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METAL SWELLING EFFECTS ON FTR CORE COMPONENTS 

R. J .  J a c k s o n ,  C .  L .  W h e e l e r ,  
G .  R. Waym i re ,  and  W .  W .  L i t t l e  

ABSTRACT 

An e l a s  t i c  a n a l y s i s  which c o n s i d e r e d  n e u t r o n -  induced 

m e t a l  s w e l l i n g  was per formed on each  t y p i c a l  component i n  t h e  

F a s t  T e s t  Reac to r  (FTR) c o r e .  The d i l a t a t i o n  and d u c t  bend ing  

r e s u l t i n g  from t h e  s w e l l i n g  and t h e  s w e l l i n g  g r a d i e n t s  a r e  

p r e d i c t e d  f o r  each component. Component i n t e r a c t i o n s  r e s u l t i n g  

from t h e s e  d imens iona l  changes a r e  p r e d i c t e d ,  and d u c t -  t o - d u c t  

c o n t a c t  between s u p p o r t s  d u r i n g  o p e r a t i o n  i s  proposed a s  a  

p o t e n t i a l  burnup l i m i t a t i o n .  Othe r  p o t e n t i a l  burnup l i m i  t a -  

t i o n s  from r e f u e l i n g  c o n s i d e r a t i o n s  a r e  d i s c u s s e d .  
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R .  J .  J a c k s o n ,  C .  L .  W h e e l e r ,  
G .  R .  W a y m i r e ,  a n d  W .  W .  L i t t l e  

INTRODUCTION 

The purpose o f  t h i s  s t udy  was t o  develop an unders tand ing  

o f  t h e  major i n t e r a c t i o n  between core  components o f  a  f a s t  

b r e e d e r  r e a c t o r ,  caused by f a s t  neu t ron  induced meta l  s w e l l -  

ing!ly2) and t o  i d e n t i f y  t h e  most s e v e r e  p o t e n t i a l  problem 

a r e  a s .  

1 .  C .  Cawthorne and E .  J .  FuZton .  " V o i d s  i 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 ,  " N a t u r e ,  voZ .  21  6 ,  p .  575.  1967.  

2 .  J .  J .  Holmes,  R .  E .  R o b b i n s ,  J .  A .  B r i m h a l l ,  and 
B .  MasteZ.  "EZeva t ed  Tempera tu re  I r r a d i a t i o n  Hardening 
i n  A u s t e n i t i c  S t a i n Z e s s  S t e a l , "  A c t a  Met .  0 0 2 .  16 ,  p .  955 .  
1968 .  



S U M M A R Y  

A summary o f  t h e  r e s u l t s  i s  t a b u l a t e d  below. I t  may b e  

n o t e d  t h a t  s w e l l i n g  induced  i n t e r a c t i o n s  between a l l  major  

c o r e  components a r e  p r e d i c t e d .  

Component E f f e c t  o f  Meta l  S w e l l i n g  

Genera l  1. More s w e l l i n g  i s  p r e d i c t e d  f o r  s o l u t i o n -  
t r e a t e d  304 t h a n  f o r  co ld-worked 316 SS. 

2 .  Lowering t h e  t e m p e r a t u r e ,  s h o r t e n i n g  t h e  c o r e ,  
and r o t a t i n g  t h e  d u c t s  a t  i n t e r v a l s  a m e l i o r -  
a t e  t h e  s w e l l i n g  e f f e c t s .  

D r i v e r  Ducts 1. D i l a t a t i o n  i s  t h e  p r imary  cause  o f  d u c t t o  d u c t  
c o n t a c t  between Rows 1, 2 ,  and 3. 

2 .  Duct-bending  i s  l a r g e s t  i n  Rows 5 and 6 .  

3 .  Based upon e l a s t i c  s t r e s s  a n a l y s i s  d u c t  t o p  
d e f l e c t i o n  i s  a l m o s t  e n t i r e l y  r e s t r a i n e d  by 
t h e  r e l a t i v e l y  s t r a i g h t  r e f l e c t o r s  i n  
Rows 7 ,  8 ,  and 9 d u r i n g  r e f u e l i n g .  

4 .  D u c t - l e n g t h  i n c r e a s e  can  be accommodated 
by minor  d e s i g n  changes i n  t h e  i n s t r u m e n t  
t r e e .  

C o n t r o l  Rod 1. Large d i a m e t r a l  c l e a r a n c e s  a r e  r e q u i r e d  
between t h e  g u i d e  t u b e  and t h e  i n n e r  d u c t  
f o r  c o n t r o l  r o d  l i f e  g r e a t e r  t h a n  s i x  
months.  

Closed  Loops 1. Large volume i n c r e a s e s  a r e  p r e d i c t e d  f o r  t h e  
c l o s e d  l o o p  components,  b a s e d  upon u l t i m a t e  
o p e r a t i n g  t e m p e r a t u r e s .  

2 .  The d i l a t a t i o n  and bend ing  a s s o c i a t e d  w i t h  
t h e  316 cold-worked c l o s e d  l o o p s  cause  d u c t  
t o  d u c t  c o n t a c t  between d r i v e r  d u c t s  i n  
Rows 5 and t h e  c l o s e d  l o o p  i n  Row 6  a t  about  
280 days (%40,000 MWd/tonneM i n  Row 5 a t  
t h i s  t i m e ) .  

3 .  A . c r u s h i n g  i n t e r f e r e n c e  between t h e  f low t u b e  
and t h e  f low t u b e  l i n e r  i s  p r e d i c t e d  because  
o f  d i f f e r e n t i a l  m e t a l  s w e l l i n g  o f  t h e s e  two 
c o a x i a l  components i n  t h e  c o r e  r e g i o n .  



G U I D E L I N E S  

The gu ide  l i n e s  used  d u r i n g  t h i s  s t u d y  were a s  f o l l o w s :  

The FTR d e s i g n  shown i n  F i g u r e  1 was used  a s  r e f e r e n c e .  

The emphasis  was on e s t a b l i s h i n g  t h e  s w e l l i n g - i n d u c e d  

d i s t o r t e d  shape  o f  i n d i v i d u a l  components and t h e n  e s  t i - 

mat ing  t h e  e f f e c t s  o f  i n t e r a c t i o n s  w i t h  o t h e r  components.  

Thermal s t r e s s  and d i s t o r t i o n  were de te rmined  t o  be  s m a l l  

i n  comparison t o  m e t a l  s w e l l i n g  d i s t o r t i o n .  Only m e t a l  

s w e l l i n g  was c o n s i d e r e d  f o r  t h i s  s t u d y .  

The f o r c e s  between components and t h e  s t r e s s e s  w i t h i n  

i n d i v i d u a l  components depend g r e a t l y  upon t h e  c r e e p  r a t e .  

Because a n a l y t i c a l  t o o l s  a r e  n o t  p r e s e n t l y  a v a i l a b l e  t o  

de te rmine  t h e  impor tance  o f  t h e s e  e f f e c t s  i n  s t a t i c a l l y  

i n d e t e r m i n a t e  beams, no v a l u e s  o f  f o r c e  o r  s t r e s s  a r e  

r e p o r t e d .  

Nominal p r e d i c t e d  v a l u e s  f o r  s w e l l i n g  were computed from 

row-averaged v a l u e s  o f  t e m p e r a t u r e  and f l u x .  More ex t r eme  

c o n d i t i o n s  e x i s t  w i t h i n  t h e  c o r e .  

A c o r e  l i f e t i m e  c o n s i s t i n g  o f  f o u r  100 day r e a c t o r  c y c l e s  

was assumed. T h i s  t ime  p e r i o d  c a u s e s  Row 1 f u e l  assembly 

t o  r e a c h  a b o u t  100,000 MWd/tonneM peak w h i l e  t h e  Row 6 

f u e l  a s s e m b l i e s  o n l y  r e a c h  about  50,000 MWd/tonneM burnup 

a t  t h e i r  c o r e  midplane .  The Row 1 f u e l  assembly r e a c h e s  

i t s  g o a l  burnup (80,000 MWdltonneM a t  abou t  300 days). The 

Row 6 f u e l  a s s e m b l i e s  would r e a c h  t h e  same g o a l  burnup i n  

abou t  600 days b u t  would p r o b a b l y  r e a c h  a  burnup l i m i t i n g  

d i s t o r t i o n  e a r l i e r .  Thus,  a  400 day c o r e  l i f e  w i t h  no 

f u e l  r ep lacemen t  i s  a  compromise between o v e r - e x p o s u r e  

o f  t h e  c e n t e r  f u e l  a s s e m b l i e s  and under - exposure  o f  t h e  

o u t e r  f u e l  a s s e m b l i e s .  Th i s  compromise p e r m i t t e d  a  f i r s t  

a n a l y s i s  o f  t h e  s w e l l i n g  induced  c o r e  component 

i n t e r a c t i o n s .  
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E N V I R O N M E N T  

The a x i a l  and r a d i a l  d i s t r i b u t i o n s  o f  t h e  n e u t r o n  f l u x  

and m e t a l  t empera tu re  i n  t h e  c o r e  components a r e  e s s e n t i a l  

t o  t h e  c a l c u l a t i o n  o f  t h e i r  per formance .  

N E U T R O N  F L U X  

The d i s t r i b u t i o n  o f  t o t a l  f l u x  i s  o f  t h e  form 

where f ( Z )  i s  a  u n i v e r s a l  a x i a l  p r o f i l e  a p p l i c a b l e  t o  a l l  

c o r e  components,  g iven  i n  F i g u r e  2 a long  w i t h  t h e  f u n c t i o n a l  

form used  i n  t h e  s w e l l i n g  a n a l y s i s .  The c o n s t a n t s  i n  t h e  

assumed f u n c t i o n s  a r e  de te rmined  by a  two p o i n t  f i t  t o  p r e -  

v i o u s l y  c a l c u l a t e d  f l u x  d i s t r i b u t i o n s .  F i g u r e s  3 and 4 

i l l u s t r a t e  t h e  a x i a l  f l u e n c e  d i s t r i b u t i o n  f o r  s p e c i f i e d  t imes  

on t h e  two o p p o s i t e  s i d e s  o f  a  Row 6  d u c t .  

