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INTRODUCTION 

As part of the N12 investigation the fuel channel experimental loop program 
was set up in June 1991 to address the vibration and fretting characteristics 
of fuel under closely simulated reactor operating conditions in an attempt to 
understand and duplicate the fuel failure mechanisms which were discovered in 
Darlington Unit 2. 

The program initially utilized three full scale fuel channels operating at or 
close to reactor operating conditions of temperature, flow and pressure in 
addition to the existing flow visualization test rig in AECL SPEL. In October 
1991 the fuel channels at GE (Canada) were included in the program to 
undertake fuelling machine transfer function experiments and subsequently 
involved a series of endurance tests. Flow and pressure pulsing equipment was 
designed to create flow variations in the channels, and pressure pulses over a 
complete range of frequencies up tc 300 Hz. A mechanical vibrator was utilised 
at OHRD to excite a fuel channel and the fuel string. Monitoring of the 
channels covered a range of parameters such as pressure pulse amplitude at 
various locations in the channel, vibration of fuel elements and channel 
components and strain or deflection of the outlet bundle downstream end plate. 
In addition, the fuel was dimensionally measured before and after test to 
assess the degree of cracking, inter-element spacer fretting, end plate/end 
plate fretting and bearing pad fretting. 

The four loops were either refurbished or constructed at the OHRD 
Laboratories, AECL SPEL at Sheridan Park, STERN Laboratories in Hamilton and 
facilities of GE (Canada) at Peterborough. The OHRD and SPEL loops utilized 
existing Bruce channels, the loop at STERN was fitted with a new Darlington 
channel representing D2K12, (a D type channel) while the channels used at 
GE(Canada) were Darlington channels constructed in 1983 for fuelling machine 
commissioning. 

Many of the objectives of the original test program were achieved by September 
1991 and revised tests were started to assess the hypothesis that pressure 
pulses, caused by the 150 Hz vane passing frequency of the PHT pump, were 
responsible for all the known damage. The continuing investigation and 
particularly the measurements of pressure pulsing and end fitting axial 
vibration taken during reactor testing and assessment of the various failure 
scenarios led to a wide range of tests. 

Figure 1 shows how the experimental loop program fitted into the overall N12 
investigation. Results of the experiments were reported on a weekly basis to 
the N12 Investigating Committee. 

Flow Visualization 

A series of tests were undertaken during the early part of the investigation 
to show how damaged fuel in steady flow conditions ' ~ p  to 40 kg/s behaved. 
Whilst a significant amount of understanding of fuel performance was gained 
the results did not show any of the failure modes seen in the reactor. In 
fact under almost all test conditions the fuel remained very stable. 



Flow v i s u a l i z a t i o n  s t u d i e s  o f  t h e  i n l e t  e n d  o f  t h e  f u e l  c h a n n e l  were conduc ted  
t o  improve t h e  u n d e r s t a n d i n g  o f  f low i n s t a b i l i t i e s  i n  t h e  i n l e t  e n d  
f i t t i n g / G r a y l o c  geomet ry .  I t  was s u s p e c t e d  t h a t  t h e s e  c o n t r i b u t e d  t o  t h e  
' rock ingf  a n d  hence  f r e t t i n g  o f  t h e  i n l e t  f u e l  b u n d l e s .  T h i s  work d i d  show a 
f low i n s t a b i l i t y  i n  t h e  a n n u l u s  between t h e  l i n e r  and  t h e  i n l e t  e n d  f i t t i n g  
body which a p p e a r e d  t o  b e  a f u n c t i o n  of t h e  f l o w  r a t e  and c r e a t e d  by s w i r l  
f low i n  t h e  e n t r a n c e  r e g i o n  from t h e  G r a y l o c .  The f r e q u e n c y  of o s c i l l a t i o n ,  i n  
g e n e r a l ,  i n c r e a s e d  l i n e a r l y  w i t h  f low t o  a p p r o x i m a t e l y  1 6  Hz a t  32 k g / s  f low 
r a t e .  Some compar ison tes ts  were done i n  t h e  ETR-7 l o o p  under  h o t  p r e s s u r i s e d  
c o n d i t i o n s  and  s i m i l a r  f low o s c i l l a t i o n s  i n  t h e  a n n u l u s  were measured.  T e s t s  
w i t h  a l t e r n a t i v e  s h i e l d  p l u g  d e s i g n s  i n d i c a t e d  t h a t  t u r b u l e n c e  was more 
d i r e c t l y  r e l a t e d  t o  s h i e l d  p l u g  d e s i g n .  

Recent  test r e s u l t s  have  shown t h a t  t h e  p o s i t i o n  of t h e  bund le  w i t h  r e s p e c t  t o  
t h e  s p a c e r  s l e e v e  h a s  a s i g n i f i c a n t  e f f e c t  on  t h e  d e g r e e  of  bund le  ^ r o c k i n g t ,  
f i g u r e  2 . T h i s  shows t h a t  t h e  t y p e  D c h a n n e l s  i n  t h e  c e n t r e  o f  t h e  
D a r l i n g t o n  c o r e  a r e  t h e  most  s t a b l e  from t h e  p o i n t  o f  view of  ' r o c k i n g f  o f  t h e  
bund le  c a u s e d  by  t h e  i n l e t  geometry .  

