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T H E R M A L - H Y D R A U L I C  A N D  M E C H A N I C A L  

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

S U M M A R Y  

This  document p r e s e n t s  d e t a i l e d  a n a l y t i c a l  and e x p e r i m e n t a l  

d a t a  and c u r r e n t  program s t a t u s  of  t h e  h y d r a u l i c ,  m e c h a n i c a l ,  

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

document d e a l s  p r i m a r i l y  w i t h  t h e  w i r e  wrap s p a c e r s ,  A s a t i s -  

f a c t o r y  g r i d  sys t em h a s  n o t  y e t  been p roposed  and t h e r e f o r e  

canno t  be  a n a l y z e d ,  The r e s u l t s  o f  t h e  a n a l y s e s  and t e s t s  t o  

d a t e  show t h a t  t h e  r e f e r e n c e  w i r e  wrap s p a c e r  sys t em f o r  t h e  

FTR f u e l  s u b a s s e m b l i e s  w i l l  pe r fo rm r e l i a b l y  t h r o u g h o u t  t h e  

f u e l  l i f e t i m e .  Development o f  a  g r i d  s p a c e r  sys t em comparable  

i n  per formance  t o  t h e  w i r e  wrap can a l s o  be  e x p e c t e d ,  H y d r a u l i c  

and s u b s e q u e n t  t h e r m a l  a n a l y s e s  have shown t e m p e r a t u r e  g r a d i e n t s  

caused  by e x c e s s  f low around t h e  assembly p e r i m e t e r  t o  be s e v e r e  

b u t  a c c e p t a b l e  from a  mechan ica l  s t r e s s  s t a n d p o i n t ,  Another  

major  t e c h n i c a l  r e q u i r e m e n t ,  accommodation of  f u e l  p i n  d f a m e t r a l  

growth, has  been  d e m o n s t r a t e d  b o t h  by a n a l y t i c a l  and e x p e r i m e n t a l  

d a t a  t o  be a d e q u a t e  f o r  t h e  w i r e  wrap sys t em,  Whlle e x t e n s i v e  

a n a l y s i s  and t e s t i n g  remains  t o  be  done,  t h e  thorough a n a l y s i s  

and e x p e r i m e n t s  comple ted  t o  d a t e  have shown t h e  p r e s e n t  s p a c e r  

sys t em t o  d a t e  t o  be f e a s i b l e ,  



I N T R O D U C T I O N  

S U M M A R Y  DESCRIPTION O F  T H E  F T R  F U E L  A S S E M B L Y ( ' )  

The main component of  t h e  f u e l  a s sembly ,  t h e  subassembly ,  

i s  a  c l o s e l y  packed hexagona l  a r r a y  o f  f u e l  p i n s  c o n t a i n e d  i n  

a  hexagona l  f low d u c t ,  The p i n s  a r e  s e p a r a t e d  by w i r e  wrap 

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

promote i n t e r - c h a n n e l  mix ing ,  The p i n s  a r e  made of  s t a i n l e s s  

s t e e l  t u b i n g  a p p r o x i m a t e l y  6  f t  l o n g ,  About h a l f  o f  t h a t  l e n g t h  

c o n t a i n s  Pu02-U02,  The p e l l e t s  a r e  compacted t o  a  d e n s i t y  s u f -  

f i c i e n t  t o  p r o v i d e  t h e  r e q u i r e d  f u e l  l o a d i n g  w h i l e  accommodating 

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

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

Immedia te ly  above t h e  f u e l  column and i n s u l a t i n g  uranium o x i d e  

p e l l e t  i s  a  6 - i n ,  l o n g  n e u t r o n  r e f l e c t o r  i n  t h e  form o f  a  n i c k e l  

o r  h i g h - n i c k e l  a l l o y  rod  i n s e r t e d  i n t o  t h e  s t a i n l e s s  s t e e l  

cladding, Adequate  c l e a r a n c e  be tween t h e  r e f  l e c t o r  and c l a d d i n g  

p e r m i t s  p a s s a g e  of  f i s s i o n  g a s ,  Approximate ly  2 e q u i v a l e n t  

f e e t  o f  v a c a n t  t u b e  f o r  f i s s i o n  g a s  plenum occupy t h e  t u b e  above 

t h e  n i c k e l  r e f l e c t o r , ,  End caps  a r e  welded i n t o  t h e  e n d s  o f  t h e  

c l a d d i n g  t u b e  and t h e  w i r e  wrap s p a c e r  i s  wound around t h e  p i n  

and welded t o  t h e  end c a p s ,  

The p i n s ,  a s sembled  i n  a  hexagona l  a r r a y ,  a r e  s t r u c t u r a l l y  

bonded t o g e t h e r  a t  t h e i r  b a s e  w i t h  a  g r i d  a s sembly ,  A s l o t t e d  

g r i d  a t  t h e  t o p  o f  t h e  assembly  a l l o w s  a l l  b u t  t h e  t h r e e  anchor  

p i n s  t o  expand a x i a l l y  and i n d e p e n d e n t l y  of  e a c h  o t h e r  w h i l e  

r e s t r a i n i n g  l a t e r a l  movement, The p i n  assembly  i s  a t t a c h e d  

s t r u c t u r a l l y  t o  t h e  c o o l a n t  d u c t  by we ld ing  between t h e  p i n  

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

t h e  subassembly  th rough  t h e  bo t tom of  e a c h  d u c t  a t  t h e  r a t e  of  

abou t  1 . 6  x  10' l b / h r  and a t  a  v e l o c i t y  of  25-30 f t  p e r  second .  

The c o r e  p i n  bund le  p r e s s u r e  d rop  i s  from 60 t o  100 p s i ,  The 



c o o l a n t  e x p e r i e n c e s  an a v e r a g e  c o r e  t e m p e r a t u r e  r i s e  of  300- 

350 O F  f o r  o p e r a t i o n  a t  t h e  d e s i g n  p o i n t .  

A d d i t i o n a l  components of  t h e  f u e l  assembly i n c l u d e  t h e  

lower  c o o l a n t  d u c t  e x t e n s i o n  p r o v i d i n g  assembly r a d i a l  p o s i t i o n  

and c o o l a n t  i n l e t  p a s s a g e s  i n  t h e  h i g h  p r e s s u r e  plenum, t h e  

upper  c o o l a n t  d u c t  e x t e n s i o n  h o u s i n g  t h e  i n s t r u m e n t  package and 

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

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

a s  t h e  upper  s t r u c t u r a l  member. T a b l e  I l i s t s  t h e  r e f e r e n c e  

d e s i g n  c h a r a c t e r i s t i c s  o f  t h e  FTR f u e l  subassembly .  

TABLE I. FFTF Fuel Subassembly Characteristics 

R e a c t o r  Power, MWt 

P i n  OD, i n .  

C ladd ing  ID, i n .  

P i n  S e p a r a t i o n :  
Method w i r e  wrap,  a l l  p i n s  (0.030 i n .  

t r i a n g u l a r  p i t c h  
C e n t e r - t o - C e n t e r  Spac ing ,  i n .  0 .28 

Nominal Rod S e p a r a t i o n ,  i n .  0.030 
P i n  Suppor t  Span,  i n .  2  

Sodium Coo lan t :  
Flow D i r e c t i o n  
Average V e l o c i t y ,  f t / s e c  

Core P r e s s u r e  Drop, p s i  

P i n  L i n e a r  Power, kW/f t :  
ave rage  
maximum 
maximum ( w i t h  OPF) 

Heat  F lux ,  l o 6  ~ t u / h r - f t 2 :  
ave rage  
maximum 
maximum ( w i t h  OPF) 

Nuc lea r  Power Peak ing  F a c t o r s :  
Ax ia l  
R a d i a l  
E n g i n e e r i n g ,  Hot Spot-Hot  

Channel 
Overpower F a c t o r  (OPF) 

F u e l  Subassembly Da ta :  
Pins /Subassembly 
Ac t ive  Fuel  Length ,  i n .  
Fue l  P i n  Length ,  f t  
Plenum Length ,  i n .  

Loca t ion  

O the r  Suppor t i ng  Da ta :  
Coo lan t  Temoerature  
I n l e t ,  OF 
O u t l e t  ( a v e r a g e ) ,  OF 

1 .14 (max) 
1 .25  ( s t e a d y  (max w i t h  

overpower)  

3  2 
6 -7  
24 ( e q u i v a l e n t ,  p l u s  6 - i n .  

N i  o r  h i g h  N i  a l l o y  
r e f l e c t o r )  ("-30 i n .  
a c t u a l  l e n g t h )  

t o p  

maximum o p e r a t i n g  Na- 
c l a d d i n g  i n t e r f a c e  
( w i t h  h o t  c h a n n e l ) ,  OF 
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Spac ing  Width 

The p r e s e n t  r e f e r e n c e  d e s i g n  i n c o r p o r a t e s  a  30-mil  s p a c i n g  

w i d t h  t o  s a t l s f y  t h e  FTR f u e l  p a c k i n g  r e q u i r e m e n t ,  Wlre d i a m e t e r s  

f rom 30-50 m l l s  y i e l d i n g  a  p i t c h - t o - d i a m e t e r  o f  1 , 1 2  t o  1 , 2 0 ,  

r e s p e c t i v e l y ,  a r e  b e i n g  c o n s i d e r e d ,  An i n t e n s i v e  program i s  

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

p r e s s u r e  d r o p ,  c o r e  f i s s i l e  l o a d ,  c h a n n e l  b l o c k a g e ,  p i n  bowing, 

and assembly  c o n s i d e r a t i o n s ,  

A t  p r e s e n t ,  no  u n f a v o r a b l e  a s p e c t s  have been  uncovered  f o r  

t h e  30 m i l  w i r e  wrap s p a c e r s ,  Thermal h y d r a u l i c  s t u d i e s  have 

i n d i c a t e d  t h e  f o l l o w i n g :  

30-ml l  Wire Wrap 50-mi l  Wire Wrap 
Des i  gn C o n d i t i o n s  (P /D = 1 , 1 2 )  ( P / D  = 1 , 2 0 )  

Min p a r t i c l e  s i z e  5 1  m i l s  66  m i l s  
f o r  b l o c k a g e  

Max o v e r t e m p e r a -  1 0 0  OF 
t u r e  f o r  t a n g e n t  
touched  p i n s  

Max growth t o  e x -  3 % +  4 - 5 %  
ceed  20% h o t  
c h a n n e l  flow. c r i -  
t e r i a  

R a d i a l  p i n  g r a d i e n t  > l o 0  OF ~ 1 0 0  OF 
t o  produce  t a n g e n t  
t o u c h i n g  p i n s  with- 
i n  s u p p o r t  span  

P r e s s u r e  drop  f o r  60 p s i  
r e f e r e n c e  d e s l g n  
o v e r  subassembly  
l e n g t h  

20 p s i  

F i g u r e  1 shows t h e  r e l a t i v e  f low a r e a s  f o r  30,  40,  and 50-mi l  

w i r e  wrap s p a c e r s ,  



A R R R N G E M E U 7  3 

F I G U R E  1 .  Fue 2 Rod-Wire Wrap S p a c e r  Arrangement  
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W I R E  WRAP S P A C E R S  

The r e f e r e n c e  s p a c e r s  a r e  i n d i v i d u a l  3 0 - m i l  w i r e s  wrapped  

a r o u n d  e a c h  f u e l  p i n  a t  a  p i t c h  o f  1 f t .  They s e r v e  ( 1 )  t o  

m a i n t a i n  s p a c i n g  i n  t h e  f u e l  p i n  a r r a y ,  a n d  (2 )  t o  p r o m o t e  

i n t e r - c h a n n e l  m i x i n g .  The d e s i g n  o f  t h i s  component  i s  shown 

on Drawings  SK-3-13187 ( F i g u r e  2)  a n d  13188  ( F i g u r e  3 ) .  The 

c h a r a c t e r i s t i c s  o f  t h e  w i r e  wrap  s p a c e r s  a r e  l i s t e d  i n  T a b l e  

11. 

T A B L E  I I .  W i r e  Wrap S p a c e r s  

S i z e  0 .030  * 0 . 0 0 1  i n .  d i am,  l e n g t h  t o  f i t  

P i t c h  
M a t e r i a l  

Type o f  C o n n e c t i o n  T I G  w e l d  a t  e a c h  e n d  (PNL-75, PNL 
P r o v i s i o n a l  P r o d u c t  D e s c r i p t i o n  - 
Welding  1 0 / 2 0 / 6 7 )  

S p e c i f i c a t i o n  ASTM A 4 7 8 - 6 3  ( c a r b o n  c o n t r o l l e d  
t o  0 . 0 4 - 0 . 0 6 % )  

M a t e r i a l  C o n d i t i o n  F u l l y  a n n e a l e d ,  < 5 %  C.W.  No 
i n t e r n a l  v o i d s  o r  i n c l u s i o n s  
No s u r f a c e  c r a c k s ,  l a p s ,  o r  
s c r a t c h e s  e x c e e d i n g  0 .0005  i n .  
i n  d e p t h  

O p e r a t i n g  C o n d i t i o n s  T e m p e r a t u r e  r a n g e ,  550-1160  O F  

( i n c l u d i n g  o v e r p o w e r )  ' T o t a l  a l l o w a b l e  m a t e r i a l  l o s s  
0 . 0 0 1  i n .  p e r  y r  

S p e c i a l  C o n d i t i o n s  Maximum t e n s i o n  on w i r e ,  when a p p l i e d ,  
n o t  t o  e x c e e d  7  l b  

W i r e  wrap s p a c e r s  s e r v e  t o :  

P e r m i t  u n i f o r m  p i n  c o m p l i a n c e  

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

P r o v i d e  p o s i t i v e  m i x i n g  v e c t o r s  

P e r m i t  c o n t i n u o u s  m i x i n g  o v e r  p i n  l e n g t h  



STEFL STAMP TOP END 
CAP (DET * 2 )  IU CHARAC TFRS 
UUMBtPS SUPPI/fD BY CUS70MFR 

TYP PIECE MARK 

D f S C R / P T / O N  I MATL R E F  

ASSEMBL Y 

END CAP - TOP 

/ 3 L N D  CAP -BOTTOM 

/ 4 S P R / N G  

0 3 0 4  S S T  

1 

/ 

/ 

SK-3-13187 

FIGURE 2 .  S p l i t  Core Fue l  P i n  Assembly  and D e t a i l s  

.2/2 ?.WZ D/A  (TYP) 
GENERAL NOTES - 

5 ALL PARTS, UNLFSS OTHERW/S€ SP fC /F /ED,  SHALL 
,234  ? . 0 0 /  D / A  

,062  D/A ( 7 y P )  
CONFORM TO TYE FOLLOWING : 

/. 7DL FRANCES, FRACT/ONAL id DEC/.*IYI f .0O5 ANGULARt0'3d 

@ 3 0 4  SST & - A T [  - M O ! J f L  X 

2. RE MOVC ALL BURRS AND BREAK SHARP fDGP.5 7 0  '4 
M/N RADIUS, fKCEP7  WFLD PREP ARSA (TUBE fND b UPS)  

3. ALL MACH/NED SURFACfS  ' T ( A S . 4  6 4L. / - 196  2 )  

- 4. ALL M A T f R / A L  TO BE A S  S P E C / F / E D ,  O R  APPROVfD  
* EQUAL B U A L / T Y .  

COMPRES S /ON S P R I N G  
M A  TL - /h/CONEL X */ - TFMPfR 

5. M A T L R / A L  3 0 4  S S 7  TO B E  A S 7 M  SPEC, M O D / F / E D  

//P CO/LS, . U O  OD,  .OP5 D/d W/RL A 213-L5 ( CARBoN 0 '04-0 '00)  

GR/NO f N D S  SO 6 .  MAXIMUM ACCEPTABLE TUBING OVALITY SHAI !  BE ,002' '  # 90. 
C-' 

MEASURED A S  THL D/FFfRENCE BETWFFN THE MAY 
AND M/A/ S P E C / N L D  / U S / D f  D /AMETER.  

IBcND W,Rf /uTO 
7. NAX/MUM ACCFPTABLE TUS/NG ECCEAJTR/C/TY SHALL 

,734 f.OO/ D/A 
SEE DfT '2''- 

BE .OOZ"MEASUR€D AS TH€ D /FF fRENC€ BETWEfN 
7#E SPEC/F/ED M A N  AND M / N  W A I L  7H/CKNESS A T  
A N Y  CROSS-SECT/ON OF 7h'E TUBES. 

8. TUBFS SHALL SHOW A M/?X /NUM @OW M 0 7  TO 
EKC€€D . O / O " P € R  LirVE4L f 0 0 7 .  

9. END CAP WELD D / A M E  7 f R  SHALL  NOT FXCEED 
MAXIMUM A lLOWABLf  7UaE D / A  B Y  MORE 7MAN 

/O. /.4'TERNAL ROD ATMOSPHFRf SMALL BE WELDING 
G RADE, OR PURER, HEL / U M .  

