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Summary 

The f u e l  damage i n  some channe ls  of Dar l ing ton  Unit-2 r e s u l t e d  i n  t h e  b reakage  
of  end  p l a t e s ,  space r  wear on t h e  i n n e r  e lements  , and wear of t h e  end p l a t e s  
between bundles .  The d e t a i l e d  examinat ion of t h e  f u e l  i n d i c a t e s  t h a t  t h e  
damage t o  t h e  end p l a t e s  was a  r e s u l t  of f a t i g u e .  

Th i s  summary focuses  on t h e  exper iments  which were key i n  deve lop ing  t h e  
unde r s t and ing  of t h e  behav iour  i n  t h e  channe l .  The paper  p rov ides  t h e  
ev idence  of t h e  s i g n i f i c a n t  damage mechanisms t o  t h e  f u e l  i n  Dar l ing ton  
Un i t  2 .  

The main conc lus ions  of t h e  l oop  tests  a r e :  

- p r e s s u r e  p u l s a t i o n s  can cause  t h e  end p l a t e  of t h e  l a t c h e d  bundle  t o  
d e f l e c t  (dome) t o  t h e  e x t e n t  t h a t  f a t i g u e  f a i l u r e s  cou ld  be expec ted .  
The d e f l e c t i o n  can occur  a t  t h e  same f r e q u e n c i e s  a s  t h e  p r e s s u r e  p u l s e s  
and a t  f r equenc i e s  up t o  3 0 0  Hz. 

- endurance t e s t i n g  c o l d  demonstra ted t h a t  f a t i g u e  f a i l u r e  of t h e  end  
p l a t e s  cou ld  occur  a t  around 150 Hz. 

- an  a d d i t i o n a l  test  a t  136 Hz demonstra ted a l l  t h e  s i g n i f i c a n t  damage 
f e a t u r e s  which a r e  e v i d e n t  i n  t h e  Da r l i ng ton  U n i t  2 f u e l  channe ls :  

1) f a t i g u e  f a i l u r e  of t h e  end p l a t e s ,  

2 )  exce s s ive  s p a c e r  pad wear between t h e  i n t e rmed ia t e  and i n n e r  
r i n g  e lements  

3 )  end p l a t e  t o  end p l a t e  wear 

4 )  exce s s ive  wear on t h e  bea r i ng  pads of bundle 13 and o t h e r  
bundles  a long  t h e  channel  

A l l  t h e  damage f a c t o r s  appear  t o  be ev iden t  i n  t h e  tests  where p r e s s u r e  p u l s e s  
a r e  a t  around 150 Hz, t h e  main pump impe l l e r  f requency .  It appears  u n l i k e l y  
t h a t  a l l  t h e  evidence cou ld  be suppor ted  by o t h e r  e x c i t a t i o n  f r equenc i e s .  
Lower e x c i t a t i o n  f r equenc i e s  can c e r t a i n l y  cause  a  l a r g e  amount of damage t o  
t h e  f u e l  a s  w e l l .  However, p u l s a t i o n  f r equenc i e s  around t h e  20  t o  1 0 0  Hz 
c ause  d i f f e r e n t  modes of v i b r a t i o n  which i s  suppor ted  by bea r i ng  pad wear maps 
a l o n g  t h e  channel .  

There  i s  no t  p e r f e c t  agreement wi th  t h e  f u e l  examinat ions ,  nor  would p e r f e c t  
agreement be expec ted .  Concerning t h e  main damage obse rva t i ons :  

- W e  conclude t h a t  c r e e p  of t h e  end p l a t e s  p l a y s  a  s i g n i f i c a n t  r o l e .  The 
end  p l a t e s  a r e  s t r e s s e d  t o  a  h igh  l e v e l .  Hence t h e  t ime  a v a i l a b l e  d u r i n g  
o p e r a t i o n ,  temperature ,  and neu t ron  f l u x  of up-stream bundles ,  can t r a n s f e r  
t h e  l o a d s  g r a d u a l l y  t o  t h e  downstream end p l a t e s .  Thus t h e  f r a c t u r e  f e a t u r e s  
and  t h e  e x a c t  l o c a t i o n  of t h e  c r acks  on t h e  end p l a t e s  a r e  expected t o  be  
d i f f e r e n t  between t h e  loop  tests and i n - r e a c t o r .  Also t h e  exac t  morphology of  
t h e  f a t i g u e  s u r f a c e  may be modif ied by t h e  h ighe r  s u s t a i n e d  stress on t h e  
f a t i g u e  c r acks  i n  r e a c t o r .  The l o c a t i o n  of t h e  end p l a t e  c r acks  i s  no t  
critical. The f a c t  that t hey  occur  i s .  

- End p l a t e  t o  end p l a t e  f r e t t i n g  was observed i n  bo th  t h e  i n  and ou t  r e a c t o r  
f u e l .  The e x t e n t  of f r e t t i n g  was l e s s  probably due t o  t h e  reduc t ion  of t i m e  
i n  t h e  ou t  r e a c t o r  t e s t s .  

- The s p a c e r  pad wear on bundle  1 appears  very  s i m i l a r  t o  t h a t  from t h e  
damaged Dar l ing ton  Unit-2 f u e l .  The f a c t  t h a t  t h e y  a r e  s o  s i m i l a r  sugges t s  
t h a t  t h e  main mode of v i b r a t i o n  was s i m i l a r .  The examinat ion of t h e  wear 
s u r f a c e  shows t h a t  t h e  main s c r a t c h e s  a r e  a x i a l  and about 5 0  pm i n  l e n g t h .  



- The b e a r i n g  pad  wear i s  much more i n - r e a c t o r  t h a n  i n  t h e s e  tests main ly  
b e c a u s e  t h e  tests  were o f  much s h o r t e r  d u r a t i o n .  The amount of  wear i n  t h e  
tests was a maximum a t  b u n d l e s  p o s i t i o n s  5 and  1 0 .  

I n  c o n c l u s i o n ,  t h e  a u t h o r s  b e l i e v e  t h a t  t h e  e v i d e n c e  i s  c o n v i n c i n g  t h a t  
p r e s s u r e  p u l s i n g  a t  1 5 0  Hz c a u s e d  t h e  f u e l  damage i n  D a r l i n g t o n  Uni t -2 .  I t  i s  
n o t  comple te ly  known why s i m i l a r  f u e l  damage i s  n o t  found i n  U n i t  1. 