F u e l  Response t o  S t e a d y  S t a t e  Flows 

T e s t s  w i t h  s t e a d y  s t a t e  t u r b u l e n t  f low r a t e s  up t o  40 k g / s  were conduc ted  a t  
SPEL and  STERN t o  measure  b o t h  t h e  downstream e n d  p l a t e  d e f l e c t i o n  and  t h e  
ups t ream b u n d l e  a x i a l  movement f o r  d i f f e r e n t  f u e l  s t r i n g s .  I n l e t  b u n d l e  
movement was shown t o  be more t h a n  e x p e c t e d .  F i g u r e  3 shows a x i a l  movement of  
t h e  u p s t r e a m  b u n d l e  o f  up t o  3 rnm when i n c r e a s i n g  t h e  f low f rom 0 t o  30 k g / s .  

The o u t l e t  bund le  e n d  p l a t e  d e f l e c t i o n ,  due  t o  h y d r a u l i c  l o a d i n g ,  was shown t o  
b e  o f  t h e  o r d e r  of  0 . 5  t o  1 . 0 0  mm depending on t h e  f u e l  s t r i n g ,  f i g u r e  4. 
These  v a l u e s  were e x p e c t e d  b a s e d  on l o a d  s h e d d i n g  c a l c u l a t i o n s  done e a r l y  i n  
t h e  i n v e s t i g a t i o n .  Based on measurements of t h e  v a r i a t i o n  i n  e l ement  l e n g t h s  
o f  t h e  two m a n u f a c t u r e r s ,  GE (Canada) and Z i r c a t e c ,  t h e  d i f f e r e n t  f u e l  t y p e s  
s h o u l d  behave d i f f e r e n t l y  under  s i m i l a r  f low c o n d i t i o n s  because  o f  t h e  
d i f f e r e n t  l o a d  s h e d d i n g  b e h a v i o u r .  

S e v e r a l  tests were conduc ted  w i t h  s i m p l e  a x i a l  mechan ica l  l o a d i n a  t o  d e t e r m i n e  
t h e  mech 
i n f  ormat  
c o n s t a n t  

a n i c a l  s p r i n g  c o n s t a n t  o f  t h e  f u e l  s t r i n g .  The i n t e n t  was 
i o n  i n p u t  t o  t h e  f u e l  s t r i n g  a n a l y t i c a l  m o d e l l i n g .  The ax  

of a GE f u e l  s t r i n g  was found t o  b e  a b o u t  3mrn/lO,OOON. 

t o  
i a l  

p r o v i d e  
s p r i n g  

F u e l  Response t o  P r e s s u r e  P u l s a t i o n s  

The e f f e c t s  o f  p r e s s u r e  p u l s a t i o n s  on b o t h  t h e  i n l e t  and t h e  o u t l e t  f u e l  
b u n d l e s  was i n v e s t i g a t e d  a t  STERN L a b o r a t o r i e s  and SPEL. 

I n i t i a l  r e s u l t s  from STERN i n d i c a t e d  t h a t  t h e  downstream e n d  p l a t e  o f  t h e  
o u t l e t  bund le  r e sponded  a x i a l l y  t o  a wide r a n g e  o f  p u l s i n g  f r e q u e n c i e s  up t o  
300 H z  w i t h  peaks  i n  t h e  d i s p l a c e m e n t  a m p l i t u d e  a t  many s p e c i f i c  f r e q u e n c i e s ,  
f i g u r e  5 .  A x i a l  a m p l i t u d e s  o f  v i b r a t i o n  were much h i g h e r  t h a n  a n t i c i p a t e d  and 
v a l u e s  up t o  Â 0.2  mm w e r e  measured.  I n  g e n e r a l ,  t h e  o u t l e t  bund le  downstream 
e n d p l a t e  r e sponded  f a i r l y  e a s i l y  t o  p r e s s u r e  p u l s i n g  up t o  a p p r o x i m a t e l y  140 
HZ. Above t h i s  t h e  e n d p l a t e  r e q u i r e d  h i g h e r  p u l s e s  t o  a t t a i n  t h e  same 
d e f l e c t i o n  s u g g e s t i n g  a l o o p  a c o u s t i c  r e sonance  o r  a f u e l  s t r i n g  mechan ica l  
r e s o n a n c e ,  f i g u r e  5 .  

T e s t s  i n  which b o t h  i n l e t  and  o u t l e t  bund le  movements w e r e  moni tored ,  u s i n g  UT 
p r o b e s ,  i n d i c a t e d  complex r e l a t i o n s h i p s  between t h e  two b u n d l e s .  I n  some c a s e s  
t h e y  moved i n  p h a s e  i n  o t h e r s  t h e  movement was i n d e p e n d e n t .  