R/LL ( .035)  b CSK 11. SLOTS /n/ FUD CAPS SMALL BP PARALLLL TO pi OF 
TUBE 7 0  W/TY/U 0 9 / 5 ' A / 7 S R  WfLD/ fJG.  

1% @ /AJ FUD CAPS SYAL L B E  S Y r ? w t T R / C A L  TO THC 4 
OF TYE SLOTS W/7H/A/  A TOLFRANCE OF . d o / .  

HOLE 

5 

6 

7 

R O D  .PI2 -f.OO/ D/A Y 6" LONG 

TUBE . / 8 7 ~ 0 0 2  OD* ,014 W A U  .- 23.394 LG 

TUBf ,250 t.ml OD r .el6 r.001 10. 69,160 16 

N/CU€L 

3 0 4  SST 

1 
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A S S E M B L Y  

S E C T I O N  " 8 - B "  
( L I Y E P  lOCX,NG G R i D )  

S E C T I O N  % - A *  
( f r f .w iu  T s u P P o R r )  

D E T A I L  " Y  

lf - +?YP %%P A S S F  OF D E ?  *3 T X R u U / 2  
' S f 4  D f T ' W "  5 2 0 7  T O P  LOCKjNG GRID WITH 5 W / D E I  

2 D E E P  SLOT, 2 P lPCES b W E I D  iU 

$ T P T / A A /  " F  - r '  '/3 B E ~ O ~ . ‘  ~ E ~ D N Y B  TO 

DETAIL  2' 

S E C T I O N  "C- C' 
( L A Y E R  S P A C I Y G  G R I D )  

S E C T I O N  "D- D "  

SK-3-231.88 

FIGURE 3. Sp Zit Core Driver Fue Z Subassemb Z y  

(Sheet 1 of 21 

DESeRlPT lON MAT1 REF 

,!( 1 I I FUEL C L U S T E R  A J S Y  

2/71 2 1 FUEI P I U A S S Y  I Isy-3-,31ar 

DETAIL  ' X '  

7 

& 
2 

D E T A I L  ' W "  
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F a c i l i t a t e  f a b r i c a t i o n  

P e r m i t  t i g h t e s t  f u e l  p a c k i n g  ( r e q u i r e d  f o r  FTR f l u x  

[power d e n s i t y ]  ). 

Wire wrap u s e d  i n  a  t r i a n g u l a r  p i n  a r r a y  on a  1 2 - i n .  

p i t c h  o f f e r s ,  on a  60' p r o g r e s s i o n ,  s u p p o r t  t o  a  p i n  and i t s  

n e i g h b o r s  a t  2 - i n .  i n t e r v a l s .  Wire wrap s p a c e d  s u b a s s e m b l i e s  

p r e s e n t  t h e  f o l l o w i n g  p rob l ems :  

Wire f i x i t y  o n l y  a t  t h e  end  p o i n t s  

P o s s i b i l i t y  o f  c h a n n e l  b l o c k a g e  d u r i n g  i n - c h a n n e l  

r e p o s i t i o n i n g  

Poor  compl i ance  compared t o  c o m p l i a n t  g r i d  space r s .  

G R I D  S P A C E R S  

West inghouse  C o r p o r a t i o n ,  u n d e r  C o n t r a c t  AT- (30 -1 ) -3684 ,  

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

FTR. ( 2 )  These  s p a c e r s  may c o n s i s t  o f  a l t e r n a t i n g  r i n g  o r  

web - type  s p a c e r s  p l a c e d  be tween  t h e  f u e l  p i n s .  H y d r a u l i c  

t e s t i n g  w i l l  b e  n e c e s s a r y ,  a s  i n  t h e  c a s e  o f  w i r e  wrap ,  t o  

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

Wire wrap s p a c e r s  were  chosen  f o r  t h e  r e f e r e n c e  d e s i g n  s i n c e  

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

c h a r a c t e r i s t i c  when compared t o  g r i d  s p a c e r s .  ( 3 )  Honeycomb 

s p a c e r s ,  e v a l u a t e d  i n  R e f e r e n c e  ( 2 ) ,  h ad  a  5 0 %  h i g h e r  t o t a l  

a b s o l u t e  p r e s s u r e  d r o p  t h a n  a  comparab le  w i r e  wrap s y s t e m  

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

FTR y i e l d e d  s i m i l a r  h i g h e r  p r e s s u r e  d r o p s  i n  w i r e  wrapped 

s y s t e m s .  

The program p r e s e n t l y  f o r m u l a t e d  a t  PNL i n c l u d e s  an 

e v a l u a t i o n  o f  a l t e r n a t e  s p a c i n g  t e c h n i q u e s .  

G r i d  s p a c e r s  have  t h e  a t t r i b u t e s  o f :  

r R e q u i r i n g  g r i d ,  n o t  p i n ,  compl i ance  

Compl ian t  c h a r a c t e r i s t i c s  

I n t e g r a l  s u p p o r t  p l a n e .  
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Problem a r e a s  a s s o c i a t e d  w i t h  g r i d  s p a c e r s  i n v o l v e :  

Requi rement  of  n o n - s t a n d a r d  f a b r i c a t i o n  methods 

D i f f i c u l t y  i n  subas sembly  l o a d i n g  

P i n  s c r a t c h i n g  

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

p l a n e  due t o  p i n  s w e l l i n g .  

R e l a t i v e l y  h i g h  p r e s s u r e  d r o p  

Les s  p o t e n t i a l  f o r  a c h i e v i n g  a  t i g h t  p i n  s p a c i n g .  

A N A L Y T I C A L  A N D  E X P E R I M E N T A L  PROGRAMS 

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

m e c h a n i c a l ,  and  t h e r m a l  a n a l y s i s ,  w a t e r  f l o w ,  sodium f l o w ,  and 

m e c h a n i c a l  t e s t i n g  f u e l  p i n s ,  b u n d l e s ,  and  s u b a s s e m b l i e s  i s  

r e q u i r e d  t o  e s t a b l i s h  o p e r a t i n g  b e h a v i o r  and  p r o v i d e  r e l i a b l e  

d r i v e r  f u e l  f o r  t h e  FTR. (4) 

The a n a l y t i c a l  and  t e s t i n g  programs  a r e  d i r e c t e d  t oward  

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

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

g u a r a n t e e  m e e t i n g  r e q u i r e m e n t s .  T e s t s  a r e  p u r s u e d  when o b s e r -  

v a t i o n  t h r o u g h  t e s t i n g  u n d e r  p r o t o t y p e  o r  n e a r  p r o t o t y p e  

c o n d i t i o n s  i s  t h e  o n l y  a v a i l a b l e  method f o r  pe r fo rmance  

p r e d i c t i o n .  

The a n a l y t i c a l  and  t e s t i n g  programs a t t e m p t  t o  s i m u l a t e  

a l l  p o s s i b l e  FTR f u e l  o p e r a t i n g  e x p e r i e n c e s ,  and  c o u p l e  r e s u l t s  

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

and c l a d d i n g  i r r a d i a t i o n  p rog rams .  The p rob l ems  o f  e r o s i o n  and 

c o r r o s i o n  a r e  examined i n  l i g h t  o f  o t h e r  r e a c t o r  o p e r a t i n g  

e x p e r i e n c e  where  a  t e m p e r a t u r e  g r a d i e n t  i s  imposed on t h e  f u e l  

a s sembly .  Coup l ing  o f  t h e  m e c h a n i c a l  e f f e c t s  o f  v i b r a t i o n ,  

f r e t t i n g  c o r r o s i o n ,  f r e t t i n g  f a t i g u e ,  e t c .  w i t h  t h e  v i b r a t i o n  

and m a t e r i a l  removal  measurements  n o t e d  i n  h y d r a u l i c  and t h e  

sodium dynamic t e s t s  w i l l  be p e r f o r m e d .  The t o t a l  f u e l  o p e r a -  

t i n g  e x p e r i e n c e  c a n n o t  b e  s i m u l a t e d  i n  any one o f  t h e s e  t e s t s ,  
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s i n c e  a  number o f  t h e  more i m p o r t a n t  o p e r a t i n g  c o n d i t i o n s ,  s u c h  

a s  c o r e  AT r a d i a t i o n  e x p o s u r e  and  i n - c o r e  i n d u c e d  v i b r a t i o n s ,  

a r e  a b s e n t .  Thermal e f f e c t s  w i l l  be f u r t h e r  s i m u l a t e d  i n  t h e  

h e a t e d  f u e l  p i n  b u n d l e  t e s t s .  The t h e r m a l - h y d r a u l i c  s t u d i e s  

a l s o  examine a b b e r a t e d  p i n  b u n d l e s ,  v a r i e d  s p a c i n g ,  v a r i e d  

s p a c e r  geome t ry ,  and d i f f e r e n c e s  be tween  c o m p l i a n t  g r i d  s p a c e r s  

and  t h e  r e f e r e n c e  w i r e  wrap s p a c e r s .  Da ta  f rom t h e  t e s t s  

d e s c r i b e d  i n  t h i s  document and  t h e  t h e r m a l - h y d r a u l i c  deve lopment  

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

t h e  most  u p - t o - d a t e  p a r a m e t e r s  and  methods f rom b o t h  s t u d i e s .  

By t h i s  s y n t h e s i s  a n a l y s i s  and t e s t i n g  method ,  t h e  t o t a l  

e x p e r i e n c e  f o r  t h e  f u e l  pe r fo rmance  w i l l  b e  p r e d i c t e d .  

The aim o f  t h e  FTR d r i v e r  f u e l  subas sembly  d e s i g n  and 

t e s t i n g  programs  i s  t o  a s s u r e  pe r fo rmance  unde r  t h e  f o l l o w i n g  

c o n d i t i o n s  : 

F i r s t  Core P a r a m e t e r s  . 

An i n - r e a c t o r  l i f e  o f  a b o u t  1 .25  y r  a t  a  p l a n t  a v a i l a b i l i t y  

f a c t o r  o f  75% 

Maximum f u e l  a s sembly  s u r f a c e  m a t e r i a l  l o s s  n o t  t o  e x c e e d  

more t h a n  0 .001  i n .  o v e r  t h e  l i f e  o f  t h e  subas sembly  . Nominal sodium i n l e t  t e m p e r a t u r e  o f  550 OF and c o r e  b u l k  

o u t l e t  t e m p e r a t u r e  t o  9 0 0  OF 

Sodium f l o w  v e l o c i t y  o f  ~ 3 0  f p s  

R e a c t o r  AT up t o  400 OF 

P r e s s u r e  d r o p  o v e r  t h e  f u e l  s e c t i o n  o f  20 t o  30 p s i  

p e r  f o o t  o f  l e n g t h  

S u f f i c i e n t  i n t e r c h a n n e l  mix ing  t o  p r e v e n t  f l o w  s t a r v i n g ,  

e x c e s s i v e  h o t  c h a n n e l  f a c t o r s ,  o r  ex t r eme  t h e r m a l  g r a d i e n t s  

No d e s t r u c t i v e  v i b r a t i o n  phenomena 

A b i l i t y  t o  w i t h s t a n d  o p e r a t i o n a l  t h e r m a l  shocks  
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Upgraded Pe r fo rmance  P a r a m e t e r s *  

An e x t e n s i o n  o f  t h e  p r e c e d i n g  r e q u i r e m e n t s  i n c l u d e :  

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

m a t e r i a l  l o s s e s  

Nominal sodium i n l e t  t e m p e r a t u r e  o f  550 OF, and c o r e  

b u l k  o u t l e t  t e m p e r a t u r e  t o  1200 OF 

Sodium f l o w  v e l o c i t y  up t o  45 f p s  

F u e l  bu rnup  i n  e x c e s s  o f  100 ,000  MWd/T 

F u e l  p i n s  up t o  11 f t  i n  l e n g t h  ( e x t e n d e d  g a s  plenum) 

The p i n  s p a c e r  a n a l y t i c a l  e v a l u a t i o n  program w i l l  c o n t i n u e  

i n t o  FY 1 9 6 9 ,  w i t h  t h e  emphas i s  s h i f t i n g  t o  e v a l u a t i o n  o f  t h e  

a l t e r n a t e  c o m p l i a n t  g r i d  s p a c e r .  A s e l e c t i o n  be tween  t h e  w i r e  

wrap and  g r i d  s p a c e r  w i l l  be made i n  November 1968 ,  p r i o r  t o  

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

I 1 1  d e s c r i b e s  t h e  t e s t i n g  programs  r e l a t i n g  t o  t h e  s p a c e r  

e v a l u a t i o n .  

TABLE I I I .  T e s t  O b j e c t i v e s  and F a c i l i t i e s  D e s c r i p t i o n  

T e s t  D e s i g n a t i o n  T e s t  O b j e c t i v e s  and F a c i l i t i e s  

Water H y d r a u l i c s  

Water Flow T e s t s ,  I n v e s t i g a t e  f l ow  r a t e  f o r  a p p l i -  
7 - p i n  c l u s t e r  c a t i o n  o f  d a t a  t o  7 - p i n  c l u s t e r  

sodium f l o w  t e s t s  ( T e s t  No. 2 i n  
F i g u r e  4 ) .  The main p u r p o s e  o f  
t h i s  t e s t  was t o  i n v e s t i g a t e  
p r e s s u r e  d r o p  c h a r a c t e r i s t i c s  o f  
t h e  a s s e m b l i e s  p r i o r  t o  sod ium 
t e s t i n g .  These  t e s t s  have  b e e n  
c o n d u c t e d  i n  t h e  PNL t h e r m a l -  
h y d r a u l i c s  w a t e r  t e s t  l o o p  p r o -  
v i d i n g  a  f l o w  r a t e  c a p a b i l i t y  o f  
500 gpm a t  100 p s i  AP and  t emper -  
a t u r e  c a p a b i l i t i e s  up t o  100 OF. 

* Not p a r t  o f  t h e  f i r s t  c o r e  t e s t i n g  and a n a l y s i s  programs 
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T e s t  D e s i g n a t i o n  

Subassembly Flow T e s t ,  I n v e s t i g a t e  p r e s s u r e  d r o p ,  i n t e r -  
P a r t i a l  and F u l l  S i z e ,  channe l  mix ing ,  and f l o w  d i s t r i -  
S t a n d a r d  and Non-Standard b u t i o n  f o r  S t a n d a r d  and n o n - s t a n d a r d  
(warped) ,  Wire Wrap and w i r e  wrap and g r i d  a s s e m b l i e s  o f  
G r i d  Assembl ies  v a r i e d  s p a c i n g ,  Both f u l l  and 

p a r t i a l  a s s e m b l i e s  w i l l  be  u s e d ,  
V i b r a t i o n  measurements w i l l  be  
made a s  p e r  T e s t  No, 9 ,  ( s e e  
F i g u r e  4  s c h e d u l e ) ,  These t e s t s  
w i l l  be conduc ted  a t  t h e  PNL 
t h e r m a l - h y d r a u l i c s  f a c i l i t y  w a t e r  
t e s t  l o o p ,  T h i s  l o o p ,  t h e  same 
used  i n  t h e  7 - p i n  t e s t ,  w i l l  have 
c a p a b i l i t y  f o r  m u l t i p l e  r e a d o u t s  
o f  subchanne l  v e l o c i t i e s  and p i n  
v i b r a t i o n s ,  I t  i s  p r e s e n t l y  
c a p a b l e  o f  measur ing  p r e s s u r e  
drop  f low r a t e s  o v e r  a  wide 
r ange  of  p a r a m e t e r s  and t e s t  l o  
c a t i o n s ,  These t e s t s  w i l l  be 
i n s t r u m e n t e d  w i t h  t h e  n o i s e  a n a l -  
y s i s  equipment  f o r  v i b r a t i o n ,  
s u b c h a n n e l ,  and c r o s s -  channe l  
mixing d a t a ,  The l o o p  i s  p r e s e n t l y  
equ ipped  t o  t e s t  s e c t i o n s  up t o  
1 2  f t  i n  l e n g t h  and may be ex tended  
t o  20 f t ,  

7 , , and  1 9 - P i n  C l u s t e r s  

Subassembly Flow T e s t s ,  
F u l l  S i z e  

T e s t s  w i t h  v e l o c i t i e s  up t o  35 
f p s  i n  s h o r t e n e d  7 and 1 9 - p l n  
c l u s t e r s  w i l l  be  r u n  i n  t h e  PNL 
sodium l o o p ,  w i t h  a  c a p a b i l i t y  o f  
25 gpm a t  40 p s i  AP, and temper-  
a t u r e s  up t o  1200 O F  f o r  g r i d  and 
v a r i a b l e  s i z e  w i r e  s p a c e r s ,  F i r s t  
assembly t e s t  t e m p e r a t u r e  i s  a t  
t h e  maximum sodium- c l a d  i n t e r f a c e  
t e m p e r a t u r e - - 1 0 6 8  QF,  