The r a d i a l  p r o f i l e  g(R,  t )  i s  g i v e n  i n  F i g u r e  5 f o r  t h e  

s t a r t  and end o f  a  t y p i c a l  FTR l o a d i n g  c y c l e .  This  p r o f i l e  

was o b t a i n e d  from t h e  o u t p u t  o f  a 2 d imens iona l  d i f f u s i o n  

code,  2 D B ,  by a v e r a g i n g  t h e  f l u x  o v e r  t h e  subassembl ies  i n  

each  row. The t ime dependence o f  t h e  r a d i a l  p r o f i l e  i s  assumed 

t o  va ry  l i n e a r l y  o v e r  each  100 day l o a d i n g  c y c l e  ( F i g u r e  6 ) .  

The f r a c t i o n  o f  t h e  t o t a l  f l u x  w i t h  e n e r g i e s  g r e a t e r  than  

0 . 1  MeV i s  assumed t o  be a  c o n s t a n t  65% a t  a11 r a d i a l  l o c a t i o n s .  

This  p e r c e n t a g e  i s  s l i g h t l y  h i g h e r  a t  t h e  i n t e r f a c e  o f  t h e  two 

c o r e  zones and s l i g h t l y  lower  a t  t h e  c o r e  p e r i p h e r y .  

W A L L  T E M P E R A T U R E  

The a x i a l  d u c t  w a l l  t e m p e r a t u r e  d i s t r i b u t i o n  on t h e  oppo- 

s i t e  s i d e s  o f  a  row averaged  d u c t  was c a l c u l a t e d  f o r  each  

component. 
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FIGURE 4 .  F l u e n c e  A x i a l  D i s t r i b u t i o n ,  C o l d  S i d e  Row 6 
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FIGURE 6.  T y p i c a l  Time Dependence of F l u x  F a c t o r ,  FZ 

D r i v e r  Fue l  Assembl ies  

A l i n e a r  t e m p e r a t u r e  g r a d i e n t  was assumed between h o t  and 

c o l d  s i d e s  o f  t h e  d r i v e r  d u c t s .  The a x i a l  w a l l  t e m p e r a t u r e  p r o -  

f i l e s  were c a l c u l a t e d ,  n e g l e c t i n g  h e a t  c o n d u c t i o n  th rough  t h e  

d u c t  w a l l  t o  t h e  bypass  c o o l a n t .  The b u l k  t e m p e r a t u r e  o f  t h e  

c o o l a n t  i n  t h e  p e r i p h e r a l  c h a n n e l s  i s  t h e n  u s e d  a s  t h e  d u c t  

w a l l  t e m p e r a t u r e .  The c o o l a n t  t e m p e r a t u r e  p r o f i l e s  a r e  computed 

by t h e  COBRA Computer code b a s e d  upon o r i f i c e d  c o o l a n t  f l o w  

r a t e s .  The r a d i a l  power d i s t r i b u t i o n s  a r e  d e t e r m i n e d  from t h e  

same 2DB runs  and i n  t h e  same manner a s  t h e  r a d i a l  f l u x  

p r o f i l e s .  

F i g u r e  7 p r e s e n t s  t h e  row ave rage  w a l l  t e m p e r a t u r e s  a t  

2 7  i n .  f o r  t h e  s i x  rows c o n t a i n i n g  d r i v e r  e l e m e n t s .  The f u n c -  

t i o n a l  form o f  t h e  a x i a l  t e m p e r a t u r e  d i s t r i b u t i o n ,  which f i t s  

t h e  computer  a x i a l  p r o f i l e ,  i s :  
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T h i s  e x p r e s s i o n  i s  used  i n  t h e  computa t ion  o f  t e m p e r a t u r e  f o r  

a l l  d r i v e r  e l e m e n t s .  The r e s u l t a n t  a x i a l  t e m p e r a t u r e  d i s t r i b u -  

t i o n s  a r e  shown i n  F i g u r e s  8  and 9 f o r  t h e  h o t  s i d e  and c o l d  

s i d e  o f  Row 6  r e s p e c t i v e l y .  

C o n t r o l  Rods 

The c o o l a n t  t e m p e r a t u r e  i n  t h e  c o n t r o l  r o d  gu ide  t u b e  

p r i o r  t o  i t s  p a s s a g e  th rough  t h e  p o i s o n  s e c t i o n  i s  t h e  c o o l a n t  

i n l e t  t e m p e r a t u r e .  The s m a l l  amount of  ene rgy  c a r r i e d  away by  

t h e  c o o l a n t  f l o w i n g  between t h e  g u i d e  t u b e  and i n n e r  d u c t  w a l l s  

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

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

mean o u t l e t  c o o l a n t  t e m p e r a t u r e  i s  800 O F  o r  l e s s .  A l l  o f  t h e  

c o n t r o l  e l e m e n t s  a r e  t y p i f i e d  by  two t y p e s :  (1)  t h e  i n - c o r e  

c o n t r o l  r o d s  l o c a t e d  i n  Rows 4 and 5 ,  and (2) t h e  p e r i p h e r y  

c o n t r o l  rods  l o c a t e d  i n  Row 7 .  The i n - c o r e  rods  a r e  assumed t o  

remain cocked above t h e  c o r e  e x c e p t  when t h e  r e a c t o r  i s  down. 

T h i s  i n f e r s  t h e  r e a c t o r  c o n t r o l  i s  h a n d l e d  c o m p l e t e l y  by t h e  

p e r i p h e r a l  c o n t r o l  r o d s .  We a l s o  assumed t h a t  t h e s e  rods  move 

a s  a  bank w i t h  a  un i fo rm v e l o c i t y  from t h e  f u l l y  i n s e r t e d  

p o s i t i o n  a t  t h e  b e g i n n i n g  of  each  c y c l e  t o  t h e  f u l l y  withdrawn 

p o s i t i o n  a t  t h e  end .  

The a x i a l  t e m p e r a t u r e  d i s t r i b u t i o n s  f o r  b o t h  t h e  i n n e r  

and o u t e r  w a l l s  a r e  g i v e n  by t h e  f o l l o w i n g  f u n c t i o n s .  

When : 

X < Xo 
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When: 

When : 

X o < L < X  

When: 

L < X o ,  and X > Xo + L 

Where 

T = t he  temperature  a t  t h e  a x i a l  l o c a t i o n  X ,  

O F  

To = i n l e t  t empera ture ,  taken as  6 0 0  O F  

Xo  = t h e  d i s t a n c e  from the  bottom of t h e  

a c t i v e  core  reg ion  t o  t h e  bottom of t h e  

a c t i v e  poison e lement ,  in .  

X = t h e  d i s t a n c e  from the  bottom of t h e  

a c t i v e  core  reg ion  t o  t h e  p o i n t  a t  which 

T i s  computed (may be < O ) ,  i n .  
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L = t h e  l e n g t h  o f  t h e  a c t i v e  c o r e  and  t h e  l e n g t h  o f  

t h e  p o i s o n  e l e m e n t ,  t a k e n  a s  36 i n .  

A , e , B , a  = c o n s t a n t s  d e t e r m i n e d  b y  a c u r v e  f i t  o f  t h e  d a t a .  

Numerical  v a l u e s  a r e  g i v e n  i n  T a b l e  1. 

TABLE 1. Coefficients of the Control Rod Axial Wall  
Temperature Functions 

Row S i d e  A e  B CL 

4  Ilo t 65 .12  0 . 7 5  98 .0  0 .1268  

4  Cold 60.12 0 . 7 5  93 .0  0 .1268  

5 FIo t 71.64 0 . 7 5  108 .12  0.1264 

5  Cold 5 8 . 1 1  0 . 7 5  87 .203  0 .1192  

7  Hot 86.16 0 . 7 5  132 .49  0 .1312  

7 Cold 43 .58  0 . 7 5  65 .16  0 .1227  

C losed  Loops 

The c l o s e d  l o o p  w a l l  t e m p e r a t u r e s  were computed by  u s i n g  

a  f i n i t e  e l e m e n t  c o ~ ~ l p u t e r  code f o r  one r e p r e s e n t a t i v e  c a s e .  The 

d e s i g n  a n a l y z e d  c o n s i s t s  o f  two c o n c e n t r i c  t ~ ~ b e s  s u r r o u n d i n g  

t h e  t e s t  t u b e .  The o t h e r  two t u b e s  c o n s i s t  o f  a  t u b e  and  a  

l i n e r .  The assumed o p e r a t i n g  c o n d i t i o n s  a r e  4 . 0  MW t e s t  w i t h  

a  1200 O F  o u t l e t  t e m p e r a t u r e  and 400 O F  t e m p e r a t u r e  r i s e .  The 

computed w a l l  t e m p e r a t u r e s ,  a s  w e l l  a s  t h e  f i t t e d  c u r v e s  u s e d  

i n  t h e  s w e l l i n g  c a l c u l a t i o n ,  a r e  shown i n  F i g u r e  1 0 .  

Ref l e c t o r s  

The r e f l e c t o r s  were  assumed t o  be  o r i f i c e d  i n  s u c h  a  man- 

n e r  t h a t  t h e  b u l k  mean c o o l a n t  o u t l e t  t e m p e r a t u r e  f rom e a c h  

r e f l e c t o r  row was 25 O F  l ower  t h a n  i t s  i n n e r  n e i g h b o r .  T h i s  

p r o b a b l e  d i s t r i b u t i o n  was t o  p r e v e n t  t h e r m a l  shock  on t h e  i n s t r u -  

ment t r e e  components due t o  h i g h  t e m p e r a t u r e  d i f f e r e n c e s  be tween  

c o o l a n t  f rom t h e  d r i v e r  f u e l  a s s e m b l i e s  and c o o l a n t  f rom t h e  

s h i e l d  d u c t s .  The r e f l e c t o r  w a l l  t e m p e r a t u r e s  a x i a l  d i s t r i b u -  

t i o n s  were  s c a l e d  from t h e  d r i v e r  f u e l  assembly  r e s u l t s .  F lux  

v a l u e s  were  o b t a i n e d  from t h e  2 D B  r u n s  ( d i s c u s s e d  u n d e r  Neu t ron  

F l u x  i n  t h e  Environment  S e c t i o n ) .  
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S W E L L I N G  D I S T R I B U T I O N  

By use  o f  t h e  a v a i l a b l e  s w e l l i n g  d a t a ,  s w e l l i n g  d i s t r i b u -  

t i o n s  were c a l c u l a t e d  f o r  t h e  f o l l o w i n g  components: 