F u e l  Response  t o  Flow V a r i a t i o n s  

Changes i n  f l o w  c r e a t e s  v a r i a t i o n s  i n  t h e  d r a g  l o a d  on t h e  f u e l  s t r i n g  a n d  
s u b s e q u e n t l y  changes  i n  t h e  e n d  p l a t e  stress. A c a l c u l a t i o n  of t h e  f l o w  
changes  needed  t o  m e e t  t h e  f a t i g u e  s t r e s s  a m p l i t u d e  t h r e s h o l d  i n d i c a t e d  t h a t  Â 
2 k g / s  would b e  s u f f i c i e n t .  A test  a t  SPEL was c a r r i e d  o u t  a t  a p p r o x i m a t e l y  
t h i s  f l o w  r a t e  v a r i a t i o n  a t  1 . 5  Hz and  a  mean f l o w  of  28 k g / s  a t  70 O C .  The 
test was c o n t i n u e d  f o r  2 . 3  m i l l i o n  c y c l e s  w i t h  no f a i l u r e  o f  t h e  e n d  p l a t e  a n d  
o n l y  l i g h t  f r e t t i n g  on t h e  i n l e t  bund le  b e a r i n g  p a d s .  Based on t h e  f a t i g u e  
c u r v e  it i s  p o s s i b l e  t h a t  c o n t i n u e d  c y c l i n g r  t o  5  t o  6 x 106 c y c l e s ,  may have 
c a u s e d  e n d  p l a t e  c r a c k i n g .  T h i s  f r equency ,  however, i s  t o o  low t o  c a u s e  t h e  
h i g h  c y c l e / l o w  a m p l i t u d e  f a i l u r e s  s e e n  i n  D a r l i n g t o n  i n  t h e  e x p e c t e d  t i m e  
f r ame  . 
F o l l o w i n g  a n a l y s i s  o f  t h e  f l o w  s i g n a l  v a r i a t i o n s  i n  t h e  r e a c t o r  a  series of 
tes ts  was conduc ted ,  a t  SPEL and  STERN, w i t h  f low v a r i a t i o n s  i n  t h e  f r e q u e n c y  
r a n g e  up  t o  40 Hz c o r r e s p o n d i n g  t o  f low v a r i a t i o n s  i n  t h e  r ange  0 .5  t o  1 . 7  
k g / s .  Some o f  t h e s e  i n c l u d e d  a  modula t ion  of t h e  b a s i c  f low a s  s u g g e s t e d  b y  
t h e  r e a c t o r  measurements.  Al though subsequen t  a n a l y s i s  h a s  i n d i c a t e d  t h a t  t h e  
r e a c t o r  c h a n n e l  f low measurements a r e  s i g n i f i c a n t l y  i n f l u e n c e d  by i n s t r u m e n t  
l i n e  e f f e c t s ,  t h e s e  tes ts  p r o v i d e d  good c h a r a c t e r i z a t i o n  of t h e  i n l e t  f u e l  
b u n d l e  r e s p o n s e  t o  t r a n s i e n t  f low v a r i a t i o n s .  Major r e s u l t s  of t h e s e  tes ts  
i n d i c a t e d  a  c l e a r  p r e f e r e n c e  f o r  t h e  i n l e t  b u n d l e  t o  undergo ' r o c k i n g r  a t  a  
f l o w  v a r i a t i o n  f r e q u e n c y  o f  16  Hz. The d e g r e e  o f  r o c k i n g  was r e l a t i v e l y  
i n d e p e n d e n t  of t h e  f low a m p l i t u d e .  L a t e r a l  a m p l i t u d e s  of  mot ion,  a t  t h e  i n l e t  
b u n d l e  mid p l a n e  of up t o  Â 0 . 2  nun were measured,  a s  compared t o  a n  e x p e c t e d  
maximum o f  20 mic romet res .  A t  a p p r o x i m a t e l y  35 Hz, e l ement  l a t e r a l  a m p l i t u d e s  
o f  mot ion  were of t h e  o r d e r  of +/- 0 . 5  mm. 

The m o d u l a t i n g  f low tests, conduc ted  a t  STERN, c o n s i s t e d  o f  p u l s i n g  f l o w  
v a r i a t i o n s  i n  t h e  5  t o  15  Hz r a n g e  w h i l s t  v a r y i n g  t h e  f l o w  r a t e  a t  f r e q u e n c i e s  
less t h a n  1 Hz. I n  a d d i t i o n ,  random sudden d r o p s  i n  t h e  f l o w  r a t e  o f  some 
c h a n n e l s  w e r e  s i m u l a t e d .  

As w i t h  t h e  r e s u l t s  from SPEL t h e  i n l e t  bund le  was s e e n  t o  r e spond  
s i g n i f i c a n t l y  a t  a  f l o w  v a r i a t i o n  f r e q u e n c y  o f  16  Hz and  was r e l a t i v e l y  
i n d e p e n d e n t  o f  t h e  f low a m p l i t u d e .  The modula t ion  o f  t h e  f low v a r i a t i o n s  h a d  
l i t t l e  e f f e c t  on b u n d l e  pe r fo rmance .  T e s t s  i n  which random, sudden f low 
d e c r e a s e s  were c r e a t e d  c a u s e d  t h e  i n l e t  b u n d l e  t o  ^ r o c k f  momentar i ly  a t  1 6  Hz. 

S i m i l a r  t e s t i n g  u t i l i s i n g  a  f l o w  s t r a i g h t e n i n g  i n l e t  s h i e l d  p l u g  i n d i c a t e d  
t h a t  t h e  s h i e l d  p l u g  was t r a n s p a r e n t  t o  such  imposed f l o w  v a r i a t i o n s  i n  t h e  
b u l k  f l o w .  The f l o w  s t r a i g h t e n e r  s h i e l d  p l u g  d i d  however s i g n i f i c a n t l y  r e d u c e d  
i n l e t  b u n d l e  r o c k i n g  due  t o  ^normal r  i n l e t  s h i e l d  p l u g  t u r b u l e n c e  f rom t h e  
s t a n d a r d  MkIIIA s h i e l d  p l u g .  