1. INTRODUCTION 

The exper imenta l  program was planned t o  add re s s  v i b r a t i o n  and wear 
c h a r a c t e r i s t i c s  of f u e l  i n  a  f u l l  s c a l e  channel  i n  an a t t empt  t o  
unders tand  t h e  f a i l u r e  mechanisms. I n  p a r t i c u l a r ,  a t t emp t s  were made t o  
induce  t h e  t ype  of f u e l  v i b r a t i o n s  which cou ld  cause  f a t i g u e  c r ack ing  of 
end p l a t e s  and end p l a t e  / end p l a t e  f r e t t i n g  wi th  p r e s s u r e  p u l s a t i o n s  
and f r equenc i e s  known t o  occur  i n  t h e  r e a c t o r .  

Subsequent tests  on Da r l i ng ton  Unit-2 found t h a t  t h e r e  were s i g n i f i c a n t  
p r e s s u r e  p u l s e s  i n  t h e  i n l e t  header  a t  150 H z .  The f u e l  / loop  
i n v e s t i g a t i o n s  were s t a r t e d  t o  r a p i d l y  determined whether p r e s s u r e  
p u l s a t i o n s  cou ld  e x p l a i n  t h e  observed damage. Th i s  r e p o r t  e l a b o r a t e s  on 
t h e  STERN t e s t  d a t a  which i n i t i a l l y  demonstra ted t h a t  end p l a t e  
d e f l e c t i o n s  cou ld  occur  wi th  p r e s s u r e  p u l s e s  a t  150 Hz. 

1.1 STERN LABORATORIES Loop Conf iqura t ion  

A Dar l ing ton  f u e l  channe l  was assembled and i n s t a l l e d  i n  an e x i s t i n g  
h igh  p r e s s u r e  loop  a t  S t e r n  Labo ra to r i e s .  The f e e d e r  geometry was 
a r r anged  t o  s imu la t e  t h e  i n l e t  f e ede r  on channel  K12 and some f e a t u r e s  
of t h e  o u t l e t  f e e d e r .  The loop  was equipped wi th  a  v a r i a b l e  f requency 
p u l s e  gene ra to r  and t h e  channe l  was f u e l l e d  wi th  GEC f u e l .  The f u e l  
channe l  and f e e d e r s  were f i t t e d  wi th  dynamic i n s t rumen ta t i on  t o  measure 
p r e s s u r e ,  a c c e l e r a t i o n  and f u e l  v i b r a t i o n  and s t r a i n .  

A schemat ic  of t h e  test  appa ra tu s  i s  shown i n  F igu re  1. The loop  p i p i n g  
i s  des igned  t o  o p e r a t e  a t  13 MPa and 310' C and t h e  main c i r c u l a t i n g  
pump can prov ide  a  f low of 60 kg . s ' l a t  360 m head when o p e r a t i n g  a t  5 0 '  
C. The loop  o p e r a t e s  on a  "feed-and-bleed" p r i n c i p l e  f o r  p r e s s u r e  and 
tempera ture  c o n t r o l .  A b o i l e r  f e e d  pump and p r e s s u r i z e r  a r e  used t o  
c o n t r o l  p r e s s u r e  whi le  excess  pump hea t  i s  r e j e c t e d  from t h e  p r e s s u r i z e r  
t o  a  condenser t o  ma in t a in  c o n s t a n t  coo l an t  t empera ture .  T e s t s  c a r r i e d  
o u t  h e r e  were ope ra t ed  wi th  t h e  p r e s s u r i z e r  f u l l  of water  (no v a p o u r ) .  
A v a r i a b l e  f requency p r e s s u r e  p u l s e  gene ra to r  was i n s t a l l e d  upstream of  
t h e  i n l e t  f e ede r ,  t h e  p r e h e a t e r  and t h e  flow measuring spoo l .  

The fo l lowing  paramete rs  were monitored f o r  each  test  i n  s e l e c t e d  
combinat ions:  - Dynamic P r e s s u r e  i n  Feeders  and Channel 

- Acce l e r a t i on  of Feeders  and End F i t t i n g s  
- Fuel  Bundle Element Radia l  Ve loc i t y  
- S t r a i n  of Downstream End P l a t e  Bundle 1 
- Axial  motion of bundles  1 and 13. 

1.1.1 Pre s su re  P u l s a t i o n  F a c i l i t y  
The v a r i a b l e  f requency p r e s s u r e  p u l s e  g e n e r a t o r  i s  l o c a t e d  upstream of 
t h e  flow measuring o r i f i c e ,  a s  shown i n  F igu re  2 .  It c o n s i s t s  of a  
c e n t r i f u g a l  pump wi th  modi f ied  i n t e r n a l s  and a v a r i a b l e  speed d r i v e  DC 
motor capab le  of g e n e r a t i n g  s i n g l e  f r equenc i e s  from 2 t o  2 6 0  Hz. A 
photograph of t h e  modi f ied  i n t e r n a l s  i s  shown i n  F igure  3 .  A by-pass 
v a l v e  was i n s t a l l e d  around t h e  pump t o  c o n t r o l  t h e  amount of f low 
th rough  t h e  pump and hence t h e  p u l s a t i o n  ampl i tude .  T h e  by-pass va lve  
can  a l s o  be used t o  p rov ide  flow o s c i l l a t i o n s  a t  f r a c t i o n a l  Hz 
f r e q u e n c i e s .  A combination of a  very  low base  o s c i l l a t i o n  with  a  
superimposed h ighe r  f requency from t h e  p u l s e  g e n e r a t o r  can be ob t a ined  



by t h e  combinat ion of  t h e  two d e v i c e s .  

