end o f  1976 t h e r e  were %a700 power r e a c t o r  f u e l  bundles i n  

s to rage i n  U.S. pools. Approximately 90% o f  t h e  bundles have Z i r c a l o y  

c ladd ing ;  t h e  remainder have s t a i n l e s s  s t e e l  c ladding.  Approximately 

70,000 Z i r ca loy -c lad  bundles (%50 cm l o n g )  were s t o r e d  i n  Canadian pools 

a t  t h e  end o f  1976. 

Maxi mum pool res idence f o r  Canadian f u e l  i s  14 years.  Z i  r c a l  oy -c l  ad 

U.S. f u e l  has been i n  pool s to rage  up t o  18 years.  Experimental s t a i n l e s s -  

c l a d  f u e l  has been s t o r e d  up t o  12 years ; commercial s t a i n l e s s - c l a d  f u e l  

has been s t o r e d  up t o  7 years; u n i r r a d i a t e d  s t a i n l e s s  s t e e l  f i x t u r e s  have 

been exposed i n  pools up t o  %20 years w i t h o u t  evidence o f  degradat ion 

Maximum burnups f o r  s t o r e d  commercial f u e l  a r e  %33,000 MWd/MTU f o r  bo th  

Z i  r c a l  oy- and s t a i  n l  ess-c l  ad f u e l  . 

Percept ions regard ing  t h e  s t a t u s  o f  t h e  s t o r e d  spent  f u e l  a r e  based 

p r i n c i p a l  l y  on v i s u a l  observat ions du r ing  f u e l  hand1 i n g  opera t ions  and on 

v i s i b l e  p o r t i o n s  o f  t he  bundles du r ing  storage.  Rad ia t ion  mon i to r i ng  o f  



wate r  and a i r  i n  pool s t o r a g e  a r e a s  a l s o  i s  conducted t o  d e t e c t  ev idence  

of r a d i a t i o n  re1 eases  from t h e  s t o r e d  f u e i  . 
The r e s u l t s  of  t h e  survey i n d i c a t e  t h a t  pool o p e r a t o r s  have not  

seen evidence  t h a t  s t a i n l e s s -  o r  Z i r ca loy -c l ad  uranium ox ide  f u e l  i s  

degrading dur ing  pool s t o r a g e ,  based on v i s u a l  examinat ions and r a d i a t i o n  . - 

moni t o r i  ng .  
- - , *  

4 - 
I r r a d i a t e d  Canadian Zi rca loy-c lad  f u e l  was r e t u r n e d  t o  a r e a c t o r  a f t e r  - 

 up t o  10 y e a r s  of pool s t o r a g e ,  w i t h  s a t i s f a c t o r y  performance. Shippi  ngpor t  - . L 

fue l  was removed from pool s t o r a g e  t o  a h o t  c e l l  i n s p e c t i o n  i n  a i r  a f t e r  4 t - 
y e a r s  i n  pool s t o r a g e .  There was no v i s u a l  evidence o f  deg rada t ion  and no 

r a d i a t i o n  re1  e a s e s  occurred .  

Mechanical damage t o  s p e n t  f u e l  du r ing  r e a c t o r  d i s c h a r g e  and f u e l  

handl ing  i n  t h e  pools is minimal. The number of i n c i d e n t s  where f u e l  

was dropped dur ing  f u e l  handl ing  o p e r a t i o n s  appears  t o  have been l e s s  than  

a dozen c a s e s  i n  1974 t o  1976. Only two cases  were i d e n t i f i e d  where f u e l  

damage r e s  u 1 t e d  i n breached c l  addi ng . 
Severa l  hundred fue l  bundles ahavi ng rods which developed c l add ing  

d e f e c t s .  d u r i  ng r e a c t o r  exposures a r e  i n pool s t o r a g e .  Radi o a c t i  ve gases  

were e x p e l l e d  t o  t h e  r e a c t o r  c o o l a n t  and t h e r e f o r e  a r e  n o t  r e l e a s e d  from 

the r e a c t o r - i  nduced c l  addi ng d e f e c t s  du r ing  pool s t o r a g e .  However, non- 

gaseous f i s s i o n  products  a r e  r e l e a s e d  t o  t h e  pool water .  S t e a d y - s t a t e  

r a d i o a c t i v i t y  concen t ra t ions  i n  pool wa te r  can be maintained i n  the range  
t o  uCi /ml wi th  ion  exchange and f i l t r a t i o n .  Higher values (up 

t o  ~ 0 . 5  p C i / m l )  occu r  dur ing  fuel d i scha rges  a t  r e a c t o r  pools .  Spent f u e l  
wi th  d e f e c t i v e  c l add ing  has been s t o r e d ,  shipped and r ep rocessed ,  f r e q u e n t l y  
on t h e  same b a s i s  a s  i n t a c t  f u e l .  

The range of s t o r a g e  cond i t ions  i n  fue l  pools is  out1 ined  below: 

Water Chemis t r ies  
# 

BWR and I S F S I ( ~ )  pools:  

Oxygen-saturated de ionized  water  

PWR pools  : 

Oxygen-saturated de ion ized  water  + ~ 2 0 0 0  ppm boron a s  b o r i c  a c i d  

( a ' ~ n d e p e n d e n t  Spent  Fuel S to rage  I n s t a l  l a t i o n ;  t h e  only  U .S .  ISFSI pools  
which now s t o r e  s p e n t  fue l  a r e  GE-Plorris and Nuclear Fuel S e r v i c e s .  



Temperature Range 

70 to 1 20°F (20 to 50°C), bul k water temperatures 

Pools with adequate heat exchanger capacity maintain 
temperatures be1 ow 100°F, even with freshly-discharged 

fuel;  clad temperatures for freshly-discharged fuel are 
\1a0F  (1 0°C) above the bu l  k water temperatures. M i  l d  

temperature transients, w i t h i n  the range cited above, 
have occurred i n  pools during temporary shutdown of 
heat exchangers. 

Materials 

Pool wall s--painted concrete, stain1 ess steel , f i  berg1 ass 

Fuel canisters and racks--s ta i  nl ess s tee1 or a1 umi num a1 1 oys 

Grapples and hoists--stai nless- or chromium-pl ated steel 

Detailed, systematic examinations of fuel bundle materials have not 
been conducted s peci f i  cal ly to define storage behavior, because of the 
expectation that the fuel would be reprocessed a f t e r  re1 a t i  vely short 
pool residence. Also, there i s  minimal reason to  expect that  the 
corrosion-resi stant fuel bundl e materi a1 s woul d degrade i n  the re1 a t i  vely 
benign storage environments over the expected storage period. Over the 
range of pool storage experience cited above, there have been no obser- 
vations which raise concerns. Hcwever, i t  i s  not now clear how long 

pool storage of spent fuel may be extended. If storage times of the spent fuel 

inventory are expected t o  extend into the 20-to-100-year time frame, there i s  
an increasing incentive to determine whether any slow degradation mechanisms 
are operative. 

Further assurances regarding fuel cladding integrity can be based on 

\ selected destructive exams of spent fuel having a previous exam history, 
which defined the results  of the reactor exposure. Also, periodic visual and 
non-destructive surveillance of selected stainless- and Zircaloy-clad 

w bundles can provide a systematic, sustained approach t o  verify the integrity 
of the spent fuel inventory. Such an approach, of limited scope, has in 

fact  begun in Germany (Karl sruhe). The inspections a1 so should include fuel 

having reactor-induced defects. Unless evidence of degradation develops in 

exploratory investigations, a surveillance program involving large numbers 
of bundles i s  not just if ied.  



To d e f i n e  c e r t a i n  aspects o f  1  ong-term (20- to-1 OO-year) spent  f ue l  

and pool  equipment i n t e g r i t y ,  some 1  abo ra to ry  i n v e s t i g a t i o n s  may be 

usefu l  . Any d e t a i l e d  f u e l  i .nves t iga t i0n .s  and l a b o r a t o r y  s t u d i e s  shou ld  

cons ider  t h e  a c t i o n  o f  p o s s i b l e  degradat ion  mechanisms on e i t h e r  i n t e r i o r  o r  

e x t e r i o r  c l a d d i n g  surfaces and on l i f t i n g  members such as f u e l  bundle b a i l s .  

Cladding s t resses  a r e  n o t  expected t o  be h igh ,  b u t  whether t hey  a r e  
- - A  

s u f f i c i e n t  t o  p a r t i c i p a t e  i n  c e r t a i n  s low degradat ion  mechanisms i s  * - 

n o t  c l e a r .  P i t t i n g  o r  o t h e r  1  ocal  i z e d  co r ros ion ,  p a r t i  c u l  a r l y  o f  . , 

s t a i n l e s s  s t e e l ,  cannot  be r u l e d  o u t  by present  l e v e l s  o f  i n s p e c t i o n ,  'I 

aga in  i n  r e g a r d  t o  ve ry  l o n g  exposures. 

Based on c u r r e n t  exper ience and on an assessment o f  t h e  r e l e v a n t  

l i t e r a t u r e ,  p rospects  a r e  f a v o r a b l e  t o  extend s to rage  o f  spent  nuc lea r  
- 

f u e l  i n  water  pools,  r e c o g n i z i n g  t h e  f o l l o w i n g  cons ide ra t i ons :  

Z i r c a l o y - c l a d  f u e l  has been s t o r e d  s a t i s f a c t o r i l y  i n  poo ls  

up t o  18  years  ; s t a i  n l  ess-c l  ad fue l  has been s t o r e d  up t o  

12 years .  

Low temperatures and f a v o r a b l e  wa te r  chemis t r i es  a r e  n o t  1  i k e l y  

t o  promote c l a d d i n g  degradat ion.  

There a r e  no obvious degradat ion  mechanisms which ope ra te  on 

t h e  c l a d d i n g  under pool s t o r a g e  c o n d i t i o n s  a t  r a t e s  which a r e  

1  i k e l y  t o  cause f a i l u r e s  i n  t h e  t i m e  frame o f  p robab le  s to rage.  

Recommendations 

There i s  s u f f i c i e n t  ev idence o f  s a t i s f a c t o r y  i n t e g r i t y  o f  

poo l - s to red  f u e l  t o  war ran t  ex tend ing  f u e l  s to rage  t imes and 

expandi ng f u e l  s to rage  c a p a c i t i e s  . 
E x p l o r a t o r y  examinat ion of se lec ted  poo l - s to red  f u e l  i s  

warranted, p a r t i c u l a r l y  i f  t h e  s t o r e d  f u e l  i n v e n t o r y  

i s  expected t o  move i n t o  t h e  20-to-100-year t ime  frame, t o  

d e f i n e  whether s low degradat ion  o f  t h e  f u e l  bundle m a t e r i a l s  

i s  ope ra t i ve .  To be e f f e c t i v e ,  t h e  examinat ions must i n v o l v e  

bundles having p rev ious  d e s t r u c t i v e  examinat ions which d e f i n e  

t h e  e f f e c t s  o f  t h e  r e a c t o r  exposure, f o l l o w e d  by s u b s t a n t i a l  poo l  

exposures. P e r i o d i c  v i s u a l  and non -des t ruc t i ve  s u r v e i l l a n c e  o f  

s e l e c t e d  bundles can p r o v i d e  f u r t h e r  assurance o f  sus ta ined  fue l  

bundle i n t e g r i t y .  
4 



INTRODUCTION 

Storage of spent  nuc lea r  f u e l  i n  water  pools i s  an i n t e r i m  measure, 

o r i g i n a l l y  in tended t o  cu lminate  i n  f u e l  reprocess ing a f t e r  a  few months 

o r  years o f  pool res idence.  Recent ly ,  environmental and po l  i t i c a l  . 

cons idera t ions  have p laced t h e  ava i  1  ab i  1  i t y  o f  reprocess ing i n  quest ion ,  

prompt ing i ncreased emphasis on development o f  i nter i rn  f u e l  s to rage 

op t ions .  Spent f u e l  hand1 i n g  and d isposa l  op t i ons  under cons ide ra t i on  

i n c l u d e  ex tend ing bas in  storage,  removal o f  fue l  t o  i n t e r i m  wet o r  d r y  

s torage i n  metal con ta ine rs ,  f i n a l  d isposa l  o f  f u e l  elements w i t h o u t  

reprocess ing , o r  eventual  reprocessing.  

The o p t i o n  t o  extend bas in  s torage would u t i l i z e  an e x i s t i n g  technology.  

F i g u r e  1  shows spent  f u e l  bundles s t o r e d  i n  s t a i n l e s s  s t e e l  c a n i s t e r s .  

The upper ends o f  t h e  bundles a re  ~ 1 4  fee t  f rom t h e  water  sur face.  The 

unoccupied s t a i n l e s s  s t e e l  racks t o  t h e  r i g h t  o f  t h e  c a n i s t e r s  a r e  

~ 2 7  f e e t  f rom t h e  water  sur face.  The technology f o r  water  s to rage  o f  

spent nuc lear  f u e l  has developed over  t h e  pas t  30+ years.  E a r l y  i n  

nuc lear  technology development t h e  a t t r a c t i o n s  o f  water  f o r  s to rage  o f  

i r r a d i  a ted f u e l  were recogni  zed. Water prov ides  coo l  i ng o f  f u e l  decay 

heat ,  mobi 1  i t y  f o r  easy f u e l  t r a n s p o r t ,  s h i  e l  d i  ng agai n s t  r a d i a t i o n ,  

v i s i  b i  1  i ty f o r  f u e l  i nspec t ion ,  and containment f o r  non-gaseous r a d i o -  

a c t i v i t y  re leased f rom t h e  f u e l .  F i g u r e  2  shows a  spent  f u e l  bundle 

d u r i n g  t r a n s f e r  from a s h i p p i n g  cask t o  a  s t a i n l e s s  s t e e l  s to rage  

c a n i s t e r .  The t o p  o f  t h e  cask i s  ~ 3 3  f e e t  f rom t h e  pool sur face;  t h e  

t o p  o f  t h e  s to rage  c a n i s t e r  i s  nd34 f e e t  below t h e  pool su r face  d u r i n g  

t h e  t r a n s f e r  opera t ion .  The BWR c a n i s t e r  ( A )  holds n i n e  spent  f u e l  

bundles. The PWR c a n i s t e r  (B) occupies t h e  same rack  space as t h e  BWR 

c a n i s t e r ,  b u t  ho lds  o n l y  f o u r  PWR bundles, which a re  l a r g e r  than BWR 

bundles. F igu re  3 shows a  BWR s to rage  c a n i s t e r  c o n t a i n i n g  n i n e  spent  

BWR f u e l  bundles being t r a n s p o r t e d  t o  a  s torage l o c a t i o n .  

The c u r r e n t  r e g u l a t o r y  guidance f o r  f u e l  s to rage  i n  U.S. Independent 

Spent Fuel Storage I n s t a l l a t i o n s  i s  based on 10 CFR 30, 40, and 70 and on 

Regulatory Guide 3.24 and endorses A N S I  Standard N-305. Regulatory 

guidance f o r  pools a t  nuc lear  reac to rs  i s  based on Regulatory Guide 

1.13, endors ing A N S I  Standard N-210, P a r t  50. 



E a r l y  nuc lea r  fue l  was a1 umi num-cl ad and i s  t h e r e f o r e  n o t  p e r t i n e n t  

t o  p r e d i c t i o n s  o f  power r e a c t o r  f u e l  behavior .  Fuel w i t h  s t a i n l e s s  

s t e e l  and Z i  r c a l o y  c ladd ing  was i r r a d i a t e d  i n  t e s t  r e a c t o r s  beg inn ing i n  

t h e  l a t e  1950's. The f i r s t  U.S. power r e a c t o r s  were Sh ipp ingpor t  

(PWR, 1957) and Dresden I (BWR, 1960). The f i r s t  Canadian power r e a c t o r  
- .. - 

was NPD (Nuclear  Power Demonstration, PHWR, 1962). Much of t h e  f u e l  
1, - 

from t h e  e a r l y  t e s t  and power r e a c t o r s  was reprocessed a t  t h e  Nuclear  - 
- a 

Fuel Serv ices p l a n t  o r  a t  government reprocess ing s i t e s .  However, some 

f u e l  has remained i n  pools over  extended exposures. 

The prospects t h a t  pool s to rage may be s u b s t a n t i a l l y  extended and 

expanded has prompted numerous quest ions from 1  i cens i ng bodi es , i ntervenors  , - 
e tc . ,  rega rd ing  t h e  long-term i n t e g r i t y  o f  s t o r e d  f u e l .  Concerns c e n t e r  

on t h e  prospects t h a t  f u e l  c l a d d i n g  might  degrade, which cou ld  l e a d  t o  

r a d i a t i o n  re leases o r  cou ld  compromise f u t u r e  opera t ions  such as packaging 

f o r  d r y  s to rage  o r  sh ipp ing  and hand1 i n g  i n  reprocess ing opera t i ons .  

The nuc lea r  i n d u s t r y  must respond t o  reasonable concerns f rom a  sound 

t e c h n i c a l  p o s i t i o n .  A major  aspect o f  t h a t  p o s i t i o n  i s  t o  assess and 

document t h e  performance of t h e  e x i s t i n g  s t o r e d  f u e l  i n v e n t o r y .  

Th is  r e p o r t  summarizes r e s u l t s  o f  a  survey o f  b a s i n  s to rage  ex- 

p e r i  ence based on d iscuss ions  w i  t h  bas i n opera tors  and f rom t h e  1 i t e r a t u r e .  
- 
Ihe survey comprises a  summary o f  f u e l  performance i n  b a s i n  s to rage  and 

i d e n t i f i c a t i o n  o f  t h e  range of b a s i n  s to rage  c o n d i t i o n s .  The s to rage  

condi t i  ons a re  analyzed i n terms of known mate r i  a1 degradat ion  mechanisms. 
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FIGURE 1 .  G . E .  Morris 0 eration - Fuel Pool - Water Depth, 
28.5 f t  (8 .7~1 7 
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FIGURE 2. G.E. M o r r i s  Operat ion - Spent Fuel Bundle ( D )  Being T rans fe r red  
f rom IF-300 Shipp ing Cask ( C )  t o  BWR Storage Can i s te r  ( A ) .  A 
PWR Can i s te r  a l s o  i s  shown (B) .  Ua te r  depth, 48 ft. (14.6 m). 

/.9- 



t FIGURE 3. G .  E .  Morris Operation - F u l  ly-Loaded S torage  c a n i s t e r  Being 
Transported t o  a Pool S torage  Location. Water depth,  
28.5 f t  (8.7 m ) .  



SCOPE OF FUEL POOL SllRVEY 

The survey i n v o l v e d  contac ts  t o  a r e p r e s e n t a t i v e  cross s e c t i o n  o f  

t h e  n u c l e a r  i n d u s t r y  w i t h  i n t e r e s t s  o r  d i r e c t  involvement  i n  pool s to rage 

o f  spent  nuc lea r  f ue l .  Discussions d u r i n g  v i s i t s  were h e l d  w i t h  t h e  - - -  
tr - 

f o l l  owing: 
' a  

Atomic Energy o f  Canada, L td .  , Toronto and Chal k R i v e r  , On ta r i o  

Commonwealth Edison Co. - Dresden S t a t i o n ,  M o r r i s ,  I 1  1 i n o i s  'I 
E l e c t r i c  Power Research I n s t i t u t e ,  Palo A1 t o ,  C a l i f o r n i a  

Exxon Nuclear  Co. , R i  c h l  and, Washington 

General E l e c t r i c  Co. - M o r r i s  Operat ion, Mor r i s ,  I 1  1 i n o i s  

Nuclear  Fuel Serv ices ,  I nc .  , West Val l e y ,  New York 

O n t a r i o  Hydro, Toronto, On ta r i o  

P a c i f i c  Gas and E l e c t r i c  Co. - Humboldt Bay P l a n t  (Eureka) 
San Francisco,  Cal i f o r n i a  

Uni t e d  Nucl ea r  I n d u s t r i e s  - Hanford N-Reactor, R i  ch l  and, Washington 

Washington P u b l i c  Power Supply System - Hanford Nos. 1, 2 ,  and 4, 
Rich1 and, Washington 

Telephone d iscuss ions  were he1 d w i t h  t h e  f o l l o w i n g  : 

Conso l ida ted  Edison Co. - I n d i a n  P o i n t  S t a t i o n ,  Buchanan, New York 

D a i r y l a n d  Power and L i g h t  Cooperat ive - La Crosse P lan t ,  La Crosse, 
Wisconsin 

General E l e c t r i c  Co. - San Jose and Val 1 e c i  t o s  Labora tor ies ,  
Cal i f o r n i  a 

Idaho Na t i ona l  Engineer ing Laboratory (Expended Core Faci 1 i t y )  
Idaho Fa1 1s , Idaho 

Metropol  i t a n  Edison Co. - Three M i  1 e I s 1  and S t a t i o n ,  Middl  eton, 
Pennsylvania 

Nuclear  Regulatory Commission, Washington, D. C. 

Southern C a l i f o r n i a  Edison Co. - San Onofre S t a t i o n ,  San Clemente, 
Cal i f o r n i  a 

Westi nghouse, B e t t i s  Atomic Power Laboratory (Shi p p i  n g p o r t )  , 
P i t t s b u r g h  , Pennsylvania 

Yar~kee Atomic Energy Co. - Connect icut  Yankee P lan t ,  Haddam Neck, 
Connect icut  and Yankee Rowe P lan t ,  Rowe, Massachusetts 



The survey involved questions on the following topics: 

Date fuel storage fac i l i ty  was placed in service 

Pool size and fuel capacity 

Materials in contact with fuel bundles and basin water 

Pool water chemi stry and chemi s try control procedures 

Pool and fuel rod temperatures 

Radioactive species and concentrations in pool water 

Fuel rod radiation levels 

Characteristics of stored fuel 

Types of cladding 

Maximum burnups 

Longest residence times 

Fuel Pool Storage Experience 

Storage experience with spent fuel 

Storage experience for fuel which fai led i n-reactor 

Mechanical damage during fuel handling operations 

Excellent cooperation and detailed responses from the organizations 

l is ted above are gratefully acknowledged. 

The following section summarizes the current scope of pool storage, 

the range of storage conditions, and the behavior of the fuel ,  based on 
the survey. 