Endurance  T e s t i n g  

Based on c a l c u l a t i o n s  and  f a t i g u e  t e s t i n g  u n d e r t a k e n  w i t h  s m a l l  samples ,  t h e  
f a t i g u e  d e f l e c t i o n  l i m i t  o f  t h e  e n d p l a t e s  was a p p r o x i m a t e l y  Â 0.15mm f o r  
s i m p l e  bend ing .  Endurance t e s t i n g  under  c o l d ,  p r e s s u r i s e d  o p e r a t i n g  
c o n d i t i o n s ,  w h i l s t  p u l s i n g  w i t h  a  p r e s s u r e  p u l s e  a m p l i t u d e s  a t  h i g h  f r e q u e n c y  
(150 Hz nominal )  t o  m a i n t a i n  an  e n d  p l a t e  d e f l e c t i o n  o f  a p p r o x i m a t e l y  0 . 1 5  nun 
a n d  hence  t o  c r a c k  end  p l a t e s ,  was i n i t i a t e d .  A second  endurance  test  u n d e r  
s i m i l a r  c o n d i t i o n s  was c a r r i e d  o u t  t o  v e r i f y  t h e  p r e v i o u s  test  r e s u l t .  

The f i r s t  test bund le  was i n t e n d e d  t o  m a i n t a i n  a  c o n s t a n t  d e f l e c t i o n  o f  t h e  
downst ream e n d  p l a t e  and t o  a c h i e v e  t h i s  t h e  f r e q u e n c y  of t h e  p r e s s u r e  p u l s i n g  
h a d  t o  b e  a d j u s t e d  between 134 and  168 Hz. The o b j e c t i v e  o f  t h e  t e s t  was 
a c h i e v e d  and  t h e  e n d  p l a t e  c r a c k e d  a f t e r  a p p r o x i m a t e l y  10 m i l l i o n  c y c l e s .  The 
f r a c t u r e  s u r f a c e s  were examined and  found t o  b e  a  r e s u l t  o f  h i g h  c y c l e ,  low 
a m p l i t u d e  f a t i g u e  s i m i l a r  t o  t h o s e  s e e n  i n  t h e  r e a c t o r  b u t  hav ing  a  f r e t t e d  
f r a c t u r e  s u r f a c e .  C o n t i n u a t i o n  o f  t h e  tes t  d e m o n s t r a t e d  t h a t  t h e  f a i l u r e s  



p r o p a g a t e d  a l o n g  t h e  f u e l  s t r i n g .  A second  test ,  t o  v e r i f y  t h e  c o n d i t i o n s  
r e q u i r e d  t o  c a u s e  c r a c k i n g ,  was under taken  a t  a  c o n s t a n t  136 Hz p r e s s u r e  p u l s e  
f r e q u e n c y  and c r a c k i n g  o c c u r r e d  a f t e r  a p p r o x i m a t e l y  6 m i l l i o n  c y c l e s .  
C o n t i n u a t i o n  of  t h e  tes t  demons t ra ted  t h a t  t h e  c r a c k i n g  was, a g a i n ,  
p r o g r e s s i v e  w i t h  f u r t h e r  c r a c k s  d e v e l o p i n g  n o t  o n l y  i n  t h e  o u t l e t  b u n d l e  b u t  
a l s o  i n  bund les  f u r t h e r  down s t r e a m .  The i n l e t  b u n d l e  was c a r e f u l l y  m o n i t o r e d  
f o r  b e a r i n g  pad  f r e t t i n g .  The f r e t t i n g  r a t e  was s e e n  t o  be  h i g h e r  t h a n  
e x p e c t e d  b u t  due t o  d i f f i c u l t i e s  i n  measur ing t h e  b e a r i n g  pad h e i g h t  a  
q u a n t i t a t i v e  e s t i m a t e  o f  t h e  f r e t t i n g  was n o t  p o s s i b l e .  These tests  reproduced  
t h e  e s s e n t i a l  damage f e a t u r e s  found i n  D a r l i n g t o n  u n i t  2  - namely end  p l a t e  
c r a c k i n g ,  h i g h  s p a c e r  pad  f r e t t i n g  i n  bund les  1 and 2  between i n t e r m e d i a t e  and  
i n n e r  r i n g s ,  f r e t t i n g  between t h e  end p l a t e s  and h i g h  f r e t t i n g  on t h e  i n l e t  
b u n d l e .  

T e s t i n g  a t  GE i n  which t h e  c o n d i t i o n s  were v a r i a b l e ,  c o v e r i n g  t e m p e r a t u r e s  
from 60 OC t o  295OC w i t h  t h e  f requency  h e l d  a t  150 Hz, a l s o  r e s u l t e d  i n  
c r a c k e d  end  p l a t e s .  When t h e  f r a c t u r e  s u r f a c e s  were examined t h e y  were s e e n  t o  
b e  v e r y  s i m i l a r  i n  s u r f a c e  t e x t u r e  t o  t h o s e  s e e n  i n  t h e  r e a c t o r .  T h i s  r e s u l t  
s u g g e s t e d  t h a t  t h e  i n - r e a c t o r  f a i l u r e s  o c c u r r e d  under  h o t  o p e r a t i n g  
c o n d i t i o n s .  A t e s t  a t  150 Hz w i t h  a  reduced p r e s s u r e  p u l s e  ampl i tude  of  abou t  
25-35 Kpa and  'domed1 b u n d l e s  produced i n c i p i e n t  c r a c k s  a t  e l ements  22, 26 and 
30, c o n s i s t e n t  a l s o  w i t h  t h e  c r a c k i n g  p a t t e r n s  s e e n  i n  t h e  r e a c t o r .  