F u l l  subassembly  f low i n  t h e  Core 
Component T e s t  Loop (CCTL) a t  max 
imum h o t  c h a n n e l  o u t l e t  t e m p e r a t u r e  
w i l l  be  r u n  t o  examine f low induced 
v i b r a t i o n ,  c o r r o s i o n ,  e r o s i o n ,  
e f f e c t  o f  subassembly  t i l t ,  e t c ,  
f o r  w i r e  wrap and g r i d  a s s e m b l i e s ,  



TABLE 111, ( c o n t d i  

T e s t  D e s i g n a t i o n  T e s t  O b j e c t i v e s  and F a c i l i t i e s  

The C C T L  has  t h e  c a p a b i l i t y  of  
o p e r a t i n g  a t  800 gpm a t  1 1 0  p s i  
n P ,  and a t  t e m p e r a t u r e s  up t o  
1200 OF, The f i r s t  w i r e  wrap 
assembly  was d e l i v e r e d  t o  C C T L  
i n  March 1968,  ; 

Mechanica l  T e s t s  

V i b r a t i o n  T e s t ,  
S i n g l e  P i n s  

T e s t  t h e  dynamic c h a r a c t e r i s t i c s  
of  s i n g l e  p i n s  $0 d e t e r m i n e  a p p r o -  
p r i a t e  t e s t  p a r a m e t e r s * f o r  f o l l o w -  
on mechan ica l  ( v i b r a t i o n )  t e s t s ,  + 

These mechan ica l  v i b r a t i o n  t e s t s  
w i l l  be  conducted  on t h e  PNL s m a l l  
v i b r a t i o n  t e s t e r ,  T h i s  t e s t e r  
a p p l i e s  a  f o r c e  v e c t o r  o f  50 l b  a t  
a  peak d i s p l a c e m e n t  of  0 , 5  i n ,  and 
a  maximum v e l o c i t y  of  7 0  i n ,  p e r  
s e c o n d -  The maximum c a p a b i l i t y  i s  
1 2 4  g ' s  and t h e  f r e q u e n c y  r a t e  1s 
5  t o  1 0  k  ( c p s ) ,  The a l l o w a b l e  
pay loads  a r e  9 , 6  l b  a t  5 g ' s ,  
4 , 6  l b  a t  10 g ' s ,  1 , 6  l b  a t  25 g F s ,  
and 0 , 6  l b  a t  50 g " s n  

V i b r a t i o n  T e s t s ,  19-Rod Bench v i b r a t i o n  t e s t s  of  1 9  - r o d  
C l u s t e r  ( a i r  and w a t e r )  c l u s t e r s ,  f i r s t  i n  a i r  and t h e n  i n  

w a t e r  ( i f  n e c e s s a r y )  t o  c a l i b r a t e  
and d e t e r m i n e  a p p r o p r i a t e  i n s  t r u  
m e n t a t i o n  l o c a t i o n  p o i n t s  (maximum 
a m p l i t u d e )  f o r  u s e  i n  v i b r a t i o n  
measurements i n  w a t e r  and p o s s i b l y  
t h e  sodium f low t e s t s  ( T e s t s  3 and 
4  i n  F i g u r e  4 ) ,  These t e s t s  w i l l  
u s e  e i t h e r  t h e  l a r g e  o r  s m a l l  PNL 
v i b r a t i o n  t e s t  beds  d e s c r i b e d  i n  t h e  
p r e c e d i n g  and f o l l o w i n g  p a r a g r a p h s ,  

V i b r a t i o n  T e s t s  , F u l l  
Subassembly ( a i r )  

A c c e l e r a t e d  ( a g g r a v a t e d )  v i b r a t i o n  
t e s t s  w i l l  be per formed on f u l l  
s u b a s s e m b l i e s  I n  a i r ,  These t e s t s  
w i l l  be per formed i f  v i b r a t i o n  
characteristics I n  w a t e r  and sodium 
i n d i c a t e  a  n e c e s s i t y  f o r  a c c e l e r a t e d  
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TABLE 111, ( c o n t d d  

T e s t  D e s i g n a t i o n  T e s t  - O b ~ e c t i v e s  -- and F a c i l i t i e s  ---- 

vibration t e s  t l n g ,  These mechani- 
c a l  v i b r a t i o n  t e s t s  w i l l  be c o n -  
d u c t e d  on t h e  PNL l a r g e  v i b r a t i o n  
t e s t e r ,  T h i s  t e s t e r  a p p l i e s  a  
f o r c e d  v e c t o r  o f  1500 l b  a t  a  peak  
d i s p l a c e m e n t  o f  0 , s  i n ,  and a  maxi- 

mum v e l o c i t y  of  50 i n ,  p e r  s e c o n d ,  
The maximum c a p a b i l i t y  1s 94 g ' s  
and t h e  f r e q u e n c y  r a t e  1s 5  t o  5 
c p s ,  The a l l o w a b l e  p a y l o a d s  a r e  
134 l b  a t  1 0  g 9 s ,  59 l b  a t  2 0  g  s ,  
and 34 l b  a t  30 g ' s ,  

V i b r a t i o n  T e s t s ,  F u l l  The f i r s t  19 months of  v i b r a t i o n  
Subassembly,  Water and t e s t i n g  i n  w a t e r  and sodlum w l l l  
Sodium t a k e  p l a c e  w i t h  i n s t r u m e n t a t i o n  

i n  t h e  w a t e r  f low t e s t s  ( T e s t  3  
i n  F i g u r e  4), and v i s u a l  o b s e r v a -  
t i o n  o f  wear a r e a s  caused  by 
v i b r a t i o n s  i n  t h e  sodium dynamic 
t e s t ,  The v z b r a t i o n  measurements 
conduc ted  i n  t h e  w a t e r  t e s t s  w i l l  
be  i n  t h e  t h e r m a l - h y d r a u l i c s  loop  
a t  PNL, Description o f  t h n s  t e s t  
f a c i l i t y  i s  g i v e n  w i t h  t h e  w a t e r  
t e s t  ( T e s t  No. 4 i n  F i g u r e  4 ) "  

Heated  P i n  T e s t s  
(Water and Sodium) 

The i n - s o d l u m  t e s t s  w l l l  s l m u l a t e  
f i r s t  c o r e  f u e l  per formance  t o  
determine t e m p e r a t u r e  peak ing  i n  
t h e  t r i  cusp  f low c h a n n e l ,  t h e r m a l  
mixing  e f f e c t s  I n  sodlum, e t c  
Fol low-on t e s t s  w i l l  ~ n c l u d e  f low 
b lockage  and l o s s  of  f low t e s t s ,  
T e s t  conditions w i l l  s i m u l a t e  FTR 
o p e r a t i o n  f o r  f i r s t  c o r e  th rough  
f u l l  per formance  r e q u i r e m e n t s  

Thermal Shock T e s t s  

(Not Funded) 

Thermal shock t e s t s  w l l l  be p e r -  
formed w i t h  t h i n n e r  "end of  l i f e f '  
c l a d d i n g  i n  sodium t o  d e t e r m i n e  t h e  

Thermal Shock T e s t s ,  f a t i g u e  and s t r a l n  c h a r a c t e r l s t i c s  
F u l l  Subassembly o f  f u l l  s u b a s s e m b l i e s  s u b j e c t e d  t o  

shutdown and e x c u r s i o n  t r a n s i e n t s ,  
These t e s t s  w i l l  be conduc ted  a t  
t h e  GE Thermal Shock Facility, 
c a p a b l e  of  s h o c k i n g  a s s e m b l i e s  i n  
t h e  t e m p e r a t u r e  r ange  o f  800 t o  
1300 "F I n  a  5  i n ,  I D  by 4 f t  l o n g  
t e s t  c e l l -  The t e s t  c e l l  may be 
e n l a r g e d  f o r  b i g g e r  assemblies 



T e s t  T i t l e  

7 - a n d  1 9 - p i n  c l u s t e r  w a t e r  f l o w  t e s t s  

7 - a n d  1 9 - p i n  c l u s t e r  s o d i u m  f l o w  t e s t s  

P a r t i a l  a n d  f u l l  s i z e  s u b a s s e m b l y  w a t e r  f l o w  t e s t s  

F u l l  s i z e  s u b a s s e m b l y  s o d i u m  f l o w  t e s t s  

V i b r a t i o n  t e s t s  - s i n g l e  p i n s  ( a i r )  

V i b r a t i o n  t e s t s  - 1 9 - p i n  c l u s t e r  ( a i r )  

V i b r a t i o n  t e s t s  - 1 9 - p i n  c l u s t e r  ( w a t e r )  

V i b r a t i o n  t e s t s  - f u l l  s u b a s s e m b l y  ( a i r )  

V i b r a t i o n  t e s t s  - f u l l  s u b a s s e m b l y  ( w a t e r )  

V i b r a t i o n  t e s t s  - f u l l  s u b a s s e m b l y  ( s o d i u m )  

H e a t e d  P i n  t e s t s  

T h e r m a l  S h o c k  

1 1 - 6 9 ,  S e l e c t  S p a c e r  S y s t e m  

.1 

I * V i b r a t i o n  i n s t r u m e n t a t i o n  
p l a c e d  i n  t h e  w a t e r  a n d  
s o d i u m  t e s t s ,  No .  3 a n d  4 .  
I I I 

F I G U R E  4 .  T e s t  Program S c h e d u l e  



P I N  BUNDLE PRESSURE D R O P  ANALYSIS 

T o  J ,  B e n n e t t  

SUMMARY 

C o r r e l a t i o n  and a n a l y s i s  o f  w i r e  wrap p i n  bund le  p r e s s u r e  

drop  d a t a  and a p p l i c a t i o n  o f  t h e o r e t i c a l  methods have l e d  t o  

t h e  development  o f  t h e  f o l l o w i n g  e q u a t i o n  f o r  t h e  FTR p i n  

bund le  p r e s s u r e  drop  d u r i n g  normal  o p e r a t i o n :  

where t h e  f low r a t e  y i e l d s  v e l o c i t i e s  i n  t h e  r ange  o f  15 t o  45 

f t / s e c ,  and M = mass f low r a t e  i n  l b / s e c ,  and AP i s  i n  p s i ,  

r e s u l t i n g  i n  a  p i n  r e g i o n  p r e s s u r e  drop  of  50 p s i ,  

P r e s s u r e  drop  i n  a  p i n  bund le  e x p e r i e n c i n g  f u e l  p i n  

s w e l l i n g ,  such  a s  shown f o r  t h e  peak p r o f i l e d  s w e l l i n g  i n  a  

f o l l o w i n g  s e c t i o n ,  i s  i n c r e a s e d  by 9 p s i ,  o r  by a b o u t  1 4 %  f o r  

t h e  t o t a l  subassembly ,  

The p r e s s u r e  drop  a n a l y s i s  f o r  compl i an t  g r i d  s p a c e r s  

h a s  demons t ra t ed  t h a t ,  f o r  s i m i l a r  c o r e  per formance  r e q u i r e m e n t s  

and s p a c i n g  s u p p o r t  s p a n ,  t h e  c o r e  p r e s s u r e  drop  i s  a p p r o x i -  

ma te ly  30% h i g h e r  f o r  g r i d  s p a c e r s  t h a n  f o r  w i r e  w r a p ,  

D e t a i l e d  C o r r e l a t i o n s  a n d  A n a l y s e s  

P r e s s u r e  D r o ~  C o r r e l a t i o n s  f o r  Uniform P i n  Bundles ( 6 , 7 )  

An e x t r a p o l a t i o n  t e c h n i q u e  a p p l i e d  t o  7-, 19-, and 37-p in  

bund les  was employed t o  g e n e r a t e  a  f r i c t i o n  f a c t o r  a p p l i c a b l e  

t o  t h e  FTR 2 1 7  p i n  bund le  f o r  t h e  c o n v e n t i o n a l  p r e s s u r e  drop  

r e l a t i o n s h i p :  

where nP = P r e s s u r e  d r o p ,  l b  f o r c e / f t  2 

f  = F r i c t i o n  f a c t o r ,  u n i t l e s s  
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L = Core l e n g t h ,  f t  
2 

G = Mass f low r a t e ,  l b  m a s s / f t  -set 

p = D e n s i t y ,  l b  mass/ f t 3  

g  = G r a v i t a t i o n a l  c o n s t a n t ,  f t  - l b  m a s s / l b  f o r c e  -, s e c  2 

D = E q u i v a l e n t  d i a m e t e r  - f t  
e  q  

F i g u r e  5  shows t h e  comparison between p r e s s u r e  d r o p s  c a l -  

c u l a t e d  by t h e  e x t r a p o l a t i o n  t e c h n i q u e  and by t h e  de S t o r d e u r  (6) 

method which i s  u s e d  i n  t h e  MIDAS code .  ( 8 )  I n  t h e  de  S t o r d e u r  
0  307 a p p r o x i m a t i o n ,  f  i n  p r e c e d i n g  e q u a t i o n  i s  r e p l a c e d  by -"---- R e . 2  

where Re i s  t h e  Reynolds number,  

The e x t r a p o l a t i o n  p r o c e d u r e  was b a s e d  on p r e s s u r e  d rop  d a t a  

t a k e n  a t  PNL (5 )  and K a r l s r u h e ,  Germany. P e r t ~ n e n t  d a t a  f o r  

t h e  two t e s t s  a r e  shown i n  t h e  f o l l o w i n g  t a b u l a t i o n ,  

PNL-1 P N L  - 2 Kar l s r u h e  

F l u i d  w a t e r  w a t e r  w a t e r  

Rod O , D , ,  i n ,  0.200 0 ,250 0 , 4 7 3  

Wire Wrap O , D , ,  i n ,  0 ,040 0 ,030  0 ,197 

Wire Wrap P i t c h ,  i n .  1 2 , 0  1 2 , O  1 1 , 8  

P i n s / c l u s t e r  7 7 7 ,  1 9 ,  and 37 

Al though t h e  r o d  and w i r e  wrap d i a m e t e r s  d i f f e r  c o n s i d e r a b l y  

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

l o g  f  v e r s u s  l o g  Re f o r  b o t h  7.- p i n  c l u s t e r s  show f a i r l y  good 

agreement .  F i g u r e  6 shows t h e s e  f v e r s u s  Re p l o t s ,  

F i g u r e  7 ,  which i n v o l v e s  t h e  e x t r a p o l a t i o n ,  i s  a  p l o t  o f  
1 l o g  v e r s u s  l o g  N, where N is t h e  number o f  p i n s  p e r  sub-  

assembly .  E x t r a p o l a t i o n  was made from N = 37 t o  N - 2 1 7 ,  

F i g u r e  8 shows t h e  f r i c t i o n  c h a r a c t e r i s t i c s  o f  t h e  7 - p i n  

PNL a s s e m b l i e s  v e r s u s  smooth tube  f r i c t i o n  f a c t o r s ,  



p = 53 .4  # / f t 3  

L = 32 i n c h e s  

Deq = 0 . 0 9 3  i n c h e s  
E x t r a p o l a t i o n ,  C u r v e  * - K a r l s r u h e  & P N L  - 

- 

M I  DAS 
- 

Curve  1 - MIDAS nP = 

- 
Curve  2  - E x t r a p o l a t i o n  A P  = 

I I 

V a r y i n g  R e y n o l d s  Number, 1 0  4 

FIGURE 5. December Comparison of Extrapolation and MIDAS 
Predictions for Subassembly Pressure Drop 



E x t r a p o l a t e d  Da ta  F o r  217 Rod C l u s t e r  

K a r l s r u h e  Data  F o r  7 - , 1 9 - ,  a n d  3 7 - ~ o d  C l u s t e r s  

H a n f o r d  Data  Fo r  7-Rod C l u s t e r s  On ly  

Flow Medium = Wate r  

I 7 - K a r l  s r u h e  

R e y n o l d s  Number 

FIGURE 6 .  F r i c t i o n  Factor  Versus  Reynolds  Number 



- C u r v e  I--- Re = 1 x 10' 2 1 7  1 
C u r v e  2 - - -  Re = 5 x 1 0  4  I 

I- C u r v e  3 - - -  Re = 1  x 1 0  5 I 
1 C u r v e  4 - - -  Re = 5 x 1 0  5 

P i n s  p e r  S u b a s s e m b l y  

F I G U R E  7 .  I n v e r s e  F r i c t i o n  Factor  (l/f) Versus  P ins  Per Subassembly 
(1) f o r  Vary ing  R e y n o l d ' s  Number ( R e )  



7 P i n  B u n d l e  

- 

- Smooth T u b e  

/z I 1 I 1 
I l l  I 

1  o 4  2 3 4  5 6 8 l o 5  2 

R e y n o l d s  Number  

F I G U R E  8 .  Reynolds  Number V e r s u s  F r i c t i o n  Fac tor  
f o r  7 P in  P N L  Bundles  i n  Water  



P r e s s u r e  Drop A n a l y s i s  f o r  Uniform P i n  Bundles  

V a r i o u s  t e c h n i q u e s  and a p p r o a c h e s  have  b e e n  u s e d  t o  

e s t i m a t e  FFTF c o r e  p r e s s u r e  d r o p s  a t  400 M W .  The mean v a l u e  

o b t a i n e d  f o r  c o r e  p r e s s u r e  d r o p  i s  51 ' 11 p s i  f o r  t h e  

f o l l o w i n g  c o n d i t i o n s :  

A c t i v e  Core Length  32 i n .  
P i n  Diam 0 .25  i n .  
Wire Wrap Diam 0.030 i n .  
Wire Wrap P i t c h  1 2  i n .  
Na avg.Temp 725 O F  

Na avg D e n s i t y  53 .4  l b / f t 3  
Na avg V e l o c i t y  27 f t / s e c  
V i s c o s i t y  0 . 7  l b / f t - h r  
Channel  Equ iv .  Diam 0.0930 i n .  
Reynolds  Number 5 . 6 8  x  l o 4  

These  p r e s s u r e  d r o p  e s t i m a t e s  a r e  mean v a l u e s  o b t a i n e d  

f rom t h e  t e c h n i q u e s  o u t l i n e d  i n  t h i s  s e c t i o n .  The subas semb ly  

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

Flow Duct - h e x a g o n a l  i n  s h a p e ,  4 .220  * 0.005 i n .  a c r o s s  

i n s i d e  f l a t s ;  w a l l  t h i c k n e s s  o f  0 .15  in.  