NUCLEAR FUEL STORAGE IN WATER POOLS 

T h i s  s e c t i o n  summarizes f u e l  s t o r a g e  i n v e n t o r i e s  i n Canadi an and 

U.S. f a c i l i t i e s ,  i n c l u d i n g  maximum r e s i d e n c e  t imes  and f u e l  burnups .  

STORED FUEL INVENTORIES 

The i n v e n t o r i e s  o f  n u c l e a r  f u e l  s t o r e d  i n  U.S. and Canadian f u e l  

pools  i n  1976 a r e  summarized i n  Tab le  1 .  The Canadian f u e l  i s  Z i r c a l o y -  

c l a d .  Fuel i n  U.S. pools  i n c l u d e s  Z i r c a l o y  a s  t h e  p r i n c i p a l  c l a d d i n g  

a l l o y ,  b u t  a l s o  i n c l u d e s  f u e l  wi th  s t a i n l e s s  s t e e l  c l a d d i n g  from both 

boi 1 i ng w a t e r  r e a c t o r  (BWR) and  p r e s s u r i z e d  w a t e r  r e a c t o r  (PWR) e l e c t r i  c 

g e n e r a t i n g  p l a n t s .  Approximately 90% o f  t h e  f u e l  bundles  now s t o r e d  i n  

TABLE 1 . Summary of  Canadian and U .  S. Fuel Pool I n v e n t o r i e s  

Country 

Canada (1 

U.S. ( 2 )  

Number of  
Bundles 

(1 1. ( a )  Nominal bundle  s i z e  . 
Rods: 50 cm l o n g ;  1 . 5  t o  2 .5  cm diam. 

Rods/bundle: 7 t o  37 

,(b) I n c l u d e s  2949 bundles  d i s c h a r g e d  i n  1976: 

1536 BWR; 1413 PWR 

( C  ) Nomi nal  bundle  s i z e  ( 2  

BWR: 4 . 0  m l o n g ;  1 . 2 5  cm diam. 

Rods/bundle: 49 t o  64 ( Z i  r c a l o y ) ;  199 ( s t a i n l e s s  s t e e l  ) 
PWR: 3 . 8  m long ;  0 .95 cm diam. 

Rods/bundle: 225 t o  289 ( Z i r c a l o y ) ;  196 t o  225 ( s t a i n l e s s  s t e ; ? )  



U. S. pools have Z i  r c a l  oy-2 o r  Z i  r c a l  oy-4 c l  adding. The nominal compositions 

f o r  t h e  two a l l o y s  are:  Z i rca loy-2 ,  1.5 Sn, 0.20 Fe, 0.15 C r ,  0.05 N i ;  

Z i rca loy-4 ,  1 .5Sn,  0.24 Fe, 0 . 1 3 C r ,  0.005 N i .  Z i rca loy-2  i s  t h e  

p r i n c i p a l  BWR c ladd ing and Z i r ca loy -4  i s  the  p r i n c i p a l  PWR c ladding.  

The behavior o f  t h e  two a l l o y s  i s  expected t o  be s i m i l a r  under pool 

s torage cond i t ions .  Only t h r e e  U.S. power reac to rs  c u r r e n t l y  operate 

w i t h  s t a i n l e s s  s t e e l  c ladd ing:  Connect icut Yankee (PWR, 600 MWe) , San 

Onofre 1  (PWR; 450 MWe), and La Crosse (BWR, 56 MWe). S ta in less  s t e e l  

f u e l  c ladd ing m a t e r i a l s  a r e  a l l o y s  304 and 348H. 

The a n t i c i p a t e d  f u e l  s torage requirements and s torage f a c i l i t i e s  

a r e  summarized elsewhere f o r  ~ a n a d a ( ~ )  and t h e  U.S. (2,5) 

MAXIMUM FUEL BURNUPS 

Table 2  summarizes maximum burnups on f u e l  now i n  storage,  repor ted  

by those who p a r t i c i p a t e d  i n  t h e  survey. 

TABLE 2. Maximum Fuel Burnups on Stored Commercial Fuel 

Burnup* 
MWd/tblTU Reactor 

C l  adding Reactor Maxi mum Discharge Date 

Z i  r c a l  oy-2 BWR 25,000 1974 

Z i  r c a l  oy-4 PWR 33,160 1976 

S ta in less  Steel  PWR 33,200 1973 

S ta in less  Steel BWR 22,000 1975 

* Appl ies t o  b l~ rnup  on peak bundle. 

Fuel burnup expressed as MWdIMTU i s  a  measure o f  t h e  power gen- 

era ted by the  f u e l .  On t h e  o t h e r  hand, r a d i a t i o n  damage phenomena 
2  genera l l y  a re  c o r r e l a t e d  i n  terms o f  neutron f luence (neutronslcm ). A 

r i go rous  conversion from burnup (e.g . , MWdIMTU) t o  f 1  uence must account 

f o r  t h e  physics o f  the  s p e c i f i c  f u e l  and r e a c t o r  i n  quest ion.  However, 

t h e  f o l l o w i n g  expression approximates t h e  conversion f o r  a  pressur ized 



water reactor  (Based on data in  WCAP-8837 by H. H. Crain, T. E. K .  Caye, 

and P .  J .  Sipush, Tables 2-4 and 2-5): 

17 2 1 MWd/MTU ? 1.7 x 10 n/cm , > 1 MeV. 

- < -  

T h u s ,  the estimated neutron f l  uence corresponding t o  33,000 M\Jd/MTU - 
2 1 2 i s  5.6 x 10 n/cm , >1 MeV. Values f o r  BWRs would generally be lower ' " 

due t o  lower power dens i t ies .  Changes in  cladding propert ies ,  such as 

increased s t rength ,  decreased ducti 1 i t y  and metal growth have been f 

reported f o r  ~ i r c a l o y ( ~ )  and s t a i n l e s s  s t e e l .  ( 7 )  The residual radio- 

a c t i v i t y  in the  cladding(8) and the  f i s s ion  product inventor ies (9)  and 

heat generation r a t e  a re  r e l a t ab le  t o  fuel burnup, b u t  they decrease 

w i t h  time a f t e r  discharge, due t o  radioactive decay. 

FUEL POOL RESIDENCE TIMES 

The longest basin exposures of power reactor  f u e l ,  i den t i f i ed  i n  

the  survey, a re  summarized in Table 3. Canadian Zircaloy-clad fuel from 

the  NPD reactor  has been s tored in  aluminum a1 loy canis te rs  f o r  14 years 

( i  n 1977) in the N R U  reactor  basin a t  the Chal k River Nucl ear  Laboratori es . 

TABLE 3. Maximum Fuel Bundle Residence Times in Pool Storage 

No. of Date i n  
Bundl es Cl addi nq Reactor Pool Storage Location 

2 5 Z i  rcal oy-2 PHW 1963 IVRU/AECL 
1 ( a  ) ~i rcal oy-2 PWR 1959 ECF/ Idaho 

47 Stainless  PWR 1970 GE/Morri s 
~ 6 0  Stainless  BW R 1 9 6 3 ( ~ )  SRP/So. Car 

Burnups  ,* 
MWd/MTLI 
Maxi mum 
10,000 

6 ,OOO* 

19,900 

10,000 

* 
( a ) ~ w o  additional Shippingport bundles a r e  in storage a t  ECF, one 

discharged in 1961 and one discharged in 1964. 

-peak core; average core i s  10,860 MWd/MTU, (WAPD- 320, October 1969). 

* Applies t o  b u r n u p  on peak bundles. 



I n  1977, t h r e e  Canadian fue l  bundles' were r e - i  r r a d i a t e d  a f t e r  pool 

s to rage  f o r  10, 9, and 5 years ,  r e s p e c t i v e l y .  They a r e  enr iched,  28- 

e l  ement bundl es . The f i  r s  t i r r a d i  a t i o n s  were t o  re1  a t i  v e l y  1  ow burnups, 

b u t  a t  reasonably h i g h  power l e v e l s .  The bundles were r e - i r r a d i a t e d  f o r  

approximately one month w i t h  no i n d i c a t i o n s  o f  de fec ts .  Dur ing t h e  

second i r r a d i a t i o n ,  t h e  bundles operated c l o s e  t o  P i c k e r i n g  power 

r a t i n g s ,  (4.2 kw/m, nominal heat  r a t i n g ) .  

One Sh ipp ingpor t  Z i r c a l o y - c l a d  f u e l  bundle has been s t o r e d  f o r  18 

years  i n  a  s t a i n l e s s  s t e e l  r a c k  a t  t h e  Sh ipp ingpor t  reac to r ,  and i n  t h e  

Expended Core Fac i  1  i t y  (ECF) a t  t h e  Idaho Na t iona l  Engineer ing Laboratory,  

where i t  was t ranspor ted  f o r  me ta l l og raph ic  examinat ion o f  s e l e c t e d  rods.  

I n  December 1976, a f t e r  4  years o f  pool exposure, a  Sh ipp ingpor t  bundle 

was removed t o  a  h o t  c e l l  and v i s u a l l y  inspected i n  a i r .  No evidence o f  

degradat ion  o r  r a d i a t i o n  r e l e a s e  was detected.  

Z i  r c a l  oy-c l  ad and s t a i n l e s s  s t e e l  - c l a d  UOp f u e l  bundles were 

i r r a d i a t e d  t o  peak burnups o f  %10,000 MWd/MTU i n  t h e  General ~ i e c t r i  c  

Company Val 1  e c i  t o s  Boi  1  i ng Water Reactor (VBWR) . The bundl es a r e  e i t h e r  

3 by 3 o r  4 by 4, 0.563 i n .  O.D., %3 f e e t  long.  S i x t y - t h r e e  Z i r c a l o y -  

c l a d  assemblies d ischarged from VBWR i n  1963 were s t o r e d  i n  t h e  pool  a t  

t h a t  s i t e  u n t i l  1964/65, and were then shipped t o  t h e  Savannah R i v e r  

P lant ,  (SRP) and a r e  s t i  11 s t o r e d  t h e r e  i n  a  water  pool .  

Approximately 60 s t a i n l e s s - c l a d  assemblies a l s o  were d ischarged and 

s t o r e d  a t  VBWR u n t i l  shipment t o  SRP i n  1964/65. Reprocessing o f  t h e  

s t a i n l e s s - c l a d  f u e l  was completed i n  1975." 

There have been no problems w i t h  t h i s  Z i r c a l o y -  o r  s t a i n l e s s - c l a d  

f u e l  i n  s torage,  sh ipp ing  and hand1 i ng. 

The behav ior  o f  f u e l  s t o r e d  i n  Canadian and U.S. water  pools i s  

summarized i n  t h e  f o l l o w i n g  sec t i on .  

* 
Approximately 47 a d d i t i o n a l  s t a i  n l  ess-c lad VBWR bundl es which devel oped 
d e f e c t s  d u r i n g  t h e  r e a c t o r  exposure a r e  s t o r e d  i n  c losed cans. The f u e l  
bundles a r e  covered by water  i n s i d e  t h e  cans, b u t  a r e  i s o l a t e d  from pool 
water .  The canned f u e l  i s  scheduled f o r  reprocess ing l a t e  i n  1977. 



FUEL PERFORMANCE DURING POOL STORAGE 

SURVEILLANCE METHODS 

Assessment of spent fuel behavior in pool storage i s  based princi- 

pal ly on visual observations and on radiation monitoring of the pool 

water. Many fuel bundles are relocated within the pool or are removed - - - - 
1, - 

from storage for shipment af ter  substantial pool residence, providing - .  
opportunities for visual inspection (Figure 2 ) .  Fuel rods sometimes are ' 

subjected t o  detai 1 ed nondes tructi  ve and des tructi  ve examinations, to (I 
define the results of the reactor exposure, b u t  the exams generally 

occur a f te r  short pool residence. Successful re-jrradiation of Canadian 

fuel a f te r  u p  t o  10 years of pool residence and inspection of Shippingport 

fuel in a hot cell af ter  4 years in pool storage provide significant 

confirmation of sustained integrity of Zircaloy-clad fuel (see preceeding 

section ) . 
Radiation 1 eve1 s are monitored by periodical ly sampling pool water 

and by continuously monitoring a i r  above the pool. In reactor pools, 

the radioactivity concentrations increase significantly while fuel i s  

being discharged from the reactor, ( for  example, from uCi/ml to 

~ ~ 1 0 ' ~  uCi/ml a t  the Humboldt Bay reactor) due t o  mixing of reactor and 

basin waters. In ISFSI pools (currently, GE-Morris and NFS) , radiation 

levels have correlated with incoming fuel shipments, b u t  are generally 

more stable than the levels in reactor pools. If significant cladding 

failures were to occur during pool storage, they almost certainly would 

be signaled by deviations from the established radiation history for a 
given pool. 

In the survey, basin operators were asked to summarize experience 

regarding the following aspects of spent fuel behavior in pool storage: 

Evidence of fuel bundle material degradation during pool 

storage. 

Mechanical damage prior t o  and during pool storage. 

Behavior of fuel wni ch failed in the reactor. 

Fuel pool operator responses are summari zed below. 



POOL OPERATOR OBSERVATIONS ON FUEL BUNDLE CORROSION 

Responses f rom Atomic Energy of Canada and On ta r io  Hydro i n d i c a t e d  

t h a t  t h e r e  has been no evidence of s i g n i f i c a n t  c o r r o s i o n  o r  o t h e r  chem- 

i c a l  degradat ion on t h e  Z i r c a l o y - c l a d  bundles now i n  s to rage  i n  Canadian 

pools (Table 1 ) .  Th is  i nc ludes  bundles which have up t o  14 years  o f  

pool res idence (Table 3) .  Some o f  t h e  e a r l y  bundles were i nspec ted  by 

removal f rom t h e  c a n i s t e r s  o c c a s i o n a l l y  d u r i n g  t h e  14-year res idence 

w i t h o u t  n o t i n g  degradat ion.  The Canadian exper ience of fers s u b s t a n t i a l  

assurance t h a t  Z i rca loy-water  i n t e r a c t i o n s  a r e  n o t  p rob lemat ic ,  based 

on v i s u a l  observat ions and r a d i a t i o n  mon i to r i ng .  

Basin opera tors  rep resen t ing  20 U.S. pools (see page 10) a l s o  

i n d i c a t e d  t h a t  they  have n o t  seen v i s u a l  evidence o r  r a d i a t i o n  re leases 

which por tend f u e l  c l a d d i n g  degradat ion d u r i n g  water  pool res idence.  

The o n l y  case o f  s u b s t a n t i a l  f u e l  element degradat ion d u r i n g  pool 

exposures i n v o l v e d  N-Reactor f u e l  s t o r e d  i n  t h e  NFS pool p r i o r  t o  

reprocess i  ng. The N-Reactor f u e l  i s  Z i  r c a l  oy-c l  ad metal 1  i c u r a n i  urn. 

The Z i r c a l o y  c ladd ing  on a  f r a c t i o n  o f  t h e  elements (1 t o  2%) was 

damaged when t h e  f u e l  was d ischarged f rom h o r i z o n t a l  process tubes i n t o  

an underwater r e c e i v i  ng chute. * Water r e a c t i o n s  w i t h  t h e  areas o f  

exposed metal 1  i c  uranium d u r i n g  sh ipp ing  and i n  s to rage  a t  NFS appear t o  

account f o r  t h e  f u e l  degradat ion.  A l l  N-Reactor f u e l  which was i n  

s torage a t  NFS has been reprocessed. I n  c o n t r a s t  t o  t h e  behav ior  o f  t h e  

damaged metal 1 i c fue l  , t h e  u r a n i  um o x i  de pe l  l e t s  from a few damaged 

commercial power r e a c t o r  rods s t o r e d  a t  NFS appeared t o  be i n e r t  t o  t h e  

pool water.  

A few cases o f  m a t e r i a l  degradat ion have occur red i n  pools a t  

experimental f a c i  1  i t i e s .  One case i nvol  ved unusual water  chemis t ry  

( ~ 4 0 0  ppm NO; and 360 t o  750 ppm C1-), which caused ex tens ive  c o r r o s i o n  

o f  a1 umi num f u e l  e l  ement s torage hangers. ( l o )  A t  another  s i t e ,  severe ly -  

s e n s i t i z e d  s t a i n l e s s  s t e e l  rods f a i l e d  by i n t e r g r a n u l a r  c o r r o s i o n  i n  a  

* 
By con t ras t ,  f u e l  bundles a t  commercial power r e a c t o r s  a r e  c a r e f u i l y  
handled i n d i v i d u a l l y ,  s i m i l a r  t o  t h e  method shown i n  F igu re  2. 



moist cover gas, and in pool water(' ' ) . A t  a third s i t e ,  two Zi rcal oy-cl ad 

metal 1 i c  uranium fuel el ements partial ly disintegrated during pool 

storage, in high-purity water (<0.5 pmho/cm) a t  the Savannah River 

Plant, S o u t h  Carolina. Cladding 'on b o t h  elements became defective during 
the reactor exposure. The fa i lure  mechanism during pool storage appears - - . . 

to be identical to that  which occurred on the N-Reactor fuel , involving - 

water reaction with the uranium metal. These examples, while not  . 
characterist ic  of commercial fuel ,  i l l u s t r a t e  the importance of niain- 

I 

ta ini  ng satisfactory pool chemistry and fuel bundle metal 1 urgical 

conditions which are compati bl e with the storage envi ronment. They a1 so 

emphasize that  in contrast to metallic fue l ,  the oxide fuel appears to 

have f a r  superior durabi l i  ty in pool storage, including numerous rods 

which developed defects during the reactor exposure. Final ly ,  they 

i l l u s t r a t e  that  even i f  fuel fai lures occur, pool storage technology 

i s  available to deal with them. The subject of storage behavior of 

defective fuel i s  treated in the following section. 

HANDLING FAILED FUEL IN BASIN STORAGE 

Fuel with cladding defects which developed in the reactor have had 

extended residence in water pools without major impacts on pool operation. 

Recent concerns have been voiced regarding the status of defective fuel 

in storage. This section summarizes perceptions frcm pool operators 

regarding storage characteristics of defected fuel . I t  a1 so provides a 

perspective regarding the types of reactor-induced fai lures which are 

stored. 

Procedures for Handling Defective Fuel 

Some special procedures have been developed t o  deal with fai led 

fuel , i ncl udi ng both fabri cation of underwater hoods i ntended t o  col 1 ec t  I 

radioactive gases i f  fuel were to leak in the pool, and special canisters 

to isoia te  failed fuel from pool water. In some instances these procedures - * 
prove useful . However, the vast majority of fai 1 ed fuel does not 

require special handling and i s  stored in the sane manner as in tact  

fuel.  Two aspects of the defective fuel account for  i t s  favorable storage 

characterist ics.  F i r s t ,  when a fuel rod perforates in-reactor, the 

radioactive gas inventory i s  released to the reactor primary coolant. 



Therefore,  upon d ischarge,  1 i ttl e a d d i t i o n a l  gas re1  ease occurs. Only 

i f  t h e  f a i  l u r e  occurs by mechanicai damage i n  t h e  bas in  a r e  r a d i o a c t i v e  

gases re leased i n  de tec tab le  amounts, and t h i s  t ype  o f  damage i s  extremely 

r a r e  (see Table 5 ) .  The second f a v o r a b l e  aspect i s  t h e  i n e r t  cha rac te r  

o f  t h e  u r a n i  I J ~  ox ide    el l e t s  i n  con tac t  w i t h  water .  This has been 

demonstrated i n  l a b o r a t o r y  s t u d i e s ( 1 2 )  and a l s o  by casual  observat ions  

of p e l l e t  behavior  when broken rods a r e  s t o r e d  i n  pools.  

Some pools a r e  equipped w i t h  vacuum c leaners  t o  remove r a d i o a c t i v e  

d e b r i s  f rom t h e  bottom o f  t h e  pool .  

The case h i s t o r i e s  below prov ide a d d i t i o n a l  i n s i g h t s  t o  hand l ing  6.f 
d e f e c t i v e  f u e l  i n  pool s torage.  

Nuclear  Fuel Serv ices Experience w i t h  Defect ive Fuel 

The p r i n c i p a l  source of f a i l e d  fuel  i n  t h e  NFS f u e l  pool was t h e  

Z i r c a l  oy -c l  ad metal 1 i c  u r a n i  um N-reactor  fuel  mentioned e a r l  i e r .  Dur ing  

t h e  p e r i o d  1968 t o  1970 over 150 f a i l e d  N-reactor  f u e l  elements were 

s t o r e d  i n  t h e  pool . Concentrat ions of r a d i o a c t i v e  species i n  t h e  pool 

water  rose  f rom normal 1 evel  s  near 1 o - ~  t o  j u s t  be1 ow pCi / m l  . 
I n  November 1971 t h e  l a s t  o f  t h e  e x i s t i n g  f u e l  i n v e n t o r y  i n  t h e  NFS 

pool was reprocessed. The pool  was d ra ined  and t h e  pool bottom ( p a i n t e d  

concre te)  was vacuumed and scrubbed w i t h  brushes. The r a d i a t i o n  1 eve l  s 

on t h e  bot tom o f  t h e  pool were reduced t o  ~ 1 5 0  mR/hr, i n c l u d i n g  some 

a c t i v i t y  f rom r a d i a t i o n  i nco rpo ra ted  i n  c o r r o s i o n  products on t h e  

aluminum s torage racks .  A f t e r  t h e  pool was decontaminated and r e f i l l e d ,  t h e  

pool water  r a d i o a c t i v i t y  l e v e l s  r e t u r n e d  t o  between t o  10" u C i / m l .  

Pool water  p u r i f i c a t i o n  cons is ted  of i o n  exchange and f i l t r a t i o n .  

The c u r r e n t  f u e l  i n v e n t o r y  s t o r e d  i n  t h e  NFS pool i s  165 tonnes 

(756 assembl i e s ) ,  i n c l u d i n g  over  100 bundles w i t h  rods which leaked 

i n - r e a c t o r .  The lower  l i m i t  of  r a d i o a c t i v i t y  i n  t h e  pool water  w i t h  

f i  1 t r a t i o n  and i o n  exchange i s  8 x uCi/ml . When c i r c u l a t i o n  o f  

water  t o  t h e  cleanup f a c i l i t i e s  was shu t  of f  f o r  one month, t h e  con- 

c e n t r a t i o n s  rose  t o  2 t o  3 x  uCi/rnl. The p r i n c i p a l  r a d i o a c t i v e  

species a re  3 4 ~ s ,  3 7 ~ s  , 6 0 ~ o  , and 6 5 ~ n .  T r i  t i  um i s  a m i  no r  species.  