T e s t i n g  a t  GE c o n c e n t r a t e d  on d e v e l o p i n g  a  p u l s e  ampl i tude  t h r e s h o l d  f o r  end  
p l a t e  c r a c k i n g .  Th i s  t h r e s h o l d  f o r  GE f u e l  was found t o  be  i n  t h e  range 25-40 
Kpa ( z e r o  t o  peak)  p u l s e  ampl i tude  a t  t h e  i n l e t  b u n d l e .  S i m i l a r  t e s t i n g  of  
Z i r c a t e c  f u e l  r e s u l t e d  i n  a  v a l u e  of about  65 Kpa ( z e r o  t o  peak)  p u l s e  
a m p l i t u d e .  

A test a t  150 Hz, and 285 OC, and a  p r e s s u r e  p u l s e  ampl i tudeof  65 Kpa ( z e r o  t o  
peak)  a t  t h e  f u e l  s t r i n g  i n l e t  - c r e a t e d  end  p l a t e  c r a c k s  i n  b u n d l e s  1, 2,  6, 
8 and  12 a f t e r  21  h r s  o f  o p e r a t i o n .  I n v e s t i g a t i o n  o f  t h e s e  c r a c k s  i n d i c a t e d  
t h a t  t h e  c r a c k  i n  b u n d l e  12 was a  f r e s h  d u c t i l e  c r a c k  n o t  c a u s e d  by t h e  t e s t .  
Those i n  1 , 2 , 6  and 8 were shown t o  be  due t o  f a t i g u e  f a i l u r e .  Cracks  i n  
b u n d l e s  8 and  9  have been s e e n  i n  t h r e e  D a r l i n g t o n  c h a n n e l s .  R e c e n t l y  t h e  D2 
K 1 2  #12 bund le  was i n s p e c t e d  and a l s o  found t o  b e  c r a c k e d .  T h i s  test  s u g g e s t s  
t h a t  s e v e r e  f u e l  damage i n - r e a c t o r  was caused  by h i g h  p r e s s u r e  p u l s e  
a m p l i t u d e s .  

I n  o r d e r  t o  c r e a t e  a  s i g n i f i c a n t  change i n  t h e  c h a n n e l  r e sponse ,  a t  GE, a  tes t  
was conduc ted  wi thou t  a n  o u t l e t  s h i e l d  p l u g .  The r e s u l t s  showed s i g n i f i c a n t  
d i f f e r e n c e s  i n  t h e  end  p l a t e  c r a c k i n g  t o  t h a t  of a  test  run wi th  t h e  s h i e l d  
p l u g .  I n  p a r t i c u l a r  c r a c k s  were e a s i l y  produced i n  bund les  1, 2 and 8 .  I t  is  
p o s s i b l e  t h a t  t h e  removal of t h e  s h i e l d  p l u g  a f f e c t e d  t h e  mechanical  r e s p o n s e  
of  t h e  e n d  f i t t i n g ,  t h e  a c o u s t i c  r e sponse  of t h e  c h a n n e l  and hence t h e  f u e l  
s t r i n g .  

An o u t l e t  f u e l  s u p p o r t i n g  s h i e l d  p l u g  was t e s t e d  a t  STERN, under  c o n d i t i o n s  
known t o  c a u s e  e n d p l a t e  c r a c k i n g .  The test  r a n  f o r  approx imate ly  200 h r s  which 
was abou t  20 t i m e s  l o n g e r  t h a n  n e c e s s a r y  t o  c r a c k  end  p l a t e s  under  s i m i l a r  
c o n d i t i o n s  w i t h  a  r e g u l a r  s h i e l d  p l u g .  No c r a c k i n g  was observed.  T h i s  was 
e x p e c t e d  based  on t h e  r e d u c t i o n  i n  h i g h  mean e n d p l a t e  stress. Measurement o f  
t h e  i n l e t  bund le  a x i a l  movement s u g g e s t e d  t h a t  t h e  f u e l  s u p p o r t i n g  s h i e l d  p l u g  
d i d  n o t ,  however, p r e v e n t  a x i a l  movement and hence f r e t t i n g  of  t h e  i n l e t  
bund le  b e a r i n g  pads  o r  t h e  p r e s s u r e  t u b e .  

Two tests of  a p p r o x i m a t e l y  150 h r s  under  s t e a d y  s t a t e  f low w e r e  under taken  a t  
SPEL a t  265 OC and 30 k g / s  f low r a t e  wi th  l i g h t  wa te r ,  i n  o r d e r  t o  p r o v i d e  a  
b a s e l i n e  f r e t t i n g  r a t e .  I n  b o t h  c a s e s  t h e  i n l e t  bund le  e x h i b i t e d  f r e t t i n g  on 
t h e  i n l e t  f u e l  bund le  b e a r i n g  pads  which was unexpected.  T h i s  f r e t t i n g  was 
s e e n  a s  a  s t e p  i n  t h e  b e a r i n g  pad approx imate ly  130 micrometres  deep.  I t  is,  
however, somewhat t y p i c a l  of  f r e t t i n g  s e e n  a t  Bruce ^B1 and i n  many c h a n n e l s  
i n  D a r l i n g t o n  a l t h o u g h  t h e  d u r a t i o n  of  t h e  test  was low compared t o  t h e  
r e s i d e n c e  t i m e  of f u e l  i n  t h e  r e a c t o r s .  It i s  surmised  t h a t  t h e  f r e t t i n g  r a t e  
is  h i g h  t o  beg in  w i t h  and  d e c r e a s e s  wi th  t i m e .  F u r t h e r  examinat ion of t h e  