P i n  Assembly i n  d u c t  - 2 1 7  p i n s ,  0 . 25  i n .  d iam,  e a c h  

wrapped  w i t h  0 . 0 3 0 - i n .  w i r e ,  w i t h  a p i t c h  o f  1 2  i n .  

The p i n s  a r e  a r r a n g e d  i n  a  h e x a g o n a l  p a t t e r n .  

T h r e e  methods  o f  c a l c u l a t i o n  were  u s e d .  They a r e  o u t l i n e d  

a s  f o l l o w s :  

a The de S t o r d e u r  Approach 

The g e n e r a l  p r o c e d u r e  d e s c r i b e d  on page  76 o f  de  S t o r d e u r l s  

P a p e r  ( 6 )  was u s e d .  

Us ing  h i s  n o t a t i o n ,  t h e  f o l l o w i n g  v a l u e s  were  o b t a i n e d :  

d  = 0 .25  i n .  Ac = 0 .0188  i n .  2 

d  = 0 . 0 3  i n .  Ac' = 0 .0181  i n .  2 
S 

p  = 0 .28  i n .  De c  = 0.09515 i n .  

D = 20 .1  i n .  
e  q "c = 0 .0823  i n .  
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A '  = 0.02755 i n .  2 APR = 34 .1  p s i  
W 

D = 0.09504 i n .  ew u = 0 .7  l b / f t - h r  

f T  = 5 .4  ml = 5 1  

L = 32 i n .  m 2  = 189 

h  = 1 2  i n .  2 
v = 5 . 2 4  x  i n  / s e c  

A T  = 4.65 i n .  2 Rer = 2 .97  x  1 0  4  

K1 = 1 . 6 3  Res = 1 . 9 5  x  10 4  

K 2  = 1 . 5 2  Cx = 0 .29  

Q, = 272 Q S  = 0 . 0 7 0 4  i n .  2 
C 

A T  = 266.5  Ac' APs = 5 . 1  

f M  = 0.0234 D = 0 .085  i n .  

V = 27 f t / s e c  
e q ~  

p = 5 3 . 4  p s i  

"core = APR + APs = 39.2 p s i  

The MIDAS E q u a t i o n  

The c o r e  p r e s s u r e  d r o p  a s  r e p r e s e n t e d  by  t h e  e q u a t i o n  i n  

MIDAS i s  

G 2  (0 .307  H , )  

where G = p V  

p = 53 .4  l b / f t  3  g = 32.2 f t / s e c  2  

V = 27 f t / s e c  dn = 0 .0930  i n .  
p Vdn Re = - H, = 32 i n .  

T h i s  e q u a t i o n  g i v e s  a c o r e  p r e s s u r e  d r d p  o f  AP = 49.5  p s i %  50 p s i  c o r e  

E x t r a p o l a t i o n  T e c h n i q u e  

By t h e  e x t r a p o l a t i o n  t e c h n i q u e  p r e v i o u s l y  d e s c r i b e d ,  t h e  p r e s s u r e  

d r o p  may b e  d e t e r m i n e d  f rom 
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where f  i s  d e t e r m i n e d  f rom t h e  e x t r a p o l a t i o n  t e c h n i q u e .  For  
4 

Re = 5 .7  x  10 , f = 0 .043 ,  y i e l d i n g  

AP = 62 p s i  

Summary 

Method AP 
7 

de S t o r d e u r  3  9  

MIDAS 50 

E x t r a p o l a t i o n  62 

Mean (1+3)  5 1  11 

S t a n d a r d i z a t i o n  o f  Uniform P i n  Bundle  P r e s s u r e  Drop 

C a l c u l a t i o n a l  P r o c e d u r e  

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

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

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

f rom 15 .4  i n . '  t o  4.62 i n . ' ,  w i r e  wrapped p i n s  t o  d u c t  t r a n s i t i o n ,  

42 i n c h e s ;  t r a n s i t i o n  r e g i o n  f rom a  4 .22  i n .  h e x a g o n a l  [ f l a t  

I D )  d u c t  t o  a  r ound  p i p e  whose ID i s  4 .925  i n . ;  w i r e  wrapped 

p i n s  i n  r ound  s e c t i o n ,  23 .5  i n . ;  and t h e  u p p e r  p i n  e x i t  expan-  
2 s i o n  f rom 8 .35  i n . '  t o  1 9 . 1  i n c h e s  . 

Two b a s i c  e q u a t i o n s  were  u s e d  t o  d e s c r i b e  most  o f  t h e  

p r e s s u r e  l o s s e s .  Sudden c o n t r a c t i o n s  o r  e x p a n s i o n s  i n  f l o w  

a r e a  were  h a n d l e d  w i t h  t h e  f o l l o w i n g  E q u a t i o n .  The n e x t  

E q u a t i o n  was u s e d  t o  p r e d i c t  t h e  p r e s s u r e  l o s s  i n  s e c t i o n s  o f  

open  p i p i n g  assumed t o  have  c o n s t a n t  c r o s s  s e c t i o n a l  a r e a .  The 

de S t o r d e u r  method was u s e d  t o  p r e d i c t  t h e  p r e s s u r e  d r o p  a c r o s s  

t h e  l o w e r  r e f l e c t o r  and  p i n - c o n t a i n i n g  p o r t i o n  o f  t h e  f l o w  d u c t .  



where nPc = C o n t r a c t i o n  o r  expans ion  p r e s s u r e  l o s s ,  p s i  

APL = L i n e a r  p r e s s u r e  d r o p ,  p s i  

K = Dimensionless r e s i s t a n c e  c o e f f i c i e n t  

f  = Dimens ion les s  f r i c t i o n  f a c t o r  

L = Length of  p i p e ,  i n .  

D = E q u i v a l e n t  d i a m e t e r  of  p i p e , i n ,  
e  q  

p = Coolan t  d e n s i t y ,  l b / f t  3  

V = Coolan t  v e l o c i t y ,  f t / s e c  
2 g  = G r a v i t a t i o n a l  c o n s t a n t ,  32 ,2  f t - l b - m a s s / s e c  - 

l b  f o r c e  

Because t h e r e  a r e  19 changes i n  c o n f i g u r a t i o n  t h r o u g h o u t  

t h e  f u e l  a s sembly ,  t h e r e  a r e  1 9  c o r r e s p o n d i n g  changes  i n  c o o l a n t  

v e l o c i t y  ( s e e  F i g u r e  9 and T a b l e  IV),  The c o o l a n t  d e n s i t y  

a l s o  changes i n  t h e  c o r e ,  Thus t h e  a p p l i c a t i o n  of  19 e q u a t i o n s  

t o  d e t e r m i n e  t h e  p r e s s u r e  d rop  of  t h e  assembly a p p e a r s  somewhat 

complex, The v e l o c i t y  dependence i s  e l i m i n a t e d  by t h e  u s e  of 

t h e  f o l l o w i n g  e q u a t i o n s :  

M = pVA 

M = Mass f low r a t e  i n  l b / s e c  

A = Cross  s e c t i o n a l  f low a r e a  i n  f t  2 

- L 
nPL - 2 f ~ ~  288pgcA Deq 

For  e a c h  change i n  c o n f i g u r a t i o n  i n v o l v i n g  t h e  sudden con-  

t r a c t i o n  o r  e x p a n s i o n ,  t h e  K i s  known, So i s  each  c r o s s  s e c t i o n a l  

f low a r e a ,  A ,  (For  c o n t r a c t i o n s  and e x p a n s i o n s ,  t h e  a p p l i c a b l e  

A a lways r e f e r s  t o  t h e  s m a l l e r  a r e a  i n v o l v e d ? )  A l s o ,  t h e  r a t i o  

L / D  can  be  computed f o r  each  change i n  c o n f i g u r a t i o n ,  By 

o b s e r v i n g  t h a t  t h e  change i n  d e n s i t y  t h r o u g h o u t  t h e  c o r e  i s  



O u t l e t  s t  i s s i o n  a  p l e n u m  r/ 1 P a c k a g e  

P l e n u m  
t 2 3 . 5 1 ' 4 5 1 " 2 1 1  il 2114 51 . 5 "  

Open P i p e  P i n  R e g i o n  

F I G U R E  9 .  L o w e r  P o r t i o n  o f  F F T F  A s s e m b l y  



T A B L E  I V ,  Fue l  Assembly  Zones f o r  P r e s s u r e  Drop C a l c u l a t i o n s  

A ,  E n t r a n c e  Zone 

1, Oblong e n t r a n c e  s l i t s  ( s e e  F i g u r e  9)  

B ,  I n l e t  Region 

2 ,  P i p e ,  5 ,375  i n ,  l ong  w i t h  ID o f  2 , s  i n ,  
3 ,  ID i n c r e a s e  from 2 , s  t o  2 ,735 i n ,  o v e r  1 1 2  i n ,  o f  l e n g t h  
4 ,  P i p e ,  8 ,375  i n ,  long  w i t h  ID o f  2 ,725 i n ,  
5 ,  T r a n s i t i o n  from 2 ,725 i n ,  ID round p i p e  t o  hexagona l  

d u c t  w i t h  i n s i d e  f l a t  ID of  3 ,125 i n ,  
6 ,  Tapered  hexagonal  d u c t ,  ID from 3 ,125  t o  3 , 9 7  i n ,  a c r o s s  

f l a t s  o v e r  a  l e n g t h  o f  32 314 i n ,  

C ,  Lower R e f l e c t o r  Region 

7 ,  Lower r e f l e c t o r  e n t r a n c e  c o n t r a c t i o n  i n  a r e a  from 
1 3 , 6  i n ,  t o  6 , 7  i n ,  2 

8 ,  Lower r e f l e c t o r  i t s e l f  - 7 i n .  of  l e n g t h  
9 ,  Lower r e f l e c t o r  e x i t  expans ion  from 7 ,75  t o  15  i n ,  

2 

D o  P i n  Region 

1 0 ,  Lower p i n  e n t r a n c e  c o n t r a c t i o n  from 1 5 , 4  t o  4 ,62  i n ,  
2 

11, Wire wrapped p i n s  t o  d u c t  t r a n s i t i o n ,  42 i n ,  
1 2 ,  T r a n s i t i o n  r e g i o n  from a  4,22 i n ,  hexagonal  ( f l a t  ID) 

d u c t  t o  a  round p i p e  whose ID i s  4 ,925 i n ,  
1 3 ,  Wire wrapped p i n s  i n  round s e c t i o n ,  2 3 2  i n ,  
1 4 ,  Upper p i n  e x i t  expans ion  from 8 , 3 5  t o  1 9 , l  i n ,  

E ,  Open P ipe  

1 5 ,  Open p l p e ,  54 i n ,  i n  l a n g t h ,  4 ,925  i n ,  i n  ID 

F, I n s t r u m e n t  Package 

1 6 ,  C o n t r a c t i o n  i n t o  i n s t r u m e n t  package from 1 9 , l  t o  
15 i n , 2  

1 7 ,  I n s t r u m e n t  package ,  24 i n ,  l ong  w i t h  an assumed 
e q u i v a l e n t  d i a m e t e r  of  2 ,36  i n ,  

1 8 ,  Expansion i n t o  open p i p e  from 15  t o  1 9 , l  i n ,  
2 

G o  O u t l e t  P i ~ e  

1 9 ,  P e r f o r a t e d  o u t l e t  p i p e ,  2 4  i n ,  l o n g  
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r e l a t i v e l y  s m a l l ,  t h e  f o l l o w i n g  ave rage  r e g i o n a l  d e n s i t i e s  

may be used :  p r e - c o r e ,  54 .8  l b / f t 3 ;  c o r e ,  53.4 l b / f t 3 ;  and 
3  p o s t - c o r e ,  52 l b / f t  . 

For smooth t u b e s ,  t h e  f r i c t i o n  f a c t o r  f  i s  a  f u n c t i o n  

of  Reynolds number: 

1 - = 2 l o g  - 0 0 2 0  
JT- 

However, t h e  f o l l o w i n g  e q u a t i o n  a g r e e s  f a i r l y  w e l l  w i t h  

t h e  p r e c e d i n g  e q u a t i o n  f o r  Reynolds numbers i n  t h e  r ange  from 
4  1 x 10 t o  2 x l o 6 :  

The Reynolds number can  be e x p r e s s e d  by:  

- MDeq 3600 Re - - 
u A 

X -  1 2  

where 

Re = Dimens ion les s  

M = Mass f low r a t e  i n  l b / s e c  

D = E q u i v a l e n t  diam i n  i n .  
e  q  

A = Flow a r e a  i n  f t  2 

i ~ -  = V i s c o s i t y  i n  l b / f t - h r  

The p i n  r e g i o n  p r e s s u r e  drop  becomes: 

F i g u r e  10 shows t h e  d i s t r i b u t i o n  o f  p r e s s u r e  l o s s e s  a c r o s s  

t h e  f u e l  assembly ,  



1 0  20 - p s i  + 3 0  
4 0 

En t r a n c e  

I n l e t  R e g i o n  

L o w e r  R e f l e c t o r  

P i n s  i n  
H e x a g o n a l  

O t h e r  P i n  L o s s e s  

Round P i p e  

F I G U R E  1 0 .  P r e s s u r e  Drop D i s t r i b u t i o n  i n  Assembly 
(For M = 4 6 . 5  l b / s e c ,  o r  a c o r e  v e l o c i t y  
o f  2 7 . 2  f t / s e c . )  

- 
- I n s t r u m e n t  P a c k a g e  

E x i t  

I I I I 
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C O N C L U S I O N  

For a  c o r e  c o o l a n t  v e l o c i t y  o f  2 7  f t l s e c ,  t h e  assembly  

p r e s s u r e  drop  i s  p r e d i c t e d  t o  be  60 9 p s i ,  T h i s  and 

o t h e r  e s t i m a t e s  w i l l  be  c o r r o b o r a t e d  by t h e  CCTL e x p e r i m e n t s  

a t  Argonne N a t i o n a l  L a b o r a t o r i e s  i n  t h e  n e a r  f u t u r e ,  

A d d i t i o n a l  Core P r e s s u r e  Drop Due t o  P i n  Diamet ra l  Growth 

I n  c o n j u n c t i o n  w i t h  t h e  mechanics  s w e l l i n g  a n a l y s e s  

a p p e a r i n g  l a t e r  i n  t h i s  r e p o r t ,  a  s t u d y  was per formed t o  

d e t e r m i n e  t h e  e f f e c t  of  d i a m e t r a l  expans ion  on c o r e  p r e s s u r e  

d r o p ,  

The p i n  chosen  t o  r e p r e s e n t  t h e  w o r s t  c a s e  was p i n  V 1 7 1 ,  

a  s i n g l e  p i n  used  i n  t h e  e a r l y  f a s t  i r r a d i a t i o n  s t u d i e s  (10) 

r e p o r t e d  by t h e  B r i t i s h  i n  1965,  The expans ion  c h a r a c t e r i s t i c s  

o f  t h i s  p i n  a r e  g r e a t e r  by a  f a c t o r  o f  t h r e e  t h a n  t h o s e  f o r  

s i m i l a r  p i n s ,  I t  s h o u l d  be  p o i n t e d  o u t  t h a t  t h i s  h i g h  v a l u e  

o f  e x p a n s i o n  i s  n o t  n e c e s s a r i l y  t y p i c a l  o f  t h e  r e s u l t s  

c u r r e n t l y  o b t a i n e d ,  b u t  was chosen t o  r e p r e s e n t  an ex t reme 

c a s e ,  The U,K, e x p e r t s  c o n s i d e r  i t s  growth an anomaly, 

When t h e  p i n  expands d i a m e t r a l l y ,  t h e  i n c r e a s e d  c r o s s  

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

a r e a  f o r  t h e  c o o l a n t  t o  t r a v e r s e ,  Decreased  f low a r e a  means 

i n c r e a s e d  c o o l a n t  v e l o c i t i e s  and i n c r e a s e d  w e t t e d  p e r i m e t e r s  

r e s u l t i n g  i n  s m a l l e r  e q u i v a l e n t  d i a m e t e r s  and l a r g e r  Reynolds 

numbers,  A l l  o f  t h e s e  f a c t o r s  come t o  p l a y  i n  t h e  MIDAS code 

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

(0 ,307)  (H,j  ( P I  Cv2) 

With no s w e l l i n g ,  t h e  e q u a t i o n  g i v e s  a  p r e s s u r e  drop  of  



50 p s i  i n  t h e  f u e l  p i n  r e g i o n  when 

Hl  = 32 i n ,  g  = 32 ,2  f t / s e c  2 

p = 5 3 , 4  l b / f t  3  d  = 0.093 i n ,  
e  'l 

V = 2 7  f t / s e c  Re = 5 , 7  x  1 0  4  

p = 0 , 7  l b / f t - h r  R e 0 2  = 8 . 9  

The p r e c e d i n g  AP e q u a t i o n  may b e  u s e d  t o  d e t e r m i n e  t h e  

p r e s s u r e  d rop  t h r o u g h  a  s w o l l e n  f low channe l  by b r e a k i n g  t h e  

expans ion  c u r v e  f o r  p i n  V 1 7 1  down i n t o  s m a l l  segments  of  

un i fo rm d i a m e t e r  ( s e e  F i g u r e  l l ) ,  computing t h e  f a c t o r s  o f  t h e  

p r e s s u r e  d rop  e q u a t i o n  f o r  e a c h  u n i t  segment ,  and t h e n  c a l -  

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

make t h i s  s e r i e s  o f  c a l c u l a t i o n s  a p p l i c a b l e  t o  an FTR f u e l  

p i n ,  t h e  shape  o f  t h e  e x p a n s i o n  c u r v e  f o r  p i n  V 1 7 1  was 

a p p l i e d  t o  a  3 2 - i n ,  FTR p i n  of  t h e  f o l l o w i n g  room t e m p e r a t u r e  

c h a r a c t e r i s t i c s .  