D r i v e r  f u e l  assembly d u c t s  Rows 1 t o  6  

C o n t r o l  r o d  Rows 4 ,  5 ,  7  

gu ide  t u b e s  

i n n e r  d u c t  

Closed  Loop Rows 2 ,  6  

p r e s s u r e  tube  

p r e s s u r e  tube  l i n e r  

f low t u b e  

f low tube  l i n e r  

t e s t  t ube  

R e f l e c t o r s  

S h i e l d  

Rows 7 ,  8 ,  9 

Row 10 

D R I V E R  D U C T S  

The r e s u l t i n g  volume i n c r e a s e  i n  t h e  Row 6  d r i v e r  d u c t s  

i s  shown i n  F i g u r e s  11 and 1 2 .  Note t h a t  t h e  peak v a l u e  o f  

s w e l l i n g  o c c u r s  6 i n .  above t h e  c o r e  midplane .  A t  t h i s  e l e -  

v a t i o n  a f t e r  400- days f u l l - p o w e r  exposure  ( approx imate ly  

50,000 MWd/tonneM, t h e r e  i s  a  4 .6% volume i n c r e a s e  on t h e  

d u c t s  c o l d  s i d e .  An ave rage  o f  t h e s e  two v a l u e s  i s  used  t o  

c a l c u l a t e  t h e  i n c r e a s e  i n  dimension a c r o s s  t h e  f l a t s  o f  t h e  

d u c t ,  w i t h  one h a l f  o f  t h i s  v a l u e  r e p o r t e d  a s  t h e  r a d i a l  

d i l a t a t i o n  (AR). The ave rage  s w e l l i n g  v a l u e  i s  a l s o  used  t o  

c a l c u l a t e  t h e  i n c r e a s e  i n  d u c t  l e n g t h  ( n L ) .  The a x i a l  s w e l l -  

i n g  d i s t r i b u t i o n  o f  a l l  d r i v e r  f u e l  assembly d u c t s  i s  s i m i l a r  

i n  shape  t o  F i g u r e s  11 and 1 2 .  A f t e r  400 d a y s ,  t h e  s w e l l i n g  

i s  p r e d i c t e d  t o  be abou t  1 0 %  f o r  s o l u t i o n - t r e a t e d  304 and 

a b o u t  3  1 / 2 %  f o r  cold-worked 316 SS,  Row 1, d r i v e r  d u c t s .  
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C O N T R O L  R O D S  

The s w e l l i n g  d i s t r i b u t i o n  f o r  a l l  c o n t r o l - r o d  g u i d e  t u b e s  

and t h e  cocked c o n t r o l - r o d  i n n e r  d u c t s  l o c a t e d  i n  Rows 4  and  5 

i s  s i m i l a r  i n  shape  b u t  lower  i n  magnitude t h a n  a  d r i v e r  d u c t  

i n  t h e  same l o c a t i o n .  The peak o c c u r s  a t  an e l e v a t i o n  c o r r e -  

spond ing  t o  t h e  c o r e  midp lane .  For  t h e s e  components,  t h e  maxi- 

mum c a l c u l a t e d  s w e l l i n g  i s  a b o u t  2 %  f o r  s o l u t i o n - t r e a t e d  304 and 

a b o u t  1 1 / 2 %  f o r  co ld-worked 316. Because t h e  Row 7 c o n t r o l  

r o d  i n n e r  d u c t s  a r e  assumed t o  be sh im r o d s ,  t h e  s w e l l i n g  d i s -  

t r i b u t i o n  i s  s p r e a d  a l o n g  more o f  t h e i r  l e n g t h .  The peak  

s w e l l i n g  v a l u e  o c c u r s  a t  a  p o i n t  a b o u t  4 i n .  above t h e  bot tom 

of  t h e  p o i s o n  p i n s .  I n  t h i s  component,  t h e  maximum c a l c u l a t e d  

s w e l l i n g  i s  1 and 1 / 2 %  f o r  304 s o l u t i o n - t r e a t e d  and 316 c o l d -  

worked s t a i n l e s s ,  r e s p e c t i v e l y ,  a f t e r  400 days  e x p o s u r e .  For  

a l l  c o n t r o l  r o d  components,  t h e  i n c r e a s e  of  d imens ion  w i t h  t ime  

i n c r e a s e s  m o n a t o n i c a l l y  s i m i l a r  t o  F i g u r e  1 2 .  

C L O S E D  L O O P S  

Large v a l u e s  o f  s w e l l i n g  were c a l c u l a t e d  f o r  t h e  c l o s e d  

l o o p  components h a v i n g  t h e  same a x i a l  d i s t r i b u t i o n  shape  a s  

f o r  t h e  d r i v e r  f u e l  assembly d u c t s .  These l a r g e r  v a l u e s  r e s u l t  

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

I n  Row 2 ,  a f t e r  400 d a y s ,  t h e  maximum s w e l l i n g  was p r e d i c t e d  

t o  be  a b o u t  20% i n  304 s o l u t i o n - t r e a t e d  and t o  v a r y  from 6 t o  

1 2 %  i n  t h e  d i f f e r e n t  c l o s e d  loop  components f o r  co ld-worked 

316 s t a i n l e s s  d u c t s .  Th i s  v a r i a t i o n  i n  t h e  p r e d i c t e d  316 s w e l l -  

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

co ld-worked 316 s t a i n l e s s  i n  t h e  o p e r a t i n g  range  o f  t h e  c l o s e d  

l o o p s .  Somewhat s i m i l a r l y ,  i n  Row 6 ,  t h e  p r e d i c t e d  s w e l l i n g  f o r  

304 s o l u t i o n - t r e a t e d  c l o s e d  l o o p  components a t  400 days i s  

abou t  8 %  and i s  from 2 t o  4% i n  316 cold-worked components .  



I N D I V I D U A L  C O M P O N E N T  S W E L L I N G  

The impact  o f  s w e l l i n g  upon t h e  FTR c o r e  per formance  

r e s u l t s  f rom a x i a l  l e n g t h  i n c r e a s e  ( A R )  , r a d i a l  d i l a t a t i o n  

(AR) , and r a d i a l  motion o f  t h e  f u e l  ( 6 ) .  The r a d i a l  motion 

o f  t h e  f u e l  i s  caused  by inward  d u c t  bend ing  ( toward  t h e  

c o r e  c e n t e r )  i n  t h e  absence  of  c r e e p .  The inward bow i s  

caused  by t h e  d i f f e r e n c e  i n  s w e l l i n g  between two o p p o s i t e  s i d e s  

o f  t h e  d u c t .  Average s w e l l i n g  v a l u e s  a r e  used  t o  p r e d i c t  t h e  

r a d i a l  d i l a t a t i o n  and t h e  a x i a l  l e n g t h  i n c r e a s e  o f  c o r e  com- 

p o n e n t s .  The r a d i a l  d i l a t a t i o n  i s  r e p o r t e d  a s  one h a l f  t h e  

i n c r e a s e  i n  d imens ion  a c r o s s  t h e  f l a t s .  The magnitude o f  t h i s  

s w e l l i n g  a r e  d i s c u s s e d  i n  t h i s  s e c t i o n ,  w h i l e  t h e  e f f e c t  o f  

t h e s e  d i s t o r t i o n s  w i l l  be  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n  ( I n t e r -  

a c t i o n  o f  Core Components During O p e r a t i o n ) .  

D R I V E R  D U C T S  

The p r e d i c t e d  r a d i a l  d i l a t a t i o n  from m e t a l  s w e l l i n g  i s  

g r a p h i c a l l y  shown i n  F i g u r e  13 .  S i m i l a r  r e l a t i o n s h i p s  a r e  

a p p l i c a b l e  f o r  316 cold-worked m a t e r i a l .  

Because t h e  r e f e r e n c e  nominal  c l e a r a n c e  between FTR d u c t s  

i s  0.100 i n . ,  c o n t a c t  between a d j a c e n t  s t r a i g h t  d u c t s  i s  

e x p e c t e d  when each  h a s  e x p e r i e n c e d  0.050 i n .  r a d i a l  d i l a t a t i o n .  

Examinat ion  o f  F i g u r e  1 3  (304 SS) i n d i c a t e s  t h a t  Rows 1 and 2 

w i l l  c o n t a c t  a f t e r  abou t  300 days e x p o s u r e .  T h i s  i s  e r r o n e o u s  

b e c a u s e  an e l a s t i c  a n a l y s i s  i n d i c a t e s  t h a t  Row 2 d u c t  bends 

inward  from d i f f e r e n t i a l  s w e l l i n g  i n s t e a d  o f  r ema in ing  s t r a i g h t  

and c o n t a c t  w i l l  o c c u r  s o o n e r  t h a n  300 days because  o f  t h i s  

d u c t  bend ing .  

Duct bend ing  i s  c a l c u l a t e d  by  f i r s t  d e t e r n i n i n g  t h e  moment 

t h a t  would cause  t h e  same c u r v a t u r e  o f  an u n r e s t r a i n e d  d u c t  a s  

i s  caused  by t h e  d i f f e r e n c e  i n  s w e l l i n g  on t h e  two o p p o s i t e  

s i d e s  o f  t h e  d u c t .  T h i s  moment i s  c o n s i d e r e d  t o  be  t h e  a p p l i e d  

moment t o  t h e  r e s t r a i n e d  d u c t .  App l i ed  moments f o r  a  Row 6 
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d r i v e r  d u c t  a r e  shown i n  F i g u r e  1 4 .  The r e s u l t i n g  d e f l e c t i o n s  

a r e  t h e n  c a l c u l a t e d  w i t h  t h e  M I T  STRESS computer code which 

u s e s  e l a s t i c  t h e o r y .  F i g u r e  1 5  d i s p l a y s  t h e  d e f l e c t i o n  r e s u l t s  

f o r  a  d u c t  a f t e r  200 days exposure  which was s u p p o r t e d  a s  i n d i -  

c a t e d  i n  F i g u r e  16 .  Note t h a t  t h e  maximum d e f l e c t i o n  o c c u r s  

i n  t h e  c o r e  r e g i o n  about  6 i n .  above t h e  c o r e  m i d p l a n e - - t h e  

same e l e v a t i o n  where t h e  maximum s w e l l i n g  and t h e  maximum 

a p p l i e d  moment o c c u r s .  Corresponding  maximum i n - c o r e  d e f l e c -  

t i o n s  f o r  t h e  o t h e r  rows o f  d u c t s  a r e  t a b u l a t e d  i n  T a b l e s  2 and 

3  f o r  s o l u t i o n - t r e a t e d  304 and cold-worked 316, r e s p e c t i v e l y .  