b e a r i n g  pad  f r e t t i n g  over  t h e  complete bundle  i n d i c a t e d  t h a t  no s i g n i f i c a n t  
f r e t t i n g  e x i s t e d  o t h e r  t h a n  on t h e  b e a r i n g  pads  r e s t i n g  on t h e  s p a c e r  s l e e v e .  
T h i s  f r e t t i n g  was cons ide r ed  t o  be  due t o  ' rocking '  of t h e  bundle  caused by  
f low v a r i a t i o n s / t u r b u l e n c e  c r e a t e d  by t h e  geometry of t h e  i n l e t  Grayloc and  
t h e  MkIIIA s h i e l d  p lug .  

A review of t h e  examinat ion of t h e  f r a c t u r e  s u r f a c e s  from t h e  r e a c t o r  and  t h e  
test  l oops  concluded t h a t  t h e  h o t  t e s t i n g  c r e a t e d  f r a c t u r e  s u r f a c e  f e a t u r e s  
c l o s e r  t o  t h o s e  seen  i n  t h e  r e a c t o r  t han  d i d  c o l d  t e s t i n g .  

End F i t t i n q  Axia l  Motions 

A series of tests was under taken t o  a s s e s s  i f  moni to r ing  of t h e  end f i t t i n g  
a x i a l  motion cou ld  p rov ide  i n fo rma t ion  on t h e  f u e l  s t r i n g  behaviour  o r  an  
i n d i c a t i o n  of t h e  p r e s s u r e  p u l s e  ampli tude i n  t h e  channe l  and a  p o s s i b l e  
m o n i t o r i n g  paramete r  f o r  f u e l  behav iour  i n  t h e  channe l .  S i m i l a r  tests w e r e  
conduc ted  a t  t h e  t h r e e  l oops ,  SPEL, STERN and GE wi th  c o n d i t i o n s  a t  t h e  
v a r i o u s  l oops  up t o  305 OC and 210 Hz p u l s i n g  f requency .  

The r e s u l t s  were v a r i a b l e ,  be ing  a p p a r e n t l y  c o n s i s t e n t  a t  GE, i n d i c a t i n g  t h e  
method would p rov ide  a  good moni to r ing  b a s i s ,  t o  v a r i a b l e  a t  STERN and SPEL, 
p a r t i c u l a r l y  a t  h igh  p r e s s u r e  p u l s e  ampli tudes  a t  t h e  i n l e t  bundle p o s i t i o n .  
The r e s u l t s  from SPEL conducted a t  210 Hz wi th  a  Z i r c a t e c  f u e l  s t r i n g ,  showed 
more c o n s i s t e n c y  t han  a t  150 Hz. I n  g e n e r a l  t h e  SPEL t e s t i n g  i n d i c a t e d  few 
s t r i n g  resonances  between 170 Hz and 220 Hz. The d a t a  from t h e  t h r e e  l o o p s  
were c o r r e l a t e d  t o  de te rmine  t h e  b a s i s  on which t h e  end f i t t i n g  a x i a l  mot ion 
c o u l d  be  used  t o  moni to r  t h e  r e a c t o r  f o r  c o n d i t i o n s  t h a t  cou ld  be a s s o c i a t e d  
w i t h  f u e l  damage, f i g u r e  6 .  Th i s  i nc luded  a  set of d a t a  gene ra t ed  a t  GE w i t h  
no f u e l  i n  t h e  channe l .  The conc lu s ions  from t h i s  comparison, i n  g e n e r a l ,  show 
t h a t  e n d f i t t i n g  a x i a l  motion was p o s i t i v e l y  c o r r e l a t e d  wi th  t h e  magnitude of 
p r e s s u r e  p u l s a t i o n  a t  t h e  i n l e t  bundle  and appeared  t o  be  s i m i l a r  f o r  b o t h  GE 
and  Z i r c a t e c  f u e l .  

Feede r /Fue l  Channel Acous t ics  

Measurements of t h e  p r e s s u r e  p u l s e  ampli tude a long  an i n l e t  f e ede r ,  f u e l  
channe l  and o u t l e t  f e e d e r  was accomplished a t  STERN fo l l owing  i n s t a l l a t i o n  of 
e x t r a  p r e s s u r e  t r a n s d u c e r s  i n  t h e  f e e d e r  p i p e s .  Three t y p i c a l  r e s u l t s  a r e  
shown i n  f i g u r e  7 f o r  30, 150 and 210 Hz. The o v e r a l l  r e s u l t s  i n d i c a t e d  t h a t  
t h e r e  can be  s t a n d i n g  and t r a v e l l i n g  waves i n  t h e  f e e d e r / f u e l  channel  
combina t ion .  There can be a m p l i f i c a t i o n  i n  t h e  f e e d e r  a t  150 Hz with  two peaks  
between t h e  i n l e t  t o  t h e  f e e d e r  and t h e  Grayloc.  The h i g h e s t  peak occu r r ed  
approx imate ly  2  met res  upstream of t h e  Grayloc,  t h e  a m p l i f i c a t i o n  be ing  a  
f a c t o r  of two compared t o  t h e  p r e s s u r e  p u l s e  a t  t h e  i n l e t  t o  t h e  f e e d e r .  
However between t h e  i n l e t  t o  t h e  f e e d e r  and t h e  Grayloc t h e r e  was s l i g h t  
a m p l i f i c a t i o n  a t  low p r e s s u r e  p u l s e  ampli tudes  and a t t e n u a t i o n  a t  a l l  h i g h e r  
p u l s e  ampl i tudes .  Through t h e  channel ,  from Grayloc t o  t h e  l a t c h  bundle  t h e  
p r e s s u r e  p u l s e  ampli tude g e n e r a l l y  a t t e n u a t e d  excep t  a t  t h e  bundle  p o s i t i o n  4 
where t h e  p u l s e  ampl i tude  was always h ighe r  t h a n  a t  p o s i t i o n  7  b u t  s t i l l  lower  
t h a n  a t  t h e  Grayloc.  Apart from t h e  30 Hz r e s u l t  it appeared t h a t  a  p r e s s u r e  
node a lways developed j u s t  ou tboard  of t h e  s h i e l d  p lug  i n  t h e  i n l e t  end 
f i t t i n g .  