Cesium iso topes account f o r  95 t o  99% o f  t h e  gamma a c t i v i t y .  



Humboldt Bay Reactor, Faiied Stainless  Steel Fuel 

In ear ly  BWR operation, numerous fuel f a i lu res  occurred in s t a i n l e s s  

s tee l  fuel cladding, due to  s t r e s s  corrosion cracking in  the oxygenated 

BWR primary cool ants .  ( I 3 )  This problem developed on the f i r s t  Humboldt 

Bay core (1963). The s t a i n l e s s  s t ee l  cladding began t o  f a i l  a f t e r  

12000 MWd/MTlJ, involving a t  l e a s t  one fuel pin f a i l u r e  per bundle. The 

fuel was s tored uncanned in the Humbol d t  Bay pool. In some cases,  

ruptured fuel rods were observed. Radioactivity concentrations in  the 

basin water were normally loe5 uCi/ml, b u t  rose t o  pCi/ml during 

the discharge of the f a i l ed  fue l .  The primary a c t i v i t y  was due t o  6 5 ~ n ,  
from act ivat ion of corrosi on products from Admiral t y  Brass heat exchangers. 

The a c t i v i t y  was incorporated in the crud layer  on the fuel rod surfaces.  

Current rad ioac t iv i ty  in the pool water i s  uCi/ml. The soluble  

species a r e  pr incipal ly  1 3 4 ~ s  and 1 3 7 ~ ~ ,  b u t  a major f rac t ion  of the  

a c t i v i t y  comes from par t icu la tes  from reactor  crud species ,  pr incipal ly  

6 0 ~ o  and 5 4 ~ n .  The 6 5 ~ n  contribution has diminished since the Admiralty 

Brass heat exchangers were replaced. 

Over a period of f ive  years ,  270 bundles with s t a i n l e s s  s tee l  

cladding were shipped t o  the NFS plant f o r  reprocessing. ~ ~ ~ r o x i m a t e l ~  

190 of the bundles w i t h  f a i l ed  rods were placed in  closed containers 

j u s t  pr ior  to  shipping. While increasing manpower and cos ts ,  hand1 ing 

of the canned fuel in  the basin, in shipping, and reprocessing was 
accompl ished without substant ial  problems. 

Storage of Defective Zircaloy-Clad Power Reactor Fuel 

Operators a t  several reactors have discharged, s tored,  and/or 
shi pped re1 a t i  vely 1 arge numbers of Zi rcal oy-cl ad fuel whi ch developed 

defects during reactor exposures, e .  g. , Gi nna, Oyster Creek, Nine Mi 1 e 

Point, and Dresden units I and 11. Several hundred Zircaloy-clad assemblies 

which developed one or  more defects in-reactor a re  s tored in  the GE-  

Morris pool without need f o r  i so la t ion  in special cans. Detailed analysis  

of the radioact ivi ty  in  the pool water indicates t h a t  the defects a re  

n o t  continuing t o  release s ign i f i can t  quant i t ies  of rad ioac t iv i ty .  (20) 

Normal radi oacti  vi ty concentrations in the Morris pool water a re  



23 x uCi/ml which i s  near t h e  maximum des i red  concen t ra t i on  f o r  

occupat iona l  exposure cons ide ra t i ons  , i n  b a t h i n g  , c u l  i nary  uses, e c t .  

The r a d i o a c t i v i t y  concen t ra t ions  rose  t o  2  x  10-' uCi/ml d u r i n g  a  month 

when t h e  water  c leanup system was removed f rom se rv i ce .  

Canadian hand1 i ng procedures f o r  Z i  r c a l  oy f u e l  w i t h  de fec t s  i n c l  ude 

s to rage  i n  separate cans o r  i n  sea led  cans. 

Fuel Defect Mechanisms 

The causes o f  f u e l  defects du r i ng  r e a c t o r  exposures have been 

summarized by Locke, 4, Robertson, ( I 5 )  and Bobe. ( I 6 )  They i n c l u d e  

manufactur ing d e f i c i e n c i e s  such as f a u l t y  welds, w a l l  c racks and i m -  

p u r i t i e s  i n  t h e  f u e l  c ladd ing ;  ex te rna l  f a c t o r s  such as hand l i ng  damage, 

f r e t t i n g  and a  few cases of c l add ing  co r ros ion ,  p r i n c i p a l l y  c rud - i  nduced 

f a i  l u r e  o f  Z i  r c a l o y  c l add ing  and s t r e s s  c o r r o s i o n  c rack ing  o f  s t a i n l e s s  

c l add ing  i n  BWRs. I n t e r n a l  causes i n c l u d e  f i s s i o n  p roduc t  a t t a c k ,  

p e l  1  e t - c l  ad i n t e r a c t  i ons and f u e l  dens i f i ca t i on .  

Fuel F a i l u r e  S t a t i s t i c s  

Some f u e l  f a i  1  u r e  types have r e s u l  t e d  i n occas i  onal e p i  demi cs , 
i n v o l v i n g  numerous f u e l  f a i  1  ures i n  severa l  r eac to r s .  Examples i n c l  ude 

i n t e r n a l  h y d r i d i  ng and f u e l  d e n s i f i c a t i o n .  I n  severa l  r eac to r s ,  l a r g e  

f r a c t i o n s  of  t h e  fue l  bundles were removed t o  pool  s to rage  a f t e r  low 

burnups ( ~ 5 0 0 0  MWd/MTU) due t o  f u e l  f a i l u r e s .  Most o f  t h e  f a i l u r e  

mechanisms have been e l im ina ted .  Locke ( I 4 )  c i t e s  f a i  l u r e  r a t e s  o f  one 

r o d  i n  100 rods  per  r e a c t o r  yea r  i n  some r e a c t o r s  d u r i n g  some o f  t he  

epidemics, b u t  i n d i c a t e s  t h a t  c u r r e n t  technology i s  capable o f  ope ra t i ng  
4  a t  one f a i l u r e  i n  10 rods p e r  year .  The number o f  f u e l  rods i n  1000- 

blWe BWRs and PWRs i s  40,000 - 50,000. Based on t h e  f a i l u r e  r a t e  c i t e d  

above, t h e  expected d e f e c t  r a t e  i s  4  - 5  rods p e r  yea r  p e r  1000-MWe 

p l a n t .  Whi le  severa l  compi la t ions  p r o v i d e  da ta  on f u e l  f a i l u r e  s t a t i s t i c s ,  (14-1 6 )  

t h e  t o t a l  i n v e n t o r y  o f  f a i l e d  rods i n  U.S. pools  can o n l y  be est imated.  

The number of bundles w i t h  one o r  more f a i l e d  rods  p robab ly  i s  1400 t o  

1600, based on da ta  compi led by C. W. Funk, Westinghouse Hanford Engineer ing 

Development Laboratory .  O f  these, t h e  es t imated  number which have been r e -  

processed i s  200 t o  400. The f a i l u r e  r a t e  f o r  Canadian f u e l  i s  0.03%, ( 1 )  

suggest ing t h a t  ~ 5 0 0  t o  600 rods  w i t h  de fec t s  a re  now i n  s to rage  i n  Canada. 

The de fec t s  have n o t  caused problems i n  f u e l  hand l ing  o r  s torage.  



Types of Defects 

The principal types of defects in stored fuel are:  

pinhole defects in welds, hydride b l i s t e r s ,  e t c .  

longitudinal and circumferential cracks due to  hydriding and - - . . 
pellet-clad interactions h - 

large breaks in the cladding, occasionally with cladding I 

sections missing 4 

Pinholes and small cracks appear to  be the most common defect 

types; broken rods occur infrequently. 

Significance of Defective Fuel Behavior in Pool Storage 

The experience ci ted above i ndi cates tha t  nuclear fuel with reactor- 

induced defects can be handled, shipped, s tored,  and reprocessed s a t i s -  
factor i  ly.  This imp1 ies  t h a t  substantial  degradation of pool-stored 

fuel could a1 so be to1 erated without compromising pool safety.  However, 

i t  appears prudent t o  mai ntai n survei 11  ance of fuel bundle materials as 
pool residence times increase, t o  determine whether substanti a1 deter iorat ion 

occurs on defective or in t ac t  spent fue l .  Degradation rates  almost 

cer tainly would be low under pool' storage conditions, providing time t o  

develop procedures to  deal with problems (e .g . ,  removal t o  dry s torage) .  

Current experience suggests tha t  deterioration of stored fuel i s  minor. 
Canadian investigators have projected probable pool storage l ives  of 100 
years f o r  Zi rcal oy-cl ad fuel . ( 4 )  



MECHANICAL DEGRADATION OF FUEL B U N D L E  MATERIALS DURING 

FUEL HANDLING OPERATIONS 

The principal spent fuel hand1 ing operations are out1  ined below: 

Discharge from reactor 

Transfer of fuel bundles t o  fuel storage canisters 

Transfer of canisters t o  storage racks and infrequent relocation 

of racks within the pool 

Transfer of fuel bundles from fuel pool canisters t o  shipping 

casks 

Caskshipment b y t r u c k o r  rai l  

Transfer from cask t o  canister a t  an ISFSI pool (Figure 2 ) ,  

followed by canister placement on storage racks (Figure 3) 

and  infrequent relocation of canisters within the pool. 

Eventually the fuel will be removed from reactor pools or ISFSI 

pools t o  one of the following options (3-5). 

Reprocessing 

Packaging for  interim wet or dry storage 

Processing and packaging for final storage, ei ther as an 
intact  bundle or in an altered form inside a permanent storage 

container. 

Definition of the probable chemical and mechanical s ta tes  of the cladding 

when the processing options outlined above occur should be a significant 

aspect of any pool storage survei 11  ance program. 

The mechanical s t a t e  of cladding upon discharge from the reactor i s  

we1 1 -known as a function of reactor exposure for  ~i rcaloy(6) and s tainless 

steel . ( 7 )  Neutron irradiation increases the strength and lowers the 

ducti 1 i ty  of a1 1 fuel bundle materials. Hydrogen absorption in metals 

also tends t o  lower thei r  duc t i l i t i es .  Hydrogen concentrations in 

irradiated Zircaloy cladding are typically 100 to 150 ppm in BWR 

cladding a t  the end of the reactor exposures. 7 ,  In spent PYR cladding, 

hydrogen concentrations are n.50 w t  ppm, average, and 115 w t  ppm, maximum, 



a t  burnups o f  35,000 t o  40,000 MWd/MTU. ( I 8 )  Uni form hydrogen concent ra t ions  

i n  t h e  ranges c i t e d  f o r  BWR and PWR c ladd iug  a r e  w e l l  w i t h i n  t h e  t o l e r a b l e  . 
range f o r  r e a c t o r  ope ra t i on  and a l s o  have n o t  shown evidence o f  ope ra t i ona l  

problems du r ing  f u e l  handl i n g  a t  f u e l '  pool temperatures. Due t o  low 

s o l  ub i  1  i t i e s  and re1  a t i v e l y  h i g h  m o b i l i t i e s  o f  hydrogen i n  s t a i n l e s s  - . .  
4 s t e e l s ,  t h e  hydrogen contents o f  s t a i n l e s s - c l a d  spent  f u e l  under bas in  

s to rage cond i t i ons  i s  n o t  known, b u t  t h e  concent ra t ions  a r e  expected t o  - I 
1 

be l e s s  than one ppm. 

While t h e  bas is  i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e  t o  d e f i n e  t h e  

mechanical s t a t e  of t he  c ladd ing  as a  f u n c t i o n  o f  hydrogen content  and 

neut ron  f l  uence, ope ra t i ona l  problems f rom these sources have general l y  

been minor i n - r e a c t o r  and i n  pool s torage.  The combined e f f e c t s  of  

r a d i a t i o n  damage and hydrogen abso rp t i on  f rom t h e  ex te rna l  ( coo l  a n t )  

s ~ ~ r f a c e  have n o t  irr~posed ope ra t i ona l  problems t o  e i t h e r  s t a i n l e s s  s t e e l  

c l add ing  under PWR cond i t i ons  o r  t o  Z i r c a l o y  c ladd ing  under BWR and PWR 

cond i t i ons .  Hydrogen f rom mois ture  i m p u r i t y  i n  t h e  uranium ox ide  f u e l  

has caused numerous i n - r e a c t o r  f a i l u r e s  o f  Z i r c a l o y - c l a d  f u e l .  St ress 

co r ros ion  c rack ing  caused numerous f a i  1  ures on s t a i  n l  ess s t e e l  c l add ing  

i n  BWRs. However, t h e  La Crosse BWR has cont inued t o  use s t a i n l e s s  

s t e e l  cores s i n c e  s t a r t u p  i n  1969. 

Ivlore p e r t i n e n t  t o  t h i s  r e p o r t  i s  t he  ac tua l  behav ior  o f  f u e l  bundles 

i n  t h e  pool  s to rage opera t ions  t o  which they a re  subjected.  Based on 

t h e  survey and i n f o r m a t i o n  i n  r e a c t o r  i n c i d e n t  r e p o r t s ,  f u e l  bundle 

damage i n  fue l  hand l ing  opera t ions  was assessed. 

Pool Operator Observat ions on Mechani ca l  Damaqe 

Pool opera tors  contacted i n  the  survey were asked t o  c h a r a c t e r i z e  

t h e  t ype  and inc idence of mechanical damage which occurs d u r i n g  f u e l  

handl i ng opera t ions  . 
The d e s c r i p t i o n  by one pool  ope ra to r  t h a t  f ue l  bundles a r e  handled 

"as though they  a re  f i n e  c r y s t a l "  appears t o  app ly  i n  general t o  f u e l  

handl i n g  i n  the  pools. Except f o r  a  few f u e l  hand l ing  acc idents  (nex t  

s e c t i o n ) ,  t h e  mechanical s t a t e  o f  t h e  c ladd ing  was f u l l y  s a t i s f a c t o r y  t o  

endure a l l  movements w i t h i n  the  pool .  



Power r e a c t o r  fuel  s t o r e d  i n  pools func t i oned  s a t i s f a c t o r i l y  i n  t h e  

hand l ing  and shear ing  opera t ions  i n  t h e  NFS f u e l  reprocess ing  p l a n t ,  

based on d iscussions w i t h  J. P. Duckworth o f  t h e  NFS s t a f f .  Th is  

inc luded f u e l  w i t h  t h e  f o l l o w i n g  burnups and pool res idence t imes (Table 

4 ) :  

TABLE 4. Burnvgj  and Pool Residence Times f o r  Reprocessed 
Fuel 

Z i  r c a l  oy : Maximum burnup - 23,000 MWd/MTU (BWR) 

Maximum pool s to rage - 5 y ( PWR 

S t a i  n l  ess Steel  : Maximum burnup - 32,000 MWd/MTU (PWR) 

Maximum pool s to rage - 5 y ( PWR 

Inconel  600: Maximu111 burnup - 17,000 MWd/MTU (BWR) 

Maximum pool s to rage - 2 . 5 y  ( BWR 

(a ) ~ e ~ r o c e s s e d  a t  Nucl ea r  Fuel Serv ices P lan t ,  West Val 1 ey, 
New York, 1967-1 971 . 

Fuel bundles have been p a r t i a l  l y  disassembled and/or r e c o n s t i t u t e d  

i n  some pools. This  g e n e r a l l y  appears t o  occur  w i t h o u t  problems, and 

r e c o n s t i t u t e d  bundles are  re tu rned  t o  t h e  r e a c t o r  core. However, a t  

NFS, some f u e l  r o d  breakage occurred d u r i n g  attempts t o  remove rods from 

f u e l  bundles by p u l l i n g .  Pushing was a more s a t i s f a c t o r y  procedure t o  

avo id  f u e l  r o d  breakage. 

Summary o f  Fuel Hand1 i nq Accidents From Reactor I n c i d e n t  Reports 

When f u e l  i s  damaged du r ing  hand l ing  opera t ions  a t  r e a c t o r  s i t e s ,  

t h e  circumstances a re  repo r ted  t o  t h e  Nuclear Regulatory Commission. 

Review o f  Abnormal Occurrence Reports f o r  1 974(a)  through 1976 i d e n t i f i e d  

n i n e  f u e l  damage i n c i d e n t s  a t  power reac to rs  (Table 5 ) .  Assuming t h a t  

t h e  f u e l  handl i n g  i n c i d e n t s  repo r ted  i n  Table 5 represent  most i f  n o t  

a1 1 o f  those which occurred, t h e  inc idence of  damage appears t o  r e f 1  e c t  

minor degradat ion o f  f u e l  bundle m a t e r i a l s  due t o  f u e l  handl i n g  damage 

a t  poo ls .  I n  t h e  m a j o r i t y  o f  cases (seven o f  n i n e )  no breached c ladd ing  

repo r t .  app l i es  t o  l a t e  1973. 



VI I " - -  
a, I I 2 P  0 . - " 5  v a  - - - u 
C ' ! S T r  - Y = - 0  

- 
i $  = := - D 

-G m - c - U L - 0  L z C  -J 

S ,$! ,$'E A w  o u- - 6 1 - I = = ~ =  W: d s e  " "  
3 m L  - 2 1 

L  0  

m 41.5%-- ,a= ~ Y Z  = * - - * i h 
:iGd:z .ZZ'Z 

5 . -  
- - a g w a - - 0 - " 2 5 .  

= m 

21 5 5 - =  Z4: 
- 

a .- c 
5 E 

5 ? J. L  - - 0 
.- .- 

C 41 = 0 - Y - w m w  a - .- u - " 
L u us-  % .  9 a m  

a, * - 0 . -  = jl.- U - 0 -  
c  0 

3 
111 1 -- . L 1  

0 ? g - - z- 
" 0 

0 
" b u -: F2';;, 2 : -  ;?q a 
> - -. 

I z -  * - -  0 + 'II 
2 e a  
1s. n z m .  4 3 i 

5 . zeo ;  - -- - a = u , p.:ss, -. = ; z; -"a 1 0 - -  m u iz,:.. !!-5 - - a  " - u 4 w - L - -. 
'lJ 3- L C  C O L  * ?=  2 3 a - 

10- .-,: ' 5 = ;  
+-r ae m u  - +  m 0-0 Z Z 



or release of radioactive gases were observed, even for bundles dropped 

several feet  t h r o u g h  pool water, impacting on the bottom of the pool or 

on other bundles. Gaseous radiation re1 eases register on monitors above 

the pool water when cladding is  breached i n  the pool. Dropped fuel 

bundles generally are inspected by underwater viewing equipment t o  look 

for damage on visible rods and on fixtures. 

In summary, normal fuel handl ing procedures within the pools appear 

t o  be satisfactory to preserve the mechanical integrity of irradiated 

Zircaloy- and stainless steel-clad fuel. In  the few cases where fuel 

bundles were accidentally subjected t o  impacts, the incidence of breached 

cladding has been very low (two cases in nine dropped bundles and several 

thousand fuel handl ing sort ies ). Damage during shipping i s  less clearly 

defined, b u t  has not been sufficient  to  cause handling problems in the 

receiving pool, nor even to be detectable i n  routine handling operations. 

Mechanical Damaqe t o  the Pool 

Mechanical damage t o  the pool l iner i s  a possible consequence of 

fuel bundle and cask handl i ng operations, which could i nfl uence fuel 

integrity i f  the pool water level drops, exposing the fuel t o  a i r .  A 

case of l iner  damage occurred a t  the G E  Morris pool in 1972, when an IF-  

100 shipping cask tipped against the loading p i t  wall, puncturing the 
stain1 ess steel 1 i ner. ( l  The damage area was crescent-s haped, approximately 

one foot long with a maximum parting of %1 1 1 2  inches. Fool water 

entered the space between the stainless steel  l iner and the concrete 

wall. A temporary repair was installed 27 hours a f te r  the incident, and 

a permanent repair was completed in 12  days, incl uding design and fab- 
rication of a 50-foot long access chamber. 

One method t o  minimize damaqe t o  the pool in a cask d r o p  involves a - 
cask impact pad to absorb the energy of a dropped cask. (2 ' )  Recent fuel 

pool designs incorporate a cradle t o  prevent casks from tipping. A1 so 

the regulatory guides require e i ther  measures t o  prevent dropping of 

heavy loads or pool construction t o  withstand cask drops without causing 

leakage which could expose the fuel to a i r .  



RANGE OF POOL STORAGE CONDITIONS 

Currently the most valuable basis t o  define the long-term storage 

characteristics of spent nuclear fuel l ies in an assessment of the 

behavior of the fuel inventory now in storage. The survey previously 
- _ .  

summarized in this report provides an ini t ia l  assessment of t h a t  behavior. - 
The large majority of fuel rods (>99%) successfully survived the relatively 

severe reactor environments, indicating excellent corrosion resistance. 
I 

Also.-potentially valuable are l i terature da ta  on the behavior of 

materials exposed t o  conditions similar t o  those in the fuel pools. 

This section summarizes the range of fuel storage conditions defined in 

the survey, t o  provide a basis for comparison with published corrosion 

properties of similar materials. Figure 4 provides a perspective of a 

fuel pool configuration. 

Spent fuel i s  stored in water pools a t  the following installations: 

Boiling Water Reactors (BWRs ) 

Pressurized Water Reactors (PWRs ) 

Independent Spent Fuel Storage Installations ( I S F S I S )  

Research and Development Faci 1 i t i  es 

ERDA Production Plants 

The range of storage conditions was defined for a cross section of 

the above installations, including the following aspects : water volumes 
and temperatures, water chemistries , radi oacti v i  ty concentrations , and 

the types of metals in contact with fuel bundle materials. Tables 5 

(Canadian s i t e s )  and 6 (U.S. s i t e s )  compare information from ten 

s i tes  , i ncl udi ng the fol lowi ng: 

ThreeU.S. ISFSIpools I 
Y 

( a )  - A1 1 ied General Nuclear Services , Barnwell , South Carol i na 

- General Electric Co., Morris Operation, Morris, IL 

- Nuclear Fuel Services (NFS), West Val ley, N Y  
'. 