F i g u r e  1 7  i l l u s t r a t e s  t h e  r e l a t i o n s h i p  between t h e s e  p r e d i c t e d  

c o r e  d e f l e c t i o n s  f o r  t h e  v a r i o u s  d r i v e r  d u c t s  a s  a  f u n c t i o n  of 

t i m e .  Note t h a t  Row 6  has  t h e  h i g h e s t  d e f l e c t i o n  v a l u e s .  

E f f e c t  o f  Creep 

The d u c t  t o p  d e f l e c t i o n  d u r i n g  r e f u e l i n g  i s  caused  by t h e  

n o n r e c o v e r a b l e  d e f o r m a t i o n  o f  d i f f e r e n t i a l  s w e l l i n g  and t h e  

e l a s t i c  r e c o v e r y  o f  bend ing  s t r e s s .  Any c r e e p  s t r a i n  o c c u r i n g  

d u r i n g  o p e r a t i o n  w i l l  r educe  t h e  e l a s t i c  r e c o v e r y  o f  bend ing  

s t r e s s  and w i l l ,  t h e r e b y ,  r educe  t h e  amount of  d u c t  t o p  d e f l e c -  

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

a c t i v a t e d  c r e e p  mechanisms t o  be  e f f e c t i v e .  However, c r u d e  

c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  amount o f  i n - r e a c t o r  c r e e p  a t  

t h e s e  low t e m p e r a t u r e s  i s  s t i l l  s u f f i c i e n t  t o  r educe  t h e  d u c t  

t o p  d e f l e c t i o n  s u b s t a n t i a l l y  (by a  f a c t o r  p r e s e n t l y  b e l i e v e d  

g r e a t e r  t h a n  2 ) .  Computer codes a r e  r e q u i r e d  t o  s t u d y  t h i s  

i n  d e t a i l .  

E f f e c t  o f  T e m ~ e r a t u r e  on Swellint? 

F i g u r e  18  i n d i c a t e s  a  s i g n i f i c a n t  r e d u c t i o n  o f  s w e l l i n g  

o c c u r s  f o r  a  r e l a t i v e l y  minor t e m p e r a t u r e  d e c r e a s e .  For exam- 

p l e ,  i f  t h e  m e t a l  t e m p e r a t u r e  a t  t h e  c o r e  t o p  were  r educed  

50 O F  below t h e  v a l u e  f o r  t h e  r e f e r e n c e  FTR c o r e  (somewhat 
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TABLE 2 .  304 D r i v e r  Duct D e f l e c t i o n  Based upon 
E l a s t i c  A n a l y s i s  

Component 
D r i v e r  
Ducts 

Row 1 

In-Core D e f l e c t i o n ,  i n .  
2 0 0  30 0  4 0 0  

Days Days Days 

0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  

Duct Top D e f l e c t i o n ,  i n .  
2 0 0  3 0 0  4 0 0  

Days Days Days 

0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  

Row 2  

Row 3 

Row 4  

Row 5 

Row 6  

TABLE 3 .  316 D r i v e r  Duct D e f l e c t i o n  Based upon 
E l a s  t i c  A n a l y s i s  

Component 
D r i v e r  

In-Core  D e f l e c t i o n ,  i n ,  
2 0 0  3 0  0  4 0 0  

~ u c t  Top D e f l e c t i o n ,  i n .  
2 0 0  3 0 0  4 0 0  
Days Days Days 

0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  

Ducts 

Row 1 

Days Days Days 

0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  

Row 2 

Row 3 

Row 4 

Row 5 

Row 6 

e q u i v a l e n t  t o  a  5 0  O F  d e c r e a s e  i n  b u l k  o u t l e t  t empera tu re )  , t h e  

maximum s w e l l i n g  f o r  t h i s  lower  t e m p e r a t u r e  c a s e ,  would be o n l y  

83% o f  t h e  v a l u e  f o r  t h e  r e f e r e n c e  c o r e .  Because t h e  maximum 

s w e l l i n g  l o c a t i o n  i s  below t h e  c o r e  t o p ,  t h e  co r respond ing  tem- 

p e r a t u r e  d e c r e a s e  a s s o c i a t e d  w i t h  t h e  maximum s w e l l i n g  l o c a t i o n  

i s  on ly  3 3  O F .  S i m i l a r l y ,  a 1 0 0  O F  d e c r e a s e  a t  t h e  c o r e  t o p  

would r e s u l t  i n  o n l y  68% o f  t h e  s w e l l i n g  p r e d i c t e d  f o r  t h e  

r e f e r e n c e  c o r e .  

C O N T R O L  RODS 

The r a d i a l  d i l a t a t i o n s  and t h e  d u c t  l e n g t h  i n c r e a s e s  f o r  

t h e  c o n t r o l  rods  a r e  t a b u l a t e d  i n  Table  4 .  The v a l u e s  a r e  a l l  



D R I V E R  F U E L  A S S E M B L Y  D U C T S  
3 0 4  S O L U T I O N - T R E A T E D  S T A I N L E S S  

O R I F I C E D  

1 0 0  200 3 0 0  

T I M E ,  d a y s  

F I G U R E  1 7 .  I n - C o r e  D e f l e c t i o n  D u r i n g  O p e r a t i o n  
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TABLE 4 .  P red i c t ed  Swel l ing ,  316 Cold-Worked Cont ro l  Rods 

Peak Maximum 
Fluence ,  A V / V ,  Duct Length 

Component 1 0 z 2  n v t  % D i l a t a t i o n  (AR) , i n .  I n c r e a s e  ( A L ) ,  i n .  

Con t ro l  400  400  200  3 0 0  400  200  3 0 0  4 0 0  
Rods - Days Days. Days Days Days Days Days Days 

Row 4 :  

W 
Guide Tube 1 3 . 3  1 . 5  0 . 0 0 3  0 . 0 0 6  0 . 0 1 0  0 . 0 8 8  0 . 1 0 8  0 . 1 3 4  

P I n n e r  Duct 1 3 . 3  1 . 5  0 . 0 0 3  0 . 0 0 6  0 . 0 0 9  0 . 0 7 7  0 . 0 9 4  0 . 1 1 6  

Row 5  : 

Guide Tube 1 1 . 5  1 . 2  0 . 0 0 2  0 . 0 0 5  0 . 0 0 8  0 . 0 6 5  0 . 0 8 0  0 . 0 9 9  

I n n e r  Duct 1 1 . 5  1 . 2  0 . 0 0 2  0 . 0 0 4  0 . 0 0 7  0 . 0 5 7  0 . 0 6 9  0 . 0 8 5  

Row 7 :  

Guide Tube 5 . 7  0 . 4  0 . 0 0 1  0 . 0 0 1  0 . 0 0 2  0 . 0 2 1  0 . 0 2 5  0 . 0 3 2  

I n n e r  Duct 5 . 7  0 . 3  0 . 0 0 0  0 . 0 0 1  0 . 0 0 1  0 . 0 1 6  0 . 0 1 9  0 . 0 2 4  



lower  t h a n  f o r  t h e  co r respond ing  m a t e r i a l  and l o c a t i o n  o f  a  

d r i v e r  f u e l  assembly d u c t  because  o f  t h e  lower  t e m p e r a t u r e  i n  

t h e  c o n t r o l  rod  d u c t s .  

I n  a l l  c a s e s ,  t h e  i n n e r  d u c t  i s  p r e d i c t e d  t o  s w e l l  l e s s  

t h a n  t h e  s u r r o u n d i n g  gu ide  t u b e .  Th i s  p r o v i d e s  a d d i t i o n a l  

c l e a r a n c e  t o  p r e v e n t  b i n d i n g  o f  t h e  c o n t r o l  r o d  d u r i n g  o p e r a -  

t i o n .  The r e q u i r e d  d i a m e t r a l  c l e a r a n c e  between t h e  c o n t r o l  

r o d  gu ide  tube  and t h e  i n n e r  d u c t  t o  p r e v e n t  b i n d i n g  o f  t h e s e  

two components i s  de te rmined  by t h e i r  s w e l l i n g  d i s t o r t i o n .  

The major  e f f e c t  i s  t h e  bending o f  t h e  i n n e r  d u c t  (Table  5 ) .  

The r e q u i r e d  c l e a r a n c e  i s  t h e  sum of  t h e  i n c r e a s e d  enve lope  

o f  t h e  i n n e r  d u c t  and t h e  d e c r e a s e d  enve lope  i n s i d e  t h e  g u i d e  

t u b e .  This  change i n  enve lope  i s  l a r g e l y  de te rmined  by t h e  

bending d e f l e c t i o n  from d i f f e r e n t i a l  s w e l l i n g .  The gu ide  t u b e  

TABLE 5. Cont ro l  Rod Def l ec t ion  Based upon E l a s t i c  Analysis  

Component In-Core D e f l e c t i o n ,  i n .  Duct Top D e f l e c t i o n ,  i n .  
C o n t r o l  20 0  300 400 200 300 40 0  

Rods Days Days Days Days Days Days 

Row 4: 

Guide Tube 0 .013  0.025 0 .043 0.228 0.452 0.735 

I n n e r  Duct 0.067 0 .133 0.218 - - - 

Row 5:  

Guide Tube 0.015 0.031 0.050 0.269 0.534 0.869 

I n n e r  Duct 0.0 78 0.156 0.258 - - - 

Row 7 :  

Guide Tube 0.008 0.016 0.027 0.204 0.415 0.685 

I n n e r  Duct 0.062 0.124 0.202 - - - 

d e f l e c t i o n  o f  concern  i s  t h a t  a s s o c i a t e d  w i t h  t h e  d u c t  when 

s u p p o r t e d  as i n d i c a t e d  i n  F i g u r e  1 6 .  The i n n e r  d u c t  i s  sup-  

p o r t e d  o n l y  a t  t h e  t o p ;  any a d d i t i o n a l  s u p p o r t s  would c r e a t e  

a  b i n d i n g  s i t u a t i o n .  The r e q u i r e d  c l e a r a n c e s  a r e  shown i n  



F i g u r e  19 .  The r e q u i r e d  c l e a r a n c e  depends upon t h e  f i x i t y  

o f  t h e  t o p  s u p p o r t .  A s  p r e s e n t l y  d e s i g n e d ,  t h e  r e q u i r e d  diame- 

t r a l  c l e a r a n c e s  a r e  abou t  1 1 / 2  and 3 / 4  i n .  f o r  304 s o l u t i o n -  

t r e a t e d  and 316 co ld -worked ,  r e s p e c t i v e l y ,  a t  400 days e x p o s u r e .  