Measurements of t h e  p r e s s u r e  p u l s e  ampli tudes  a long  t h e  loop  were no t  p o s s i b l e  
a t  GE o r  t h e  SPEL loop  because of t h e  l a c k  of p r e s s u r e  t r a n s d u c e r s .  The 
exper iments  t o  d a t e  w e r e  no t  set up s p e c i f i c a l l y  t o  run i n  r e sona t i ng  
c o n d i t i o n s .  However, r esonances  obvious ly  occur  i n  t h e  loops  a s  t e s t i n g  a t  1 5 0  
Hz and  265 OC i n  t h e  GE l oop  c r e a t e s  a  p u l s e  ampli tude under a l l  bypass  v a l v e  
c o n d i t i o n s  which i s  ve ry  low. A s i g n i f i c a n t l y  h ighe r  p u l s e  ampli tude i s  
p o s s i b l e  a t  e i t h e r  150 Hz and 295 OC o r  168 Hz and 265 OC sugges t i ng  a  
resonance  of t h e  l oop  o r  p u l s e r  system. 



I n  SPEL, t h e  l oop  showed s e v e r a l  resonances  and i n  p a r t i c u l a r  a  p u l s e  
ab so rp t i on  a t  about  10 Hz. These r e s u l t s  i n d i c a t e d  t h a t  t h e  behav iour  of t h e  
loops and presumably t h e  channe ls  i n  t h e  r e a c t o r s  i s  a c o u s t i c a l l y  v e r y  
complex, a  f a c t  which cou ld ,  i n  p a r t ,  account  f o r  t h e  v a r i a b l e  r e s u l t s  between 
t h e  l oops .  

Fuel  S t r i n q  Response t o  Mechanical  V i b r a t i o n  

The e f f e c t  of mechanical  v i b r a t i o n  of end f i t t i n g s  on t h e  f u e l  and p r e s s u r e  
t ube  ha s  n o t  p r e v i o u s l y  been q u a n t i f i e d  and such t e s t i n g  was under taken a t  
OHRD-NPCTF. Seve ra l  tes t  runs  were made wi th  a  mechanical  v i b r a t o r  a t t a c h e d  t o  
t h e  i n l e t  end of t h e  f u e l  channel  and used t o  v i b r a t e  t h e  end f i t t i n g  i n  a  
v e r t i c a l  d i r e c t i o n .  The r e s u l t s  sugges ted  t h a t  v e r t i c a l  a c c e l e r a t i o n s  of t h e  
end f i t t i n g  a t  150 Hz w e r e  u n l i k e l y  t o  cause  t h e  f u e l  t o  v i b r a t e  a x i a l l y  b u t  
a t  s p e c i f i c  f r e q u e n c i e s  cou ld  cause  t h e  f u e l  t o  impact t h e  channe l .  

Axia l  v i b r a t i o n  of t h e  downstream e n d f i t t i n g  i n d i c a t e d  t h a t  about  a  600 N 
a l t e r n a t i n g  l o a d  is  needed t o  cause t h e  end  f i t t i n g  t o  v i b r a t e  a t  a  v e l o c i t y  
of 4 mm/sec, a  va lue  measured on t h e  r e a c t o r .  C a l c u l a t i o n s  of t h e  a x i a l  
f o r c i n g  f u n c t i o n ,  due t o  p r e s s u r e  p u l s e s  i n  t h e  f e e d e r ,  sugges t  t h a t  t h i s  
a l t e r n a t i n g  l o a d  i s  u n l i k e l y  t o  be ach ieved  on r e a c t o r .  

Fu r the r  work a t  OHRD c o n s i s t i n g  of v i b r a t i n g  t h e  i n l e t  bundle d i r e c t l y  and 
moni to r ing  f u e l  s t r i n g  response  u s ing  acce l e rome te r s ,  demonstra ted a  
'breakaway' behav iour ,  of t h e  i n l e t  bundle  motion when s u b j e c t e d  t o  a  150 Hz 
a x i a l  l o a d  f o r c i n g  f u n c t i o n ,  f i g u r e  8 .  Applying an a d d i t i o n a l  va ry ing  l o a d  a t  
low f requency  ( 1 0  Hz) was shown t o  t a k e  t h e  f u e l  s t r i n g  i n t o  and ou t  of t h e  
'breakaway1 p a r t  of t h e  cu rve .  Subsequent t e s t i n g  cover ing  low f r e q u e n c i e s  
between 6  and 15 Hz e x h i b i t e d  s i m i l a r  behav iour .  A b r i e f  tes t  a t  210 Hz a l s o  
gave s i m i l a r  behav iour .  During t h e  t e s t i n g  t h e  knee a t  which 'breakaway 
behav iour f  began moved towards  a  lower dynamic l o a d  and it i s  s p e c u l a t e d  t h a t  
t h i s  cou ld  be  a  r e s u l t  of a  change i n  t h e  f r i c t i o n  f o r c e  between t h e  f u e l  and 
t h e  p r e s s u r e  t u b e  a s  t h e  b e a r i n g  pads 'wore i n f .  