1 . 1 . 2  Feeders  
F i g u r e  2, t h e  i n l e t  f e e d e r  i s  des igned  t o  d u p l i c a t e  channe l  K12E a t  DNGS 
h y d r a u l i c a l l y  and i n  most mechanical  r e s p e c t s .  The p i p e  d i a m e t e r s  a r e  
t h e  same and by u s i n g  e q u i v a l e n t  l e n g t h s  of s t r a i g h t  p i p e  a s  s u b s t i t u t e s  
f o r  some of t h e  elbows,  t h e  t o t a l  f e e d e r  r e s i s t a n c e  l o s s  (L/D r a t i o )  h a s  
been matched.  Some of t h e  elbows have been r o t a t e d  due t o  space  
l i m i t a t i o n s .  A p i p e  hanger  s u p p o r t s  t h e  i n l e t  f e e d e r  a t  t h e  same 
p o s i t i o n  a s  i n  t h e  r e a c t o r .  

The o u t l e t  f e e d e r  d e s i g n  matches t h e  r e a c t o r ' s  2 .5"  d iamete r  s e c t i o n  i n  
s i z e  and e q u i v a l e n t  p i p e  r e s i s t a n c e  l o s s  (L/D); t h e  3" remainder,  
however, does  n o t  q u i t e  co r respond  t o  t h a t  o f  t h e  r e a c t o r ,  due t o  t h e  
p h y s i c a l  l a y o u t .  

1.1.3 Fue l  Channel Assembly 
The f u e l  channel  assembly completes  t h e  h i g h  p r e s s u r e  test  l o o p  and i t  
c o n s i s t s  of a  f u l l  s c a l e  D a r l i n g t o n  f u e l  c h a n n e l  mounted on a  l a r g e  
s tee l  I-beam. Due t o  t h e  p h y s i c a l  l a y o u t  of  t h e  l a b o r a t o r y ,  t h e  f u e l  
c h a n n e l  i s  l o c a t e d  on a  s t r u c t u r a l  s teel  mezzanine above t h e  pumps. The 
I-beam was mounted on v i b r a t i o n  i s o l a t o r s  t o  minimize v i b r a t i o n  
t r a n s m i s s i o n  from t h e  f l o o r .  Photographs  of  t h e  channe l  assembly 
mounting arrangement a r e  shown i n  F i g u r e  4 .  

Fue l  S t r i n q  
N e w  f u e l  bund les  were u s e d  f o r  a l l  t h e  tests d e s c r i b e d  h e r e .  The 
bund les  were manual ly  l o a d e d  i n  t h e  f u e l  channe l  and  set t o  have a  1 2 '  
misal ignment  between e lements  on t h e  o u t e r  r i n g  of a l t e r n a t e  bund les  i n  
t h e  s t r i n g .  The l o a d i n g  p r o c e s s  employs a  c o n t i n u o u s  s t a i n l e s s  s tee l  
shim, used t o  minimize p r e s s u r e  t u b e  damage. S e l e c t e d  o u t e r  e l ements  of  
some bund les  a r e  equ ipped  wi th  i n t e r n a l  magnets t o  a l l o w  m o n i t o r i n g  of 
t h e i r  r a d i a l  v e l o c i t y .  The i n i t i a l  Bundle # 1  had a  s t r a i n  gauge 
a t t a c h e d  t o  i t s  downstream end  p l a t e .  

Bundle Motion w i t h  U l t r a s o n i c  Transducers  
U l t r a s o n i c  t r a n s d u c e r s  s u p p l i e d  by Hydro Research were i n s t a l l e d  i n  t h e  
f a c e s  of  t h e  i n l e t  and  o u t l e t  s h i e l d  p l u g s  t o  measure t h e  r e l a t i v e  
d i sp lacement  of  t h e  end  p l a t e  c i r c u m f e r e n t i a l  r i n g s  on t h e  upst ream end 
of  bund le  13 and  t h e  downstream end of bund le  1. A schemat ic  of t h e  
r e l a t i v e  l o c a t i o n s  of  t h e  s h i e l d  p l u g  u l t r a s o n i c  p robes  i s  shown i n  
F i g u r e  5 .  The u l t r a s o n i c  t r a n s d u c e r s  were connec ted  t o  Novascope s i g n a l  
c o n d i t i o n i n g  equipment t o  p r o v i d e  s i g n a l  c o n d i t i o n i n g  and d i sp lacement  
h i s t o r i e s .  

1 . 1 . 4  Data A c q u i s i t i o n  
The i n s t r u m e n t a t i o n  s e n s o r s  were i n s t a l l e d  a s  r e q u i r e d  on t h e  tes t  l o o p  
and  connec ted  wi th  a p p r o p r i a t e  c a b l i n g  t o  t h e  s i g n a l  c o n d i t i o n i n g  
a m p l i f i e r s  l o c a t e d  n e a r  t h e  test  s e c t i o n .  The o u t p u t  from t h e r e  i s  t h e n  
r o u t e d  t o  t h e  d a t a  a c q u i s i t i o n  and a n a l y s i s  work s t a t i o n .  Th i s  i s  a  
Zonic 7000  Worksta t ion w i t h  a  1 6  channe l  i n p u t  s e c t i o n  (upgraded t o  48  
c h a n n e l s  i n  January  1 9 9 2 )  and Zeta s o f t w a r e  f o r  d a t a  a c q u i s i t i o n  and 
convers ion  t o  t h e  s p e c t r a l  domain. A l l  i n p u t  channe l s  a r e  sampled 
s i m u l t a n e o u s l y  and t h e  t i m e  h i s t o r y  d a t a  a r e  s t o r e d  on t h e  sys tem 
" th ru -pu t  d i s c "  f o r  p r o c e s s i n g  i n  d i f f e r e n t  and r e l a t i v e  ways a f t e r  
t e s t i n g .  The d i g i t a l  d a t a  can be  t r a n s f e r r e d  t o  magnet ic  o r  o p t i c a l  
s t o r a g e  media f o r  l o n g  term' s t o r a g e  and r e t r i e v a l  f o r  f u r t h e r  
p r o c e s s i n g .  A t y p i c a l  power s p e c t r a l  d e n s i t y  ( p s d )  o u t p u t  i s  shown i n  
F i g u r e  6 .  



2 .  FUEL RESPONSE TO PRESSURE PULSE FREQUENCIES 

A knowledge of how f u e l  r e sponds  t o  p r e s s u r e  p u l s a t i o n s  was c r i t i c a l  t o  
d e v e l o p i n g  an  u n d e r s t a n d i n g  of t h e  d e t a i l e d  damage a t  DNGS. The f i r s t  
q u e s t i o n  t h a t  needed t o  b e  answeredf  i n  J u l y  1991,  was whether  t h e  f u e l  
e n d  p l a t e  r e s t i n g  on t h e  l a t c h e s  c o u l d  move w i t h  d e f l e c t i o n s  t h a t  might  
f a t i g u e  t h e  f u e l .  