I f  t h e  l i f e  o f  t h e  c o n t r o l  rod  i s  r e s t r i c t e d  t o  2 1 / 2  months 

because  o f  f i s s i o n  gas  p r e s s u r e  l i m i t a t i o n s  , t h e  c o r r e s p o n d i n g  

r e q u i r e d  d i a m e t r a l  c l e a r a n c e s  a r e  abou t  0 .100 and 0.030 i n .  

A l l  o f  t h e s e  v a l u e s  can  be r educed  t o  a b o u t  1 / 2  t h e i r  s t a t e d  

v a l u e  by p r o p e r  d e s i g n  o f  t h e  i n n e r  d u c t  upper  s u p p o r t  

( F i g u r e  1 9 ) .  

C L O S E D  L O O P S  

The r a d i a l - d i l a t a t i o n  and a x i a l - l e n g t h  i n c r e a s e  f o r  316 

cold-worked c l o s e d - l o o p  components i s  t a b u l a t e d  i n  T a b l e  6 .  

Values  f o r  304 s o l u t i o n - t r e a t e d  s t a i n l e s s  a r e  h i g h e r  by a  f a c -  

t o r  o f  a b o u t  1 . 7  f o r  t h e  c l o s e d  l o o p  t e m p e r a t u r e s .  A t  t h e s e  

h i g h e r  c l o s e d - l o o p  t e m p e r a t u r e ,  abou t  tw ice  t h e  s w e l l i n g  o c c u r s  

compared w i t h  c o r r e s p o n d i n g  d r i v e r  d u c t s .  

The f low t u b e  l i n e r  i s  p r e d i c t e d  t o  expand 0 .053 i n .  

r a d i a l l y  w h i l e  t h e  f low t u b e  s u r r o u n d i n g  i t  i s  p r e d i c t e d  t o  

s w e l l  o n l y  0.030 i n .  The e f f e c t  o f  t h i s  c r u s h i n g  t y p e  o f  

i n t e r a c t i o n  on t h e  i n s u l a t i o n  s e p a r a t i n g  t h e s e  two c o n c e n t r i c  

components must  b e  i n v e s t i g a t e d  i n  d e t a i l .  The f low t u b e  l i n e r  

i s  p r e d i c t e d  t o  i n c r e a s e  i n  l e n g t h  by 1 .057 i n .  w h i l e  t h e  f low 

t u b e  i s  p r e d i c t e d  t o  expand a x i a l l y  o n l y  0.570 i n .  I n  p r i n c i -  

p l e ,  t h i s  d i f f e r e n c e  i n  a x i a l  expans ion  has  been  p r o v i d e d  f o r  

w i t h  m e t a l  b e l l o w s  c o n n e c t i n g  t h e  bot tom of t h e s e  two compo- 

n e n t s .  However, t h e  r e s t r a i n t  t o  a x i a l  movements, which r e s u l t s  

from t h e  c r u s h i n g  i n t e r a c t i o n  o f  t h e s e  two components,  w i l l  

r educe  t h e  e f f e c t i v e n e s s  o f  t h i s  b e l l o w s  c o n n e c t i o n .  T h e r e f o r e ,  

t h e  e f f e c t i v e n e s s  o f  t h e  be l lows  f e a t u r e  must b e  a n a l y z e d  i n  

d e t a i l .  The i n - c o r e  d e f l e c t i o n  o f  t h e  c l o s e d  l o o p s  i s  p r e d i c t e d  

t o  be  abou t  t w i c e  t h e  d e f l e c t i o n  o f  c o r r e s p o n d i n g  d r i v e r  d u c t s .  
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FIGURE 1 9 .  R e q u i r e d  Cont ro l  R o d  C l e a r a n c e  



B
N

W
L- 1

2
8

6
 

N
N

N
N

N
 

.
.

.
.

.
 

m
m

m
m

m
 

d
r

(
d

4
r

i
 



A l l  components w i t h i n  each c lo sed  loop assembly have s i m i l a r  

d e f l e c t i o n  curves  ; t h u s ,  they n e s t  t o g e t h e r  and no i n t e r a c t i o n  

from bending i s  p r e d i c t e d .  

REFLECTORS 

Because t h e  r e f l e c t o r s  o p e r a t e  a t  a  lower temperature  

and i n  a  lower f l u x  environment,  they swe l l  much l e s s  than  

f u e l  assembly d r i v e r  d u c t s .  The swe l l i ng  decreases  very 

r a p i d l y  with r a d i a l  p o s i t i o n  as  i n d i c a t e d  below. 

R e l a t i v e  Swel l ing 
Row No. and Bending 

6 1 



I N T E R A C T I O N  O F  CORE COMPONENTS D U R I N G  O P E R A T I O N  

The f a s t - n e u t r o n - i n d u c e d  d i l a t a t i o n  and d i s t o r t i o n  can 

cause  t h e  c l e a r a n c e s  between d u c t s  t o  d i s a p p e a r .  When t h i s  

happens s t r u c t u r a l  i n t e r a c t i o n  between components o c c u r s  a t  

l o c a t i o n s  between t h e  s u p p o r t  p a d s .  These i n t e r a c t i o n s  can  

cause  r e a c t i v i t y  o r  the rmal  changes ,  component m a l f u n c t i o n  o r  

r u p t u r e  o f  components. I t  i s  n e c e s s a r y  t o  p r e d i c t  t h e  r e a c -  

t i v i t y  and the rmal  changes d u r i n g  and a f t e r  o p e r a t i o n .  To 

i n s u r e  a g a i n s t  component m a l f u n c t i o n  o r  r u p t u r e ,  i t  i s  a l s o  

n e c e s s a r y  t o  u n d e r s t a n d  t h e  mode o f  i n t e r a c t i o n  and t o  b e  

a b l e  t o  ana lyze  i t .  

I N T E R A C T I O N  B E T W E E N  D R I V E R  D U C T S  

Rigorous a n a l y s i s  o f  t h e  i n t e r a c t i o n  between d u c t s  

r e q u i r e s  s imul t aneous  c o n s i d e r a t i o n  o f  a l l  d r i v e r ,  c o n t r o l -  

r o d ,  c l o s e d - l o o p ,  open- t e s t ,  r e f l e c t o r ,  and s h i e l d  d u c t s .  

Although computer codes a r e  n o t  a v a i l a b l e  t o  do t h i s ,  an 

assumed symmetry o f  t h e  c o r e  p e r m i t s  a n a l y s i s  o f  t h e  i n t e r a c -  

t i o n  between on ly  6 d r i v e r  d u c t s ,  one i n  each row ( F i g u r e  2 0 ) .  

Much i n s i g h t  i n t o  component i n t e r a c t i o n  can be  g a i n e d  by t h i s  

s i m p l e r  a n a l y s i s .  

To de te rmine  when i n t e r a c t i o n  between d r i v e r  d u c t s  w i l l  

o c c u r ,  i t  i s  n e c e s s a r y  t o  de te rmine  t h e  c l e a r a n c e  between 

d u c t s  as a  f u n c t i o n  o f  t ime .  T h i s  r e q u i r e s  c o n s i d e r a t i o n  o f  

b o t h  t h e  r a d i a l  d i l a t a t i o n  and t h e  bending d e f l e c t i o n .  The 

r e l a t i o n s h i p  between d u c t  c l e a r a n c e ,  r a d i a l  d i l a t a t i o n ,  and 

bending d e f l e c t i o n  i s  i l l u s t r a t e d  i n  a  s c a l e  r e p r e s e n t a t i o n  o f  

t h e  a x i a l  d i s t r i b u t i o n  o f  d u c t  c l e a r a n c e  (F igure  21) .  The 

h o r i z o n t a l  s c a l e  i s  g r e a t l y  expanded,  and t h e  v e r t i c a l  s c a l e  

h a s  been g r e a t l y  c o n t r a c t e d .  I n t e r a c t i o n  between d u c t  Rows 1 

and 2 o c c u r s  about  6 i n .  above t h e  c o r e  mid-p lane .  I l l u s t r a t i n g  

t h e  c l e a r a n c e s  and d u c t  d e f l e c t i o n  shapes  i n  t h e  c o r e  r e g i o n  

o n l y ,  F i g u r e s  2 2 ,  23,  and 2 4  r e p r e s e n t  t imes  c o r r e s p o n d i n g  t o  

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



FIGURE 2 0 .  L o c a t i o n  of D r i v e r  Duc t s  Analyzed  

DUCT 

.DEFLECTION 

SUPPORT PADS 

R O W  No. 1 2 3 4 5 6 

F I G U R E  2 1 .  R e l a t i o n s h i p  Between Duct  C l e a r a n c e ,  Di la ta-  
t i o n  and  D e f l e c t i o n  



R O W  N O .  1 2 3 4 5 6 

FIGURE 22. Effect of Metal Swelling on Duct Behavior - 
200 Days, 304  Solution-Treated Orificed Core 



R O W  N O .  1 2 3 4 5 6 

FIGURE 2 3 .  E f f e c t  of  M e t a l  S w e l l i n g  on Duct  B e h a v i o r  - 
2 2 5  Days,  3 0 4  S o l u t i o n - T r e a t e d  O r i f i c e d  Core  



ROW N O .  1 2 3 4 5 6 

FIGURE 24 .  D i l a t a t i o n  and B e n d i n g  304 S o l u t i o n - T r e a t e d ,  
3 2 5  Days 



d u c t  i n t e r a c t i o n ,  and a f t e r  much d u c t  i n t e r a c t i o n ,  r e s p e c t i v e l y .  