P i n  Diamete r ,  P  = 0 ,250  i n ,  

Wire Wrap Diamete r ,  W = 0,030 i n ,  

P i n  Leng th ,  H1 = 32 i n ,  

Coo lan t  Flow Area ,  AF = 0,0214 i n ,  2 

I n  d e t e r m i n i n g  t h e  e f f e c t  o f  s w e l l i n g  on f low a r e a ,  a  r e l a -  

t i o n s h i p  between t h e  two was deve loped  Assuming ( a s  a  w o r s t  

c a s e )  t h a t  t h e  w l r e  wraps e x p e r i e n c e  t h e  same e x p a n s i o n  a s  t h e  

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

a r e a  of  t h e  c o o l a n t  c h a n n e l ,  one d e r i v e s  t h e  f o l l o w i n g :  

dA - ( I n c r e a s e d  P i n ,  Wire Wrap Area)  
P= 
A~ O r i g i n a l  Flow Area 

n 2 S i n c e  A = ;I ( D ~  + W ) , s i m p l e  d i f f e r e n t i a t i o n  g i v e s  
P  

dA - (DdD + WdW) 
P - ' z  
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By e x p r e s s i n g  t h e  e x p a n s i o n s  a s  p e r c e n t s  o f  t h e  o r i g i n a l  

d i a m e t e r s ,  dW = xW, and dU = xD, where  x  i s  t h e  p e r c e n t  

expans  i o n  : 

-I -I 

T h i s  e q u a t i o n  g i v e s  t h e  r e l a t i o n s h i p  between d i a m e t r a l  

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

t h e  e q u a t i o n  a r e  s e t  up i n  t h e  f o l l o w i n g  manner w i t h  t h e  

p r imed  s u b s c r i p t s  d e n o t i n g  t h e  expanded  r e l a t i o n s h i p :  

For  t h e  p r e c e d i n g  e q u a t i o n s ,  t h e  expanded  o r  s w e l l e d  

q u a n t i t i e s  a r e  r e l a t e d  t o  t h e  c o l d  v a l u e s  by t h e  f o l l o w i n g :  

" i n c r e a s e  = AP' - AP 

where  
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S u b s t i t u t i o n  y i e l d s  t h e  r e l a t i o n s h i p  be tween  t h e  p e r c e n t a g e  

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

d r o p  a s  f o l l o w s :  

B e f o r e  a p p l y i n g  t h e  s w e l l i n g  c h a r a c t e r i s t i c s  o f  t h e  Dounreay 

p i n  t o  an  FFTF p i n ,  a  compa r i son  o f  t h e  s i m i l a r i t i e s  and d i f -  

f e r e n c e s  be tween  t h e  two s h o u l d  be  made. These  a r e  shown i n  

t h e  f o l l o w i n g  t a b u l a t i o n .  

- - "  
" i n c r e a s e  H1 

I t em  Dounreay FFTF ( e x p e c t e d )  

C o o l a n t  f l o w  
d i r e c t i o n  Down UP 

C ( 1  + O . O ~ X ~ ) ~ * ~  
H .  - I I ~  

(1 - 0 . 0 4 6 4 ~ ~ )  3 11 
i 

A x i a l  p e a k i n g  
f a c t o r  

Approx imate  i n l e t  
t e m p e r a t u r e  450 OF 

Approx imate  o u t l e t  
t e m p e r a t u r e  1220 O F  

Approx imate  peak  
f l u x  15  2 2 2 x  10 n/cm - s e c  6 x  1015  n/cm - s e c  

Approx imate  peak  
f  l u e n c e  7 x  l o 2 '  n/cm 2 2 x  n/cm 2 

The above e q u a t i o n ,  when a p p l i e d  t o  a n  FTR p i n  assumed t o  

have  e x p e r i e n c e d  t h e  same p e r c e n t a g e  o f  s w e l l i n g  a s  P i n  V 1 7 1 ,  

y i e l d s  an 8 p s i  p r e s s u r e  d r o p  i n c r e a s e .  The r e s u l t a n t  r e d u c e d  

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

t h e  subas semb ly .  T h i s  8 p s i  i n c r e a s e  was c a l c u l a t e d  u s i n g  t h e  

s e r i e s  o f  smooth p i n  s egmen t s  shown i n  F i g u r e  11. Al though  t h e  

c a l c u l a t i o n  was p e r f o r m e d  f o r  one p i n  occupy ing  1 / 2 1 7  of  t h e  

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

f o r  a l l  217 p i n s  (assuming  a l l  e x p e r i e n c e  e q u a l  s w e l l i n g  p r o -  

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

8 p s i .  The p r o f i l e s  o f  two a d j a c e n t  p i n s  i n  s u c h  a  c l u s t e r  

would assume a  c o n f i g u r a t i o n  s i m i l a r  t o  t h a t  shown i n  F i g u r e  1 2 .  



. 0 3 0  i n .  s p  0 . 0 1 7  i n .  
- 

- 

P i n  L e n g t h ,  i n .  
FIGURE 1 2 .  S w e Z l i n g  i n  Two A d j a c e n t  P ins  - 



I t  i s  i n t e r e s t i n g  t o  p e r f o r m  a  V e n t u r i  c a l c u l a t i o n  t o  

compare t h e  "smooth-segment"  a p p r o a c h  t o  one a c c o u n t i n g  f o r  

t h e  c o n s t a n t l y  c h a n g i n g  d i a m e t e r  shown i n  F i g u r e  1 2  ( t h e  

V e n t u r i  e q u a t i o n ) .  

I n  t h e  f o l l o w i n g  e q u a t i o n ,  t h e  V e n t u r i  e q u a t i o n ,  

P(.'12 (1 - [:I4) 
where  

X = maximum % o f  d i a m e t r a l  g rowth  

Di = minimum p i n  s e p a r a t i o n  

Do = nomina l  p i n  

AP = = 5.2  p s i  
(0 .975)  ( 0 . 975 )  (2 )  ( 3 2 . 2 ) ( 1 4 4 )  

Thus t h e  "smooth-segment"  a p p r o a c h  i s  o b s e r v e d  t o  be  more 

p e s s i m i s t i c  t h a n  t h e  V e n t u r i  a p p r o x i m a t i o n .  

A p i n  e x p e r i e n c i n g  a u n i f o r m  e x p a n s i o n  o f  3 %  o v e r  1 f t  

o f  i t s  l e n g t h  w i t h  t h e  r e s t  o f  i t  r e m a i n i n g  a t  normal  s i z e  would 

i n c r e a s e  t h e  p r e s s u r e  d r o p  by 1 1 . 6  p s i .  I f  i t  s u f f e r e d  a  3 %  

e x p a n s i o n  o v e r  h a l f  o f  i t s  l e n g t h ,  t h e  r e s u l t i n g  p r e s s u r e  d r o p  

i n c r e a s e  would be  1 3  p s i .  

By a s suming  h a l f  o f  t h e  p i n s  i n  a  c l u s t e r  t o  expand  an  

amount e q u i v a l e n t  t o  a  u n i f o r m  s w e l l i n g  o f  2 % ,  and  t h e  o t h e r  

h a l f  t o  expand  1%,  t h e  r e s u l t i n g  a d d i t i o n a l  p r e s s u r e  d r o p  o f  

t h e  s u b a s s e m b l y  w i l l  be  1 4  p s i .  



S i n c e  s w e l l i n g  i s  t h o u g h t  t o  be  a  f u n c t i o n  o f  b o t h  f l u x  

and bu rnup ,  one migh t  a n t i c i p a t e  more e x p a n s i o n  i n  t h e  FFTF p i n  

s i n c e  t h e  f l u e n c e  o f  p i n  V 1 7 1  i s  o n l y  o n e - t h i r d  t h a t ' o f  t h e  

FFTF p i n .  The e f f e c t  o f  burnup  i s  f u r t h e r  d i s c u s s e d  i n  t h e  

f o l l o w i n g .  

P i n  V 1 7 1  a c h i e v e d  7 .3  a t . %  burnup ,  c o r r e s p o n d i n g  t o  

64,000 MWd/T. The a v e r a g e  FTR p i n  w i l l  a b s o r b  an e x p o s u r e  of 

45,000 MWd/T, c o r r e s p o n d i n g  t o  a  burnup  o f  4 .6  a t . % .  By 

m u l t i p l y i n g  t h e  a v e r a g e  e x p o s u r e  by t h e  r a d i a l ,  a x i a l ,  and 

e n g i n e e r i n g  f a c t o r s ,  t h e  maximum e x p o s u r e  w i l l  be  83,000 MWd/T, 

o r  an atom burnup  o f  8 . 4 % .  Assuming t h e  d i a m e t r a l  e x p a n s i o n  

and e x p o s u r e  r e l a t i o n s h i p  t o  be  l i n e a r  (more e x p a n s i o n  r e s u l t i n g  

from h i g h e r  e x p o s u r e s ) ,  a  maximum e x p a n s i o n  o f  3 . 2 %  w i l l  b e  

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

d rop  of 9 . 3  p s i .  These v a r i o u s  c o n d i t i o n s  a r e  condensed  i n  

t h e  f o l l o w i n g  t a b u l a t i o n .  F i g u r e  1 3  shows t h e  e f f e c t  o f  u n i f o r m  

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

t q u i v a l e n t  P r e d i c t e d  
Un i fo rm A d d i t i o n a l  

At om t x p o s u r e ,  Plax D i a m e t r a l  D i a m e t r a l  Core  P r e s s u r e  
C o n d i t i o n  Burnup,  % MWd/T E x p a n s i o n ,  % k x p a n s i o n ,  % Drop,  p s i  

FFTF-Hot 'pot 
Hot Channe l  

R a d i a l  P e a k i n g  1 . 3 0  8 .4  83 ,000  * ~ 3 . 2  -1.1 -9 
A x i a l  P e a k i n g  1 . 2 4  
Engr .  F a c t o r  1 .14  

3% e x p a n s i o n  o v e r  1 f t  
o f  c o r e  3 .0  1 . 3 6  1 1 . 6  

3% e x p a n s i o n  o v e r  h a l f  
t h e  c o r e  3.0 1 . 5 0  1 3 . 0  

H a l f  o f  t h e  c o r e  e x p a n d s  
a  u n i f o r m  1%,  o t h e r  
h a l f ,  2 %  2.0 1 . 5 8  14 



1 . O  2 . 0  3 . 0  4 . 0  

P i n  S w e l l i n g  P e r c e n t  o f  Diarne t ra l  I n c r e a s e  

FIGURE 13. Additional Pressure Drop Versus 
Uniform Pin Sue Z Zing 
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G R I D  S P A C E R  H Y D R A U L I C S  

F i g u r e  1 4  ('I p r e s e n t s  t o t a l  c o r e  p r e s s u r e  drop  d a t a  f o r  

f u e l  a s s e m b l i e s  u s i n g  w i r e  wrap and g r i d  s p a c e r s ,  I t  may be  

s e e n  t h a t  t h e  p r e s s u r e  drop  f o r  t h e  g r i d  s p a c e r s  i s  abou t  30% 

g r e a t e r  t h a n  t h e  p r e s s u r e  d rop  f o r  t h e  w i r e  wrap a t  t h e  FTR 

d e s i g n  c o n d i t i o n s  f o r  P/D = 1 , 1 2 ,  These d a t a  a r e  a l s o  

c o r r o b o r a t e d  by d a t a  p r e s e n t e d  i n  Refe rence  3,  The a d d i t i o n a l  

s u p p o r t i n g  a n a l y s e s  f o r  g r i d  s p a c e r  per formance  such  a s  tem- 

p e r a t u r e  p e a k i n g  under  t h e  g r i d  s p a c e r ,  f low pe r fo rmance  w i t h  

p i n  d i a m e t r a l  growth ,  e t c ,  w i l l  be comple ted  i n  FY 1969,  

T H E R M A L  H Y D R A U L I C  A N A L Y S E S  - 
F L O W  A N D  C O O L A N T  T E M P E R A T U R E  D I S T R I B U T I O N  A N A L Y S I S  

D o  C, K o l e s a r  

Analyses  f o r  "Nominal Dimensions" f o r  30,  40, and 5 0 - m i l  

Wire Wrap 

The c o o l a n t  t e m p e r a t u r e  and v e l o c i t y  d i s t r i b u t i o n s  a c r o s s  

a  nar row s t r i p  o f  a  217-p in  subassembly  f o r  v a r i o u s  w i r e  wrap 

d imens ions  have been  d e t e r m i n e d  by means of  t h e  COBRA (11) 

computer program,  

The h o t t e s t  subassembly  was chosen  f o r  a n a l y s i s ,  The 

computed and g i v e n  c h a r a c t e r i s t i c s  of  t h e  sys t ems  used  

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

w a l l  ( w i r e  wrap d i a m e t e r  + 19 m i l s ) ,  The h o t  channe l  power 

d i s t r i b u t i o n  was employed, An a v e r a g e  t e m p e r a t u r e  d rop  of  

350 O F  was r e q u i r e d  t h r o u g h  t h e  c o r e  r e g a r d l e s s  of  w i r e  wrap 

dimens i o n ,  

One- in ,  a x i a l  i n c r e m e n t s  were u s e d  by COBRA, C o n s e r v a t i v e  

and o p t i m i s t i c  v a l u e s  o f  t h e  t u r b u l e n t  mixing p a r a m e t e r  B were 

e s t i m a t e d  from a  c o r r e l a t i o n  o f  Rowe and Angle ( I 2 '  a s  a  f u n c t i o n  

o f  p i n  s p a c i n g  and a v e r a g e  Reynolds number,  The v a l u e  of B 



- 

C o n c e p t u a l  H e x a g o n a l  - 
S u p p o r t  S p a c e r  

- 
T r i p l a n a r  S p a c e r  - 5 G r i d s  p e r  A s s e m b l y  

- 

- 

- 
- 

- 
- 

- 1 2 - i n .  W i r e  P i t c h  

- 

- 

- 

- 
I I I I I I 

P i n  P i  t c h / P i n  D i a m e t e r ,  r a t i o  

FIGURE 14. TotaZ Core Pressure Drop Versus 
Pin Pitch-To-Diameter Ratio 



r e f l e c t s  t u r b u l e n t  mixing o n l y ,  The mixlng i m p a r t e d  by t h e  

w i r e  wrap w i l l  p r o b a b l y  r educe  t h e  subassembly  r a d i a l  tem- 

p e r a t u r e  g r a d i e n t s  below t h o s e  shown f o r  t h e  9 1 0 p t i m i s t i c ' 1  

a ,  The f r i c t i o n  f a c t o r  employed was j u s t i f i e d  by an a n a l y s i s  

u s i n g  t h e  de ~ t o r d e u r " )  w i r e  wrap c o r r e c t i o n  t e c h n i q u e  

( F i g u r e  1 5 ) ,  The same f r i c t i o n  f a c t o r  computed f o r  t h e  