Tw0U.S .  nuclear power stations: 

- Three Mile Island Station, P W R y  Middleton, PA 

- Dresden Station, B W R y  Morris, IL 

( a ) ~ o t  yet 1 icensed t o  receive spent fuel. 
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@ '  Four Canadian power s tat ions (Pressurized Heavy Water 
Reactors, PHWs ) 

- Bruce, Tivorton, Ontario 

- Douglas Point, Tiverton, Ontario - . .  
- N P D y  Rolphton, Ontario 

- Pickering, Toronto, Ontario . . 

One research and development f a c i l i t y :  I 
1 

- Atomic Energy of Canada, Chalk River, Ontario, Canada 

FUEL POOL WATER CHEMISTRIES 

Tables 6 and 7 compare water chemistries fo r  fuel storage pools a t  the 

12 representative s i t e s .  Tables 8 and 9 compare water chemistry specif ica-  

t ions f o r  several pools. Pool chemistries a re  s imilar  f o r  pools a t  BWRs, 

ISFSIs , and most research and development fac i l  i t i e s .  The chemistries 

comprise oxygen-saturated deionized-water. Some attempts have been made to  

reduce oxygen concentrations with hydrazine, without success due t o  the  low 

reaction rates  a t  pool temperatures except in radiation f i e lds  near the fuel 

bundles. However, hydrazine i s  added to  some pools to  convert iodine t o  

water-sol ubl e species , thereby reducing the concentration of ai  r-borne 

iodine. The pH ranges of the deionized water basins a re  s l i g h t l y  acid t o  

mildly basic (6.0 to  8.5).  Some pools allow pH to  reach the natural equil ib- 

rium with C02 (75.8);  a t  l e a s t  one pool (NFS) uses caust ic  additions t o  

control pH in the range of 6 t o  8. 

Major deviations from the water chemistry c i ted  above occur a t  PWR 

pools. Boric acid i s  used as a chemical shim and lithium hydroxide as a pH 

control agent in PWR primary coolants. Boric acid a lso  i s  added to  PWR spent 

fuel storage pools. The PWR primary coolant and pool water mix during fuel 

discharges and refuel1 ing, so i t  i s  eas i e r  t o  maintain balanced chemistries . - 

i f  both systems have s imilar  compositions. Boric acid has s imi lar  concentra- - 
v 

t ions in PWR pool and primary systems; lithium frequently i s  added t o  the - 

primary system, b u t  not to  the pool water. The pH's of PWR pools are  i n  

the ac id ic  range ( 4 . 5  t o  5 . 5 ) ,  even though some PWR pool specif icat ions 

permit basic pool chemistries (Table 8 ) .  



TABLE 6. C h a r a c t e r i s t i c s  o f  Canadian Fue l  S to rage  Poo ls  

AECL-Chalk R ive r  - - O n ! ! o ~ y d r o  - 

NRU - 

Water Volume, g a l  237,000 
Pool Oin~ensions: several  poo ls  

leng th ,  f t  
w id th ,  f t  
depth - f u e l  t r a n s f e r ,  f t  

f u e l  storage, f t  29 
Water Flow Rate t o  Heat Exchanger, gpn~ 25 
Pool Temperature Range. "C 18 

NRX -- Bruce A_ Douglas P o i n t  NPD P i c k e r i n g  A 

2,490,000 (2 p o o l s )  350DOO0 1,120.000 ( 2  poo ls )  

136 150 68.4 18.5 110 112 
31.8 60 2 5 10 54 56 

10-14 14 12.9 17.5 
20 20 27.5 23.9 16 27.5 26.5 

4200 max 1800 400 90 5200 111ax 1000 
18 21 -29 26-32 32-40 32 30 

Water Chemistry 
pH range 6.5-9.5 6.5-9.5 
C1-, ppn 
C o n d u c t i v i t y  , pmho/cn~ 3.7 3.7 
Heavy Metals  (Fe. Cu, tlg, N i ) ,  ppm 

R a d i o a c t i v i t y  Contro l  - Pool Water 
D isso lved  I o n  Exchange I o n  Exchange I o n  Exchange I o n  Exchange I o n  Exchange I o n  Exchange 
P a r t i c u l a t e  F i l t r a t i o n  F i l t r a t i o n  F i l t r a t i o n  F i l t r a t i o n  F i l  t r a t i o n  F i l t r a t i o n  

R a d i o a c t i v i t y  Concentrat ionst 
To ta l  ~C~/IIIP 9 
I o d i n e  " 

Cesium " ( 1 3 4 ~ s , 1 3 7 ~ s )  
Cobal t  " 

Pool Storage M a t e r i a l s  
Grapples 

Can is te rs  
Storage Racks 

Pool S t r u c t u r e  
Pool L i n e r  
Pool B u i l d i n g  
Heat Exchanger 

Pool Storage Capaci ty  
A s s e ~ ~ b l i e s  (1977) n.a. 

Current  Inventory,  M e t r i c  Tonst* 2.65 
F i r s t  Fuel Storage 1957 

Concrete Concrete + Epoxy Concrete + Epoxy Concrete Concrete 
T i l e  Monel and SS 304 SS ( p a r t i a l )  304 SS 304 SS Epoxy. F iberg lass  
S t1  frame + B r i c k  St1 + woodframe Concrete + S t  Concrete + S t  Concrete Concrete + S t l .  
Cu A l l o y  Cu A l l o y  304L SS S tee l  

-- 

(a lone  concrete tank i n s i d e  another concrete tank. f o r  double conta i~unent  and leak  c o l l e c t i o n .  

SS = S t a i n l e s s  Steel  * a l l  o t h e r s  - no specs 
n.a. = n o t  a v a i l a b l e  ** l l le t r ic  tons o f  U as o f  

January 1, 1977 
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TABLE 8. Spent Fuel Pool Water Q u a l i t y  Spec i f i ca t i ons  (a)  

pH (77°F) 

Conduc t i v i t y  @25OC 
(r.lmho/cm) 

Chlor ide i o n  
(ppm, max) 

F l uo r i de  i o n  
(ppm, max) 

Oxygen , 

To ta l  suspended 
s o l i d s  (ppm, nax) 

Temperature (OC) 

Bor i c  a c i d  
(as ppm-B (4 

A c t i v i t y  l e v e l  
(r. lci/ma 

Sol i d  f i l t r a t i o n  
(microns ) 

PWR 
Trans ient  

r.lo m a  1 L i m i t s  

4.5 - 6.0 (b)  -- 

0.1 1.5 

Saturated Saturated 

0.05 
Varies w i t h  
tech spec. 

I a ) ~ a y  vary  somewhat f rom pool t o  pool . 
(b )~ome  fue l  pool pH range spec i f i ca t i ons  are  

4.5 - 8.0; a few pools have a range o f  4.0 - 10.6. 

(C )~ome  PWR f u e l  pool spec i f i ca t i ons  a lso  i n d i c a t e  a 
l i t h i u m  concent ra t ion range o f  0.2 - 2.0 ppm, 
corresponding t o  values f o r  PWR pr imary systems. 

The b o r i c  a c i d  presents some prqblems regard ing water p u r i t y  con t ro l  

by i o n  exchange. Cleanup t r a i n s  cons i s t i ng  o f  f i l t e r s  and boron-loaded i o n  

exchange res i ns  are used a t  PWR pools. 

P a r t i c u l a t e  and d isso lved impu r i t i es  are con t ro l  l e d  by combinations o f  

i o n  exchange and f i l t e r s .  F i l t e r  types a re  ind ica ted  i n  Table 7. Skimmers 

remove mate r ia l s  which f l o a t  on the  water surface t o  main ta in  v i sua l  

c l a r i t y  and reduce r a d i o a c t i v i  t y .  Storage pool cleanup systems a re  d i  scussed 
(22 i n  more d e t a i l  elsewhere. 



Table 9 provides wa te r  chemis t ry  s p e c i f i c a t i o n s  f o r  U.S. BWR, Bruce 

(Canadian) ,  and GE-Morri s pools , a1 1 using de ioni  zed w a t e r .  

TABLE 9. Fuel Pool Water Chemistry S p e c i f i c a t i o n s  

Bruce S t a t i o n  
BWR Ontar io  Hydro 

Optimum Action Unacceptable 
Limits  Ranqe 

Conducti vi t y  , 
pmho/cm, 25°C - < 3* 2 5 10  

Ch lo r ide  ( a s  C 1 - ) ,  
P Pm - <o. 5 <o. 3 <o. 5 > 1 

Heavy Elements,  
PPm <o. 1 -- - - - - 

Total  Insol  ubl e s  , 
P Pm < 1 -- -- - - 

R a d i o a c t i v i t y  
pCi/ml , max 

( a ) ~ r a n s i e n t  1 i m i t ,  0.1 pCi/ml * 
<1.5 a t  some pools  - 

The usual sampling f r equenc ie s  f o r  pool water  chemis t ry  a r e  weekly o r  
twice  per  week. Conduct iv i ty ,  c h l o r i d e ,  and pH a r e  the ana lyses  commonly 
performed. Boron and sometimes l i t h i u m  a r e  analyzed f o r  PWR pools .  Analyses 

seldom i n c l u d e  heavy me ta l s .  When analyzed ,  heavy metal c o n c e n t r a t i o n s  were 
low ( ~ 0 . 1  ppm) . To i l l u s t r a t e ,  an a n a l y s i s  of a  1-gm r e s i d u e  from evapora- 
t i o n  o f  12 L of  GE-Morris pool water  i n d i c a t e d  t h a t  concen t ra t ions  of  a l l  

m e t a l l i c  s p e c i e s  from calcium t h r o u ~ h  uranium were i n d i v i d u a l l y  0.004 ppm o r  C 

below, based on d a t a  provided by Dr. E. E .  Voiland,  Manager of  t h e  G .  E .  Morris > ~ - 

f a c i l i t y .  
I 



Basin chemistry control generally does n o t  present operational problems. 

However, a t  one time, NaN03 was used as an antifreeze agent in fuel shipping 
casks, causing contamination of fuel pools. As an example, n i t ra te  concentra- 
tions a t  the G. E. Morri:r pool reached %200 ppm. The n i t ra te  caused rapid 
depletion of the Powdex ion exchanger and relat ively h i g h  conductivities 

. . 
- * (%250 pmho/cm, compared t o  current values of % I ) .  After n i t ra te  use was 

discontinuedtthe NO; concentrations gradually decreased from 200 ppm in 
January 1972 to less than 0.6 ppm in January 1977. Chloride remained a t  

* %3 ppm until NO; dropped t o  %3 ppm, then C1- decreased t o  less than 0.02 ppm. 

Soze cldsr concr2te-lined pools a t  R&D f a c i l i t i e s  operate with relat ively 
high impurity levels in pool waters. In R&D f ac i l i t y  pools which use chloride 
for microbiological control, chloride concentrations have reached several 
hundred ppm. In the newer pools operating w i t h  high-puri ty water, biological 
growth i s  not frequently a problem, based on th i s  survey and observations 
reported elsewhere. (22)  One pool ( E C F )  uses refrigeration to maintain low 
temperatures t o  suppress algae growth. 

Effects of Boric Acid Pool Chemistry 

Boric acid has functioned successfully as a reactivi ty control agent in 
PWR primary systems. I t  has proved to be compatible with fuel bundle and 
primary system materials a t  reactor operating temperatures. Boric acid ' chemistry also i s  used i n  PWR fuel pools, as indicated ear l ier .  The pH range 

' i s  4 . 5  to 5.5 a t  pool temperatures. The pool water also contains some 
- lithium, from mixing with the reactor coolant, b u t  the concentrations 

/ 1 

generally are not controlled by lithium additions to the pool water. Lithium 
concentrations frequently are below the range maintained in the PWR primary 
systems (0 .2  to 2 ppm) . The major differences from PWR primary system 
operation are the lower temperature regime and the difference in oxygen 

4 concentration. During PWR operation, the oxygen concentrations are main- 
C tained a t  less than 0.01 ppm by hydrazine additions and hydrogen in the 

v 
coolant. In the fuel pool water, oxygen i s  presumed to be a t  saturation 

in equil i brium with the atmosphere ( 5  to 8 ppm) . As indicated ear l i e r ,  

hydrazine additions are not effective to maintain 1cw oxygen concentrations 

in the large volume of pool water. 



The b o r i c  a c i d  has presented some problems i n  regard  t o  i o n  exchange 

o p e r a t i o n  t o  m a i n t a i n  water  p u r i t y .  However, i o n  exchange r e s i n s  have been 

developed which con t inue  t o  absorb species such as c h l o r i d e  i o n  w h i l e  h e a v i l y  

loaded w i t h  b o r i c  ac id .  

I n  most cases, pool and f u e l  bundle m a t e r i a l s  have appeared t o  f u n c t i o n  

s a t i s f a c t o r i l y  i n  b o r i c  a c i d  f u e l  pool chemistry ,  b u t  ve ry  few d e t a i l e d  
. . 
* 

analyses o f  t h e  m a t e r i a l  s  a r e  ava i  1  ab l  e. A1 umi num c o r r o s i o n  behav ior  has 

been substandard i n  some bora ted pools. One u t i l i t y  had 6061 aluminum 

c a n i s t e r s  r e s i d i n g  d i r e c t l y  on t h e  s t a i n l e s s  s t e e l  l i n e r  a t  ~ 1 1 0 ~ F .  Substan- 

t i a l  c o r r o s i o n  developed on t h e  aluminum c a n i s t e r s ,  fo rming aluminum b o r a t e  

(A1 48209) which f l a k e d  o f f .  Considerable a1 uminum c o r r o s i o n  a1 so occur red i n  

c r e v i c e s  on t h e  c a n i s t e r s ,  perhaps due t o  oxygen concen t ra t i on  c e l l s .  Insu-  

l a t o r s  between t h e  c a n i s t e r s  and t h e  l i n e r  min imize ga lvan ic  c o r r o s i o n  o f  t h e  

aluminum. Cypress wood and t e f l o n  were f i r s t  used as i n s u l a t o r s .  However, 

bo th  were d e f i c i e n t .  The cypress d e t e r i o r a t e d  i n  water,  and t h e  t e f l o n  d i d  
8 n o t  meet t h e  c r i t e r i o n  o f  r e s i s t a n c e  t o  10 r a d  o f  r a d i a t i o n  exposure. The 

cypress i n s u l a t o r s  a r e  being rep laced w i t h  alumina and t h e  t e f l o n  i s  be ing 

rep laced w i t h  s i l i c o n e  r e s i n .  

FUEL POOL AND FUEL ROD TEMPERATURES 

Heat generated i n  spent f u e l  by r a d i o a c t i v e  decay i s  d i s s i p a t e d  i n  t h e  

f u e l  pools,  e l e v a t i o g  the  water  temperatures. The decay heat  a t  t h r e e  days 

a f t e r  d ischarge i s  about 0.3% o f  t h e  f u l l  power heat  re lease .  A f t e r  f i v e  

years  the  va lue i s  o n l y  ~ 0 . 0 6 %  o f  t h e  f u l l  power va lue.  (23)  

Reactor pool  s p e c i f i c a t i o n s  g e n e r a l l y  c a l l  f o r  f u e l  pool  temperatures o f  

< 120°F (40°C) w i t h  f u l l  heat  exchange capac i ty ;  <150°F (66°C) w i t h  one heat  - - 
exchanger and aged f u e l  and 21 2°F (100°C) w i t h  f r e s h l y  d ischarged f u e l  and 

l o s s  of heat  exchange capac i t y .  However, t h e r e  are  no r e p o r t s  t h a t  pool 
b 

temperatures have approached 100°C. The maximum a c t u a l  pool temperature 

r e p o r t e d  i n  t h e  survey was 49°C. 
1 



A knowledge o f  t h e  temperature a t  t h e  f u e l  r o d  sur face i s  impor tan t  i n  

d e f i n i n g  r a t e s  o f  c o r r o s i o n  and o the r  chemical i n t e r a c t i o n s .  140 d i r e c t  

measurements appear t o  have been made on f u e l  r o d  sur faces,  b u t  c a l c u l a t e d  

f u e l  r o d  sur face temperatures supp l ied  t o  J. Tanaka o f  On ta r i o  Hydro i n d i c a t e  

t h e  f o l l o w i n g :  
I 

Fresh, High-Exposure Fuel (45-day coo l i ng ,  32°C b u l k  wa te r ) :  AT = 10°C 
. . Aged, High-Exposure Fuel (4-year cool  ing ,  32°C b u l k  water ) :  AT = 1  "C 

4 Independent c a l c u l a t i o n s  niade by C.  W. Stewart  a t  B a t t e l l e  P a c i f i c  Northwest 

Labora tor ies  i n d i c a t e  values i n  t h e  same range as those repo r ted  above f o r  

sur face temperatures on pool -s to red  f u e l .  

FUEL ROD RADIATION LEVELS 

Rad ia t i on  c o n t r i b u t e s  t o  t h e  environment on bo th  s ides o f  t h e  spent f u e l  

r o d  sur faces.  Both be ta  and gamma e m i t t e r s  occur on both s ides o f  t h e  c ladd ing .  

) 
- However, t h e  l a r g e  neut ron  component which was present  i n  t h e  r e a c t o r  i s  

miss ing,  and t h e  gamma component has dropped by one t o  two orders  of magnitude, 
6 t o  >10 R/hr immediately a f t e r  r e a c t o r  shutdown on t h e  most r a d i o a c t i v e  

sur faces.  (24) The r a d i a t i o n  decay w i l l  rough ly  p a r a l l e l  heat decay. Est imates 

prov ided by On ta r i o  Hydro i n d i c a t e  t h e  f o l l o w i n g  values f o r  r a d i a t i o n  l e v e l s  

on t h e i r  f u e l  i n  pool storage: 
- 

Fresh, High-Exposure Fuel - Equiv. t o  10') R/hr a t  1  f t  i n  a i r  
2  Aged (5  y ) ,  High-Exposure Fuel - Equiv. t o  3  x  10 R/hr a t  1  f t  i n  a i r  

FUEL POOL MATERIALS 

The f u e l  pool m a t e r i a l s  i d e n t i f i e d  i n  t h e  survey a r e  summarized i n  

Table 10. A f t e r  i r r a d i a t i o n ,  t h e  f u e l  bundles a re  contacted w i t h  s t e e l  

grapples, used t o  remove them from t h e  r e a c t o r  core. The bundles a re  t rans -  

f e r r e d  t o  s t a i n l e s s  s t e e l  v iewing t r a y s  where they  a re  inspected. They are  

then t r a n s f e r r e d  t o  s torage c a n i s t e r s  (F igure  2) .  The c a n i s t e r  types used a t  

t h e  GE-Morris pool a re  shown i n  F igures 5 and 6. They a r e  cons t ruc ted  o f  

a l l o y  304 s t a i n l e s s  s t e e l  p ipes w i t h  a  s o l i d  s t e e l  p l a t e  welded across t h e  

bottom. The p ipes a r e  welded toge the r  i n t o  niodules o f  e i t h e r  n ine  8- inch 



TABLE 10. Summary of Materials i n  Fuel Pools 

Component Sub-Components 

Wall - - 
Pool L i ne r :  - - 

A1 l o y  

Reinforced Concrete 

S ta i n l ess  S tee l  
Epoxy, F iberg lass  

S ta i n l ess  Steel  Heat Exchanger ( b  

F i  1  t e r :  Vessel 
F i  1  t e r  El ements: 

S ta i n l ess  S tee l  
S ta i n l ess  S tee l  
Diatom. Ear th,  F i be r  

R e c i r c u l a t i n g  Pumps: Casing, Sha f t  
Impel 1  e r  

Demin. Water Return Pump Casing, Impe l le r ,  Sha f t  

De ion iza t ion  U n i t  Tank 

Cask Head Support Racks -- 
Gates and Guides -- 
Can is te r  Storage Racks: Racks: 

S ta i n l ess  Steel  
Bronze 

S ta i n l ess  S tee l  

S ta i n l ess  S tee l  

S ta i n l ess  S tee l  

S ta i n l ess  S tee l  

S ta i n l ess  Steel  
A1 uminum 

S ta i n l ess  S tee l  Embedded Supports 

Fuel Storage Canisters:  ( c )  - - S ta i n l ess  Steel  
A1 umi num 

S ta i n l ess  Steel  
Carbon S tee l ,  
Epoxy-Coated 

S ta i n l ess  Steel  

Leaker Can Support Racks: - - 

Contro l  Rod C lus te r  -- 
Storage Racks 

Po r t ab l e  Of fgas Hoods: -- S ta i n l ess  Steel  
A1 umi num 

Cask Handl ing Crane Cable & Grapple S ta i n l ess  S tee l  

Can is te r  Crane Cable & Grapple S ta i n l ess  Steel  

S ta i n l ess  Steel  Fuel Transfer Conveyer - - 
I n s u l a t o r s  - - Tygon, Neoprene 

Cask Impact Pad: Cladding 
Pad (no t  exposed t o  H20) 

S ta i n l ess  S tee l  
Carbon Steel  
(3-1/2-in. t h i c k )  

Honeycomb (no t  exposed 
t o  H20) 

A1 umi num 

( a ) ~ y p e s  i d e n t i f i e d  i n  survey; o t he r  types may be used i n  some pools.  

( b ) ~ a r b o n  s t e e l  tubes were o r i g i n a l l y  i n s t a l  l e d  i n  heat exchangers a t  one pool ; severe r u s t i n g  
caused a  v i s i b i l i t y  problem i n  the  pool water, r e s u l t i n g  i n  r e t ub i ng  w i t h  s t a i n l e s s  s t ee l .  
Copper a l l o y  tubes a r e  used a t  one R8D f a c i l i t y  pool.  

("~ome c a n i s t e r  w a l l s  con ta i n  boron-impregnated aluminum fo r  r e a c t i v i t y  con t r o l ,  c l a d  w i t h  
s t a i n l e s s  s t e e l  o r  aluminum. 



(25 FIGURE 5. PWR S t a in l e s s  Steel  Fuel Storage Module - G . E .  Morris Operation. 



(25) 
FIGURE 6 .  BWR Stainless Steel Fuel Storage Module - G . E .  Morris Operation. 



schedule 10 p ipes f o r  BWR bundle storage o r  f o u r  12- inch schedule 5 pipes f o r  

PWR bundle storage. The modules have l o c k i n g  devices which f i x  them t o  

s t a i n l e s s  s t e e l  racks  mounted t o  t h e  bottom o f  t h e  pool.  Both modules f i t  

t h e  same r a c t  p o s i t i o n .  During pool residence, t h e  o n l y  m a t e r i a l s  1  i k e l y  t o  

- - con tac t  t h e  stored f u e l  would be t h e  sta- in less s t e e l  c a n i s t e r s  and t r a c e  
' *  i m p u r i t i e s  t ranspor ted i n  t h e  water. 