During a l l  of t h e  above tests  t h e  o u t l e t  f u e l  bundle  d i d  no t  respond 
s i g n i f i c a n t l y .  

CONCLUSIONS 

The expe r imen t a l  f u e l  channe l  l oop  program has  p rov ided  s i g n i f i c a n t  
i n fo rma t ion  t o  t h e  i n v e s t i g a t i o n  of t h e  f u e l  f a i l u r e s  a t  Da r l i ng ton .  The major 
conc lu s ions  from t h e  program a r e  a s  f o l l ows :  

a )  F u e l b u n d l e s p o t e n t i a ~ ~ y d a m a g e d t h r o u g h i n i t i a l m a n u a l f u e l l o a d i n g d o  
no t  behave d i f f e r e n t l y  t o  undamaged bundles .  

b )  Flow o s c i l l a t i o n s  caused  by t h e  i n l e t  end f i t t i n g  geometry a r e  u n l i k e l y  
t o  have caused s e v e r e  i n l e t  bundle f r e t t i n g .  

c Flow causes  t h e  i n l e t  bundle  t o  move a x i a l l y  by 
bundle  e n d p l a t e  d e f l e c t s  by between 0 .5  and 1 . 0  
30 k g / s .  

d )  Flow v a r i a t i o n s  a r e  u n l i k e l y  t o  have caused  t h e  
f a t i g u e  f a i l u r e s .  

e )  P r e s s u r e  p u l s a t i o n s  a t  h igh  f requency ( -  150Hz) 

about  3mm. The o u t l e t  
rnm wi th  f low r a t e  up t o  

h igh  cycle / low ampl i tude  

have been shown t o  cause  
end p l a t e  c r ack ing ,  end p l a t e / e n d  p l a t e ,  i n t e r e l emen t  space r  and b e a r i n g  
pad f r e t t i n g .  For  end p l a t e  c r ack ing  t h e  p r e s s u r e  p u l s e  ampli tude 
t h r e s h o l d  i s  25 - 40 kPa f o r  GE f u e l  and about  65 kPa f o r  Z P I  f u e l .  



f  ) End f i t t i n g  a x i a l  v e l o c i t y  p r o v i d e s  a  v e r y  rough e s t i m a t e  o f  t h e  i n l e t  
e n d  f i t t i n g  p r e s s u r e  p u l s e  a m p l i t u d e  b u t  d o e s  n o t  p r o v i d e  i n f o r m a t i o n  on 
t h e  b u n d l e  movement. 

g) The f e e d e r / f u e l  c h a n n e l  a c o u s t i c s  i s  v e r y  complex.  S t a n d i n g  waves a n d  
t r a v e l l i n g  waves c a n  e x i s t  t h r o u g h o u t  t h e  s y s t e m .  A p r e s s u r e  node 
a p p e a r s  t o  a lways  e x i s t  i n  t h e  i n l e t  e n d  f i t t i n g .  

h )  The f u e l  d o e s  n o t  r e spond  s i g n i f i c a n t l y  t o  e x t e r n a l  mechan ica l  v i b r a t i o n  
i n  t h e  a x i a l  d i r e c t i o n .  However f o r c e d  a x i a l  v i b r a t i o n  of t h e  i n l e t  
b u n d l e  h a s  a t h r e s h o l d  beyond which s i g n i f i c a n t  a x i a l  movement o f  t h e  
b u n d l e  o c c u r s .  

The e x p e r i m e n t a l  program c o n t i n u e s  t o  p r o v i d e  a d d i t i o n a l  i n f o r m a t i o n  t o  assist  
t h e  u n d e r s t a n d i n g  of t h e  problems a t  D a r l i n g t o n  NGS. 
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AECL SPEL, and  J .Vissers GE (Canada) . 

FIGURES 

F i g u r e  1. R e l a t i o n s h i p  o f  t h e  Exper imen ta l  Program w i t h  o t h e r  a s p e c t s  of t h e  
I n v e s t i g a t i o n .  

F i g u r e  2 .  'Rocking' o f  t h e  I n l e t  Bundle w i t h  I n l e t  Geometry. 

F i g u r e  3 .  A x i a l  Movement o f  t h e  I n l e t  Bundle w i t h  Flow. 

F i g u r e  4 .  O u t l e t  Bundle End P l a t e  D e f l e c t i o n  w i t h  Flow. 

F i g u r e  5 .  O u t l e t  Bundle D e f l e c t i n  w i t h  P u l s i n g  Frequency.  

F i g u r e  6 .  End F i t t i n g  A x i a l  V e l o c i t y  a s  F u n c t i o n  o f  P u l s e  Amplitude.  

F i g u r e  7 .  A c o u s t i c  Response o f  t h e  STERN Loop w i t h  Frequency.  
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