The i n i t i a l  series of tests was completed  by mid J u l y  1991.  The r e s u l t s  
i n d i c a t e d  t h a t  t h e  f u e l  on t h e  l a t c h  c o u l d  r e spond  t o  t h e  p r e s s u r e  
p u l s a t i o n s  i n t r o d u c e d  i n t o  t h e  l o o p .  Those f i r s t  tes ts  were conduc ted  
w i t h  a  s t r a i n  gauge a t t a c h e d  t o  t h e  end  p l a t e .  The r e s u l t s  were u s e d  t o  
s p e c i f y  t h e  c o n d i t i o n s  f o r  t h e  endurance  t e s t s .  Most o f  t h e s e  i n i t i a l  
o b s e r v a t i o n s  have  been s u p e r s e d e d  by b e t t e r  measurements w i t h  u l t r a s o n i c  
t r a n s d u c e r  a t  t h e  i n l e t  and o u t l e t  end o f  t h e  c h a n n e l .  

The f i r s t  t es ts  were conduc ted  w i t h  a  s t r a i n  gauge a t t a c h e d  t o  t h e  end  
p l a t e .  The f a t i g u e  l i m i t  of t h e  e n d  p l a t e  was e s t i m a t e d  t o  be  abou t  0 . 1  
mrn d e f l e c t i o n ,  peak- to-peak,  b a s e d  on t e s t s  on f a t i g u e  t e s t i n g  r e s u l t s  
on a  f u e l  bund le  comple ted  a t  AEcL-cANDu'. T r a n s f e r  f u n c t i o n s  o f  t h e  
e n d  p l a t e  s t r a i n  r e s p o n s e  v e r s u s  i n p u t  p r e s s u r e  p u l s e s ,  a t  t h e  f e e d e r  
r e d u c e r ,  were g e n e r a t e d .  The r e s u l t s  a r e  shown i n  F i g u r e  7 .  From t h e s e  
r e s u l t s  t h e  p r e s s u r e  p u l s e  r e q u i r e d  t o  c a u s e  a  f a t i g u e  s t r a i n  l e v e l  o f  
0 . 1  mm can  b e  g e n e r a t e d  a s  a  f u n c t i o n  of f r e q u e n c y .  P r e s s u r e  p u l s e s  t o  
c a u s e  f a t i g u e  f a i l u r e s  a r e  e s t i m a t e d ,  c o l d  t o  b e  a b o u t  45 kPa a t  118 Hzf 
and  140 Hzl and 1 0 0  kPa a t  150 Hz. A t  2 9 5  C, e w i v a l e n t  t o  t h e  265 C 
o p e r a t i n g  t e m p e r a t u r e  i n  heavy wa te r ,  t h e  f a i l u r e  t h r e s h o l d  i s  s i m i l a r .  
However, t h e s e  d a t a  o n l y  c o n s i d e r e d  t h e  s t r a i n  r e l a t i v e  t o  t h e  i n l e t  
s h i e l d  p l u g  r i n g  p r e s s u r e .  W e  now know t h a t  t h e  a c o u s t i c s  of  t h e  s y s t e m  
c a n  s i g n i f i c a n t l y  a l t e r  t h e  magnitude of p r e s s u r e  measured depending 
upon t h e  p o s i t i o n  of t h e  p r e s s u r e  wave. Hence t h e  a c t u a l  t r a n s f e r  
f u n c t i o n  is  l i k e l y  t o  b e  less s e n s i t i v e  t o  f r e q u e n c y  t h a n  t h e  f i g u r e s  
i n d i c a t e .  

These  r e s u l t s  were s i g n i f i c a n t  a s  t h e  f i r s t  i n d i c a t i o n  t h a t  p r e s s u r e  
p u l s e s  were a b l e  t o  c a u s e  f u e l  s t r i n g  movements. Subsequent testsl 
d i s c u s s e d  l a t e r ,  t h e n  examined t h e  way t h e  f u e l  s t r i n g  moved i n  t h e  
c h a n n e l .  The i n l e t  and  o u t l e t  bundle  movements were measured w i t h  
u l t r a s o n i c  p robes  s u p p l i e d  by  OH-Research. 

3 .  ENDUMCE TESTS AT ABOUT 1 5 0  HZ 

3 . 1  T e s t  1 a t  134 - 166 Hz 

A f t e r  t h e  i n i t i a l  f u e l  r e s p o n s e  tests were completed ,  a  new e s t i m a t e  o f  
t h e  dynamic s t r a i n  and  p r e s s u r e  r e q u i r e d  t o  c a u s e  f u e l  damage was 
a v a i l a b l e .  A tes t  was comple ted  t o  test t h e  f u e l  bund le  endurance  
c r i t e r i a .  



The f i r s t  endurance tes t  was c a r r i e d  o u t  a t  t h e  f o l l o w i n g  nominal  
c o n d i t i o n s  f o r  a p e r i o d  o f  59 hours :  

Coolant  Flow R a t e :  32 kg.s-I  
Coolant  Temperature :  60. C 
Channel O u t l e t  Temperature:  9 . 5  m a  
Bundle Misal ignment :  12 D 

P r e s s u r e  P u l s e  Range: 134 t o  167 Hz 
P r e s s u r e  P u l s e  Amplitude: t o  c a u s e  100 p s t r a i n  

on t h e  e n d  p l a t e  

It  commenced on 91/07/23 and was completed on 91/08/26.  Bundle # 9652 C 
was removed from t h e  s t r i n g  f o r  a 1 4  hour p e r i o d  t o  accommodate a low 
f requency  f low tes t .  The channe l  was opened up a f t e r  23/  4 3  and 59 
hours  t o  i n s p e c t  b u n d l e s  # I ,  #2 and #13 and  t o  check and r e c o r d  damage* 
A s y n o p s i s  of t h e  f i n d i n g s  f o l l o w s .  