- .  Some f u e l  c a n i s t e r  designs have square cross sec t ions  (F igure  7 ) .  The 

+ m a t e r i a l s  may be e i t h e r  s ta i r l l ess  s t e e l  o r  aluminum a l l o y s .  I n  r e a c t o r  

pools, t h e  bottom o f  t h e  c a n i s t e r  genera l l y  has a  screen and sometimes a  

nozz le  f o r  water c i r c u l a t i o n  t o  promote c o o l i n g  o f  t h e  f u e l  bundles. Some 

pool can is te rs  a re  seated on racks mounted t o  t h e  bottom o f  t h e  pool;  i n  some 

pools t h e  can is te rs  r e s i d e  on t h e  bottom o f  t h e  pool .  

The contac ts  between t h e  f u e l  bundles and t h e  c a n i s t e r s  w i l l  occur where 

t h e  lower nozz le  o r  t i e  p l a t e  r e s t s  on t h e  p l a t e  o r  screen on t h e  bottom o f  

the  c a n i s t e r ;  also, a t  l o c a t i o n s  where upper p a r t s  o f  t h e  bundle contac t  t h e  

edges o f  t he  c a n i s t e r  o r  guides and spacers i n s t a l l e d  i n s i d e  t h e  can is te r .  

The most probable contacts would be between t h e  c a n i s t e r  and the  t i e p l a t e s ,  

bu t  some contac ts  between t h e  c a n i s t e r  w a l l s  and t h e  spacer g r i d s  o r  f u e l  

rods a re  possib le,  p a r t i c u l a r l y  i f  t h e r e  i s  some bundle d i s t o r t i o n .  

Other f u e l  pool m a t e r i a l s  which do n o t  genera l l y  cone i n  contac t  w i t h  

t h e  f u e l  bundles i nc lude  t h e  s t a i n l e s s  s t e e l  pool l i n e r  (pa in ted  concrete 

w a l l s  and f i b e r g l a s s  a re  used i n  some pools)  ; carbon s tee l  and s t a i n l e s s  

s t e e l  p ip ing ;  s t a i n l e s s  s t e e l  and Inconel heat exchangers; i o n  exchange 

res ins ;  var ious  f i l t e r  ma te r ia l s ,  i n c l u d i n g  diatomaceous ea r th  and f i b e r  

types. 

Fuel bundles a re  conta ined i n s i d e  s t a i n 1  ess s t e e l  f u e l  baskets du r ing  

shipping.  Boron carb ide  c l a d  i n  s t a i n l e s s  s t e e l  provides c r i t i c a l i t y  c o n t r o l  

i n  the  f u e l  baskets. 

Storage con f igu ra t i ons  i n  Ontar io  Hydro pools i n v o l v e  placement o f  10 t o  

32 bundles on s t a i n l e s s  s t e e l  t r a y s  i n  close-packed ar rays .  The bundles may 

be o r i e n t e d  e i t h e r  v e r t i c a l l y  o r  h o r i z o n t a l l y ,  depending on the  r e a c t o r  s i t e .  
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FIGURE 7 .  Fuel Storage Canis ter  
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FUEL BUNDLE MATERIALS 

The range o f  ma te r i a l s  i n t e r a c t i o n s  between the f u e l  bundle and mate r ia l s  

i n  the storage pool are p o t e n t i a l l y  important  t o  de f ine  poss ib le  degradation 

mechanisms. Equal l y  important  i s  t he  range o f  ma te r i a l s  i n t e r a c t i o n s  w i t h i n  

. . t he  f u e l  bundle. F igure 8 shows a diagram o f  a P!4R f u e l  rod. Figures 9 and 
- 10 show diagrams o f  BUR and PWR fuel  bundles, respec t i ve ly .  Table 17 summarizes 

- .  t h e  range o f  mate r ia l s  i n  s t a i n l ess -  and Z i rca loy -c lad  f u e l  bundles. 

4 
MATRIX OF FUEL STORAGE CONDITIONS 

Table '12 shows the  range o f  i n t e r a c t i o n s  o f  f u e l  bundle mater ia ls ,  

can is te rs  and f u e l  pool water chemistr ies.  For example, t he  combination o f  

Z i r ca loy  f u e l  cladding, s to red  i n  s t a i n l ess  s tee l  can is te rs  i n  deionized 

water (B-a-2) represents one cond i t i on  a t  t he  GE-Morris p lan t ,  t he  o ther  

being A-a-2. A l l  e i g h t  combinations have been i d e n t i f i e d  i n  one o r  more 

pool s . 
I n  a mechanist ic assessment o f  long-term e f f e c t s  o f  pool storage on fuel  

bundle mater ia ls ,  poss ib le  e f f e c t s  o f  the  above combinations need t o  be 

considered. A t  the  present l e v e l  o f  perception, s tored f u e l  appears t o  

behave s a t i s f a c t o r i l y  i n  a1 1 o f  t he  co~i ib inat ions covered by the  survey. 

GALVANIC COUPLES 

From the  foregoing discussion the f o l  1 owing ranges o f  ga lvan ic  

couples e x i s t  w i t h i n  fuel bundles and between bundles and f u e l  storage 

cani s t e r s  : 

Wi th in  bundles : 

Z i r ca loy  - Inconel  

Z i r ca loy  - S ta in less  Steel 

Inconel  - Sta in less Steel  
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FIGURE 10 .  PWR Fuel Assembly ( 3 )  



TARLF 11 . Fuel Bundle   ate rial s ( ~ )  

Component Sub-Components Material A 1  loy  

Fuel Rods: - - Zi rcal oy: ( b )  Zry-2 ( B W R )  

Zry-4 (PWR) 

Stainless Steel : 304 

Fuel Spacers: Grid: Stainless Steel 
Inconel 
Zircaloy 

Springs: Inconel 

Upper Tie Plates: Bail/Tie Plate Stainless S tee1 

Bolts/Nuts Stainless Steel 

Inconel 

Springs I nconel 

Lower Tie Plates: Tie Plate/Nozzle Stainless Steel 

Tie Rods: Zircaloy 
Stainless Steel 

( a ) ~ a t e r i a l  s identified in the survey. Some variations on material and 
alloy specifications may occur. 

( b ) ~ o t h  Zry-2 and Zry-4 are used for cladding in Canadian reactors. 
Zircaloy i s  the only material in Canadian fuel bundles, except for 
small amounts of beryl 1 ium used to braze the appendages. 

Between Bundles and Canisters: 

Stainless Steel - Stainless Steel 
Stainless Steel - Aluminum Alloys 

In some cases, Z i  rcaloy-stain1 ess steel and Zi rcaloy-a1 uminum coup1 es 
may exist i n  canister-stored fuel, in bundles w i t h  bowed fuel rods. However, 

the general case will be that the Zircaloy fuel bundle components wi 11 form 
galvanic couples with the canisters only  by way o f  stainless steel nozzles 
and/or t i e  plates, rather than by direct canister/Zircaloy contacts. 

The implications of galvanic couples to fuel bundle degradation are 
discussed in a later section. 



TABLE 12 .  Matr ix of Fuel Storage Conditions 

Fuel Cladding 
Material 

Canister 
Material Water Chemi s trv 

A. Stainless Steel a. Stainless Steel 1 .  Boric Acid 

2.  Deionized 

b. Aluminum Alloy 1 .  Boric Acid t 

2. Deionized - .  

B. Zircaloy a. Stainless Steel 1 .  Boric Acid b 

2. Deionized Water 
b. Aluminum Alloy 1 .  Boric Acid 

2.  Deionized Water 

RADIOCHEMICAL CHARACTERIZATION OF FUEL POOL WATERS 

The radioactive species i n  fuel pool waters are monitored periodically 

(noymally once or twice per week) for beta and gamma act ivi ty ,  and some 

analyses are made for a1 pha activity.  Rates of radioactivity buildup on 
f i l t e r s  and ion exchange resins also are monitored. Monitors for airborne 

radioactivity operate continuously above the pools. 

The sources of radioactivity in pool waters are activation products and 

fission products. The sources of the activation products are crud deposits 

and corrosion films on the fuel bundle surfaces. The fission products a r i se  
from bundles with rods which failed in-reactor or from intact  bundles which 
adsorbed circulating fission products. The principal activation products 

released t o  pool waters, their  half lives and source reactions are given in 

Table 13. The principal fission products in pool waters appear in Table 14. 
Reference 3 gives inventories of fission products in fuel rods as a function 

of time a f t e r  reactor discharge. Cesium, tritium, cerium, strontium and the 

iodines are the principal fission products in reactor pools. For aged fuel ,  b 

the most significant isotopes from the standpoint of pool waste management 

are: 3 7 ~ s ,  3 ~ ,  6 0 ~ o ,  9 0 ~ r ,  and 4 4 ~ e  Pr. ( 2 2 )  The principal isotopes and 1 

their  concentration ranges are given in Table 15.  



TABLE 13. P r i nc i pa l  A c t i v a t i o n  Products Released 
from Fuel Bundl es Duri ng Pool ~ t o r a ~ e ( ~ 6 )  

Nucl ide 

Co-60 

CO-58 

Cr-51 

Fe-59 

Mn-54 

Zn-65 

N i  -65* 

W- 187* 

Ha l f - L i f e  

5.3 y 

72 d 

28 d 

45 d 

310 d 

243 d 

2.5 d 

24 h 

Product ion Reaction 

Co-59(n-y) 

Ni-58(n-p) 

Cr-50(n-y) 

Fe-58(n-y) 

Fe-54(n-p) 

Zn-64(n-y ) 

N i  -64(n-y) 

W-186(n-y ) 

* 
Only s i g n i f i c a n t  a t  r eac to r  pools. 

TABLE 14. P r i n c i p a l  F iss ion  Prod c t s  Released 
t o  Fuel Pool ~ a t e r s ( 2 2  Y 

H a l f - L i f e  

3.05 d 

NOTE: Alpha a c t ' v i t i e s  a l so  are  monitored. A t  a German spent 
f u e l  pool127), f i s s i o n  product a c t i v i t i e s  were 5 x 10-5 
uCi/cc; a1 pha a c t i v i t i e s  were an order o f  magnitude lower. 

A t  G. E. Morr is ,  alpha a c t i v i t i e s  i n  pool water are  uCi/ml. 



TABLE 15. Radionucl i de  Concentrations In Fuel Storage pool s (a) ,c i /ml  (22 )  

Radionucl i de* 

H 

5 4 ~ n  

5 8 ~ 0  

6o co 

'Osr 

1311 

34cs 

3 7 ~ s  

4 0 ~ a  

4 4 ~ e ~ r  

P u 

Current Generation Basins Older ERDA 
W i t h  High-Inteqri ty Fuel Early Generation Basins Basins 

Total , Ji/rnl 1 x - 1 x 1 x - 1 x lo-2 1 x - 5 x 10-I 

Dose Rate, ( b )  rnrern/hr < 1 < 5 5-50 

( a )  A t  equi 1 i b r i m  condi t ions ;  higher  values a r e  genera l ly  
present  immediately fo l  lowing r e a c t o r  fue l  discharge.  

( b )  Dose r a t e s  a t  r e a c t o r  pools may approach 40-100 rnremlhr on occasion 
during cleanup system upsets  and fol lowing fue l  d ischarges .  

* A t  some pools ,  t h e  fol lowing i so topes  a l s o  a r e  s i g n i f i c a n t :  
141 

Ce , 140La 63Ni 8gSr 95, 95 65zn , , , ~ r /  Nb, 



The activation products come principally from corrosion products from 
the reactor primary circuits which deposit as crud layers on fuel bundle 
surfaces ( Fe203, Fe304, spinel s ,  sometimes oxides of nickel and copper). 

Crud layers may be 25 t o  50 pm thick, particularly on BYR fuel rods. The 
layers generally are thinner and sometimes are almost absent on PWR fuel 

. - 

L rods. The crud layers are quite insoluble a t  fuel pool temperatures, b u t  do 
release some particulates t o  the pool water, together with traces of soluble 
species. The corrosion products on Zircaloy rods (Zr02) a1 so have low solu- 

? bil i t ies  and generally resis t  spallation. 

There are substantial differences in the inventories of radioactive 
species a t  reactor pools and a t  other pool fac i l i t ies .  During fuel dis- 
charges, reactor pool contamination levels r ise  from a combination of dissolved 
and particulate species i n  the reactor primary coolant, which mixes with pool 
water, and from species released from fuel bundle surfaces. Short-1 ived 

species such as iod,ine isotopes appear in reactor pools, b u t  rarely a t  other 
pools. Tritium also i s  substantially higher in reactor pools. Loose crud i s  

released from the fuel bundle surfaces during handling in the reactor pool .  

Radiation levels a t  reactor pools often r ise  t o  pCi/ml during discharges, 
b u t  can be control 1 ed a t  t o  pCi/nl after fuel discharges are com- 

pleted. Radiation levels a t  reprocessing plant and R&D faci l i ty  pools rise 
corresponding t o  receipt of fuel shipments, b u t  are control led a t  levels 
between and pCi/ml most of the time. Fi 1 tration and ion exchange 

are the principal methods for control 1 ing radioactivity. (22) See Table 7 

for f i l t e r  types. A t  most Canadian and some U.S. pools, the ion exchange 
bed also serves as the f i l t e r .  Vacuuming is  a third radiation control 
method, which removes radioactive particles from the bottom of the 
pool . 



EUROPEAN SPENT FUEL STORAGE EXPERIENCE 

A r e c e n t  German c o r r m u n i ~ a t i o n ( ~ ~ )  i n d i c a t e s  t h a t  a f t e r  up t o  f i v e  y e a r s  

of pool s t o r a g e  t h e r e  i s  no v i s i b l e  i n d i c a t i o n  t h a t  problems a r e  deve lop ing  

on s t a i n l e s s -  o r  Z i r c a l o y - c l a d  f u e l .  Rods have been removed from s p a c e r s  

w i t h o u t  problems. Also ,  t h e r e  i s  no v i s i b l e  l each ing  of exposed U02 a t  4 

d e f e c t s  i n  t h e  f u e l  c l add ing .  

F u r t h e r  work i s  underway a t  t h e  G e s e l l s c h a f t  Zur Wiederaufarbe i tung  von 5 
Kernbrenns tof fen  Mbh t o  p e r i o d i c a l l y  i n s p e c t  and photograph BWR and PWR f u e l  

bundles ,  t o  de t e rmine  whether  d i s c e r n i b l e  changes a r e  o c c u r r i n g  i n  the c l a d d i n g .  - 
An exper iment  a l s o  i s  underway t o  p e r i o d i c a l l y  moni tor  c o r r o s i o n  of an aluminum 

c a n i s t e r .  Based on o b s e r v a t i o n s  t o  d a t e ,  the i n v e s t i g a t o r s  do n o t  e x p e c t  t o  

f i n d  s u b s t a n t i a l  c o r r o s i o n  i n  t e n  y e a r s .  

B r i t i s h  s p e n t  f u e l  s t o r a g e  e x p e r i e n c e  was sumnarized by Mr. 

B. F. Warner a t  t h e  1977 Windscale I n q u i r y  r ega rd ing  f u e l  r e p r o c e s s i n g  

i n  t h e  United Kingdom. 

S t a i n l e s s - c l a d  f u e l  from t h e  Wi ndscal  e Advanced Gas Reac tor  (WAGR) was 
f i r s t  s t o r e d  i n  t h e  Windscale pool i n  1963. P ins  examined m e t a l l o g r a p h i c a l l y  

a f t e r  f i v e  y e a r s  i n  t h e  pool showed no ev idence  t h a t  c o r r o s i o n  was o c c u r r i n g  

i n  t h e  pool .  Z i r ca loy -c l ad  f u e l  from BWR, PWR and SGHWR (Steam Gene ra t i ng  

Heavy Water Reac to r )  exposures  has  been s t o r e d  i n  B r i t i s h  p o o l s ,  p r i o r  
t o  r e p r o c e s s i n g .  The SGHWR fue l  has been s t o r e d  up t o  8-9 y e a r s .  Pos t -  

i r r a d i a t i o n  exams a f t e r  f o u r  y e a r s  of pool s t o r a g e  have n o t  i n d i c a t e d  e v i -  
dence o f  c o r r o s i o n  a t t r i b u t a b l e  t o  pool s t o r a g e .  One Canadian C A N D U  

Z i r ca loy -c l ad  f u e l  r o d ,  i r r a d i a t e d  t o  6600 MWd/MTU and s t o r e d  i n  demine ra l i zed  

wa te r  f o r  11 y e a r s ,  gave no i n d i c a t i o n  o f  c o r r o s i o n  due t o  pool s t o r a g e  i n  a 

d e t a i l e d  metal  l u r g i c a l  examinat ion.  

A program t o  moni tor  poo l - s to red  f u e l  was i n s t i t u t e d  i n  1974 a t  Wind- 
* 

s c a l e  and i s  c o n t i n u i n g .  Approximately a dozen s t a i n l e s s - c l a d  and Z i r ca loy  

c l a d  f u e l  rods have been i d e n t i f i e d  f o r  metal1 u r g i c a l  exams a f t e r  up t o  %I0 y e a r s  

of pool s t o r a g e .  



SUMMARY OF FUEL POOL SURVEY 

The current inventory of stored fuel appears to be performing satisfac- 
to r i ly ,  based on visual inspections and radioactivity monitoring. Canadian 

~. fuel stored 10 years and returned to a reactor gave no indication of degrada- 
+ tion. Very few detailed fuel examinations have been directed to definition 

of fuel performance in pool storage, b u t  current experience suggests that 

8 
degradation, i f  present, i s  occurring very slowly. 

Mechanical damage appears to be a minor factor in fuel bundle degradation. 
Fuel bundl  es which devel oped defects i n-reactor (previously described) have 

been stored, shipped and reprocessed without major problems. Special handl i ng 

procedures, such as water-tight cans have been developed. However, radiation 
releases from the defects general ly are low and usually permit handling of 
the fuel on the same basis as intact  fuel. 

The technology for handl ing spent fuel has developed over %35 years. I t  
has been satisfactory in almost a l l  respects. The exceptions include an 
occasional fuel handling accident (Table 5), corrosion of some fuel pool 
components (carbon steel and in some cases, aluminum a1 1 oys) , and occasional 
leaks in pool liners. 





P R E L I H I N A R Y  ASSESSMENT OF POTENTIAL DEGRADATION 

MECHANISMS FOR MATERIALS IN POOL STORAGE 

The foregoing discussion has defined the materials in fuel pools and 

,fuel bundles (Tables 10 and 11 ) , and the range of exposure conditions (Tables 6 ,  
7 ,  and 1 2 ) .  The principal consideration now i s  t o  further examine the expected - 
performance of stainless steel and Zircaloy cladding as radiation containment 

boundaries. Also important i s  the integrity of bundle components which 
a 

maintain the bundle configuration and allow i t  t o  be transported, principally 

t i e  plates, spacers, and bails (Figures 9 and 10). Of lesser b u t  substantial 

importance i s  the continuing integrity of  fuel pool handlivg and storage 

equipment. 

There i s  no visual evidence that significant degradation of fuel bundle 

material s has occurred. However, until recently there was 1 i t t l  e incentive 

for detailed confirmation, because the intended pool residence times for the 

fuel were relatively short, t o  be followed by reprocessing. NOW, with prospects 
of longer pool exposures, there i s  increased incentive t o  confirm the appar- 

ently successful performance and t o  define whether any degradation mechanisms 

may threaten fuel bundles o r  pool equipment in extended aqueous exposures in 

the 20-to-100 y time frame. 

In the fol lowing section, potential degradation processes which require 

discussion and possible evaluation are examined. 

POTENTIAL DEGRADATION PROCESSES-FUEL BUNDLE MATERIALS 

Fuel bundle materials are surr~marized -in Table 11 and the designs appear 
in Figures 8, 9 ,  and 10. Fuel rod cladding integrity is  an important aspect 
of the reactor and fuel pool exposures because i t  provides the primary contain- 

ment for the radioactivity generated in the fuel. The cladding failure 

mechanisms discussed earlier ( p .  21)  included some originating from the fuel 
side and some originating from the coolant side during reactor exposures. 

Any detailed fuel examinations and mechanism considerations must evaluate the 

potential for failures from either side of the cladding. 



Eva1 uation of Fuel -Side C l  addi ng Degradation Mechanisms 

The primary fuel-s ide  cladding degradation mechanisms are:  

e localized hydriding from hydrogeneous impurit ies i n  the  fuel  

o f i s s i o n  product a t tack 

Pel le t -c lad in te rac t ions  a re  important in reactor-induced f a i l u r e s ,  l u t  - 
do not appear t o  be important a t  pool temperatures. The prospect f o r  degrada- 
t ion  due t o  tritium-induced helium a l so  i s  discussed. 

Hydriding Effects i n  Zircaloy 

Hydrogen concentrations in the  internal  atmospheres of high-burnup fuel  

rods a r e  l i k e l y  t o  be low, because hydrogen tends t o  absorb i n  the  cladding 

during extended reactor  exposures. Relatively high hydrogen pressures may 

occur i n  unfailed,  low-burnup fuel discharged prematurely due t o  f a i l u r e  of 

one or  more rods. However, hydrogen isotope dif fusion a t  pool ten~peratures 

(30-50°C) i s  slow, (28) and progressive hydriding in extended pool exposures 

i s  unlikely,  though not f u l l y  ruled out ,  s ince low-temperature, galvanically- 
\ induced hydriding can occur (next sec t ion) .  Also, a phenomenon cal led delayed 

hydrogen cracking has occurred a t  r e l a t i ve ly  low temperatures. 

Zirconium a l loys  form hydrides which have low d u c t i l i t y ,  providing a 

phase through which cracks may read i ly  propagate. The phenomenon of delayed 

hydrogen cracking has caused f a i l u r e s  in Zr-2.5 Nb a l loy  pressure tubes in 
t he  Pickering-3 and -4 reactors .  (") No cracking occurred in Zircaloy-2 
tubes in  Pickering un i t s  1 and 2. On current  understanding, the  phenomenon 
appears t o  require s t r e s s  i n t ens i t y  f ac to r s  of g rea te r  or  equal t o  5 ksi roo t  
inch. A t  75"C, the  threshold s t r e s s  f o r  cracking i s  %80 ksi fo r  Zr-2.5 Db. 