This  e l a s t i c  a n a l y s i s  p r e d i c t s  t h a t  a l l  d u c t s ,  e x c e p t  Row I ,  

bow inward  p r i o r  t o  i n t e r a c t i o n .  Because of  symmetry, Row 1 

remains s t r a i g h t  even a f t e r  d u c t -  t o - d u c t  i n t e r a c t . i o n .  There -  

f o r e ,  e x c e p t  i n  Row 1, any a d d i t i o n a l  d i l a t a t i o n  a f t e r  d u c t -  

t o - d u c t  c o n t a c t  c a u s e s  a  r e v e r s e  o r  outward bend ing  movement 

o f  a l l  c o n t a c t i n g  d u c t s .  A s  i l l u s t r a t e d ,  t h i s  r e v e r s e  bend ing  

i s  p r e d i c t e d  t o  s t a r t  o c c u r r i n g  a t  abou t  220 days i n  Row 2 .  

A f t e r  t h i s  e x p o s u r e ,  t h e  m a t e r i a l  w i l l  have a  f l u e n c e  o f  a p p r o x i -  

ma te ly  1 x n v t  t o t a l ,  a  v e r y  l i m i t e d  d u c t i l i t y  a n d ,  t h u s ,  

a  ve ry  l i m i t e d  a b i l i t y  t o  accommodate t h i s  r e v e r s e  bend ing  

w i t h o u t  r u p t u r e  o f  t h e  d u c t  w a l l s .  T h e r e f o r e ,  d u c t -  t o -  d u c t  

c o n t a c t  a p p e a r s  t o  be tan tamount  t o  d u c t  f a i l u r e .  I t  can  be  

n o t e d  t h a t  d i l a t a t i o n  i s  t h e  major  problem i n  t h e  c e n t r a l  d u c t s .  

I n  c o n t r a s t ,  bend ing  d e f l e c t i o n  i s  t h e  major  problem i n  t h e  

p e r i p h e r a l  d u c t s .  T h i s  i n d i c a t e s  d u c t  r o t a t i o n  w i l l  be  h e l p f u l  

i n  Rows 5 and 6 t o  s t r a i g h t e n  t h e s e  d u c t s  d u r i n g  o p e r a t i o n  b u t  

w i l l  be  i n e f f e c t i v e  i n  t h e  c e n t e r  rows.  

F i g u r e  25 shows t h e  p r e d i c t e d  c l e a r a n c e  between d u c t s  a s  

a  f u n c t i o n  o f  t i m e ,  w i t h  t h e  c l e a r a n c e  between Rows 1 and 2 

go ing  t o  z e r o  i n  220 days ( i n d i c a t i n g  a burnup l i m i t a t i o n )  and 

Rows 2 and 3 t o  ze ro  i n  2 4 0  days .  ljowever, i f  t h e  s w o l l e n  

Row 1 d u c t  were s t i l l  i n  t h e  c o r e ,  i t  would cause  an outward  

movement o f  t h e  Row 2 d u c t  a f t e r  2 2 0  d a y s .  Such a  movement 

would cause  t h e  c l e a r a n c e  between Rows 2 and 3 t o  c l o s e  f a s t e r ,  

and t h e  c l e a r a n c e  would go t o  z e r o  i n  228 days ( a s  i n d i c a t e d  by 

t h e  dashed  l i n e s ) .  F i g u r e  25 i n d i c a t e s  t h a t  Rows 1, 2 and 3  

would have t o  b e  r e p l a c e d  a f t e r  200 days t o  p r e v e n t  f a i l u r e  

b e f o r e  300 days .  Rows 4 and 5 would need t o  be r e p l a c e d  i n  

300 days because  t h e y  a r e  p r e d i c t e d  t o  i n t e r a c t  i n  380 days a t  

which t ime t h e y  have burnups of  abou t  50,000 t o  60,000 MWd/tonneM. 

O b v i o u s l y ,  d u c t  r o t a t i o n  would change t h e s e  r e l a t i o n s h i p s  t o  

i n c r e a s e  t h e  burnup l i m i t a t i o n  i n  t h e  o u t e r  rows.  





No d u c t -  t o - d u c t  i n t e r a c t i o n s  a r e  p r e d i c t e d  f o r  316 c o l d -  

worked d r i v e r  f u e l  a s sembly  d u c t s  shown i n  F i g u r e  2 6 .  

I N T E R A C T I O N  B E T W E E N  D R I V E R  D U C T S  A N D  C O N T R O L  R O D S  

F i g u r e  27 i l l u s t r a t e s  t h e  p r e d i c t e d  c l e a r a n c e s  i f  c o l d -  

worked 316 c o n t r o l - r o d  g u i d e  t u b e s  a r e  s u b s t i t u t e d  f o r  c o l d -  

worked 316 d r i v e r - f u e l  a s sembly  d u c t s  i n  Rows 4  and  5 .  The 

p r e d i c t e d  c l e a r a n c e s  r e s u l t i n g  f rom c o n t r o l  r o d s  i n  t h e s e  rows 

i s  l a r g e r  t h a n  i f  d r i v e r  d u c t s  were  i n  t h e s e  rows.  

I N T E R A C T I O N  B E T W E E N  D R I V E R  D U C T S  A N D  C L O S E D  L O O P S  

F i g u r e  28 i n d i c a t e s  t h a t  i n t e r a c t i o n s  o c c u r  i f  c o l d - w o r k e d  

316 c l o s e d  l o o p s  a r e  s u b s t i t u t e d  f o r  t h e  c o l d - w o r k e d  316 d r i v e r s  

i n  Rows 2 and  6 .  The Row 2 c l o s e d  l o o p  c a u s e s  a  c l o s e d - l o o p  

d r i v e r  d u c t  i n t e r a c t i o n  i n  a b o u t  320 d a y s .  I n d e p e n d e n t l y ,  t h e  

Row 6  c l o s e d  l o o p  c a u s e s  a  s i m i l a r  i n t e r a c t i o n  i n  280 days  

( a b o u t  40 ,000  MWd/tonneM). Thus ,  e v e n  though  t h e s e  c l o s e d  

l o o p s  a r e  n o t  i n  t h e  same r a d i a l  roli ( a s  i s  assumed i n  t h i s  

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

b e c a u s e  t h e  i n t e r a c t i o n s  a r e  i n d e p e n d e n t .  These  d u c t - t o - d u c t  

i n t e r a c t i o n s  a r e  a  r e s u l t  o f  t h e  l a r g e  s w e l l i n g  i n d u c e d  b e n d i n g  

i n  t h e  c l o s e d  l o o p s .  

I N T E R A C T I O N  B E T W E E N  D R I V E R  D U C T S  A N D  I N S T R U M E N T  T R E E  

The 304 s o l u t i o n -  t r e a t e d  d r i v e r - f u e l  a s sembly  d u c t s  a r e  

p r e d i c t e d  t o  i n c r e a s e  i n  l e n g t h  a p p r o x i m a t e l y  0 . 8  i n .  a t  g o a l  

b u r n u p .  The 316 ,  20% c o l d - w o r k e d  d u c t s  a r e  p r e d i c t e d  t o  

i n c r e a s e  0 . 3 3 4  i n .  Al though  t h e  i n s t r u m e n t  t r e e  i s  n o t  p r e s e n t l y  

d e s i g n e d  t o  accommodate t h e s e  l e n g t h  i n c r e a s e s ,  t h e  a p p r o p r i a t e  

m o d i f i c a t i o n s  t o  t h e  d e s i g n  w i l l  p r o b a b l y  b e  s i m p l e  t o  a c c o m p l i s h .  

I N T E R A C T I O N  B E T W E E N  D R I V E R  D U C T  A N D  R E F L E C T O R S  

R e l a t i v e l y  s t r a i g h t  d u c t s  i n  Kows 7 ,  8  and 9 r e s u l t  f rom a  

min imal  s w e l l i n g  and b e n d i n g  i n  t h e  r e f l e c t o r  d u c t s .  C o n t a c t  i s  

n o t  p r e d i c t e d  i n  t h e s e  components  u n t i l  a f t e r  1 , 0 0 0  d a y s .  Duc t -  

t o - d u c t  c o n t a c t  be tween  a  d r i v e r  d u c t  i n  Row 6 and  a  r e f l e c t o r  
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i n  Row 7 depends upon t h e  f u e l  management scheme i n  Row 6 ;  

t h u s ,  no meaningful  p r e d i c t i o n  i s  p r e s e n t l y  p r a c t i c a l .  

E F F E C T  O F  C R E E P  ON COMPONENT I N T E R A C T I O N  

A n a l y s i s  o f  t h e  c r e e p  e f f e c t  on i n - c o r e  d u c t  d e f l e c t i o n  

r e q u i r e s  a  computer code p r e s e n t l y  under  development .  Creep 

i s  e x p e c t e d  t o  have a  minor e f f e c t  upon t h e  s low i n - c o r e  d e f l e c -  

t i o n  v a l u e s  r e s u l t i n g  from d i f f e r e n t i a l  s w e l l i n g .  

R E A C T I V I T Y  CHANGE D U E  TO CORE D I S T O R T I O N  

During o p e r a t i o n ,  t h e  f u e l  expands axi a1  l y  . S i m u l t a n e o u s l y ,  

t h e  f u e l  i s  moved r a d i a l l y  inward  toward t h e  c o r e  c e n t e r  ( p r i o r  

t o  d u c t  c o n t a c t ,  a . t  l e a s t j  b y  d u c t  d e f l e c t i o n  from d i f f e r e n -  

t i a l  s w e l l i n g .  These two e f f e c t s  t e n d  t o  o f f s e t  each  o t h e r  

w i t h  r e s p e c t  t o  r e a c t i v i t y  change ;  however ,  a  n e t  r e a c t i v i t y  

i n c r e a s e  o f  abou t  0 . 5 %  i s  p r e d i c t e d .  