30-mi l  c a s e  was employed f o r  wraps o f  40 and 50 m i l s ,  

I t  i s  o b s e r v e d  t h a t  t h e  change i n  w i r e  wrap d imens ion  

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

( F i g u r e s  16 and 1 7 ) ,  F i g u r e  18  shows t h e  t e m p e r a t u r e  d i s t r i  

b u t i o n  of  t h e  c o o l a n t  a t  t h e  p i n  bund le  o u t l e t ,  However, 

t h e  v e l o c i t y  p r o f i l e  i s  o b s e r v e d  t o  be  significantly a l t e r e d  

f o r  d i f f e r e n t  s i z e  s p a c e r s  ( F i g u r e  1 9 ) ,  For t h e  3 0 = m i l  w i r e  

wrap,  a  2 1 %  change i n  t h e  v e l o c i t y  (66% change i n  v o l u m e t r i c  

f low r a t e )  i s  p r e d i c t e d  a c r o s s  t h e  subassembly  w i t h  "channeling" 

v e r y  much i n  e v i d e n c e  n e a r  t h e  d u c t  w a l l s ,  The c h a n n e l i n g  i s  

l e s s  e v i d e n t  f o r  t h e  l a r g e r  w i r e  wrap (16% v e l o c i t y  change f o r  

50 m i l  w i r e  wrap)  b u t  i t s  e f f e c t  on t h e  o v e r a l l  t e m p e r a t u r e  

p r o f i l e  ( F i g u r e  1 6 )  and maximum t e m p e r a t u r e  g r a d i e n t  ( F i g u r e  

1 8 )  i s  minimal ,  

E f f e c t  of  F a b r i c a t i o n  T o l e r a n c e s  and Selective A s s e m b l y o n  
-- 

Coolant  T e m ~ e r a t u r e  D i s t r i b u t i o n  

The r ange  of  t h e  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  w i t h i n  t h e  

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

f a b r i c a t i o n  and assembly  t o l e r a n c e s  i s  found t o  be s m a l l  though 

n o t  n e g l i g i b l e ,  The l i m i t i n g  c h a r a c t e r  of  t h e  c o o l a n t  t emper -  

a t u r e  p r o f i l e  a t  t h e  end o f  t h e  f u e l  r e g i o n  w i t h l n  t h e  sub-  

assembly  Imposed by f a b r i c a t i o n  and assembly t o l e r a n c e s  was 

e s  t a b l l s h e d  u s i n g  t h e  COBRA (11) computer program. T h i s  i n c l u d e s  

symmetr ic  a r r angement s  a s  w e l l  a s  v a r i o u s  asymmetr ic  b u n d l e  

p a c k i n g s  a n d / o r  component a r r a n g e m e n t s ,  



A v e r a g e  R e y n o l d  N u m b e r  

F I G U R E  1 5 .  E f f e c t  o f  30 M i l  Wire  Wrap on k r i c t i o n  F a c t o r  
As a F u n c t i o n  o f  Average Reyno lds  Number (Wi re  
Wrap Based Upon Nomina Z C l e a r a n c e s )  
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C u r v e  L e g e n d  

S y m b o l  W i r e  W r a p  
I - 3 0  m i l s  1 -- 1 4 0  m i l s  

1 5 0  m i l s  I 

N O T E :  D o u b l e  l i n e s  s i g n i f y  u p p e r  a n d  
l o w e r  1  i m i  t s  d u e  t o  u n c e r t a i n t y  
i n  m i x i n g  p a r a m e t e r  

D i s t a n c e ,  i n .  

F I G U R E  1 6 .  Coolant  Temperature D i s t r i b u t i o n  Across  
2 1 7  P in  SubassembZy a t  Upper Fuel -  
I n s u l a t o r  Boundary f o r  V a r i o u s  S i z e s  o f  
Wire Wrap Using t h e  COBRA Computer Program 



W i r e  W r a p  S i z e  

--- 4 0  m i l s  - - - -  5 0  m i l s  

N O T E :  1 .  D o u b l e  l i n e s  s i g n i f y  u p p e r  a n d  l o w e r  
l i m i t s  d u e  t o  u n c e r t a i n t y  i n  m i x i n g  
p a r a m e t e r .  

2 .  No t r a n s i t i o n  f r o m  h e x a g o n a l  t o  c i r c u l a r  
d u c t  c r o s s - s e c t i o n a l  s h a p e  c o n s i d e r e d .  

D i s t a n c e ,  i n .  

F I G U R E  1 7 .  C o o l a n t  T e m p e r a t u r e  D i s t r i b u t i o n  A c r o s s  217 P i n  
Subas semb ly  a t  End o f  P i n  Bundle  f o r  V a r i o u s  
S i z e s  o f  Wi re  Wrap Us ing  t h e  COBRA Computer  Program 
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E f f e c t  o f  
D u c t  Change 

( M a x )  

J 

C o n s e r v a t i v e  M i x i n g  M o d e l  ( E n d  o f  F u e l )  

L p t i m i s t i c  M i x i n g  M o d e l  ( E n d  o f  F u e l )  I 

/ 
C o n s e r v a t i v e  M i x i n g  M o d e l  

( E n d  o f  B u n d l e )  

- a 
T i g h t e s t  T o l e r a n c e  A s s e m b l y ,  
O p t i m i s t i c  M i x i n g  M o d e l  ( E n d  o f  F u e l )  

O p t i m i s t i c  M i x i n g  M o d e l  ( E n d  o f  B u n d l e )  

) i g h t e s t  T o l e r a n c e  A s s e m b l y ,  
O p t i m i s t i c  M i x i n g  M o d e l ,  

I D u c t  T r a n s i t i o n  

W i r e  Wrap D i a m e t e r ,  M i l s  

F I G U R E  1 8 .  Tempera ture  Drop Acros s  P in  i n  Subassembly  
P o s s e s s i n g  t h e  L a r g e s t  Power and Power 
G r a d i e n t  V e r s u s  Wire  Wrap Diameter  Based 
on t h e  C O B R A  Computer Program 



N O T E :  D o u b l e  l i n e s  s i g n i f y  u p p e r  and  l o w e r  l i m i t s  
due  t o  u n c e r t a i n t y  i n  m i x i n g  p a r a m e t e r  

D i s t a n c e ,  i n .  

F I G U R E  2 9 .  C o o l a n t  V e l o c i t y  D i s t r i b u t i o n  A c r o s s  2 1 7  P i n  
Subas semb ly  a t  Upper F u e l - I n s u l a t o r  Boundary f o r  
Two Wire  Wrap S i z e s  Us ing  COBRA Computer Program 
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Due t o  COBRA l i m i t a t i o n s ,  i t  was n e c e s s a r y  t o  a p p r o x i m a t e  

t h e  t h r e e - d i m e n s i o n a l  c h a r a c t e r  o f  t h e  subas sembly  by a  

"somewhat two-d imens iona l "  model-  - a  na r row s t r i p  o f  c o o l a n t  

and f u e l  p i n s  l o c a t e d  be tween  t h e  f l a t s  of  t h e  subas sembly .  

S k e t c h e s  and  a  d i s c u s s i o n  o f  t h i s  model can  be  found  i n  FTR 

Monthly P r o g r e s s  R e p o r t s .  ( I 3 ,  14, 1 5 )  The na r row s t r i p  

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

m e t r i c  a symmet r i e s  s i n c e  t h e  c o o l a n t  f l ow  p a t t e r n s  would b e  

d e c i d e d l y  t h r e e - d i m e n s i o n a l .  However, p r e d i c t i o n s  b a s e d  on 

t h i s  model s h o u l d  be  c o n s e r v a t i v e ,  v i z . ,  ove remphas i ze  t h e  

e f f e c t .  

The h o t t e s t  subas sembly  was chosen  f o r  a n a l y s i s .  Excep t  

f o r  t h e  b u n d l e  geomet ry  and t h e  r e l a t e d  c o o l a n t  mass f l u x ,  t h e  

p a r a m e t e r s  and  c o n s t a n t s  a r e  i d e n t i c a l  t o  t h o s e  employed 

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

i s  b a s e d  on t h e  r e f e r e n c e  30 -mi l  w i r e  wrap.  The f o l l o w i n g  

s e v e n  c a s e s  were  c o n s i d e r e d :  

Case 1 - T i g h t e s t  b u n d l e  i n  l a r g e s t  d u c t  w i t h  a s sembly  
t o l e r a n c e s  met 

Case 2 - L o o s e s t  b u n d l e  i n  s m a l l e s t  d u c t  w i t h  no  i n t e r -  
f e r e n c e  and  w i t h  assembly  t o l e r a n c e s  met 

Case 3  - Nominal b u n d l e  i n  nomina l  d u c t  

Case 4  - Four  l a r g e  p i n s  a s y m m e t r i c a l l y  l o c a t e d  i n  a s  
n e a r l y  nomina l  a  b u n d l e - d u c t  c o n f i g u r a t i o n  
( s e e  s k e t c h )  a s  p o s s i b l e  

0 . 2 5 1 "  d i a m  0 . 2 5 0 "  d i a m  0 . 2 4 9 "  d i a m  

Case 5 - T i g h t e s t  b u n d l e  i n  l a r g e s t  d u c t  w i t h o u t  r e g a r d  t o  
a s sembly  t o l e r a n c e s  

Case  6 - Same a s  Case 1 b u t  w i t h  b u n d l e  s h i f t e d  t o  c o o l e s t  
s i d e  o f  d u c t  w a l l  

Case 7 - Same a s  Case  4 b u t  w i t h  b u n d l e  s h i f t e d  t o  c o o l e s t  
s i d e  o f  d u c t  w a l l .  

D e t a i l s  p e r t a i n i n g  t o  t h e  f o r e g o i n g  c a s e s  a r e  shown i n  T a b l e  V.  



T A B L E  V .  

F u e l  S p a c e r  Bundle -  * 
Rod Wire Flow Duct  Duct  

Case Diam, Diam, W i d t h ,  i n .  S p a c i n g ,  P i n - t o - P i n * *  
Number i n .  i n .  ( f l a t -  t o - f l a t )  i n .  d i s t a n c e ,  i n .  

1 0.2504 0.029 4 . 1 7 9 8  0.0226 0.2420 

B u n d l e - d u c t  s p a c i n g  

***  See  f i g u r e  i n  Case 4 
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F i g u r e  20 d i s p l a y s  t h e  t e m p e r a t u r e  distribution l i m l t s  

employing c o n s e r v a t i v e  and o p t i m i s t i c  t u r b u l e n t  mixing 

p a r a m e t e r s  ( B )  f o r  c o n f i g u r a t l o n s  p o s s e s s i n g  t h e  ex t reme 

t o l e r a n c e  l i m i t s  (Cases 1 and 2 ) ,  a s  w e l l  a s  ' t h e  nominal  

v a l u e s  (Case 3 ) ,  

F i g u r e  2 1  i l l u s t r a t e s  t h e  p o s s i b l e  e f f e c t  when a  bund le  

i s  assembled  from p i n s  p o s s e s s i n g  nonuniform s i z e s ,  Here ,  

f o u r  "1arge'"plns a r e  i n t r o d u c e d  a t  t h e  w o r s t  l o c a t i o n  

( s t e e p e s t  t e m p e r a t u r e  g r a d l e n t )  i n t o  an o t h e r w i s e  n e a r l y  

nominal  bund le  - d u c t  a r r angement ,  For comgar lson ,  F i g u r e  2 1  

i n c l u d e s  t h e  d i s t r i b u t i o n  c h a r a c t e r i s t i c  o f  a  nominal  c o n -  

f i g u r a t i o n ,  I t  i s  obse rved  t h a t  o n l y  a  r e l a t i v e l y  minor  

p e a k i n g  i s  p roduced  by t h e  p r e s e n c e  o f  t h e  l a r g e  p i n s ,  T h i s  

e f f e c t  v a n i s h e s  f o r  enhanced m i x i n g ,  

S h i f t i n g  a  bund le  w i t h i n  t h e  d u c t ,  Cases 6 and 7 o n l y ,  

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

p e r i p h e r y  b o f  t h e  b u n d l e s ,  

F i g u r e  2 2  summarizes t h e  e x p e c t e d  t e m p e r a t u r e  d r o p s  a c r o s s  

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

a r e  e s t a b l i s h e d  by t h e  u n c e r t a i n t y  i n  t h e  t u r b u l e n t  mixing  

p a r a m e t e r ,  

I t  may b e  conc luded  t h a t  bund le  asymmetr ies  l e a d  t o  

changes t h a t  a r e  n o t  n e g l i g i b l e ,  The r e s u l t s  p r e s e n t e d  

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

e r a t i o n s ,  t h e  need  f o r  a d e q u a t e  assembly  t o l e r a n c e s  i n  

a d d l t i o n  t o  t h e  u s u a l  component t o l e r a n c e s ,  The mechanical 

problems ( t h e r m a l  s t r e s s )  r e s u l t i n g  from t h e  asymmetr ies  w i l l  

b e  e v a l u a t e d  t o  determine t h e  need  f o r  t i g h t e r  t o l e r a n c e s ,  

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

E f f e c t  o f  Duct Wall Roughening on Coo lan t  C h a n n e l i n g  
P 

The p r e s e n c e  o f  w i r e  wrap ( o r  o t h e r  s p a c e r s )  i n  t h e  f u e l  

subassembly ,  c r e a t i n g  l a r g e r  c o o l a n t  channe l  a r e a s  (120 1 7 0 % )  



C u r v e  L e g e n d  

A C a s e  3 ,  B = 0 . 0 1  

C a s e  3,  B = 0 . 0 4  

0 Case  4, 6 = 0 .01  

C a s e  4,  B = 0 . 0 4  

D i s t a n c e ,  i n .  

F I G U R E  2 0 .  C o o l a n t  T e m p e r a t u r e  D i s t r i b u t i o n  A c r o s s  217 P i n  
Subassemb ly  a t  Upper Fue 2 - I n s u l a t o r  Boundary 
f o r  Des igns  Employ ing  Ex treme  L i m i t s  o f  T o l e r a n c e  
and Nominal Dimens ions  - Cases  1 ,  2 ,  and 3 



C u r v e  L e g e n d  

C a s e  1 ,  a = .O1 

C a s e 1 , ~ = . 0 4  

o C a s e  2 ,  $ = .O1 

C a s e 2 , 6 = . 0 4  

A C a s e  3 ,  6  = .O1 

C a s e  3 ,  6  = . 0 4  

D i s t a n c e ,  i n .  

F I G U R E  2 1 .  Coo lan t  T e m p e r a t u r e  D i s t r i b u t i o n  A c r o s s  2 1 7  P i n  
Subas semb ly  a t  Upper F u e l - I n s u l a t o r  Boundary  for 
Bundle  P o s s e s s i n g  Four Large P i n s  i n  a N e a r l y  
Nominal S u b a s s e m b l y  - Case 4 
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FIGURE 2 2 .  CooZant Temperature Drop Across  Highes t  Gra- 
d i e n t  Pin  i n  H o t t e s t  SubassembZy a t  Upper 
Fuel  I n s u Z a t o r  Boundary f o r  V a r i o u s  BundZe- 
Duct Con f i g u r a t i o n  
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beyond t h e  o u t e r  row of  f u e l  p i n s  t h a n  w l t h i n ,  r e s u l t s  i n  

f low c h a n n e l i n g  around t h e  p i n  b u n d l e ,  The e x t e n t  t o  which 

t h e s e  t e m p e r a t u r e  g r a d i e n t s  can be r educed  by s imple  

roughen ing  o f  t h e  i n t e r i o r  d u c t  w a l l s  i s  e x p l o r e d  h e r e ,  

Duct w a l l  roughening  1s c a l c u l a t e d  t o  be h e l p f u l  I n  

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

subassembly ,  and t h e  e f f e c t  i s  v e r y  s e n s i t i v e  t o  bund le  

a r r angement  w i t h i n  t h e  t o l e r a n c e  l i m l t s ,  However, t h e  amount 

of roughening  r e q u i r e d  t o  produce  s i g n l f l c a n t  e f f e c t s  i s  

i n f e a s i b l e ,  

I n  o r d e r  t o  s i m u l a t e  t h e  thermal-hydraulic p r o c e s s e s  

o p e r a t i n g  i n  t h e  f u e l  subassembly ,  t h e  COBRA d i g i t a l  com- 

p u t e r  code ( m o d i f i e d  v e r s i o n )  was employed, Due t o  t h e  

n o d a l  l i m i t a t i o n s  o f  COBRA, i t  was n e c e s s a r y  t o  a p p r o x i  

mate t h e  t h r e e  - d i m e n s i o n a l  c h a r a c t e r  of  t h e  subassembly ,  

The c o m p u t a t i o n a l  m a t r i x  c o n s i s t i n g  o f  a  t h i n  s t r i p  model 

between t h e  f l a t s  p a r a l l e l  t o  t h e  s t e e p e s t  power g r a d l e n t  

was employed ( F i g u r e  2 3 ) ,  J u s t l f f c a t i o n  and use  of  t h i s  

model i s  r e p o r t e d  i n  t h e  preceding s e c t l o n s  b e g i n n i n g  on 

pages  39 and 41, 

The h o t t e s t  subassembly  chosen  f o r  a n a l y s i s  p o s s e s s e s  