There i s  an increase i n  crack propagation r a t e  w i t h  increasing temperature. 
The prospects f o r  delayed hydrogen cracking t o  occur i n  Zircaloy cladding 

under pool s torage conditions appear t o  be minimal, based on a s t r e s s  i n t ens i t y  w 

fac tor  of 5 ksi root inch, i n  cases where cracks have i n i t i a t e d  on the  fuel  

s ide  of the  cladding duriog the  reactor  exposure. - 
I O f  possible concern i s  the  progressive degradation of localized hydride 

nodules ("sunbursts")  formed during the  reactor  exposures, e i t h e r  by fu r the r  



h y d r i d i n g  a t  low temperatures o r  by mechanical degradat ion a t  i n c i p i e n t  

hydr ide  f a i l u r e s  d u r i n g  f u e l  hand l ing  i n  t h e  pool .  The f a c t  t h a t  no f a i l u r e s  

o f  t h i s  t ype  have been i d e n t i f i e d  i n  thousands o f  p o s t i r r a d i a t i o n  f u e l  han- 

d l i n g  opera t ions  i s  s u b s t a n t i a l  evidence t h a t  i t  i s  n o t  a s i g n i f i c a n t  prob- 

1 em. 

Hyd r id ing  E f f e c t s  i n  S t a i n l e s s  S tee l  

Hydrogen s o l u b i l i t i e s  f o r  s t a i n l e s s  s t e e l  are low and hydrogen per-  

meation i s  r e l a t i v e l y  h igh  a t  r e a c t o r  ope ra t i ng  temperatures. Hydrogen- 

induced f a i l u r e s  have n o t  appeared t o  cause s i g n i f i c a n t  ope ra t i ona l  problems 

i n  r e a c t o r  exposures. There c u r r e n t l y  i s  no evidence t h a t  f u e l - s i d e  hydrogen 

e f f e c t s  on s t a i n l e s s  s t e e l  a re  a t h r e a t  i n  pool exposures. Many a u s t e n i t i c  

s t a i n l e s s  s t e e l s  (e.g., 18-8 N i  ,Cr) tend t o  r e s i s t  hydrogen cracking.  

F i s s i o n  Product A t t a c k  

There i s  s t rong  evidence f rom examinat ions o f  r e a c t o r  f u e l  and f rom 

l a b o r a t o r y  s tud ies  t h a t  f i s s i o n  products a r e  a major  f a c t o r  i n  some f u e l  

f a i l u r e s  d u r i n g  r e a c t o r  exposures. ~ o d i n e ( ~ ~ - ~ ~ )  and cesium(31 '32) a re  known 

t o  cause c rack ing  o f  Z i r c a l o y  i n  l a b o r a t o r y  s tud ies .  

The f i s s i o n  product  a t t a c k  r e q u i r e s  t r a n s p o r t  o f  v o l a t i l e  f i s s i o n  products 

t o  t h e  c ladd ing  sur face i n  s u f f i c i e n t  q u a n t i t i e s  t o  reac t .  High s t r e s s  

l e v e l s  f rom p e l l e t - c l a d  i n t e r a c t i o n s  a l s o  appear t o  be a major  f a c t o r  i n  f u e l  

r o d  f a i l u r e s .  

C u b i c c i o t t i ,  e t  a l . ,  s tud ied  species on the  i n s i d e  sur faces o f  two f u e l  

rods i r r a d i a t e d  t o  13,000 and 28,000 MWd/I\ITU, r e s p e c t i v e l y .  (33) The r e s u l t s  

suggest t h a t  f u e l  r o d  temperature du r ing  i r r a d i a t i o n  i s  probably more impor tan t  

than burnup i n  de termin iqg  t h e  species and amounts o f  f i s s i o n  products which 

reach t h e  f u e l  c l add ing  i n n e r  sur face.  Several f i s s i o n  product  species were 

i d e n t i f i e d  on the  c l a d  su r face  o f  t h e  low-burnup, h igh  temperature rod. 

Cesium appeared t o  occur  as Cs2U04 The expected v o l a t i l e  species was Cs20 

r a t h e r  than Cs. I n v e s t i g a t i o n s  now a v a i l a b l e  suggest t h a t  a c t i v i t i e s  o f  f r e e  

cesium w i l l  be low i n  f u e l  w i t h  moderate burnups. The occurrence o f  s i g n i f i -  

cant  1 i q u i d  cesium (me l t i ng  po in t ,  300°K) i n  h i g h  burnup f u e l  appears improb- 

able.  



Some fission product attack on stainless steel cladding has been reported 

under conditions in Liquid Metal Fast Breeder Reactor (LMFBR)  fuei rods. (34) 

In light-water reactor stainless-clad fuel rods fission product attack has 

not appeared t o  cause significant fuel fai lures.  . . 

Fission product iodine i s  removed from contention as a long-term threat 

t o  pool-stored fuel by the short half lives of i t s  principal isotopes(3) and 
' 

v + 

by some evidence that  even i f  present, i t  would not i n i t i a t e  cracking of 

Zircaloy a t  temperatures near those in pool-stored fuel .  (31 1 
(31 Liquid cesium has caused Zircaloy t o  embrittle near room temperature. 

However, the availabil i ty of significant free cesium a t  the fuel cladding 

surface appears doubtful. (33) 

Other fission product species with potential to embrittle cladding have 
been observed on the inner surfaces of irradiated cladding, including tellurium, 

selenium and cadmium. (33) Very 1 i  t t l e  i s  known about the aggressiveness of 

these species. However, the stress s ta tes  in the cladding are thought t o  be 

1 ow (see 1 a ter  section), which would minimize prospects of s t ress  corrosion 

cracking. 

There are no clearly identifiable mechanisms involving cladding degrada- 

tion by fission product attack which are likely t o  occur under pool storage 

conditions. However, future fuel rod examinations should be scoped t o  include 

definition of possible fission product interactions with fuel cladding. 
Based on the work of Cubicciotti, e t  a l . ,  ( 3 3 )  the worst case would involve 

high-burnup fuel which operated a t  high fuel temperatures, particularly near 

the end of the reactor exposure. 

He1 ium Embri t t l  ement 

Tritium from ternary fissions absorbs in Zircaloy cladding and decays 

with a half - l i fe  of 12.3 y to helium-3. Helium i s  known t o  embrittle metals v 

subjected to h i g h  temperatures when helium concentrations are sufficiently 

high. (35)  Tritium concentrations measured in Zircaloy cladding are only 
4- 

1.0.07 w t  ppm (331 (a2 appm), which i s  also the maximum he1 ium concentration 

which could occur. The low temperature and low potential helium concentra- 

tion essentially rules o u t  he1 ium embrittlement as a credible threat t o  

cl adding i ntegri ty . 



Eva luat ion  o f  Water-Side Cladding Degradat ion Mechanisms 

P o t e n t i a l  degradat ion mechanisms which i n t e r a c t  w i t h  e x t e r i o r  c ladd ing  

sur faces a re  summarized be1 ow: 

e o x i d a t i o n  

e s t r e s s  c o r r o s i o n  c rack ing  

o h y d r i d i n g  

e mechanical e f f e c t s  

The aqueous environments and mechanical opera t ions  c h a r a c t e r i s t i c  o f  

f u e l  pools were de f i ned  i n  e a r l i e r  sec t ions .  

Mechanical damage appears t o  be a minor  e f f e c t  i n  f u e l  hand l ing  operat ions.  

A few ins tances  o f  acc iden ta l  damage have occurred, bu t  t h e  r e s u l t i n g  damage 

invo l ved  o n l y  a few rods.  Leas t  w e l l  de f i ned  i s  t h e  damage which occurs 

d u r i n g  shipping,  though t h e r e  i s  no evidence o f  s u b s t a n t i a l  sh ipp ing  damage 

i n  r o u t i n e  inspect ions .  

The Aqueous Corros ion Environments 

The f u e l  pool c o r r o s i o n  environments which were def ined i n  t h e  survey 

i n c l u d e  t h e  f o l l o w i n g  f o r  nuc lear  f u e l  cladd.ing: 

S ta in1  ess s t e e l  : de ion ized water  ( a )  

b o r i c  a c i d  (a )  

Z i r ca loy :  de ion ized water (a 

b o r i c  a c i d  ( a )  

The temperatures a r e  1 t o  10°C above pool b u l k  water temperatures, 

depending on t h e  t ime  from r e a c t o r  discharge. The maximum pool temperature 

i d e n t i f i e d  i n  t h e  survey was 49°C. Whi le pool s p e c i f i c a t i o n s  suggest t h a t  

temporary excurs ions t o  100°C cou ld  occur i f  heat  exchange capac i t y  were l o s t  

soon a f t e r  a fue l  d ischarge i n  a r e a c t o r  pool,  such excurs ions are  h i g h l y  

un l  i ke ly  . 



The r a d i a t i o n  environment a t  t h e  f u e l  r o d  su r face  v a r i e s  f rom aJ1O 5 

Roentgens/hr (R /h r )  a t  h i g h  f l u x  l o c a t i o n s  on f r e s h  f u e l ,  down t o  10 t o  100 

R/hr on f u e l  a f t e r  extended pool res idence.  

Ga lvan ic  couples e x i s t  i n  a l l  f u e l  bundles and f r e q u e n t l y  between 

bundles and c a n i s t e r s .  S t r a y  vo l tages  may e x i s t ;  f o r  example, underwater 

l i g h t i n g  i s  used a t  some poo ls .  Other sources may i n c l u d e  s t r a y  c u r r e n t s  + 
c a r r i e d  by p i p e  p e n e t r a t i o n s .  However, s t r a y  e l e c t r i c a l  c u r r e n t s  a re  l i k e l y  

t o  be smal l  i n  pool  waters.  I n  f a c t ,  no evidence has appeared f o r  c o r r o s i o n  
i 

o f  pool  equipment o r  f u e l  bundles f rom s t r a y  vo l tages .  

O x i d a t i o n  o f  Fuel Bundl e  M a t e r i a l  s  

The convers ion  o f  c l a d d i n g  metal  t o  o x i d e  occurs so s l o w l y  under cond i -  

t i o n s  s i m i l a r  t o  pool  s to rage  c o n d i t i o n s  t h a t  r a t e s  a r e  d , i f f i c u l t  t o  measure 

f o r  I ncone l  , s t a i n 1  ess s t e e l ,  and Z i r c a l o y .  Oxide f i l m  t h i ckness  determina-  

t i o n s  were made on Z i r c a l o y - 2  process tubes i n s t a l l e d  i n  t h e  Hanford K-East 

r e a c t o r .  (37) On tubes i n s t a l l e d  w i t h o u t  au toc laved f i l m s ,  o x i d e  f i l m  t h i c k -  

nesses were es t imated by c o l o r  matching w i t h  anodized f i l m s .  The r e a c t o r -  

formed ox ides  a l s o  were anodized t o  e s t a b l i s h  where t h e y  were i n  t h e  c o l o r  

sequences. The es t imated ox ide  th icknesses a re  summarized below f o r  two 

Z i r c a l o y - 2  tubes, exposed t o  t r e a t e d  Columbia R ive r  water  a t  %90°C f o r  t h e  

t imes shown. 

Est imated O x i d a t i o n  
Oxide Thickness Rate 

mg/dm2 um 2 mg/dm /yea r  um/ Y 

Tube 2557, 4 y 

i n - f l u x  0.4 0.03 0.1 0.007 

ou t - o f - f  1  ux 0.2 0.015 0.05 0.003 

Tube 2169, 1.75 y  

i n - f l  ux 0.25 0.017 0.14 0.009 

o u t - o f - f l  ux 0.13 0.009 0.07 0.005 



The r a t e s  were s i m i l a r  t o  those measured i n  a Hanford l a b o r a t o r y  s tudy a t  

100°C. The data a l s o  a re  i n  reasonable agreement w i t h  e x t r a p o l a t i o n s  fro111 

t h e  temperature range 232 t o  316OC, based on an expression from Kass. (38 

The o x i d a t i o n  data, w h i l e  n o t  prec ise,  show s e l f - c o n s i s t e n t  values. The 

r e a c t o r  r a d i a t i o n  ( i n c l u d i n g  neutrons)  increased t h e  r a t e s  by a f a c t o r  o f  two 

i n  each case. The temperature i s  h igher  than pool temperatures and t h e  water  

chemist ry  i s  l e s s  favo rab le  than t h a t  i n  most f u e l  pools. Therefore, f u e l  

pool environments probably would be l e s s  aggressive than t h e  K-Reactor tube 

environment. A f u r t h e r  conservat ism a r i s e s  f rom t h e  f a c t  t h a t  spent f u e l  

sur faces have ox ide  f i l m s  which w i l l  l i k e l y  reduce o x i d a t i o n  r a t e s  on Z i r c a l o y  

c ladd ing  i n  t h e  pools. Thus, even t h e  o u t - o f - f l u x  r a t e s  on t h e  K-reactor  

tubes are  l i k e l y  t o  be f a s t e r  than r a t e s  on ox id i zed  Z i r c a l o y  spent f u e l  

sur faces.  E x t r a p o l a t i o n  o f  t h e  above data t o  100 years suggests o n l y  5 t o  7 
2 

mg/dm (0.3 t o  0.5 pm) o f  ox ide  growth, corresponding t o  o n l y  0.05 t o  0.07% 

convers ion o f  t h e  Z i r c a l o y  c ladd ing  t o  oxide. Even w i thou t  t he  conservatisms 

i n d i c a t e d  above, o x i d a t i o n  i s  a n e g l i g i b l e  t h r e a t  t o  Z i r c a l o y  c ladd ing  

i n t e g r i t y .  

Other i n v e s t i g a t o r s  (39)  have po in ted  o u t  t h a t  e x t r a p o l a t i o n  o f  Z i r c a l o y  

co r ros ion  r a t e s  a t  300°C o u t  t o  100 years i n d i c a t e s  t h a t  o n l y  about 10 percent  

o f  t h e  c ladd ing  would be ox id ized,  aga in  i n d i c a t i n g  t h e  e x c e l l e n t  o x i d a t i o n  

res i s tance  o f  Z i  r c a l  oy. 

The low-temperature aqueous co r ros ion  o f  aluminum-base, copper-base and 

i ron-base m a t e r i a l s  has been reviewed. (40) Data by Brush and Pear l  (41 ) 

i n d i c a t e  t h a t  a t  temperatures below 93"C, s t a i n l e s s  s t e e l  co r ros ion  r a t e s  i n  

f l o w i n g  (1.8 m/sec) water w i t h  200 ug02/E (200 ppb) a re  <0.1 mg/dmymo. Th is  
2 r a t e  ex t rapo la tes  t o  < I20  mg/dm i n  100 years, o r  <1.5 urn o f  c ladd ing  penetra- 

t i o n ,  represent ing  l e s s  than one percent  o f  t h e  c ladd ing  th ickness.  Oxygen 

concent ra t ions  a re  h igher  i n  pool waters than i n  t h e  experiment c i t e d  above, 

b u t  t h e  data o f  Brush and Pear l  i n d i c a t e  t h a t  co r ros ion  r a t e s  decreased when 

oxygen increased f rom 3 ppb t o  200 ppb. Whether t h e  h igher  oxygen concentra- 

t i o n s  i n  pool waters ($5-8 ppm) w i l l  p rov ide  f u r t h e r  b e n e f i t  o r  w i l l  be 

d e l e t e r i o u s  i n  long- term pool exposures i s  n o t  c l e a r ,  b u t  t h e  data suggest 

t h a t  o x i d a t i o n  o f  t h e  c ladd ing  by normal aqueous co r ros ion  i s  n o t  a l i k e l y  



degradation mechanism fo r  s ta inless-clad fue l .  Inconel generally i s  s l i g h t l y  

more corrosion-resis tant  than s t a in l e s s  s t e e l .  

Jones and Newman ( 4 2 )  conducted t e s t s  on oxidized and as-received Advanced 

Gas Reactor ( A G R )  fuel cladding under simulated water pool 

storage conditions,  including deionized water and boric acid pool chemistries.  , . p 

Pool storage conditions were indicated t o  be: u p  to  3 ppm C1-, with possible y 1 

excursions t o  10 ppm i f  heat exchanger leaks developed; temperature, 40°C 

(104OF); pH 5.2 t o  5.8, controlled by C02 from the atmosphere. 1 

.- The corrosion r e s u l t s  on the oxidized materials were not prototypic of 
- corrosion on s ta inless-clad l i g h t  water reactor  ( L W R )  fue l .  The AGR materials 

were oxidized a t  800°C and developed chromium depletion i n  the metal subs t ra te ,  

apparently accounting f o r  r e l a t i ve ly  poor corrosion res i s tance ,  compared t o  

as-received (unoxidi zed) AGR mater ia ls .  I r radiated Wi ndscal e fuel elements , 
oxidized a t  lower temperatures, do not show s ign i f ican t  corrosion in pool 

storage.  Preliminary comparisons between r e su l t s  from i r rad ia ted  and u n i r -  

radiated specimens suggested t h a t  radiat ion did not have a s ign i f ican t  e f f e c t  

on the corrosion behavior, 

Boric Acid Pool Chemistry 

Cohen has summarized the use of boric acid f o r  chemical shim in PWR 

primary system. (43) He gives s o l u b i l i t i e s  fo r  boric acid in water. Over the 

nominal fuel  pool temperature range, the values vary from 11,800 ppm B (30°C) 

t o  20,000 ppm B (50°C), compared t o  boron concentrations of 1500 t o  2500 pprn 

in pool waters. Over the fuel pool temperature range, there  i s  l i t t l e  change 

of pH w i t h  temperature f o r  boric acid solutions.  (43) Studies of boron incorpora- 

t ion  in corrosion fi lms a re  reported, both a t  high (43) and low (43y44)  tempera- 

tu res .  Cohen discussed br ie f ly  impurity removal by ion exchange in systems 

containing boric acid.  (43) 
? 

Sensit ized Types 304 and 316 s t a in l e s s  s tee l  developed s t r e s s  corrosion 

cracking i n  borated solutions (3000 pprn B )  a t  pH's of 4.5 t o  7.5 and chlor ides  

in the range of 5 t o  200 ppm a t  temperatures of 80 t o  I ~ o " c . ( ~ ~ )  Decreasing 4 

pH and increasing chloride increased suscep t ib i l i t y  t o  s t r e s s  corrosion 

i a ) ~ h e  AGR a l loy  i s  20/25/Nb s t e e l ,  w i t h  the following nominal composition: 
20 Cr, 25 N i ,  0.01 t o  0.07 C ,  0.75 Mn, <0.7 Nb. 



c rack ing .  Sammarone performed exper iments  w i t h  s e v e r a l  g a l v a n i c  coup le s  in  
b o r i c  a c i d  s o l u t i o n s  a t  50 t o  300°C. (45)  Approximately 50 d i s s i m i l a r  metal 
couples  were i n v e s t i g a t e d .  The on ly  couples  which showed evidence  o f  g a l v a n i c  
c o r r o s i o n  were t h o s e  invo lv ing  aluminum, 4340 carbon s t e e l ,  boronated s t a i n l e s s  
s t e e l ,  b o r a l ,  and n i c k e l - p l a t e d  80 Ag-15 In-5 Cd. 

- .  
Corros ion  and boron a b s o r p t i o n  exper iments  were performed on seve ra l  

Cr m e t a l s  under i r r a d i a t i o n  i n  b o r i c  a c i d  s o l u t i o n s  (up  t o  50 ppm 0)  a t  6 2  t o  

6 0 0 ~ . ( ~ ~ )  P i l o t  p l a n t  and l a b o r a t o r y  tests a l s o  were conducted. The r e s u l t s  
4 i n d i c a t e d  t h a t  carbon s t e e l  was n o t  an a c c e p t a b l e  m a t e r i a l .  Some p i t t i n g  

occurred  on 6061 aluminum a l l o y  specimens; behavior  o f  17-4 PH steel was 
I accep tab le1 .  Aluminum c o r r o s i o n  was lower i n  the b o r i c  a c i d  s o l u t i o n s  than  i n  

pure water .  No e f f e c t s  o f  oxygen a t  c o n c e n t r a t i o n s  below 1 .6  ?pm were observed;  
tests a t  h ighe r  oxygen c o n c e n t r a t i o n  were n o t  conducted.  The tests t h e r e f o r e  
d i f f e r  from b o r i c  a c i d  f u e l  pool chemistries, due t o  lower oxygen and b o r i c  
a c i d  c o n c e n t r a t i o n s .  

Effects o f  Rad ia t ion  on Corros ion  

Effects o f  r e a c t o r  r a d i a t i o n ( a )  on the c o r r o s i o n  o f  f u e l  bundle m a t e r i a l s  
have been c h a r a c t e r i z e d .  (46) A t  r e a c t o r  primary system c o n d i t i o n s ,  n u c l e a r  
r a d i a t i o n  has major  e f f e c t s  on Z i r c a l o y  c o r r o s i o n  i n  oxygenated c o o l a n t s ,  
i nc lud ing  BWR pr imary system chemis t ry .  T h i s  r e s u l t s  i n  1 5  t o  25 Vrn o f  
uniform oxide  on high-exposure Z i r c a l o y  SWR f u e l  r o d s ,  b u t  w i t h  l o c a l  t h i c k -  
nesses u p  t o  %I50 pm. (47 )  On PWR Zi rca loy -c l ad  r o d s ,  ox ides  on the c o o l a n t  
s i d e  a r e  g e n e r a l l y  1 5  t o  20 pm a t  e n d - o f - l i f e ,  ( I 8 )  and r a d i a t i o n  has o n l y  a 
minor i n f l u e n c e  on c o r r o s i o n  i n  low-oxygen water  r e a c t o r  environments .  Th i s  
obse rva t ion  a p p l i e s  t o  both bora ted  andbnonbora ted  r e a c t o r  c o o l a n t s .  (18,46,48)  

Reac tor  r a d i a t i o n  a l s o  had minor e f f e c t s  on the 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  and Inconel-600 i n  a low-oxygen r e a c t o r  coo lan t .  (46 )  

( a ) ? r i n c i p a l  l y  neut ron ,  gamma and beta  r a d i a t i o n ,  w i t h  l e s s e r  f l u x e s  o f  a l p h a ,  
deu te rons ,  e t c .  The a v a i l a b l e  ev idence  p o i n t s  t o  f a s t  neut rons  a s  t h e  
p r i n c i p a l  s o u r c e  o f  a c c e l e r a t e d  i n - r e a c t o r  c o r r o s i o n  on t h e  Z i r c a l o y s .  