3 . 1 . 1  Damaqe C h a r a c t e r i s t i c s  
The damaqe t o  t h e  f u e l  bund les  c o n s i s t e d  of  p a r t i a l -  and f u l l  d e p t h  
c r a c k s ,  i n d  f r e t t i n g  wear marks on t h e  e n d  p i a t e  s u r f a c e s  of t h e - b u n d l e s  
i n  p o s i t i o n  # l  and #2. 

The damage t o  t h e  f u e l  bund les  can be  d e s c r i b e d  a s  f o l l o w s :  

Bundle # GE 9652 C, ( p o s i t i o n  # l )  downstream e n d  p l a t e :  see F i g u r e  8 

A f t e r  23 h o u r s : ( l 2 . 4  x l o 6  c y c l e s )  f u l l  c r a c k s  i n  t h e  i n t e r m e d i a t e  r i n g  
a t  e l ements  #22 and #26/ p a r t i a l  c r a c k  a t  e l ement  #26/ s t r a i n  gauge l e a d  
m i s s i n g .  A p i e c e  of  web between e lements  #26, #27 and #34 was removed 
f o r  a n a l y s i s .  
A f t e r  43 h o u r s :  no new c r a c k s  were found.  
A f t e r  59 hours  (27.2  x l o 6  c y c l e s )  : f u l l  c r a c k s  i n  t h e  c r o s s  web a t  
e l ements  #36 and #37. 

Bundle # GE 9652 C f  ( p o s i t i o n  #1) upst ream end  p l a t e :  see F i g u r e  9 

A f t e r  23 h o u r s :  f u l l  c r a c k s  i n  t h e  i n t e r m e d i a t e  r i n g  a t  e l ements  #22 and 
#30. 
A f t e r  43 h o u r s :  no new c r a c k s  were found.  
A f t e r  59 h o u r s :  f u l l  c r a c k  i n  t h e  i n t e r m e d i a t e  r i n g  a t  e lement  #26, f u l l  
c r a c k  i n  t h e  i n n e r  r i n g  a t  e lement  #36.  End p l a t e  f r e t t i n g  marks between 
t h e  bund les  i s  shown i n  t h e  photograph,  F i g u r e  1 0  
Photographs  of t h e s e  f o u r  c r a c k s  of t h e  ups t ream e n d  p l a t e  a r e  shown i n  
F i g u r e s  11 t o  14 

Bundle # GE 9651 C, ( p o s i t i o n  #2)  downstream e n d  p l a t e :  see F i g u r e  15  

A f t e r  23 hours :  f u l l  c r a c k  i n  t h e  i n t e r m e d i a t e  r i n g  a t  e lement  #26 
A f t e r  43 hours :  no new c r a c k s  were found.  
A f t e r  59 hours :  f u l l  c r a c k s  i n  t h e  i n t e r m e d i a t e  r i n g  a t  e l ements  #22 and 
#26.  F r e t t i n g  marks on l o n g  c r o s s  web between e l e m e n t s  #30 and #36, #23 
and #33/ #21 and  #22. 

Bundle # GE 9651 C, ( p o s i t i o n  #2) upst ream e n d  p l a t e :  see F i g u r e  16 

A f t e r  43 hours :  no c r a c k s .  
A f t e r  5 9  h o u r s :  p a r t i a l  c r a c k  i n  t h e  i n t e r m e d i a t e  r i n g  a t  e lement  #22. 
F r e t t i n g  marks on i n n e r  r i n g  and web between e lements  #31 and #36, #31 
and #32, 34 and #37, see photograph/  F i g u r e  17 



Bundles 1, Z r  and 13 were d imens iona l ly  examined a t  AECL-SPEL f o r  
i n t e r - e l e ~ . : n t  space r  and b e a r i n g  pad wearr and end -p l a t e  p r o f i l e s .  The 
s p a c e r  w e &  i s  heavy on bundle  # I  and c o n s i s t e n t  wi th  t h e  p a t t e r n  of 
wear seen  t h e  bundles  from Dar l ing ton  Uni t -2 .  The maximum wear was 
-324 mm between two s p a c e r  p a i r s r  F igure  1 8 .  The wear was concen t r a t ed  
between t h e  i n t e r m e d i a t e  r i n g  and t h e  i n n e r  r i n g s  of e lements .  The 
l o c a t i o n s  of t h e  c r acks  i n  t h e  end p l a t e  a r e  a l s o  c o n s i s t e n t  wi th  t h e  
o b s e r v a t i o n s  from Dar l i ng ton  Uni t -2 .  Howeverf t h e  c r acks  d i d  occur  on 
t h e  i n t e r m e d i a t e  r i n g  web i n  t h e  t e s t  whereas t h e  c r acks  i n - r e a c t o r  
occur  bo th  i n  t h e  r a d i a l  spoke and t h e  r i n g s .  The end p l a t e s  of bundle  
1 and 2 con t a ined  e a r l y  s i g n s  of end p l a t e  f r e t t i n g  and an impress ion  o r  
"wi tness"  mark of t h e  a d j a c e n t  bundle s e r i a l  number. 

The shape and l o c a t i o n  of t h e  end p l a t e  c r a c k s  was s i m i l a r  t o  t h o s e  
found on t h e  damaged f u e l  i n  Dar l ing ton  Uni t  2 .  

During t e s t i n g f  t h e  f requency was v a r i e d  i n  o r d e r  t o  o b t a i n  a  s t r a i n  
gauge response e q u i v a l e n t  t o  0.25 mm on t h e  end p l a t e .  (The ampli tude 
of t h e  p r e s s u r e  p u l s e  was a t  a  maximum wi th  t h e  bypass  va lve  c lo sed ,  s o  
t h e  v a r i a t i o n  of f requency prov ided  an a l t e r n a t e  mechanism of c o n t r o l . )  
A f t e r  t h e  f i r s t  examinat ion a t  1 4  m i l l i o n  c y c l e s r  t h e  s t r a i n  gauge 
f a i l e d  and t h e  t e s t  was con t inued  with on ly  a  150 Hz p r e s s u r e  p u l s e r  f o r  
a  f u r t h e r  1 0  m i l l i o n  c y c l e s .  Th is  f a i l e d  t o  p ropaga te  t h e  c r a c k s .  Thus 
we conclude t h a t  t h e  p r e s s u r e  p u l s e  ampli tude d u r i n g  t h e  150 Hz p e r i o d  
was below t h e  f a t i g u e  l i m i t .  A f t e r  a  review of t h e s e  test  d a t a f  t h e  
bundle  end p l a t e  response a s  measured by t h e  s t r a i n  gauge was found t o  
be  h i g h e s t  between 134 and 1 4 0  Hz. The tes t  was t h e r e f o r e  con t inued  a t  
136 Hz and ran  a f u r t h e r  4 . 9  m i l l i o n  c y c l e s  wi th  a d d i t i o n a l  c r acks  
deve lop ing  i n  bundles  1 and 2 .  