E F F E C T S  O F  CORE L E N G T H  

One method o f  r e d u c i n g  t h e  magnitude of  i n - c o r e  d e f l e c -  

t i o n s  i s  t o  r educe  t h e  c o r e  l e n g t h .  F i g u r e  29 i n d i c a t e s  t h a t  

a  3 0  i n .  c o r e  would have o n l y  0 . 7 8 %  a s  much d e f l e c t i o n  a s  a  

Refe rence  36 i n .  c o r e .  An i n d i c a t i o n  t h a t  t h e  d e f l e c t i o n  r a t i o  

d e c r e a s e s  f a s t e r  thrrn t h e  c o r e  l e n g t h  r a t i o  i s  b a s e d  upon a  

f i r s t  a s sumpt ion  t h a t  t h e  c o r e  i s  c e n t e r e d  between i t s  imme- 

d i a t e l y  a d j a c e n t  s u p p o r t s  ( F i g u r e  2 9 ) .  'The r e q u i r e d  l o c a t i o n  

o f  t h e s e  s u p p o r t s  depends upon t h e  a x i a l  f l u x  and t e m p e r a t u r e  

d i s t r i b u t i o n .  Although t h e  s u p p o r t s  a r e  l o c a t e d  a s  f a r  removed 

from t h e  c o r e  a s  p r a c t i c a l  t o  r educe  s w e l l i n g  o f  t h e  s u p p o r t  

p a d s ,  t h e y  s t i l .1  must b e  l o c a t e d  r e a s o n a b l y  c l o s e  t o  p r o v i d e  a  

n e g a t i v e  t e m p e r a t u r e  c o e f f i c i e n t .  F u r t h e r  a n a l y s i s  might  i n d i -  

c a t e  t h a t  t h e  lower  c o r e  s u p p o r t  c o u l d  b e  moved c l o s e r  t o  t h e  

c o r e  which would r educe  t h e  p r e d i c t e d  i n - c o r e  d e f l e c t i o n s .  

Any r e d u c t i o n  o f  c o r e  l e n g t h  would d e c r e a s e  t h e  magni tude  

o f  t h e  i n t e r a c t i o n  between a l l  c o r e  components.  
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C O R E  L E N G T H ,  i n .  

FIGURE 29. Effect of Core Length on Core Deflection 



E F F E C T  O F  D U C T  R O T A T I O N  

R o t a t i n g  t h e  d u c t s  1 8 0 "  a t  i n t e r v a l s  d u r i n g  t h e i r  l i f e  

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

i l l u s t r a t e d  i n  F i g u r e  30 which compares t h e  p r e d i c t e d  d i s p l a c e -  

ment f o r  a  r o t a t e d  and n o n r o t a t e d  cold-worked,  316 s t a i n l e s s ,  

Row 6 d r i v e r  d u c t .  T h i s  f i g u r e  p r e s e n t s  t h e  d u c t  movement i n  

terms o f  d i s p l a c e m e n t  i n s t e a d  o f  c l e a r a n c e  because  some assump- 

t i o n  r e g a r d i n g  f u e l  management i s  n e c e s s a r y  b e f o r e  c l e a r a n c e s  

can be c a l c u l a t e d .  I f  t h e  a d j a c e n t  duct  w a l l  i s  assumed a s  a  

f i x e d  s t r a i g h t  w a l l ,  t h e  c l e a r a n c e  can  be cor l s idered  a s  0 .100-  

d i s p l a c e m e n t .  

The d u c t  w a l l  d i s p l a c e m e n t  r e s u l t s  from t h e  combined e f f e c t  

of  d u c t  d e f l e c t i o n  (8) and r a d i a l  d i l a t a t i o n  ( A K )  a s  p r e v i o u s l y  

d i s c u s s e d  i n  t h i s  s e c t i o n  ( I n t e r a c t i o n  Between D r i v e r  D u c t s ) .  

The magnitude o f  t h e s e  i n d i v i d u a l  c o n t r i b u t i o n s  t o  d u c t  w a l l  

d e f l e c t i o n  i s  shown a s  dashed  l i n e s  i n  F i g u r e  30.  The s o l i d  

l i n e s  r e p r e s e n t  t h e  combined e f f e c t  o f  bend ing  and r a d i a l  d i l a -  

t a t i o n .  I t  may b e  n o t e d  t h a t  t h e  r o t a t e d  d u c t  i s  p r e d i c t e d  

by e l a s  t i c  a n a l y s i s  t o  have about  0.040 i n .  maximum d i s p l a c e m e n t  

o v e r  t h e  600 day p e r i o d  compared w i t h  abou t  0.250 i n .  d i s -  

p lacement  f o r  t h e  n o n r o t a t e d  d u c t .  A l s o ,  a f t e r  600 d a y s ,  r a d i a l  

d i l a t a t i o n  becomes s i g n i f i c a n t  i n  Row 6 .  This  p a r t i c u l a r  c a s e  

i s  n o t  optimum because  v e r y  l i t t l e  r e d u c t i o n  i n  d e f l e c t i o n  i s  

g a i n e d  by t h e  r o t a t i o n  a t  200 and 400 days .  ObvicJus ly ,  a d d i -  

t i o n a l  s t u d y  t o  d e t e r m i n e  t h e  t r a d e  o f f  between r e a c t o r  down 

t ime and e x t e n d i n g  t h e  burnup l i f e  of  c o r e  co~nponents  i s  

r e q u i r e d .  
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FIGURE 30. Effect of Duct Rotation on Displacement 



C O M P O N E N T  I N T E R A C T I O N  D U R I N G  R E F U E L I N G  

P r i o r  t o  i n s e r t i o n  o r  wi thdrawa l  o f  t h e  i n - c o r e  a s s e m b l i e s  

from t h e  c o r e ,  t h e  c o r e  clamping sys t em must b e  r e l e a s e d  t o  

p r o v i d e  s u f f i c i e n t  c l e a r a n c e .  With t h e  r e s t r a i n t  mechanism 

r e l e a s e d ,  t h e  i n - c o r e  component d i s t o r t i o n s  r e s u l t  i n  an o u t -  

ward d i s p l a c e m e n t  o f  d u c t  t o p s .  I f  t h e  t o t a l  c o r e  were made 

up o f  d r i v e r  a s s e m b l i e s ,  w i t h  no c r e e p  o c c u r r i n g ,  t h e  r e s u l t  

would b e  a  " p e t a l l e d"  d e f o r m a t i o n  p a t t e r n  s i m i l a r  t o  t h a t  

shown i n  F i g u r e s  31 and 32.  The i n t r o d u c t i o n  o f  c o n t r o l  r o d s ,  

s a f e t y  r o d s ,  and c l o s e d  l o o p s ,  r e s u l t s  i n  a nonsymmetric p a t -  

t e r n  because  1 )  t h e  c o n t r o l  and s a f e t y  r o d s  have l e s s  d e f l e c t i o n  

t h a n  t h e  d r i v e r s  and 2) t h e  c l o s e d  l o o p s  have more d e f l e c t i o n  

and a r e  s t i f f e r  t h a n  t h e  d r i v e r s .  

The pr ime u n c e r t a i n t y  w i t h  t h e  r e l e a s e d  a r r a y  conce rns  

t h e  a b i l i t y  t o  i n s e r t  and wi thdraw a  d u c t  w i t h o u t  damaging 

t h e  a d j a c e n t  e l emen t s  r ema in ing  i n  t h e  c o r e .  P r e s e n t  f u e l  

h a n d l i n g  r e q u i r e m e n t s  s p e c i f y  t h a t  t h e  I n - V e s s e l  Fuel  Han- 

d l i n g  Machine (IVHM) must b e  a b l e  t o  l o c a t e  a  f u e l  e l emen t  

w i t h i n  a  1 / 2  i n .  r a d i u s  o f  t h e  p r e d e t e r m i n e d  end o f  l i f e  

p o s i t i o n .  By u s e  o f  c a l i b r a t e d  s w e l l i n g  and c r e e p  fo rmula -  

t i o n s ,  t h e  t h e o r e t i c a l  p o s i t i o n  can  be  e s t a b l i s h e d  w i t h i n  t h i s  

1 i n .  d i a m e t e r  r a n g e .  T h e r e f o r e  d u c t  t o p  l o c a t i o n s  f o r  IVHM 

a t t a c h m e n t  do n o t  a p p e a r  t o  b e  t h e  c o n t r o l l i n g  c r i t e r i o n ;  

i n s t e a d  i t  may be  t h e  a b i l i t y  t o  i n s e r t  and wi thdraw,  t h e  

IVHM g r a p p l e .  For  p u r p o s e s  o f  t h i s  s t u d y ,  however,  t h e  

a b i l i t y  t o  i n s e r t  t h e  i n s t r u m e n t  p robe  o f  t h e  i n s t r u m e n t  t r e e  

h a s  been  s e l e c t e d  a s  t h e  c o n t r o l l i n g  c r i t e r i o n .  

The p r e s e n t  r e f e r e n c e  d u c t  has  a  d i a m e t r a l  opening  o f  

4 .185 f o r  i n s e r t i n g  t h e  i n s t r u m e n t  p r o b e .  The r a d i u s  o f  0 . 0 6  

on t h e  nose  o f  t h e  p i l o t  b l a d e s  o f  t h e  i n s t r u m e n t  p robe  a l lows  

a  maximum d u c t  t o p  d i s p l a c e m e n t  of a b o u t  2 1 / 8  i n .  and t h i s  

v a l u e  ( f o r  p u r p o s e s  o f  t h i s  s t u d y )  h a s  been  s e l e c t e d  a s  t h e  

l i m i t i n g  c a s e  f o r  a l l o w a b l e  d u c t  t o p  d e f l e c t i o n  d u r i n g  

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

t i o n s  imposed by t h e  a b i l i t y  t o  r e i n s e r t  r e l i a b l y  t h e  new, 

s t r a i g h t  assembly i n t o  t h e  h o l e  p a t t e r n .  ('l'he d u c t ,  r e s t r a i n -  

i n g  i t s  n e i g h b o r s  p r i o r  t o  removal ,  s p r i n g s  b a c k . )  

Another  major  conce rn  i n v o l v e s  t h e  b r i d g i n g  o f  assem- 

b l i e s  d u r i n g  reassembly  o f  t h e  c o r e  j u s t  p r i o r  t o  s t a r t u p .  

With t h e  nonuniform p a t t e r n  o f  d u c t s  and t h e  p o t e n t i a l  f o r  

b r i d g i n g  a t  one i n  e v e r y  seven  p o s i t i o n s ,  t h e  p o t e n t i a l  f o r  

noncompact ion may be h i g h .  

D U C T  T O P  D E F L E C T I O N  A N A L Y S I S  - 

Duct t o p  d e f l e c t i o n s  b a s e d  upon no i n t e r a c t i o n  w i t 1 1  a d j a -  

c e n t  d u c t s  a r e  shown i n  F i g u r e s  31 and 32 a s  a  f u n c t i o n  o f  

exposure  t ime f o r  304 s o l u t i o n - t r e a t e d  d u c t s  and f o r  316, 2 0 %  

cold-worked m a t e r i  a1 ; f u e l  h a n d l i n g  and ins t ru lnen t  p r o b e  

problems a r e  n e g l i g i b l e  b a s e d  on t h e  c r i t e r i o n  chosen above .  