6 2  I n  water  pool storage, neutron f l u x e s  ( ~ 1 0  n/cm sec through nuc lea r  

waste c a n i s t e r s  ( 4 9 ) )  a re  a lmost  c e r t a i n l y  n e g l i g i b l e  from the  s tandpo in t  o f  

c o r r o s i o n  e f f e c t s .  Gamma f l u x e s  on f u e l  r o d  sur faces a r e  est imated t o  be 

%lob R/hr a t  r e a c t o r  shutdown, decay ing  by 3 t o  4  orders  o f  magnitude i n  f o u r  

years .  

Cowan and Tedman i n d i c a t e  t h a t  gama f l u x e s  change t h e  chemical env i ron-  

ments a t  co r rod ing  sur faces,  i n  some cases having a  pronounced e f f e c t  on 

c o r r o s i o n  processes. (50)  I n  oxygen-saturated f u e l  pool waters, f o rma t ion  o f  

H202 w i l l  be favored.  In..some systems, s t a i n l e s s  s t e e l  p o t e n t i a l s  a re  s h i f t e d  

t o  more passive va-lues. Sens i t i zed  m a t e r i a l s  may s h i f t  t o  a  p o t e n t i a l  regime 

where t h e  m a t r i x  i s  more passive, b u t  t he  chromium-depleted g r a i n  boundaries 

remain a c t i v e ,  promoting i n t e r g r a n u l a r  a t tack .  Cowan and Tedman warn t h a t  

s e l e c t i o n  o f  c lean ing  s o l u t i o n s  must be made c a r e f u l l y  t o  avo id  subsequent 

acce le ra ted  c o r r o s i o n  under i r r a d i a t i o n .  Th i s  cons ide ra t i on  cou ld  be i r r~po r tan t  

i f  processes t o  remove c rud f rom t h e  f u e l  become des i rab le .  

There i s  some evidence t h a t  pure  gamma f l u x e s  may acce le ra te  Z i r c a l o y  

aqueous c o r r o s i o n  i n  t h e  t h i n  f i l m  range a t  e leva ted temperatures, b u t  t h e  

preponderance o f  evidence suggests t h a t  gamma f l u x e s  do n o t  s i g n i f i c a n t l y  

i n f l u e n c e  Z i r c a l o y  c o r r o s i o n  a t  r e a c t o r  temperatures. (51 ) V isua l  observa- 

t i o n s  suggest t h a t  gamma f l u x e s  a l s o  do n o t  have an a c c e l e r a t i n g  i n f l u e n c e  on 

c o r r o s i o n  under pool s to rage cond i t i ons ,  (42)  b u t  we a r e  n o t  aware o f  sys te-  

m a t i c  con f i rma to ry  data. The s i t u a t i o n  i s  s i m i l a r  f o r  s t a i n l e s s  s t e e l ,  v i z . ,  

l a c k  o f  evidence t h a t  gamma f l u x e s  e i t h e r  promote o r  i n h i b i t  co r ros ion ,  b u t  

w i t h  minimal d e t a i l e d  i n v e s t i g a t i o n  o f  i n t e r a c t i o n s  between t h e  gamma f l u x e s  

and o t h e r  pool s torage parameters such as water chemist ry .  

B i o l o g i c a l  Cor ros ion  

B a c t e r i a  and o t h e r  b i o l o g i c a l  species a r e  known t o  cause c o r r o s i o n  o f  

numerous m a t e r i a l s  i n c l u d i n g  i ron-base a l l o y s .  There does n o t  appear t o  be 

evidence t h a t  z i rcon ium a1 l o y s  a re  suscep t i b le  t o  b i o l o g i c a l  co r ros ion .  Some 

algae growth occurs i n  f u e l  pools,  p a r t i c u l a r l y  on concre te  w a l l s  when water  

chemis t ry  i s  n o t  c a r e f u l l y  c o n t r o l l e d .  Algae growth has been a minor  problem 

i n  poo ls  w i t h  s t a i n l e s s  s t e e l  l i n e r s  which ma in ta in  h igh  water qua l i t y ,as  

i n d i c a t e d  e a r l i e r .  



High radiation fields and lack of nutrients appear t o  mitigate biological 
growth on fuel bundle surfaces. However, some biological species have shown 

substantial tolerance t o  radiation, (52,53) and in fakt tend t o  develop 

resistance with m i  l d  radiation exposures. 
- .  

Beyond some troublesome algae growths, there does no t  appear t o  be * documented evidence t h a t  biological effects have been a problem in fuel pool 

storage operations. 
4 

Effects of Crud Layers 

The range of crud layer thicknesses varies from almost nil u p  t o  
%I50 pm. Compositions also vary, depending on the materials in the 
primary circuit. The principal crud species are oxides of iron, nickel 

and copper and spinels (mixed oxides). 

The crud layers are themselves generally inert t o  the fuel bundle 
materials. They could influence corrosion by formation of differential 
aeration cell s. (56)  Such cells operate by local depletion of oxygen in 

or under deposits, leading t o  electrochemical potentials between areas 

of high and 1 ow oxygen concentration. Re1 ative oxide stabi 1 i t ies suggest 
t h a t  Zircaloy may be less susceptible t o  this type of attack t h a n  the 

stainless steels. 

A second possible effect of crud layers i s  t o  concentrate aggressive 

s~ec ies  such as chlorides. There i s  some evidence t h a t  alumina corrosion 

products can concentrate chlorides.(57) Scrutiny of existing crud 

analyses and selected additional analyses may determine whether the 
corrosion environments in crud layers are as inert as they currently are 
regarded t o  be. 

Residual Stresses in Irradiated Fuel Cladding 

The residual stress levels in fuel claddiqg are expected t o  be low, 

based on the fo l  lowing considerations: 

e the reactor exposure tends t o  relax high stresses from fabrication (54) 

upon cooling from reactor operating temperatures, the fuel tends t o  
shrink away from the cladding, minimi zing interfacial contact 

pressures due t o  pellet-clad interactions a t  pool temperatures 



residual gas pressures a re  relat ively low, b u t  do account f o r  some 

residual s t resses ,  particularly in pressurized fuel rods (see 
Appendix A ) .  

Some cases of pellet-clad bonding have been observed on high-burnup 
- - 

fue l .  (55) Clad creep-down onto the pe l le t  column also frequently occurs, 
'b 

part icular ly involving PWR rods. In some cases, fuel densification has 
of fse t  some of the loss of pellet-cladding gap due to cladding creep-down. 

BWR fuel has been generally less  susceptible to  clad creep-down, due to  L 

lower f a s t  fluxes and thicker clad walls. 

A preliminary analysis has been mide to assess fuel clad s t resses  due to  

residual gas pressures in the fuel rods a t  the end of the reactor exposure 

(Appendix A ) .  The analysis was conducted using the GAPCON I computer code. 

I t  accounts for  residual pressures from f i l l  gas (helium) and from f i ss ion  

gas. 

For BWR fuel rods the calculated end-of-life gap pressure i s  
typically near 30 psi .  This resul t s  i n  a maximum clad s t r e s s  of less  
than 500 psi. Occasionally, the gap pressure reaches 75 psi ,  and rarely 
i t  reaches 200 t o  300 psi,  resulting in corresponding hoop stresses  of 
1000, 3000 and 4000 psi, respectively. 

For PWR fue l ,  the end-of-life gas pressures i n  pre-pressurized fuel 
are  typically 250 to  550 psi,  causing hoop stresses  of 4000 to 8000 psi. 
Occasionally, PWR gap pressures reach 800 psi, with a corresponding hoop 
s t r e s s  of 11,000 psi. The rare maximum PWR gas pressures are  ~ 1 2 0 0  psi,  
resulting i n  a hoop s t r e s s  of approximately 17,000 psi. 

The above s t resses  compare to room temperature yield strengths of 
70,000 t o  100,000 psi f o r  i r radiated Zircaloy. ( 6 )  In the worst case, 

clad s t resses  due t o  residual gas pressures correspond to  s l ight ly  over 

20 percent of the room temperature yield strength. More typical ly,  they 

will be f i v e  percent or below fo r  BWR rods and ten percent or below for  

PWR rods. 



Stress  Corros ion Crackina 

The arguments t h a t  s t resses  i n  f u e l  c l add ing  a re  expected t o  be low were 

presented i n  a  prev ious  sec t ion .  There i s  no th ing  -in c u r r e n t  f u e l  s t o r a g e  

- - experience t o  suggest t h a t  s t r e s s  co r ros ion  c rack ing  i s  opera t ive .  Any 

r e s i d u a l  concerns, though s l i g h t ,  revo l ve  around the  f a c t  t h a t  some s t ress -  
1 

. - a s s i s t e d  co r ros ion  phenomena can develop a t  r e l a t i v e l y  low s t r e s s  l e v e l s .  

Also, l o c a l  s t resses,  e.g., p o s s i b l y  generated du r ing  f u e l  shipments, have 
4 n o t  been charac ter ized.  

S t ress  Corros ion o f  A u s t e n i t i c  S ta in less  Stee l  

S t a i d l e s s  s tee l s ,  p a r t i c u l a r l y  i n  t he  s e n s i t i z e d  cond i t i on ,  a r e  suscep- 

t i  b l e  t o  s t r e s s  co r ros ion  c rack ing  i n  a  v a r i e t y  o f  environments. Sens i t i za -  

t i o n  occurs i n  a  temperature regime which causes chromium carb ides t o  p r e c i p i -  

t a t e  i n  g r a i n  boundaries (e.g., a  few minutes a t  600°C i s  s u f f i c i e n t  t o  cause 

s e n s i t i z a t i o n )  . We1 d  zones f r e q u e n t l y  have some degree o f  s e n s i t i z a t i o n .  On 

the  o the r  hand, so lut ion-annealed a u s t e n i t i c  s t a i n l e s s  s t e e l s  a r e  n o t  suscep- 

t i  b l e  t o  s t r e s s  c rack ing  i n  sea water  ( ~ 3  w t %  C1-), even a t  h igh  s t r e s s  

l e v e l s ,  i n  t h e  temperature regime below 65°C (150°F). (58) 

Some i n v e s t i g a t o r s  have observed c rack ing  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s  

i n  c h l o r i d e  s o l u t i o n s  a t  l e s s  than 100°C (50359)  though the re  a l s o  i s  c o n t r a r y  

e v i  dence. (60) Theus and Cels repo r ted  t h a t  s t a i n l e s s  s t e e l s  have cracked i n  

f l u o r i d e  s o l u t i o n s  a t  concent ra t ions  near one wt ppm. (61 ) They repo r ted  t h a t  

s e n s i t i z e d  a u s t e n i t i c  s t e e l s  have cracked i n  d i l u t e  aqueous f l u o r i d e  s o l u t i o n s  

a t  65°C. 

Low-carbon s t a i n l e s s  s t e e l  s  (L  grades) and s t a b i  1  i z e d  a1 l o y s  decrease 

t h e  prospects t h a t  c rack ing  o f  fue l  bundle components w i l l  occur du r ing  pool 

residence. S ta in1  ess s t e e l  end f i t t i n g s  (nozzles and t i e  p l a t e s )  general l y  

a re  f a b r i c a t e d  by cas t ing ,  which a l s o  m i t i g a t e s  prospects t h a t  s t r e s s  c rack ing  

w i l l  occur. Our survey has no t  revea led  any cases o f  b a i l ,  t i e  p l a t e  o r  b o l t  

f a i l u r e s  on commercial poo l -s to red f u e l .  



S t r e s s  Crackina of Zirconium Allovs 

Zirconium a l loys  a r e  general ly  regarded a s  being r e l a t i v e l y  immune t o  
s t r e s s  corrosion cracking i n  aqueous media. Speidel has made an extensive 
review of zirconium a l loy  cracking tendencies i n  numerous environments. (62)  

He ind ica tes  t h a t  zirconium a l loys  a re  immune t o  s t r e s s  corrosion cracking i n  - - 
a i r ,  steam, water and in many aqueous so lu t ions .  Cracking has been observed b 

under ce r t a in  condit ions i n  aqueous hal ide  so lu t i ons ,  organic l i q u i d s ,  l i qu id  . . 
metals,  halogen vapors and hot o r  fused s a l t s .  This must be kept i n  mind i n  

& 
any cases where i t  may be necessary t o  sub jec t  a spent fuel  bund,le t o  a 

cleaning process. Cox found t h a t  unnotched Zircaloy wi l l  crack in neutra l  

aqueous so lu t ions  containing 0.005 t o  5.0 w t  percent ch lor ide  ion a t  ~ 2 5 ° C  

w i t h  s t r e s s e s  near the  y i e l d  point , (63)  i f  the specimens a r e  polarized anodi- 

c a l l y  beyond the  f i lm breakdown poten t ia l .  Relations of  this environment t o  
expected environments i n  the  fuel  pools a re  remote. Simi l a r i  t i e s  between the  

behavior of t i tanium and zirconium a l loys  suggest t h a t  t he  corrosion behavior 

of t i tanium may be po t en t i a l l y  i n s t ruc t i ve  for iden t i f i ca t i on  of some cautionary 

regimes appl icabl e t o  zirconi um a1 1 oys, (64)  i f  due note i s  taken of d i f fe rences  

in cracking tendencies of ct, a+B and B t i  tanium a1 1 oys. 

Galvanic Corrosion 

The galvanic couples which e x i s t  w i t h i n  fuel  bundles and between fuel  

bundles and o ther  fuel  pool components a r e  not expected t o  present problems, 

w i t h  the  possible exception of contacts  w i t h  aluminum a1 loys.  

The general ly  passive nature of the  s ta in1  ess s t e e l s  permits coup1 i ng t o  
o ther  passive mater ia l s  such as  Inconel and Zircaloy without expectation of 

s i q n i f i c a n t  corrosion due t o  the  couple. S t a in l e s s  s t ee l  performs bes t  i n  - 
aerated o r  oxidizing condi t ions ,  which help t o  maintain t he  passive s t a t e .  (57)  

Boric acid  solut ions  have resu l ted  i n  galvanic corrosion on some d i s s i m i l a r  
metal couples, including those which involve aluminum a l loys  or carbon 

s tee1 as  one member. (45 1 



Stainless steel can be coupled to aluminum alloys in environments where 
aluminum remains passive. This appears to be the case in most, though not 
all pool environments. Aluminum racks were replaced with stainless steel at 
one pool, due to corrosion near an aluminum weld. Aluminum alloy canisters 
corroded in contact with stainless steel in a pool with boric acid pool 

- .  chemistry. However, at a BWR pool, no galvanic corrosion was observed at 
T: contacts between aluniinum canisters and the stainless steel pool liner in an . . 

inspection after 7 years of pool operation. Insulators and aluminum anodizing 
4 have been used to reduce the effect of the galvanic couple. An example of 

I aluminum degradation in a pool with high chloride content was cited earlier. 
However, in large measure aluminum appears to perform satisfactorily in 
pools, including components galvanically coupled to other metals. 

The influence of aluminum on hydriding of zirconium alloys is a poten- 

tially important consideration which is discussed in a later section. 

Crevice Corrosion 

Crevice effects are also a pertinent consideration, because of numerous 
crevices in fuel bundles and f ~ ~ e l  pool components. Concentration cell s 

promote pitting due to electrochemical action. However, Inconel, stainless 
steel and Zircaloy appear to resist crevice attack under pool storage condi- 
tions. Some uncertainties exist for materials exposed to low pH environments, 
particularly boric acid in the pool storage case. Aluminum is the most 
susceptible of the fuel storage materials to crevice corrosion. Results 
cited earlier indicated that in fact some crevice corrosion has occurred on 
aluminum canisters in a fuel pool having boric acid chemistry. However, no 
crevice corrosion was observed in aluminum/stainless steel crevices after 7 
years in a BWR pool (previous section). 

Galvanically-Induced Hydriding of Zirconium Alloys 

There is ample evidence that titanium and zirconium materials will 
undergo severe hydriding at temperatures less than 100°C when cathodically 

polarized, either by galvanic couples or by impressed potentials. Severe 
hydriding occurred on Zircaloy tubes in the Hanford K-reactor at locations 

where aluminum alloy spacers were in contact with the tubes. Temperatures 
were %90°C and the coolant was treated Columbia River water. 



Mechanistic s tudies(66-68)  ind ica ted  t h e  f o l  lowing c h a r a c t e r i  s t i c s  of 
t h e  hydriding phenomenon: 

Hydride l a y e r s  up t o  ~ 1 2 5  pm t h i c k  could develop i n  a few weeks o r  
months on Zirca loy coupled d i r e c t l y  t o  aluminum a l l o y s  o r  sub jec ted  

t o  ca thodic  dc  p o t e n t i a l s  o f  3 .0  v o l t s  and above; 

a1 uminum corros ion was e s s e n t i a l  t o  anodical l y  p o l a r i z e  t h e  a1 uminum 

and cathodical  l y  p o l a r i z e  t h e  Zirca loy,  causing t h e  Zirca loy t o  

a t t r a c t  and discharge  hydrogen 

a a1 t e r n a t i n g  c u r r e n t s  a1 s o  induced hydriding 

o the e l e c t r o l y t e  i s  important  t o  the hydriding;  i n  high p u r i t y  

water ,  hydriding did  not  occur over periods of a few months 

a hydriding was highly dependent on t h e  metals i n  t h e  galvanic  couple: 

aluminum a1 loys 6061 and 8001 both caused Zirca loy t o  hydride,  b u t  

the e x t e n t  was more severe  w i t h  a1 1 oy 6061 ; anodizing t h e  aluminum 

1 a rge ly  suppressed Zfrcal  oy hydriding by forming an e l e c t r i c a l l y -  

insu l  a t i n g  oxide f i l m ;  nickel  -p la ted  aluminum coupled t o  Zirca l  oy 

suppressed hydri d i  ng and s t a i  n l  e s s  s t e e l  coup1 es did n o t  hydri de 

the Z i  r ca l  oy. 

t h e  s u r f a c e  condi t ion  of  t h e  Zirca loy was an important  f a c t o r ;  

g r i t -  b las ted  Zirca loy was highly s u s c e p t i b l e  t o  hydriding;  as-etched 

( p i c k l e d )  Zirca loy had a much lower hydriding tendency; oxide  f i l m s  
formed by autocl aving the Zirca l  oy prevented formati  on of  hydride 
1 a y e r s ,  though some 1 ocal hydride need1 e s  were observed, presumably 
forming a t  imperfect ions in  t h e  autocl  aved f i l m s ;  

g r i t - b l a s t e d  t i t an ium hydrided a t  55°C i n  a l abora to ry  t e s t  i n  

r e a c t o r  processes water w i t h  impressed p o t e n t i a l s ;  

r e c e n t  tests on Zirca loy coupled t o  aluminum in high p u r i t y  water  

did not  show evidence of s i g n i f i c a n t  hydriding a t  20°C and 70°C 

a f t e r  one month. (69) 



Interpreting the above observations in relation to fuel pool conditions, 
the following aspects appear t o  favor low rates of galvanically-induced 
hydri d i  ng : 

relatively high purity waters (low conductivities) 

general absence of direct  Zircaloy-aluminum alloy contacts; the 
contacts usual ly occur via stainless steel end f i  tti ngs, t h o u g h  

bowed fuel rods may contact canister wall s 

oxide films on the irradiated Zircaloy fuel rods 

normal pool temperatures below the range where rapid hydr id ing  

has been observed. 

Thus, on present knowledge, there are not strong reasons for concern 
regarding Zircaloy hydr id ing  i n  aluminum alloy storage canisters. There are 
some lingering questions, however, regarding the possibility of slow, b u t  

progressive hydriding over extended times, where the couple exists .  

The resul t s  referenced above suggest that  Zi rcal oy-stain1 ess steel 
couples are not likely to cause accelerated hydriding in pool storage. 
Zi rcal oy/Inconel coup1 es have induced rapid hydriding of Zi rcaloy in-reactor 
and also in autoclave tes t s  a t  280°C. (46) The low fuel pool temperatures 
seem unlikely to cause rapid hydriding a t  the Inconel/Zircaloy contacts. I n  

fact ,  Inconel spacer contacts w i t h  the fuel rods have survived reactor expo- 
sures without evidence of deterioration. 

Pi t t i  ng Corrosion 

Pitting corrosion occurs on stainless steels  in sea water, particularly 
i f  the surface i s  not kept free of deposits. (49) Easily-reduced ions such as 
~ e ' ~ ,  CU++ or H ~ *  increase the pitting tendency of stainless steels .  (70)  

t 
A1 m i  n u m  a1 1 oys a1 so are suscepti bl e t o  pi t t i  ng corrosion and are adversely 
affected by heavy metals. While analyses for heavy metal ions are n o t  r u n  - 
routinely a t  most pools, the available analyses indicate values of less than * - 0.1 ppm, appearing t o  be below values which would promote attack on stainless 
steels  and aluminum. Some additional analyses may be needed to confirm that 
low heavy metal concentrations are i n  fact  routine i n  fuel pool waters. 



Corrosion Behavior a t  Fuel Defects 

The survey indicated that metal 1 i c  uranium fuel i s  susceptible t o  fa i lure  
a t  reactor-induced defects or post-irradiation mechanical damage. However, 

the performance of uranium oxide fuel w i t h  cladding defects appears t o  be 

satisfactory. If any degradation of cladding i s  underway a t  defects, i t  i s  . - 

occurring slowly in the case of oxide fuel . b 
A potentially important issue i s  the behavior of fuel w i t h  defects i f  i t  - . - 

i s  transferred to a storage container, for example, for eventual dry storage. I 

The fuel temperatures inside the container may be substantially higher than 

the pool storage temperatures. Water may have penetrated into the fuel 

t h r o u g h  some fuel defects. A t  pool temperatures reactions between the water - 

and the fuel appear t o  occur slowly. ( 1 2 s 2 7 1  However, recent Canadian studies 

suggest that  a t  elevated temperatures (~300°C) substantial oxidation of the 
U02 can occur, resulting in swelling of the fuel ,  i f  an oxidant i s  available. (39 

Nhile not relevant to  pool storage, th is  observation suggests that  fllrther 

evaluation of the numbers and types of defects, the amount of water-logging 
and i t s  consequences ( i f  any) as a function of temperature need further 

definition as a basis for defining the performance of defective fuel i n  dry 

storage, i f  t h a t  option becomes operational. 