3 . 2  Tes t s  a t  137 Hz 

The prev ious  endurance t e s t s  had shown t h a t  wi th  p r e s s u r e  p u l s e s  i n  t h e  
135 t o  165 Hz range and l e v e l s  of 125 kPa i n  t h e  i n l e t  f e ede r ,  t h e  end 
p l a t e s  i n  bundle p o s i t i o n  one w i l l  c rack  a f t e r  10 x  1 0 6 c y c l e s .  The 
o b j e c t i v e s  of t h i s  t e s t  were t o  demonstra te  t h a t  t h e  end p l a t e  c r ack ing  
found i n  t h e  p rev ious  endurance test cou ld  be  r epea t ed  under t h e  same 
c o n d i t i o n s  and t h a t  t h e  c r ack ing  could be p ropaga ted  f u r t h e r  upstream 
wi th  i n c r e a s e d  c y c l e s .  The tes t  was c a r r i e d  ou t  under t h e  fo l lowing  
c o n d i t i o n s  f o r  47 hou r s .  

Flow r a t e  
Channel o u t l e t  p r e s s u r e  
Coolant t empera ture  
Fue l  bundle misalignment 
Pu l s e  pump frequency 
P re s su re  p u l s e  a t  f e e d e r  
T o t a l  t ime 

Examinations a f t e r  

32 kg.s-I 
9.5 MPa 
60' C 
12 
137 Hz 

reducer  100-125 kPa 0  t o  pk ( t ime)  
47 h r s  ( 23 .2  x l o 6  c y c l e s )  
10 hours  
25 hours  
47 hours  

A summary of t h e  ze ro  t o  peak va lue s  of t h e  p r e s s u r e  pu l s e s ,  and end 
f i t t i n g  and bundle d i sp lacements  (at 137 H z )  i s  g iven  i n  Table 1. End 
f i t t i n g  a x i a l  d i sp lacements  vary  between .2  and 4.9  p on t h e  o u t l e t  end 
f i t t i n g  (yoke e n d ) .  Bundle t h i r t e e n  v i b r a t i o n  l e v e l s  a r e  low (average 
about  6 pm) . 



3 . 2 . 1  Damaqe C h a r a c t e r i s t i c s  of Fuel  
The r e s u l t s  of v i s u a l  bundle  examinat ions  d u r i n g  and a f t e r  t h e  test  on 
t h e  end p l a t e s  of bundle  1 a r e  given i n  F igu re s  19 and 20. I n  summary 
a f t e r  2 3 . 2  x 1 0 6 c y c l e s  t h e  fo l lowing  r e s u l t s  were found: 

P o s i t i o n  # I  Fourteen c r acks  i n  end  p l a t e  - 1 l o o s e  element 
P o s i t i o n  #2 Eight  c racks  i n  end p l a t e -  4 loose  e lements  ( 3  

a t  on ly  one end)  
P o s i t i o n  #3 Two c r acks  

Evidence of end p l a t e  f r e t t i n g  was found a s  f a r  upstream a s  bundle  f i v e  
wi th  t h e  degree  d e c r e a s i n g  a s  w e  move upstream.  No c r acks  o r  s i g n s  of 
end p l a t e  f r e t t i n g  were found i n  bundles  6 th rough  13. Bundle 13  showed 
s i g n s  of f r e t t i n g  wear on t h e  bottom b e a r i n g  pads .  

3 . 3  Fa t ique  on End P l a t e s  

Westinghouse a s s e s s e d  t h e  f a i l u r e s  a s  f o l l o w s .  The f r a c t u r e  s u r f a c e  
shown i n  F igure  2 1  d i s p l a y s  f a t i g u e  beach marks and r a d i a l  marks 
emanating from a  s i n g l e  o r i g i n  a t  t h e  i n s i d e  s u r f a c e  of t h e  end p l a t e  / 
element  cap i n t e r f a c e .  The f r a c t u r e  began a t  t h e  notch a s s o c i a t e d  wi th  
t h e  non-bonded l a p  a r e a  of t h e  weld. Some of t h e  con tours  sugges t  
f a t i g u e  s t r i a t i o n s  b u t  t h e y  were s c a t t e r e d  ove r  sma l l  a r e a s  on t h e  
f r a c t u r e  s u r f a c e .  The f r a c t u r e  showed t r a n s g r a n u l a r  f e a t u r e s  
c h a r a c t e r i s t i c  of h igh  c y c l e  f a t i g u e .  

The test  was completed a t  60. C and t h e r e f o r e  t h e  d e t a i l e d  f r a c t u r e  
s u r f a c e  might be expec t ed  t o  be  d i f f e r e n t  from t h e  r e a c t o r  f o r  two 
reasons  : 

1) t h e  i n - r e a c t o r  l o a d i n g  cond i t i ons  were d i f f e r e n t .  Sec t i on  1 .2  
d e s c r i b e s  t h e  l oad ing  cond i t i ons  on t h e  l a t c h e d  bundle .  The l oads  a r e  
a f f e c t e d  s t r o n g l y  by l o a d  shedding and c r e e p  e f f e c t s .  These f a c t o r s  
depend on t h e  o p e r a t i n g  t ime  a t  t empera ture  and t h e  l oads  a p p l i e d  ( i n  
t h e s e  t e s t s  on ly  a  s h o r t  t ime  i s  a v a i l a b l e  t o  cond i t i on  t h e  f u e l ) .  The 
l oads  a r e  a l s o  a l t e r e d  i f  t h e  f u e l  i s  on-power. 
2 )  t h e  test  tempera ture  was d i f f e r e n t  from t h a t  i n - r e a c t o r .  