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

t h e  maximum power g r a d i e n t  i n  t h e  c o r e ,  

The p a r a m e t e r s  employed i n  t h l s  a n a l y s i s  w e r e ,  

P in  O D ,  i n ,  

Wire w r a p .  O D ,  i n ,  

I n l e t  c o o l a n t  t e m p e r a t u r e ,  OF 

Average c o r e  AT, O F  

Average p i n  l i n e a r  power,  kW/ft 

A c t i v e  f u e l  l e n g t h ,  i n ,  

A x i a l  power peak ing  f a c t o r  

Subassembly t u b e  d imens ion  
( f l a t . = t o - , f l a t )  i n ,  



FIGURE 2 3 .  Geometr ic  Mode 2 f o r  COBRA Analysis 

r-----,  3  4  
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- - - - - - - 
-1 

A r b i t r a r y  S e p a r a t i o n  F u e l  p i n  # I  

o f  C o o l a n t  C h a n n e l  X1 

Roughened  S u r f a c e  I 

I I 
I I 
L _l 

F i g u r e  b. Model f o r  A p p l i c a t i o n  o f  F r i c t i o n  F a c t o r s  i n  C h a n n e l s  1  a n d  3 4  

- 



Other  p a r a m e t e r s  used  were :  (13)  

Average power of  h o t t e s t  s u b -  
assembly  i n  o u t e r  zone 

= 1 , 1 3 7  
Average power o f  a v e r a g e  c o r e  

subassembly  

Peak h e a t  g e n e r a t i o n  r a t e  
i n  h o t t e s t  subassembly  i n  

o u t e r  zone = l , l 7  

Average h e a t  g e n e r a t i o n  r a t e  
i n  h o t t e s t  subassembly  i n  

o u t e r  zone 

P i n  b u n d l e  c l e a r a n c e s  of  0 and 19 m i l s  between b u n d l e  and 

d u c t  w a l l  were c o n s i d e r e d ,  Design t o l e r a n c e s  p r e s e n t l y  r ange  

between 7 , 5  and 22 , s  m i l s  f o r  t h e  r e f e r e n c e  d e s i g n ,  w i t h  a  

nominal  v a l u e  o f  15 m i l s ,  U n c e r t a i n t y  i n  t h e  d e g r e e  of  mixing 

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

p a r a m e t e r ,  6 ,  A s  was assumed e l s e w h e r e ,  B s h o u l d  p o s s e s s  a  

v a l u e  of  a b o u t  0 , 0 1  i n  t h e  absence  o f  s p a c e r s  f o r  t h i s  geomet ry ,  (12 )  

I f  s p a c e r s  a r e  i n t r o d u c e d ,  B c o u l d  p o s s e s s  a  v a l u e  a s  l a r g e  

a s  0 , 0 4 ,  The l a t t e r  v a l u e  i s  s u b s t a n t i a t e d  by an exper imen t  (16) 

a s  y e t  u n r e p o r t e d "  

The f r i c t i o n a l  f o r c e s  on a l l  i n t e r i o r  c h a n n e l s  (2 

th rough  33 i n  F i g u r e  23) were presumed t o  be c h a r a c t e r i z e d  by 

an e q u i v a l e n t  c i r c u l a r  channe l  and by t h e  Koo c o r r e l a t i o n  f o r  

t h e  Moody F r i c t i o n  F a c t o r  f o r  long  smooth t u b e s ,  where 

f  = 0 . 6 / ~ e ' ~ ~  + 0.0056,  and 

Re i s  t h e  Reynolds number,  The c o e f f i c i e n t  o f  t h e  f i r s t  t e rm 

i s  abou t  20% h i g h e r  t h a n  g i v e n  i n  t h e  l i t e r a t u r e ,  T h i s  c o r -  

r e c t i o n  p r o v i d e s  a  c o n s e r v a t i v e  e s t i m a t e  o f  t h e  e f f e c t  o f  w i r e  

wrapo According  t o  r e s u l t s  employing t h e  de S t o r d e u r  method, 

a  c o r r e c t i o n  on t h e  e n t i r e  e x p r e s s i o n  s h o u l d  range  from a b o u t  

+14 t o  + 2 0 % ,  depending  upon t h e  c h o i c e  of  t h e  r e p r e s e n t a t i v e  

c o o l a n t  f low r a t e ,  
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The f r i c t i o n  f a c t o r  c h a r a c t e r i s t i c  o f  c h a n n e l s  bounded by 

t h e  smooth f u e l  p i n s  and t h e  roughened d u c t  w a l l  ( c h a n n e l s  1 

and 34 i n  F i g u r e  23) a r e  n o t  obvious  f o r  a  g i v e n  d e g r e e  o f  

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

knowledge o f  t h e  v e l o c i t y  d i s t r i b u t i o n  i n  t h i s  c o m p l i c a t e d  geo-  

me t ry ,  Though t h i s  i n f o r m a t i o n  i s  n o t  i m p o s s i b l e  t o  o b t a i n ,  i t  

a p p e a r s  t o  be most t ime-consuming,  Ano the r ,  though l e s s  s o p h i s -  

t i c a t e d ,  t a c k  assumes t h e  d e f i n i n g  of  a  mean f r i c t i o n  f a c t o r  i n  

t h i s  combina t ion  roughened-  smooth w a l l e d  r e g i o n  and t h a t  i t  be 

c o n s t a n t ,  J u s t i f i c a t i o n  f o r  t h i s  assumpt ion  i s  p r o v i d e d  l a t e r ,  

Based upon t h e  a s sumpt ion  o f  a c o n s t a n t  mean f r i c t i o n  f a c t o r  

i n  t h e  e x t e r i o r  c h a n n e l s  ( 1  and 341, COBRA p r o v i d e s  t h e  r e s u l t s  

shown i n  F i g u r e s  24 th rough  26 ,  F i g u r e  2 4  d i s p l a y s  t h e  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  f o r  t h e  c a s e  where t h e  d u c t  w a l l  i s  30 m i l s  

from t h e  c l o s e s t  p i n  (30 m i l s  o f  w i r e  wrap) - t h e  minimum p o s -  

s i b l e  c l e a r a n c e ,  F i g u r e  25 i l l u s t r a t e s  t h e  c a s e  where t h e  p i n -  

d u c t  w a l l  s e p a r a t i o n  i s  49 m i l s  (30 m i l s  o f  w i r e  wrap p l u s  1 9  

m i l s  o f  c l e a r a n c e ) - - a  v a l u e  somewhat l a r g e r  t h a n  nominal  c l e a r a n c e ,  

Both F i g u r e s  24 and 25 show, f o r  comparison p u r p o s e s ,  t h e  r e s u l t s  

f o r  a  smooth d u c t  and a  r a t h e r  rough d u c t ,  F i g u r e  26 shows t h e  

v e l o c i t y  d i s t r i b u t i o n s  c o r r e s p o n d i n g  t o  t h e  same c a s e s ,  F i g u r e  

26 i l l u s t r a t e s  t h a t ,  by roughening  t h e  d u c t  w a l l ,  t h e  f low a t  

t h e  p e r i p h e r y  o f  t h e  bund le  1s t r a n s f o r m e d  from a  c h a n n e l i n g  

s t a t e  t o  a  r e t a r d e d  s t a t e ,  However, t h e  e f f e c t  i s  n o t  s u f f i c i e n t  

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

shown i n  t h e  p r e c e d i n g  f i g u r e s ,  

A un ique  i n t e r p r e t a t i o n  o f  F i g u r e s  24,  25,  26 ,  and 20 i s  n o t  

p o s s i b l e  due t o  t h e  u n c e r t a i n t y  i n  t h e  i n t e r p r e t a t i o n  o f  t h e  mean 

f r i c t i o n  f a c t o r  i n  t h e  e x t e r i o r  (of  t h e  bund le )  c h a n n e l s ,  To 

t h i s  end i t  i s  f u r t h e r  assumed t h a t ;  

1, The e x t e r i o r  c h a n n e l s  can  be s u b d i v i d e d  i n t o  two p a r t s  

o r  s u b c h a n n e l s  ( F i g u r e  2 3 ) "  Each subchanne l  i s  t h e n  



D i s t a n c e ,  i n .  

F I G U R E  2 4 .  Coo lan t  T e m p e r a t u r e  D i s t r i b u t i o n  A c r o s s  2 1 7  P i n  
Subassembly  a t  Upper F u e l - I n s u l a t o r  Boundary f o r  
T i g h t  Bundle  Pack ing  



Bundle  P a c k i n g  

Curve  Legend 

- Smooth Va lue  0 .01  and  0 . 0 4  --- 0 . 0 4  0 . 0 1  and 0 . 0 4  

NOTE: 1 .  Double  l i n e s  s i g n i f y  u p p e r  and l o w e r  l i m i t s  
d u e  t o  u n c e r t a i n t y  i n  m i x i n g  p a r a m e t e r .  

2 .  No t r a n s i t i o n  f rom h e x a g o n a l  t o  c i r c u l a r  
d u c t  c r o s s - s e c t i o n a l  s h a p e  c o n s i d e r e d .  

0  0 . 5  1  . O  1 . 5  2 . 0  2 . 5  3 . 0  3 . 5  4 . 0  

D i s t a n c e ,  i n .  

FIGURE 2 5 .  C o o l a n t  T e m p e r a t u r e  D i s t r i b u t i o n  A c r o s s  2 1 7  P i n  
Subas semb ly  a t  Upper F u e l - I n s u l a t o r  Boundary 
f o r  Nominal Bundle  Pack ing  



I\ I 
I\ I 
I \ 1 

' \  I 
I 
I 
If 

------.-_ 

- - - - - - - - -  - - -  - - - _  - -  - - - - _ _  
C !.! C u r v e  L e g e n d  

i Symbol 
- f  + Smooth  V a l u e ,  T i g h t  C l e a r a n c e  

- --- f  + 0 . 0 4 ,  T i g h t  C l e a r a n c e  
- - - - -  f  + s m o o t h  V a l u e ,  Nomina l  C l e a r a n c e  

- - - - - - - -  f  + 0 . 0 4 ,  l lomina l  C l e a r a n c e  

riOTE: 1 .  C l e a r a n c e s  a r e  c h a r a c t e r i z e d  by a  s e p a r a t i o n  o f  w r a p  f r o m  
d u c t  w a l l  o f  1 9  m i l s  f o r  n o m i n a l  a n d  0  m i l s  f o r  t i g h t .  

2 .  D o u b l e  l i n e s  s i g n i f y  u p p e r  a n d  l o w e r  l i m i t s  d u e  t o  
u n c e r t a i n t y  i n  m i x i n g  p a r a m e t e r .  

D i s t a n c e ,  i n  

F I G U R E  2 6 .  Coo lan t  V e l o c i t y  D i s t r i b u t i o n  A c r o s s  22 7 P i n  
SubassembZy a t  Upper F u e l - I n s u l a t o r  Boundary 
Using COBRA Computer Program 
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t r e a t e d  a s  a  channe l  w i t h  an e q u i v a l e n t  d i a m e t e r  f o r  e a c h ,  

However, t h e  c h o i c e  o f  t h e  s u b d i v i s i o n  i s  n o t  a r b i t r a r y .  

2 ,  The d i v i s i o n  o f  f low between t h e  two subchanne l s  i n  

e a c h  o f  t h e  e x t e r i o r  c h a n n e l s  f o l l o w s  from D a r c y ' s  fo rmula  

and t h e  r e q u i r e m e n t  of  e q u a l  p r e s s u r e  d r o p s ,  A f t e r  e q u a t i n g  

k i n e t i c  e n e r g i e s  t h e r e  r e s u l t s  

where a R  and as a r e  t h e  a r e a  f r a c t i o n s ,  f R  and f S  a r e  t h e  Moody 

f r i c t i o n  f a c t o r s ,  and C R  and C s  a r e  t h e  w e t t e d  p e r i m e t e r  f r a c t i o n s  

of  t h e  rough and smooth w a l l e d  s u b c h a n n e l s ,  r e s p e c t i v e l y ,  The 

a r e a  f r a c t i o n s  a r e  s e l e c t e d  such  t h a t  T = f S  when f R  = f S .  The 

mean f r i c t i o n  f a c t o r  approaches  t h e  smooth t u b e  v a l u e  when a l l  

s u r f a c e s  a r e  smooth,  F i x i n g  t h e  a r e a  f r a c t i o n  i s  t h e  p r o c e s s  

o f  s u b d i v i s i o n  j u s t  n o t e d ,  A consequence  o f  t h i s  s e l e c t i o n  o f  

t h e  a r e a  f r a c t i o n s  i s  t h e  e s t a b l i s h m e n t  o f  an a s y m p t o t i c  upper  

l i m i t  o f  T = 0 , 0 5 6 ,  Th i s  upper  l i m i t  o f  i s  p r o b a b l y  a r t i f i c i a l  

and r e f l e c t s  t h e  d e p a r t u r e  o f  t h e  approx ima t ion  from t h e  more 

r i g o r o u s  t h e o r y ;  t h e  a r e a  f r a c t i o n  i n  t h e  more r i g o r o u s  t h e o r y  

would p r o b a b l y  be a  f u n c t i o n  o f  roughness  and might  f o r c e  t h e  

l i m i t  on T upward, 

For t h e  mean f r i c t i o n  f a c t o r  t o  be c o n s t a n t ,  t h e  Reynolds 

number must be  l a r g e  and n e a r l y  c o n s t a n t  a l o n g  t h e  c h a n n e l  

a x i s ,  and t h e  d u c t  w a l l  must be s u f f i c i e n t l y  rough s o  t h a t  i t s  

c o n t r i b u t i o n  t o  t h e  f r i c t i o n  f a c t o r  may be d e s c r i b e d  by t h e  

a s y m p t o t i c  v a l u e ,  The fo rmer  r e q u i r e m e n t  i s  j u s t i f i e d  by 

COBRA o u t p u t ,  The l a t t e r  r e q u i r e m e n t  f o l l o w s  from t h e  d e g r e e  

of  roughening  o f  t h e  d u c t  w a l l ,  

I f  v a r i o u s  d e g r e e s  o f  roughness  a r e  a s c r i b e d  t o  t h e  d u c t  

w a l l  w h i l e  r e t a i n i n g  smooth p i n s ,  Equa t ion  (2) may be employed 
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a l o n g  w i t h  COBRA r e s u l t s  t o  e s t i m a t e  t h e  "bulk" c o o l a n t  

t e m p e r a t u r e  d i s t r i b u t i o n  about  t h e  o u t e r  h o t t e s t  p i n ,  F i g u r e  

2 7  d i s p l a y s  t h e s e  r e s u l t s ,  I n t e r p r e t a t i o n  of  t h e  roughness  

by way o f  f R  was accompl i shed  by means o f  Moody's e x p e r i m e n t a l  

r e s u l t s ,  (17) I t  can be  o b s e r v e d  i n  F i g u r e  2 7  t h a t  even  w i t h  

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

p a c k i n g ,  and w i t h  t h e  most o p t i m i s t i c  y e t  r e a s o n a b l e  mixing  

model,  a  50" t e m p e r a t u r e  i n c r e a s e  i n  t h e  c o o l a n t  can  be 

e x p e c t e d  abou t  t h e  p i n  c l o s e s t  t o  t h e  c o r e  a x i s ,  T h i s  tem- 

p e r a t u r e  r i s e  i s  s e n s i t i v e  t o  p a c k i n g ,  Seve re  roughen ing  o f  

t h e  d u c t  w a l l  c o u l d  r e d u c e  t h e  c o o l a n t  t e m p e r a t u r e  d rop  

abou t  t h e  h o t t e s t  p i n  i n  t h e  most t i g h t l y  packed subassembly  

by abou t  5 0 % ,  However, t h i s  r e d u c t i o n  would drop  t o  l e s s  

t h a n  30% f o r  t h e  l o o s e s t  p a c k i n g ,  

S e v e r a l  weaknesses  of  t h e s e  c a l c u l a t i o n s  s h o u l d  be 

emphas ized ,  F i r s t ,  t h e  t e m p e r a t u r e s  r e p o r t e d  a r e  b u l k  a v e r a g e  

t e m p e r a t u r e s  and do n o t  c o n s i d e r  t h e  l o c a l  peak ing  p o s s i b l y  

r e s u l t i n g  from t h e  p r e s e n c e  of  t h e  w i r e  wrap ,  e t c ,  The v e r s i o n  

of  COBRA employed d i d  n o t  i n c o r p o r a t e  a  c o n d u c t i o n  mode, Where 

t h e  t e m p e r a t u r e  g r a d i e n t  i s  l a r g e ,  v i z , ,  low "f"  r e g i o n  shown 

i n  F i g u r e  2 7 ,  t h e  c o n d u c t i o n  mode w i l l  f a v o r  r e d u c t i o n  o f  t h e  

g r a d i e n t ,  U n c e r t a i n t y  i n  t h e  s e l e c t i o n  of  mixing  I n t e n s i t y  

e x i s t s  because  o f  i n s u f f i c i e n t  e x p e r i m e n t a l  d a t a ,  However, 