CORROSION OF FUEL POOL EQUIPMENT 

Materials in fuel pools are summarized in Table 10. With few exceptions, 

the materials have functioned well. The exceptions identified in the survey 

include the fol lowing: 

replacement of aluminum canisters due i n  part to corrosion a t  a 
we1 d 

replacement of a carbon steel heat exchanger due t o  release of rus t  

t o  the pool when the heat exchanger was p u t  into service a f te r  r 

being on standby - 
rusting of a carbon steel pipe after  one year in a pool t 

fa i lure  of an aluminum hanger in a pool having h i g h  chloride and 

n i t ra te  concentrations 



0 m i l d l y  acce lera ted  c o r r o s i o n  o f  aluminum c a n i s t e r s  du r ing  per iods  

when pool chemis t ry  was n o t  optimum 

0 p i t t i n g  and c r e v i c e  co r ros ion  on aluminum c a n i s t e r s  g a l v a n i c a l l y -  

coupled t o  s t a i n l e s s  s t e e l  i n  b o r i c  a c i d  pool chemist ry  

- .  r u s t i n g  o f  f u e l  racks  cons t ruc ted  f rom galvanized p i p e  
4 
. As w i t h  t h e  f u e l  bundles, t h e  assessment o f  f u e l  pool equipment performance 

i s  based p r i n c i p a l l y  on v i s u a l  inspect ions .  Few examinations t o  s p e c i f i c a l l y  
1 d e f i n e  t h e  s t a t u s  o f  m a t e r i a l s  co r ros ion  have been conducted. Th i s  i s  due t o  

t h e  g e n e r a l l y  low expected cor ros ion ,  p a r t i c u l a r l y  i n  pools w i t h  we1 1  - c o n t r o l  1  ed 

chemis t r ies ,  and t o  t h e  general absence o f  equipment problems. A co r ros ion  

study conducted a t  t h e  GE-Morris pool i n d i c a t e d  co r ros ion  r a t e s  on s t a i n l e s s  

s t e e l  i n  t h e  pool water  which were repo r ted  as " i n f i n i t e s m a l l y  smal l " .  (23)  

Aluminum appears t o  be t h e  m a t e r i a l  most suscep t i b le  t o  cor ros ion .  

However, aluminum forms a  p r o t e c t i v e  ox ide  i n  many media. Growth and d e t e r i o r a -  

t i o n  o f  t h a t  f i l m  i s  t h e  c o n t r o l l i n g  f e a t u r e  o f  aluminum cor ros ion .  A t  50°C 

i n  oxygen-saturated, de ion ized water, t h e  co r ros ion  r a t e  o f  t he  1100 se r ies  
2  aluminum a l l o y  i s  0.03 mg/dm day. 

A 

(71  ) Ex t rapo la ted  t o  100 years, t h e  t o t a l  

metal p e n e t r a t i o n  i s  ~ 1 0 0 0  mg/dmZ ( ~ 3 7  urn). Th i s  o x i d a t i o n  r a t e  i s  puch 
2  h igher  than those c i t e d  e a r l i e r  f o r  Z i r c a l o y  (5-7 mg/dm o r  0.3 t o  0.5 urn i n  

2  100 y )  and s t a i n l e s s  s t e e l  (<I20 mg/dm o r  ~ 0 . 0 5  urn i n  100 y )  a t  pool s torage 

temperatures. However, i t  does n o t  c o n s t i t u t e  a  t h r e a t  t o  t h e  mechanical 

i n t e g r i t y  o f  aluminum components such as can is te rs .  On the  o the r  hand, t h e r e  

a re  some caut ions .  F i r s t ,  aluminum i s  more suscep t i b le  than o the r  f u e l  pool 

m a t e r i a l s  t o  co r ros ion  promoted by metal i ons  such as copper and mercury. 

Concentrat ions o f  these species a re  low i n  pools where we a re  aware o f  analy-  

t i c a l  r e s u l t s .  However, some pools have copper a l l o y  heat  exchangers and 

o the r  copper m a t e r i a l s .  Also, aluminum i s  o f t e n  more suscep t i b le  t o  c r e v i c e  

co r ros ion  than o the r  pool metals.  I n  oxygenated so lu t i ons ,  c r e v i c e  co r ros ion  

tendencies a re  enhanced by d i f f e r e n t i a l  a e r a t i o n  c e l l s .  ( 56) A1 umi num a1 1  oys 

have minimum co r ros ion  r a t e s  near pH 7  a t  f u e l  pool' temperatures. (40) The 

r a t e s  r i s e  sha rp l y  as pH's increase beyond 8.0-9.0. A t  pH's o f  4  t o  5, t h e  

co r ros ion  r a t e s  g e n e r a l l y  a r e  low, b u t  again r i s e  sharp ly  a t  pH 3.0 and 

below. 



Pi t t ing  and crevice corrosion of aluminum has occurred in oxygenated 

boric acid solutions in experiments conducted by B. Griggs a t  Hanford. 
Similar behavior has occurred on aluminum al loy canis ters  exposed i n  boric 

acid pool waters in contact with the s t a in les s  s teel  pool l ine r .  P i t t ing  of 

aluminum has occurred in high chloride waters, b u t  chloride at tack will  not 
. - 

be a problem a t  <1 ppm C 1 -  normally encountered in spent fuel pools. Anodizing - 

and elimination of galvanic couples w i l l ,  where they a re  problematic, diminish Sc 
- 

aluminum corrosion. 
- 

The ~ r i n c i ~ a l  ionic aluminum corrosion ~ r o d u c t  in basic water i s  A10, , c, 
L - 

which i s  n o t  eas i ly  removed by ion exchange. (43 )  A1 umi num corrosion products 

tend t o  build u p  i n  the water, f i n a l l y  nucleating prec ip i ta tes ,  which may 

contr ibute t o  turb id i ty  problems where substantial  corrosion i s  occurring. 

Concern a lso  has been expressed regarding c l a r i t y  problems due to aluminum 

borate formed by corrosion of aluminum canis ters  i n  boric acid pool waters. 

However, we a r e  not aware of any actual cases where aluminum corrosion products 

have generated serious pool c l a r i t y  problems. 

Another caution i n  the application of aluminum involves i t s  potential  to  

cause hydriding of zirconium al loys in cer tain environments and configurations,  

as discussed e a r l i e r .  However, there currently i s  no evidence t h a t  hydriding 

occurs under pool storage conditions. 

Despite the cautions indicated above, aluminum has functioned sa t i s fac -  

t o r i l y  as a canis ter  and rack material in some pools for  approximately 15 
years.  One pool operator who has experience with both aluminum and s t a in les s  

s tee l  canis ters  in deionized water be1 ieves tha t  e i ther  can function sa t i s fac -  

t o r i l y  w i t h  proper water chemistry and metallurgical specifications.  



STATUS OF OTHER SPENT FUEL STORAGE OPTIONS 

Foregoing discussion has indicated tha t  pool storage currently i s  the 
only interim spent fuel storage option. While spent fuel performance in 

water pools has been sa t i s fac tory ,  other storage options are  being invest i -  . . 

- + gated. Irradiated fuel bundles from the Douglas Point reactor a re  currently 
i 

. - in a dry storage t e s t  module a t  Atomic Energy of Canada Whiteshell Laboratory. 
1 7 -  1 

( 4  

An unfuelled dry storage t e s t  module was tested a t  Hanford,\") developed 
$ 

under the Retrievable Surface Storage Faci 1 i ty  (RsSF) Program. (49) 

A program-is underway in the U.S. t o  develop a dry storage concept 

fo r  spent fue l .  An e lectr ical ly-heated caisson demonstration module i s  

expected t o  begin operation a t  Hanford l a t e  in 1977. Test modules containing 
spent fuel a l so  a re  planned. However, a f u l l y  developed dry storage option 
i s  s t i l l  several years away. 





ASSESSMENT OF MATERIALS BEHAVIOR I N  FUEL POOLS - SUMMARY 

The successfu l  performance o f  f u e l  bundle m a t e r i a l s  i n  pool s torage i s  a  

major  conc lus ion  o f  t h i s  survey. N e i t h e r  chemical a t t a c k  ( c o r r o s i o n )  nor  

s u b s t a n t i a l  mechanical damage have devel oped d u r i n g  pool s torage and hand1 i n g  

o f  commercial f u e l .  . - 
Review o f  t h e  c o r r o s i o n  l i t e r a t u r e  has n o t  developed major  concerns 

. .  . regard ing  obvious mechanisms which have h i g h  p r o b a b i l i t y  t o  degrade f u e l  

- 
\ 

bundle m a t e r i a l s .  

- The f a c t  t h a t  very  few d e t a i  1  ed con f i rma to ry  examinat ions have been made 

. on fuel  bundle m a t e r i a l s  a f t e r  pool s to rage r e s u i t s  f rom the r e l a t i v e l y  s h o r t  

pool exposures in tended and t h e  b e l i e f  t h a t  no problems were developing. 

With t h e  prospects o f  longer  pool res idence t imes comes an inc reas ing  i n c e n t i v e  

f o r  s p e c i f i c  con f i rma to ry  f u e l  examinat ions. Based on c u r r e n t  percept ions  o f  

spent f u e l  behavior  i n  pool  storage, a  major  i n i t i a l  e f f o r t  does n o t  appear 

warranted. Rather, se lected,  focused, e x p l o r a t o r y  s u r v e i l l a n c e  appears t o  b e '  

t h e  present  need. If evidence of f u e l  bundle degradat ion  emerges from t h e  

i n i t i a l  exams, t h i s  may s i g n a l  t h e  need f o r  broader s u r v e i l l a n c e .  I f  no 

evidence i s  found i n  t h e  i n i t i a l  exams, o n l y  a  modest l e v e l  o f  s u r v e i l l a n c e  

appears necessary t o  ma in ta in  and r e i n f o r c e  t h e  assurances developed i n  the  

p r e l i m i n a r y  exams. I n i t i a t i o n  o f  a  s u r v e i l l a n c e  study on spent f u e l  i n  a  

German pool (27)  was i n d i c a t e d  e a r l i e r .  

The i n c e n t i v e s  f o r  f u e l  exams and s u r v e i l l a n c e  l i e :  a)  i n  c o n t i n u i n g  

c o n f i r m a t i o n  t h a t  wet s torage o f  uncanned spent f u e l  can be extended as an 

i n t e r i m  opt ion ;  b )  i n  t h e  need t o  d e f i n e  the  probable c o n d i t i o n  o f  poo l -  

s t o r e d  f u e l  when i t  i s  removed t o  e i t h e r  s torage i n  con ta ine rs  o r  p o s s i b l y  t o  

eventual reprocessing.  

The f o l l o w i n g  d i scuss ion  i d e n t i f i e s  f a c t o r s  which appear t o  r e q u i r e  

f u r t h e r  d e f i n i t i o n ,  n o t  n e c e s s a r i l y  w i t h  i m p l i e d  p r i o r i t i e s :  

a )  behavior  of f u e l  de fec ts  as a  f u n c t i o n  of d e f e c t  type, c ladd ing  type and 

s torage condi ti ons 

b) p o s s i b l e  e f f e c t s  o f  pool temperature and water  chemis t ry  t r a n s i e n t s  on 

t h e  subsequent c o n d i t i o n  o f  s to red  f u e l  , as a  f u n c t i o n  o f  m a t e r i a l  and 

pool chemis t ry  



c )  e f fec t s  of boric acid pool chemistry on materials behavior 

d )  e f f ec t s  of galvanic couples on the hydriding of zirconium al loys 

e )  the degree of mechanical damage t o  fuel bundle materials in spent fuel 

shipments 
- - 

f )  the incidence and consequences of high residual s t resses  i n  fuel bundle 
t 

materi a1 s i 

- .  
g) the poss ib i l i ty  of progressive f i ss ion  product at tack on fuel cladding 

inner surfaces j* 

h )  def in i t ion  of special e f fec ts  such as crud layer environments and crevice 

corrosion. 

The l i s t  i s  already long and does not include a l l  the possible fac tors  

in d e t a i l .  However, several of the questions can be addressed simultaneously 

i n  a given fuel exam. I t  i s  important to  emphasize tha t  the above fac tors  

represent low-key concerns. They have potential  significance principal ly i n  

the event tha t  pool storage were t o  extend in to  the 20-to-100-year t i n e  

frame. 

To define whether discernible  degradation mechanisms are  occurring 

during pool storage, i t  i s  necessary to separate as much as possible phenomena 

which occurred i n-reactor from those which developed during pool storage. 

While there i s  no basis t o  assume t h a t  discernible  degradation has occurred, 

an essent ial  approach t o  de tec t  i t  appears t o  require a return t o  fuel bundles 
which have had prior  examinations. Referring to  Figure 11, the fuel bundle 
his tory includes pre-reactor, reactor ,  and fuel pool residences. The re su l t s  

of the reactor exposure have been defined fo r  numerous bundles by detai led 
nondestructive and destruct ive examinations, t o  determine dimensional changes, 

def i n i  t i  on of defect morphol ogi es  and defect  rnechani sms , crud 1 ayer properties , 
corrosion and hydriding phenomena, mechanical properties,  gas pressures and II 

/ -- \ 
com~osi t i  ons . and fuel condition. Method01 oqies for  nondestructi vet''' and , . - 
destruct ive exami have been reported. 



P o s t i r r a d i a t i o n  
Exam No. 1 

P o s t i r r a d i a t i o n  
Exam No. 2 

Pre-Reactor I Reactor I Fuel Pool 

A f t e r  
Several 
Months 

A f t e r  
Several 

Years 

FIGURE 1 1. Fuel Bundle Exposure Sequence 

Several sets  of fue l  w i t h  extended pool residences (up t o  18 years)  have 

been i d e n t i f i e d ,  having extensive documented examinations t o  de f i ne  the  

phenomena which developed dur ing the reac to r  exposures. A second se t  o f  

examinations on the same f u e l  o f f e r s  an approach t o  separate reactor- induced 

and pool l induced e f f ec t s ,  i f  d i f fe rences  are d iscern ib le .  Two i n t e r e s t i n g  

exampl es o f  we1 1 -character ized candidates f o r  f u r t h e r  exams are: a )  Z i  r c a l  oy- 

c l ad  Canadian f u e l  i n  storage f o r  14 years i n  aluminum canis ters ;  b) Z i rca loy -  

c l ad  f u e l  from the  Shippingport  reactor ,  w i t h  13- and 18-year pool storage i n  

s t a i n l ess  s tee l  racks. Other f u e l ,  i n c l ud ing  s ta in less -c lad  bundles, needs 

t o  be i d e n t i f i e d  t o  develop a se lec t i on  which can prov ide the maximum informa- 

t i o n  a t  minimum cost .  

As a f i n a l  observation, t he  above l i s t  o f  unknowns should no t  be con- 

s t rued t o  suggest probable jeopardy f o r  the s tored f u e l .  The sa t i s f ac to r y  

performance o f  t he  f u e l  has al ready been s ta ted.  The poss ib le  degradation 

mechanisms appear t o  have low p r o b a b i l i t i e s ,  bu t  l i cens ing  and a l t e r n a t e  

i n t e r i m  storage issues suggest t h a t  f u r t h e r  d e f i n i t i o n  o f  the f u e l  cond i t i on  

i s  j u s t i f i e d .  I f  f u e l  bundle mate r ia l  degradation i s  detectable,  i t  i s  

almost c e r t a i n l y  occur r ing  s low ly  and cou ld  be d e a i t  w i t h  on a nonemergency 

basis,  e i t h e r  by implementing ex i s t i r l g  pool storage techniques o r  t h e i r  

ref inements, o r  even tua l l y  by removal o f  the  f u e l  t o  storage i n  containers i n  

a packaged d r y  o r  wet storage f a c i l i t y .  However, our cu r ren t  understanding 

ind ica tes  t h a t  pool storage i s  an ava i lab le ,  v i a b l e  i n t e r i m  op t ion  f o r  

con t ro l  o f  spent nuclear f u e l .  
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A P P E N D I X  A 

PRELIMINARY ASSESSMENT OF CLADDING STRESSES 

IN RODS LOCATED IN FUEL STORAGE BASIN 

C .  R .  Hann and C. L .  Wilson 
Fuel Design Section, Materials Department 
Battel le, Pacific Northwest Laboratories 

Introduction 
The objective of this work was t o  find the magnitude of cladding stresses 

in reactDr fuels i n  spent fuel storage pools. An equatioh was derived for 
relating hoop stress t o  gap pressure and the ratio of cladding radius t o  thick- 
ness. From this equation a stress map of hoop stress versus gap pressure has 

been developed for typical BNR and PLIR fuels. Finally the range cf cladding 
stresses f o r  the fuel s i s  examined. 

Hoop Stress Derivation 
The largest cladding stresses in nuclear fuels due t o  gap pressure are 

hoop stresses on the inner diameter of the clad. The tensile hoop stress 

due t o  the gap pressure is: (1 ) *  

where 
u 

Max = inner hoop stress due t o  gap pressure (tensile) 
hoop1 

P = gap  pressure 
a = inner cladding radius 
b = outer cladding radius 

The compressive stress a t  the inner diameter of the cladding due 
t o  external pressure is :  (1 ) 

3F 
See references a t  the end of Appendix A.  



where 

u hoop2 = inner hoop stress due t o  external pressure (compressive) 

P = external pressure ex 

a = inner clad radius 

b = outer clad radius 

t 
Substituting a = r - t / 2  and  b = r + t / ?  in equations 1 and 2 where r i s .  - 

the average clad radius and t i s  the clad thickness i t  i s  found  t h a t  . > 

G max = P(;+ 8 
and 

Superimposing the two stresses due t o  gap pressure and external 

pressure gives the resultant hoop s t ress  "gN as shown in equation 5. 

I t  can be seen from equation 5 t h a t  the stress i s  a function of the 

gap pressure, external pressure and the ratio of  average clad radius t o  

thickness. 

Hoop Stress Map 

A stress versus g a p  pressure map that should a p p l y  t o  most BWR and PWR 

designs i s  shown in Figure A - 1 .  The fuel i s  assumed t o  be submerged in 

15 f t *  of water in a spent fuel pool .  Therefcre, the external pressure i s  
atmospheric plus 15 f t  of water head. The range for the ratio of clad aver- 

age radius thickness covers the range for typical fuels as shown in Table A - l  

The g a p  pressure ranges from zero t o  above 1200 psi, a pressure rarely seen 

in pressurized water reactor fuels. Therefore the map should cover the range 

of maximum stresses in typical BWR and PWR fuels. 

*Water heads a t  the bo t tom of the fuel bundle can vary u p  t o  %48 f t  i n  fuel 
unloading pits and u p  t o  ~ 3 0  f t  i n  fuel storage areas. 
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FIGURE A-1 . Cladding Hoop Stress Versus Gap Pressure 



TABLE A-1  . Fuel Dimension S p e c i f i c a t i o n s  ( 2 )  

Contemporary Boil ing l b t e r  Reactor Fuel \ 
Av. Clad Radiu: - * 

I .D. O.D. Clad Thickness Clad Thickness 
Plant Clad Array (inch) (inch) t (inch) r/ t b 
Grand ~ u l f ' ~ ) ( ~ '  Z*-2 8x8 0.425 C.493 0.034 6.75 

Oyster Creek 2,-2 7x7 0.500 0.570 

iiine Mile Point 2,-2 7x7 0.500 0.570 . 

Brovins Ferry Z -2 7x7 0.498 0.562 0.032 r 
Easton 2,-2 7x7 0.498 0.562 0.032 

Contemporary Pressurized Uater Reactor Fuel 
Av. Clad Radius 

I .D. 0.0. Clad Thickness Clad Thickness 
Plant  Clad Array (inch) ( inch)  t ( inch)  r / t  
*Surry 1 2,-4 17x17 0.329 0.374 0.0225 7.80 

G i  nna 2,-4 14x14 0.3734 0.422 0.0243 8.78 

Keviaunee 2,-4 14x14 0.3734 0.422 0.0243 8.18 

Turkey Point 2,-4 15x15 0.3734 0.422 0.0233 8.18 

Indian Potnt 2 2,-4 15x15 0.3734 0.422 0.0243 8.18 

Surry Zr-4 15x15 0.3734 0.422 0.0243 8.18 

San Orofre S.S. 14x14 0.389 0.422 . 0.0165 12.3 

*Surry 1 , 1974 an i  2 



Analysis 

The maximum hoop s t resses  fo r  typical BWR and PWR fuels  can found 

f o r  various gap pressures by using the clad radius thickness r a t ios  of Table A-1 

and the s t r e s s  map of Figure A - 1 .  The end-of-life gap pressures and correspond- 

i ~ g  maximum fuel clad s t r e s ses  a re  discussed below. 

BWR Fuel 

The end-of-life gap pressures i n  current generation BWR fue ls  a re  typical ly 

~ 3 0  psi.  This r e su l t s  in a maximum clad s t r e s s  of less  than 500 psi .  Occasion- 

a l l y  the gap pressure reaches 75 psi and i t  rarely reaches 200 to  300 psi 

resul t ing i n  hoop s t r e s ses  of less  than 1000 psi and 3000 t o  4000 psi respec- 

t ive ly .  

PWR Fuel 

T h e  end-of-life ( E O L )  gap pressures in prepressurized PWR fue ls  a re  typi-  

ca l ly  250 t o  550 psi giving hoop s t resses  from about 4000 to 8000 psi .  

Occasionally EOL gap pressures reach 800 psi ,  with a corresponding clad hoop 

s t r e s s  of less  than 11,000 ps i .  On r a re  occasions gap pressures could reach 

1200 psi and a corresponding hoop s t r e s s  of less  than 17,000 ps i .  The non-  
pressurized PWR rods would y ie ld  EOL gas pressures s imi lar  t o  BWR EOL pres- 

sures.  
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