These f a c t o r s  may r e s u l t  i n  some of t h e  d e t a i l e d  f e a t u r e s  i n  t h e  tests  
be i ng  d i f f e r e n t  from t h e  r e a c t o r  damaged f u e l .  The main o b j e c t i v e  was 
t o  d u p l i c a t e  t h e  g e n e r a l  phenomena. 

4 . 0  ACOUSTIC CHARACTERISTICS OF LOOP 

4 . 1  General  Acous t ic  Behaviour and P o s s i b l e  R e f l e c t i o n  P o i n t s  

I n t roduc t i on  

Ca l cu l a t i ons  were completed on t h e  a c o u s t i c s  of t h e  S t e rn  Labo ra to r i e s  
l oop  a s  a  means of unders tand ing  t h e  test  r e s u l t s .  The mechanical  
vibration of t h e  fuel ia ignored .  

1) The f eede r  and channel  con t a in  a number of r e f l e c t o r s ,  such a s  
reducers  and o t h e r  sudden changes i n  f low a r e a ,  which appear  
s i g n i f i c a n t  i n  s e t t i n g  up a c o u s t i c  resonance.  

2 )  The p u l s i n g  might have been more e f f e c t i v e  i n  caus ing  end p l a t e  
s t r a i n  a t  150  Hz wi th  a d i f f e r e n t  p i p e  l e n g t h  between t h e  p u l s e  



g e n e r a t o r  and t h e  f e e d e r .  

3 1 The c a l c u l a t i o n s  sugges t  t h a t  t h e  p o s i t i o n i n g  of t h e  p a r t i a l  
r e f l e c t o r s  i n  channe l  K-12 i s  un fo r tuna t e  f o r  ope ra t i on  a t  265OC. 

4 1 Table 2  sugges t s  why cond i t i ons  were u n s t a b l e  i n  t h e  c o l d  
endurance t e s t i n g  a t  around 137  Hz .  

5 )  A t  210 Hz c a l c u l a t i o n s  sugges t  b e t t e r  performance,  bu t  p o s s i b l e  
problems a t  o p e r a t i n g  tempera tures  wi th  channe ls  t h a t  have s h o r t e r  
o r  l onge r  f e e d e r s  t han  K - 1 2 .  

6 1 Generally! t h e  c a l c u l a t i o n s  sugges t  t h a t  s i n c e  t h e r e  a r e  many 
d i f f e r e n t  f e e d e r  l e n g t h s  and reducer  p o s i t i o n s ,  resonance i n  some 
f e e d e r s  o r  channe ls  i s  l i k e l y  i f  t h e r e  a r e  h igh  f requency 
p u l s a t i o n s .  

4 . 2  Measurement of S tand inq  and T r a v e l l i n q  Waves 

Measurements t o  determine whether s t and ing  waves e x i s t s  i n  t h e  l oop  
r e q u i r e  a  l o t  of d e t a i l e d  i n s t rumen ta t i on .  Because t h e  a c o u s t i c  wave 
i n t e r a c t i o n  a t  r e f l e c t i o n  p o i n t s  is  s p e c i f i c  t o  t h e  wave l eng th  wi th in  
t h e  p i p e  t h e  measurements have t o  be t aken  over  t h e  narrow frequency 
band where t h e  a c o u s t i c  r e f l e c t i o n s  e x i s t  The p o s s i b i l i t y  of t h e  
combination of s t a n d i n g  and t r a v e l l i n g  waves f u r t h e r  t ends  t o  obscure  
t h e  i n f o m a t  i o n .  

To o b t a i n  a  b e t t e r  p i c t u r e  of what was occu r r i ng  i n  t h e  i n l e t  feeder!  
a d d i t i o n a l  dynamic p r e s s u r e  t r a n s d u c e r s  were added. Recent ly ,  t h e  loop  
was modi f ied  t o  reduce t h e  l e n g t h  of t h e  p i p e  between t h e  K-12 f e e d e r  
connec t ion  and t h e  p u l s e  g e n e r a t o r .  A t  t h e  same t ime ,  t h e  a n a l y s i s  
t e chn ique  was improved by f i l t e r i n g  t h e  examinat ion f requency ( u s u a l l y  
t h e  p u l s e  f requency)  and d i s p l a y i n g  t h e  magnitude a s  a  f unc t i on  of t h e  
d i s t a n c e  a long  t h e  f e e d e r  and channe l .  

F igu re  22 shows t h e  magnitude of t h e  p r e s s u r e  d i s t r i b u t i o n  i n  t h e  f e e d e r  
and t h e  un- fue l led  channel  a t  t empera tures  from 205 t o  295. C .  For a  
channe l  wi th  13  bundles ,  F igu re s  23 and -24 show t h e  measured magnitude 
t i m e s  phase ang l e  f o r  each  t r an sduce r  ( r e l a t i v e  t o  t h e  p u l s e  gene ra to r  
o u t l e t  t r a n s d u c e r )  a t  i n s t a n t s  i n  t ime a t  150 Hz and 85 and 295' C 
r e s p e c t i v e l y .  Each curve  i n  t h e  p l o t  i s ,  i n  e f f e c t f  a  snapshot  of t h e  
dynamic p r e s s u r e  d i s t r i b u t i o n  a long  t h e  pipework. The d i f f e r e n t  phase  
a n g l e s  a r e  e q u i v a l e n t  t o  s t e p s  i n  t ime; 60. i s  equ iva l en t  t o  1.1 m s  a t  
150 Hz. I t  appears  t h a t  a t  85. C t h e  f e e d e r  c o n t a i n s  a  dominant 
s t a n d i n g  wave. However a t  295' Cf t h e  waves appear  mainly t r a v e l l i n g  i n  
t h e  f e e d e r  and s t a n d i n g  i n  t h e  f u e l  channe l .  The r e s u l t s  show t h a t  t h e  
node p o i n t s  move wi th  t empe ra tu r e .  The p u l s e  g e n e r a t o r  a c t s  a s  a  
p r e s s u r e  node a t  295. C bu t  i s  n e a r l y  an ant i -node a t  60. C .  