For  304 s o l u t i o n -  t r e a t e d  d u c t s ,  t h e  2 1 / 8  l i ~ r i i  t a t i o n  i s  

imposed upon Kow 6 d r i v e r s  a t  about  280 days e x p o s u r e ;  Rows 5 ,  

4  and 3  d r i v e r  d u c t s  a t  300, 320,  and 380 d a y s ,  r e s p e c t i v e l y .  

By r o t a t i o n  o f  d u c t s  i n  t h e s e  rows,  t h e s e  d e f l e c t i o n s  c o u l d  

be r educed .  I t  s h o u l d  be n o t e d  t h e  t o t a l  d e f l e c t i o n  shown 

i s  b a s e d  upon no i r i t e r a c t i d n  between componznts.  The a c t u a l  

d u c t  t o p  d i s p l a c e m e n t s  of t h e  d r i v e r  d u c t s  i s  l i m i t e d  by t h e  

r e l a t i v e l y  s t i f f  c l o s e d  loops  and  by the c o n t r o l  and s a f e t y  

rods  whose d e f l e c t i o n  i s  s i g n i f i c a n t l y  l e s s  t h a n  t h e  d r i v e r  

d u c t s .  I n  a d d i t i o n ,  t h e  t h r e e  r e f l e c t o r  rows  t e n d  t o  c r e a t e  

a  " fence"  around t h e  a c t i v e  c o r e  because  of  t h e i r  r educed  

d e f l e c t i o n s .  The r e s u l t a n t  d e f l e c t i o n  of a 1  1 d u c t s  i n  t h i s  

p a r t i a l l y  r e s t r a i n e d  a r r a y  was approximated  by u s i n g  an i t e r a -  

t i v e  g r a p h i c a l  t e c h n i q u e .  'I'wo p a t t e r n s  o f  a s s e m b l i e s  were 

c o n s i d e r e d :  SK 3-14715 assumes t h a t  t h e  s h i e l d  row was s p a c e d  

0 . 8  i n .  from t h e  o u t e r  r e f l e c t o r  row, and SK 3-14716 assumes 

t h a t  t h e  o u t e r  r e f l e c t o r  row was a b l e  t o  a c h i e v e  an u n r e s t r a i n e d  

e q u i l i b r i u m  c o n d i t i  011 wi t h  t h e  r ema in iag  i n - c o r e  a s s e m b l i e s .  

The g e n e r a l  a s s u ~ n p t i o n s  a p p l i c a b l e  t o  both  c a s e s  were : 







8 Closed loop s t i f f n e s s  w a s  i n f i n i t e  i n  comparison t o  

t h e  remaining  a s s e m b l i e s  

8 A l l  r emain ing  a s s e m b l i e s  have t h e  same s t i f f n e s s .  

D e f l e c t i o n s ,  shown i n  F i g u r e s  31 and 32 ,  a r e  always 

r a d i a l l y  d i r e c t e d  away from t h e  c o r e  c e n t e r l i n e .  

These s k e t c h e s  r e p r e s e n t  a  1 / 3  s e c t o r  a r r a y  o f  t h e  d u c t  

t o p s .  I t  may be n o t e d  t h a t  t h e  d u c t  t o p s  a r e  l i m i t e d  i n  t h e i r  

r a d i a l l y  outward motion when t h e  r a d i a l  r e s t r a i n t  mechanism 

i s  r e l e a s e d ,  i n i t i a l l y  by t h e  r e f l e c t o r s  and u l t i m a t e l y  by 

t h e  s h i e l d .  C e r t a i n  d r i v e r  d u c t s  i n  t h e  c o r e  i n t e r i o r  a r e  

r e s t r a i n e d  by c l o s e d  l o o p s  and c o n t r o l  r o d s .  The c l o s e d  l o o p s  

a r e  much s t i f f e r  t h a n  t h e  d r i v e r  d u c t s  and a r e  s t i l l  s u p p o r t e d  

a t  t h e i r  t o p  d u r i n g  r e f u e l i n g .  T h e r e f o r e ,  t h e  d r i v e r  d u c t  

t o p  l o c a t i o n  d u r i n g  r e f u e l i n g  i s  l a r g e l y  de te rmined  by t h e  

c l o s e d  loop l o c a t i o n  f o r  t h o s e  d u c t s  n e a r  t h e  c l o s e d  l o o p .  

Tha t  t h i s  c l o s e d  l o o p  d r i v e r  d u c t  i n t e r a c t i o n  i s  independen t  

o f  t h e  r e s t r a i n t  a t  t h e  c o r e  edge may be obse rved  by comparing 

t h e  p o s t u l a t e d  d r i v e r  d u c t  l o c a t i o n s  around t h e  c l o s e d  loops  i n  

SK 3-14715 and SK 3-14716. 



BURNUP L I M I T A T I O N  C R I T E R I A  

The l i m i t a t i o n  on f u e l  l i f e t i m e  may p o s s i b l y  be determined 

by t h e  s t r u c t u r a l  performance o f  core  components i n s t e a d  o f  

f u e l  behav io r .  The re fo r e ,  i t  i s  nece s sa ry  t o  e v a l u a t e  po t en -  

t i a l  burnup l i m i t i n g  c r i t e r i a .  

R E A C T I V I T Y  CHANGE 

The n e t  r e a c t i v i t y  change appears  t o  be p o s i t i v e .  I f  t h i s  

r e a c t i v i t y  i n c r e a s e  i s  p r e d i c t a b l e ,  i t  w i l l  no t  be a  burnup 

l i m i t a t i o n .  

R E F U E L I N G  

The l i m i t a t i o n  of  f u e l  burnup l i f e  a s s o c i a t e d  w i th  r e f u e l -  

i ng  may be  r e l a t e d  t o  a  maximum p e r m i t t e d  d i s t o r t i o n  which i s  

p r e s e n t l y  undef ined .  

DUCT CONTACT 

Duc t - t o - duc t  c o n t a c t  i s  cons ide red  a s  a burnup l i m i t a t i o n .  

Immediately a f t e r  d u c t -  t o - d u c t  c o n t a c t ,  a  r e v e r s e  bending 
2 2 b e g i n s - - o c c u r r i n g  i n  a  duc t  hav ing  a  f l u e n c e  i n  t h e  10 range .  

S ince  i t s  d u c t i l i t y  i s  immeasurably s m a l l ,  duc t -  to -  duc t  con- 

t a c t  between suppo r t  pads i s  undoubtedly a burnup l i m i t a t i o n .  



C O N C L U S I O N S  

The major  c o n c l u s i o n s  from t h e  s t u d y  a r e  l i s t e d  below: 

a Burnup l i m i t i n g  d u c t - t o - d u c t  c o n t a c t  i s  p r e d i c t e d  by 

t h i s  e l a s t i c  a n a l y s i s  t o  o c c u r  b e f o r e  g o a l  burnup i n  

e i t h e r  a  304 s o l u t i o n - t r e a t e d  c o r e  o r  a  316 cold-worked 

c o r e .  The d i l a t a t i o n  e f f e c t s  a r e  t h e  pr imary  cause  o f  

d u c t - t o - d u c t  c o n t a c t  i n  Rows 1, 2 ,  and 3 .  Duct r o t a t i o n  

o r  f u e l  s h u f f l i n g  w i l l  n o t  - e x t e n d  t h e  burnup l i m i t  

a p p r e c i a b l y  i n  t h e s e  rows. The d u c t  bending e f f e c t ,  

pr imary  cause  o f  d u c t - t o - d u c t  c o n t a c t  i n  Rows 5 and 6 ,  

c o u l d  be reduced by d u c t  r o t a t i o n .  

Duct t o p  d i s p l a c e m e n t  d u r i n g  r e f u e l i n g  i s  ve ry  u n c e r -  

t a i n .  D r i v e r  d u c t s  a r e  p r e d i c t e d  t o  move r a d i a l l y  o u t -  

ward, b u t  a r e  p r e v e n t e d  from r e a c h i n g  t h e i r  s t r e s s  

f r e e  l o c a t i o n  by c o n t r o l - r o d  gu ide  t u b e s ,  c l o s e d  loops  

and r e f l e c t o r s .  The r e l a t i v e l y  s t i f f  c l o s e d  l o o p s  p l a y  

a  dominant r o l e  i n  d e t e r m i n i n g  t h e  d r i v e r  d u c t  t o p  

l o c a t i o n s .  

a Because o f  t h e  l a r g e  c l e a r a n c e s  r e q u i r e d  between t h e  

c o n t r o l - r o d  gu ide  t u b e  and i t s  i n n e r  d u c t ,  a  b a l a n c e d  

d e s i g n  i s  e s s e n t i a l  f o r  e i t h e r  304 o r  316 SS. T h i s  

b a l a n c e d  d e s i g n  would r e a c h  end o f  l i f e  i n  t h e  f i s s i o n  

gas  plenum s i m u l t a n e o u s l y  w i t h  t h e  end o f  i n t e r d u c t  

c l e a r a n c e .  

a Row 6 ,  cold-worked 316 c l o s e d  loops  a r e  p r e d i c t e d  t o  

s w e l l  such  t h a t  t h e y  make c o n t a c t  w i t h  a d j a c e n t  d r i v e r  

d u c t s  i n  Row 5 a t  280 d a y s - - a  peak burnup o f  a b o u t  

40,000 MWd/tonneM. R o t a t i o n  o f  t h e  c l o s e d  loop  would 

i n c r e a s e  t h i s  l i f e  l i m i t a t i o n .  The t e s t i n g  p o t e n t i a l  

f o r  a  Row 6  c l o s e d  loop  needs  a n a l y s i s .  

Because t h e  p r e d i c t i o n  o f  s w e l l i n g  i s  v e r y  s e n s i t i v e  

t o  t e m p e r a t u r e .  A m e t a l  t empera tu re  d e c r e a s e  o f  50 O F  

lowers  t h e  p r e d i c t e d  s w e l l i n g  by 1 7 %  i n  t h e  d r i v e r  d u c t s .  
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