F i g u r e  25 shows t h e  wave p a t t e r n  p r e sen t  i n  t h e  l oop  a t  90 Hz and 60Â°C 
Her we s e e  a  magn i f i c a t i on  and s t and ing  wave i n  t h e  i n l e t  f e ede r  and a  
t r a v e l l i n g  wave i n  t h e  channe l  and p a r t  of t h e  o u t l e t  f e e d e r .  



5 CONCLUSIONS 

T h i s  i n v e s t i g a t i o n  h a s  r e s u l t e d  i n  a b e t t e r  u n d e r s t a n d i n g  of t h e  c a u s e s  
of t h e  damage t h a t  c a n  o c c u r  i n  a  f u e l  c h a n n e l  due t o  p r e s s u r e  p u l s e s .  
The tes ts  have shown t h a t  t h e  c y c l i c  e l a s t i c  de fo rmat ion  of t h e  end  
p l a t e  i s  s u f f i c i e n t  t o  c a u s e  f a t i g u e  f a i l u r e  o f  t h e  end p l a t e s  i n  b o t h  
h o t  and  c o l d  c o n d i t i o n s  o v e r  a  wide range of  f r e q u e n c i e s  i n c l u d i n g  1 5 0  
Hz and above.  T h i s  was conf i rmed by c o l d  endurance  tes ts ,  which 
r e s u l t e d  i n  many of  t h e  c h a r a c t e r i s t i c  f e a t u r e s  obse rved  i n  t h e  damaged 
f u e l  from D a r l i n g t o n  Uni t  2 .  These f e a t u r e s  w e r e :  

- End p l a t e s  c r a c k e d  by f a t i g u e ,  i n  s e v e r a l  bund les  s t a r t i n g  a t  
t h e  l a t c h .  

- End p l a t e  t o  e n d  p l a t e  f r e t t i n g  damage. 

- Very l a r g e  amounts of s p a c e r  wear on bund le  1. 

- Bear ing  pad wear a l o n g  t h e  c h a n n e l .  

The damaged f u e l  e x h i b i t s  some minor f e a t u r e s  n o t  found i n  t h e  f u e l  
damaged i n  t h e  r e a c t o r .  The main o b j e c t i v e  of  t h e  program was t o  
d u p l i c a t e  t h e  g e n e r a l  phenomena. Th i s  was s u c c e s s f u l .  The d i f f e r e n c e  
i n  t h e  d e t a i l s  can  b e  e x p l a i n e d  by t h e  known d i f f e r e n c e s  i n  c o n d i t i o n s  
t h a t  cannot  be  d u p l i c a t e d  o u t -  r e a c t o r .  

The f u e l  movement tes ts  i n d i c a t e  t h a t  t h e  f u e l  can  move i n  many 
v i b r a t i o n  modes. Some of t h e  v i b r a t i o n  c h a r a c t e r i s t i c s  obse rved  i n  t h e  
l o o p  tests a r e  l i k e l y  due t o  t h e  a c o u s t i c  p r o p e r t i e s  of t h e  l o o p s .  Both 
s t a n d i n g  waves and t r a v e l l i n g  waves a r e  o b s e r v e d .  The measurement o f  
t h e  p r e s s u r e  p u l s e  ampl i tude  i s  s e n s i t i v e  t o  l o c a t i o n  i f  a  s i g n i f i c a n t  
p a r t  of t h e  p r e s s u r e  p u l s e  i s  i n  t h e  form of  a  s t a n d i n g  wave. 
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Table 1 

AVERAGE ENDURANCE DYNAMIC CONDmONS. 

SECOND ENDURANCE TEST 

TEST #82 to #1 36 
Base Frequency: 136 Hz 

Modulation Frequency: 0.0 Hz 

I . , 
LOCATION UNITS [AVERAGE: 1 MINIMUM: ;MAXIMUM:] 

1 . . . , . . . ,  ,. , w- . 
, . # A 

".."A - w-. i 
125 IN. UPSTR. ORIFICE (kPa) 152.4710 44.051 3 225.3968 
INLET FDR. REDUCER 123.51 58 72.0482 146.3852 

P/T BUNDLE #12 
PIT BUNDLE #4 
PK BUNDLE #2 

I . - r  1 1 I I~AVG. BNDL. DISPL. I (mm) 1 0.0069 I 0.0040 1 0.0085 1 

(k Pa) 
(k Pa) 
fkPa1 

40.3221 
0.0050 
0.0049 
0.0069 
0.0103 
0.0099 

ALL UNITS 0 to PEAK 

I DISPL. EL. 7 DWN I (mm) I 0.0135 I 0.0071 I 0.0212 11 

20.5580 
0.0004 
0.0002 
0.0004 
0.0028 
0.0008 

OUTL. LATCH DOWNSTR. ' 

DISPL. Z INL. E/F 
DISPL. Z OUTL. E/F 

DISPL. EL. 7 MID 
DISPL. EL. 14 MID 
DISPL. EL. 14 OWN 

DISPL. EL. 1 MID 
I . r 1 ' 

1 08 5307 
1 10 9985 

I 52.1662 

0.0081 
7.3715 AVG. BNDL. VELOCITY 

, , I 

(k pa) 
(mm) 
(mm) 
(mm) 
(mm) 
(mm) 

' 1  

61.3626 
65.4893 
29.1 760 

I 

29.5343 
0.0022 
0.0017 
0.0038 
0.0059 
0.0057 

(mm) 
fm m/s) 

134.1428 
1 33.5222 
67.2562 

0.0056 
5 9438 

0.0024 
3.4429 



Table 2 

DISTANCES OF A ACOUSTIC REFLECTORS FROM THE PLJLSER FOR 
FREQUENCIES CLOSE TO THE ENDURANCE TEST FFWQUENCY. 

CONDITIONS: &O, 60Â°C 150 and - 137 Hz, STERN LOOP 

DISTANCE NUMBER OF ?J4 s 

PULSER 

INLETFEEDERHEADER 
FIANGE 

INLET FEEDER REDUCER 

CHANNEL INLET GRAYLOC 

INLET SHIELD PLUG RING 

IATCH 

CHANNEL OUTLET GRAYLOC 

OUTLET FEEDER REDUCER 

REDUCER NEAR SEPARATOR 

SEPARATOR 

This length includes an extra length of 3.243 m to allow for the slower speed of sound in the pressure tube. 
In this case it is 934.3 m/s Instead of 1400 m/s in steel. 