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

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

e f f e c t s  of  bund le  b u l g i n g  due t o  e x t e r n a l  f o r c e s ,  o f  p i n  

s w e l l i n g ,  of  v i b r a t i o n ,  e t c ,  a r e  n e g l e c t e d ,  F i n a l l y ,  t h e  

i n t e r p r e t a t i o n  o f  t h e  mean f r i c t i o n  f a c t o r  depends upon t h e  

v a l i d i t y  of  t h e  e q u i v a l e n t  d i a m e t e r  c o n c e p t ,  and a l s o  i n v o l v e s  

t h e  e x t r a p o l a t i o n  t o  v e r y  l a r g e  roughnesses  combined w i t h  s m a l l  

f low a r e a s ,  
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C u r v e  L e g e n d  

S y m b o l  C o n d i t i o n  

.-a N o n i i n a l  C l e a r a n c e  - 
C o n s e r v a t i v e  M i x i n g  

0-0 N o m i n a l  C l e a r a n c e  - 
O p t i m i s t i c  M i x i n g  

A-A No C l e a r a n c e  - 
C o n s e r v a t i v e  M i x i n g  

- 
- 
- 

E q u i v a l e n t  R o u g h n e s s  

A-A N O  C l e a r a n c e  - 
O p t i m i s t i c  M i x i n g  

A v e r a g e  Moody  F r i c t i o n  F a c t o r  
i n  P a r t i a l l y  R o u g h e n e d  C h a n n e l s  

F I G U R E  2 7 .  Coolant  Temperature Drop Across  H o t t e s t  P in  
R e s u l t i n g  from V a r i o u s  Degrees o f  Duct Wal l  
Roughening 
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T E M P E R A T U R E  E F F E C T S  OF P I N - T O - P I N  C O N T A C T  

T o  J ,  B e n n e t t  

The TIGER-V code was used  t o  d e t e r m i n e  t h e  r a d i a l  tem- 

p e r a t u r e  d i s t r i b u t i o n  f o r  t o u c h i n g  f u e l  p i n s ,  The model assumed 

a  l i n e a r  h e a t  g e n e r a t i o n  r a t e  of  1 4  kW/f t ,  w i t h  a  f u e l  r a d i u s  

of  O , 1 1  i n , ,  and an o u t e r  c l a d d i n g  r a d i u s  of  0 ,125 i n c h e s ,  The 

p i n s  a r e  assumed t o  be  t a n g e n t  a t  t h e  m i d - p o i n t  between 30-mil  

s u p p o r t s ,  w i t h  a  6 - i n ,  ( i n  l i n e )  s u p p o r t  s p a n ,  

The f o l l o w i n g  t a b u l a t i o n  shows t h e  c i r c u m f e r e n t i a l  

v a r i a t i o n  o f  t e m p e r a t u r e  away from t h e  p o i n t  of  c o n t a c t ,  These 

t e m p e r a t u r e s  r e p r e s e n t  t h e  d i f f e r e n c e  between a  p i n  i n  c o n t a c t  

w i t h  a n o t h e r  p i n  and a  normal  o r  u n t o u c h i n g  p i n ,  F i g u r e  2 8  

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

Con tac t  
P o i n t  

AT (OF) 

Oute r  Fue l  S u r f a c e  3  6  

I n n e r  C ladd ing  S u r f a c e  4 7 

Cladding  I n t e r i o r  5 4  

Ou te r  C ladd ing  S u r f a c e  1 0 1  

Coo lan t  5  5 

0 , 0 1  Inches  
from Con tac t  
P o i n t  AT (OF) 

19 

2 4 

2 9 

3 7  

0  

0 ,02  Inches  
from C o n t a c t  
P o i n t  AT (OF) 

9 

7 

11 

8 

0 

T E M P E R A T U R E  E F F E C T S  OF T O U C H I N G  P I N  TO DUCT 

T o  J ,  B e n n e t t  

Data i n  Flow and Coo lan t  Tempera ture  D i s t r i b u t i o n  A n a l y s i s  

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

( t h o s e  a d j a c e n t  t o  t h e  d u c t  w a l l )  t o  be a  minimum o f  100 OF 

c o o l e r  t h a n  t h e  h o t t e s t  p i n  o f  a  2 1 7  b u n d l e ,  Thus t h e  p e a k i n g  

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

t o  be l e s s  t h a n  t h a t  f o r  a  p i n  i n  c o n t a c t  w i t h  a n o t h e r  p i n ,  

The e f f e c t  i s  f u r t h e r  d i l u t e d  by t h e  f a c t  t h a t  t h e  d u c t  

w a l l  i s  n o t  a  h e a t  s o u r c e ,  and t h a t  i t s  mass r e p r e s e n t s  a  

p o t e n t i a l  h e a t  s i n k ,  These c o n s i d e r a t i o n s  have p r e c l u d e d  f u r t h e r  

a n a l y s i s  of  t h e  p i n - t o - d u c t  w a l l  c o n t a c t  problem,  



C o n t a c t  
P o i n t  

\ O u t e r  C l a d d i n g  S u r f a c e  

A T  * - 

C i r c u m f e r e n t i a l  D i s t a n c e ,  i n .  

- 

F I G U R E  2 8 .  P in  Touching C i r c u m f e r e n t i a l  
Temperature D i s t r i b u t i o n  

\ A T *  = T e m p e r a t u r e  D i f f e r e n c e  
B e t w e e n  N o r m a l  P i n  
a n d  a  P i n  i n  C o n t a c t  

\ 
w i t h  A n o t h e r  P i n  

- C l a d d i n g  
I n t e r i o r  

\ 

\ 
- \ I \ \ \ 

I n n e r  C l a d -  
\ '\ 

\ 
d i n g  ~ u r f a c - \  \ 
- \ 
- S u r f a c e  

- 

4 I 
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T E M P E R A T U R E  P E A K I N G  U N D E R  T H E  W I R E  WRAP 

D o  C, K o l e s a r  and D o  L o  K o r e i s  

I n t r o d u c t i o n  

Tempera ture  peak ing  i n  t h e  p r o x i m i t y  of  t h e  w i r e  wrap 

of  t h e  h o t t e s t  FFTF f u e l  p i n  was i n v e s t i g a t e d  u s i n g  MANTA, (18)  

a  code w r i t t e n  a t  Genera l  E l e c t r i c  (APED), The peak ing  

phenomenon i s  a  consequence  of  lower  c o o l a n t  f low r a t e s  i n  

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

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

t h r e e  d imens ions  f o r  a  s i n g l e  p i n  and n e i g h b o r i n g  c o o l a n t  

were s u b j e c t  t o  a s sumpt ions  making t h e  problem t r a c t a b l e  and 

b r a c k e t e d  t h e  s o l u t i o n ,  R e s u l t s  from a  n o t  y e t  comple te  

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

t e m p e r a t u r e ,  The s e r i o u s n e s s  of  t h i s  t e m p e r a t u r e  peak ing  

would depend upon t h e  p a r t i c u l a r  r e l a t e d  phenomenon t o  be  

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

p i n  l i f e ,  e t c ,  

S p e c i f i c a t i o n  o f  t h e  Problem 

A t t e n t i o n  was c o n f i n e d  t o  t h e  h o t t e s t  f u e l  p i n  and 

a d j a c e n t  c o o l a n t  i n  t h e  FFTF c o r e ,  The p a r a m e t e r s  employed 

i n  t h i s  a n a l y s i s  were (19 1 

P i n  O D ,  i n ,  

Wire wrap O D ,  i n ,  

I n l e t  c o o l a n t  t e m p e r a t u r e ,  OF 

Average c o r e  AT, OF 

Peak p i n  l i n e a r  power,  kW/ft 

A c t i v e  f u e l  l e n g t h ,  i n ,  

A x i a l  power p e a k i n g  f a c t o r  

R a d i a l  power p e a k i n g  f a c t o r  

The " E n g i n e e r i n g ,  Hot Spot -Hot  Channel Power Peaking  F a c t o r , "  

n o t  used  a s  t h e  r e s u l t s  of t h i s  a n a l y s i s ,  w i l l  be employed i n  t h e  

e v a l u a t i o n  of  t h a t  number, 



The compos i t ion  and t h e  r e s u l t i n g  power d i s t r i b u t i o n  o f  

t h e  f u e l  p i n s  were p r e d i c t e d  by t h e  SINTER Code. ( 2 0 )  p r i o r  t o  

s i n t e r i n g ,  t h e  f u e l  p i n  was assumed t o  p o s s e s s  a  c o s i n e  power 

d i s t r i b u t i o n  w i t h  an e x t r a p o l a t i o n  d i s t a n c e  o b t a i n e d  from t h e  

l a t e s t  p h y s i c s  e s t i m a t e s ,  (2 1 )  

Model f o r  A n a l v s i s  

The p h y s i c a l  problem was approximated  by a  model c o n s i s t i n g  

o f  1 / 1 2  o f  a  u n i t  c e l l  ( s e e  t y p i c a l l y  F i g u r e  2 9 ) ,  The l l c e l l "  

i s  composed o f  a  s i n g l e  f u e l  p i n  and a  f r a c t i o n  o f  t h e  c o o l a n t  

e s t a b l i s h e d  by symmetry b a s e d  upon g e o m e t r i c  c o n s i d e r a t i o n s ,  

O n e - t w e l f t h  of  a  u n i t  c e l l  i s  t h e  s m a l l e s t  p a r t  t h a t  can be 

i s o l a t e d  f o r  a n a l y s i s  due t o  i t s  n e a r l y  a d i a b a t i c  "boundar i e s" ,  

The g r a d i e n t  of  t h e  c o r e  power p r o f i l e  and bund le  c o o l a n t  

v e l o c i t y  a r e  assumed t o  be s m a l l  i n  t h e  ne ighborhood o f  t h e  

h o t t e s t  p i n ,  

Both MANTA r e s t r i c t i o n s  and l i m i t a t i o n s  imposed by t h e  f i l m  

c o e f f i c i e n t  l i b r a r i e s  r e q u i r e  t h e  assumpt ion  t h a t  t h e  w i r e  wrap 

i s  o r i e n t e d  p a r a l l e l  t o  t h e  p i n ,  Two c o n f i g u r a t i o n s  have been 

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

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

c o e f f i c i e n t .   orei is (") p l a c e d  t h e  w i r e  e q u i d i s t a n t  and between 

t h e  n e i g h b o r i n g  t r i - c u s p  c h a n n e l s  w h i l e  Dwyer ( 2 3 )  c o n s i d e r e d  

t h e  same r e g i o n  w i t h o u t  s p a c e r s ,  The a c t u a l  w i r e  s p a c e r  p i t c h  

i s  one complete  r e v o l u t i o n  abou t  t h e  p i n  p e r  f o o t  o f  l e n g t h ,  

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

channe l  gap and f o r  t h a t  o f  no w l r e  s h o u l d  b r a c k e t  t h e  a c t u a l  

s o l u t i o n ,  For t h e  upper  l i m i t ,  t h e  e r r o r  due t o  t h e  l o n g e r  

p a t h  t r a v e l e d  by f l u i d  " t r apped"  by t h e  w i r e  ( t h e r e b y  i n c r e a s i n g  

exposure  t o  a  h i g h e r  e n e r g y  f l u x ) ,  a s  compared t o  f l u i d  

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

N e g l e c t  o f  t h i s  e f f e c t  s h o u l d  be more t h a n  n e u t r a l i z e d  by con-  

f i n i n g  t h e  w i r e  wrap t o  t h e  r e g i o n  where i t s  i n f l u e n c e  i s  t h e  

g r e a t e s t ,  The common b a s i s  f o r  t h e  two c o n f i g u r a t i o n s  was an 

i d e n t i c a l  mass f low r a t e  ( l b / h r ) ,  



Cool a n t  

Wire W r a p  

F I G U R E  2 9 .  Unit C e l l  Model A n a l y z e d  b y  MANTA 

e l  P i n  
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Only t h e  a c t i v e  f u e l  r e g i o n  was c o n s i d e r e d  nn t h e  a n a l y s i s ,  

The v e l o c i t y  p r o f i l e  was assumed t o  remain unchanged a long  t h l s  

l e n g t h ,  The v e l o c l t y  f i e l d  was o b t a i n e d  from an i n t e r m e d i a t e  

s t e p  i n  e s t a b l i s h i n g  t h e  f l l m  c o e f f i c i e n t  ( s e e  t y p i c a l l y  F i g u r e  

3 0 ) ,  The h e a t  t r a n s f e r  c o e f f i c i e n t  was assumed t o  be  independen t  

o f  a x i a l  p o s i t i o n ,  

F i g u r e  31  i l l u s t r a t e s  t h e  n o d a l  mesh employed i n  t h e  geo-  

m e t r i c  model c h a r a c t e r i z i n g  t h e  K o r e i s  c o n f i g u r a t i o n ,  The 

Dwyer c o n f i g u r a t i o n  would r e p l a c e  t h e  w i r e  w i t h  t h r e e  c o o l a n t  

c h a n n e l s ,  Three  m a t e r i a l  r e g i o n s ,  mixed o x i d e  f u e l ,  316 SS ,  

and f l o w i n g  sodium, a r e  c o n s i d e r e d ,  The r e g i o n  i n  and a round  

t h e  w i r e  wrap h a s  been  d i v i d e d  f o r  t h e  convenience  of  t h e  com- 

p u t e r  c o d e ,  The a c t i v e  f u e l  was d i v i d e d  i n t o  s i x t e e n  e q u a l  

l e n g t h s  e a c h  p o s s e s s i n g  t h e  n o d a l  a r rangement  d i s p l a y e d  i n  

F i g u r e  31, 

Method o f  Calculation - ~ - 
The MANTA code employs mass ,  momentum, and ene rgy  b a l a n c e s  

i n  c o n ~ u n c t i o n  w i t h  t h e  e q u i v a l e n t  d i a m e t e r  c o n c e p t ,  However, 

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

c o o l a n t  c h a n n e l s  o f  t h e  t y p e  d i s p l a y e d  i n  F i g u r e  31, d i d  n o t  

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

was t o  be f i x e d  and t h e r e f o r e  o n l y  t h e  e n e r g y  b a l a n c e  i n  MANTA 

was needed ( independen t  sf e q u i v a l e n t  d i a m e t e r ) ,  Use o f  o n l y  

t h e  ene rgy  b a l a n c e  c o u l d  n o t  be  accompl i shed  d i r e c t l y ,  s o  an 

i t e r a t i v e  p r o c e s s  was employed a s  f o l l o w s ~  

1, The p r e s s u r e  drop  was estimated from e x p e r i m e n t a l  d a t a ,  

2 ,  The f r i c t i o n  f a c t o r s  were a d j u s t e d  t o  g i v e  t h i s  p r e s s u r e  

drop  i n  each  c h a n n e l ,  a s  w e l l  a s  t o  approximate  t h e  

c o o l a n t  f low d i s t r i b u t i o n ,  

3 ,  The f r l c t i o n  f a c t o r  o b t a i n e d  I n  S t e p  2 b a s e d  upon MANTA 

r e s u l t s ;  v i z  i n p u t  v e l o c i t y  p r o f l l e ,  were c o r r e c t e d  t o  

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

u n t i l  v e l o c i t y  p r o f i l e s  converged  s u f f i c i e n t l y ,  



FIGURE 3 0 .  Ve Z o c i t y  G r i d  



M a t e r i a l  R e g i o n s  

1 - M i x e d  O x i d e  F u e l  

B l o w u p  o f  
r e g i o n  

FIGURE 31.  S u b d i v i s i o n  a n d  N o d a l  N e t w o r k  
f o r  30' S l i c e  o f  C e l l  M o d e l  
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S t e p s  1 and 2 were based  upon r e l a t i v e  i n c o m p r e s s i b i l i t y  

of  t h e  f l u i d  and t h e  i n a b i l i t y  of  t u r b u l e n c e  t o  l e a d  t o  n e t  

i n t e r c h a n n e l  mass t r a n s f e r .  S t e p  3 i s  r e q u i r e d  because  of  

n a t u r a l  computer i n a c c u r a c i e s  a s  w e l l  a s  t h e  t e m p e r a t u r e  depen- 
dence of some p r o p e r t i e s ,  e . g .  v i s c o s i t y .  The i t e r a t i o n  i n  

S t e p  3  was c o n s i d e r e d  complete  when e r r o r s  i n  t h e  mass f low i n  

each  channe l  were of t h e  o r d e r  of 0 . 5 %  o r  s m a l l e r  ( 0 %  f o r  

c r i t i c a l  c h a n n e l s ) .  

M a t e r i a l  C o n s t a n t s  and Heat T r a n s f e r  C o e f f i c i e n t  

Most t r a n s p o r t  and thermodynamic p r o p e r t y  i n p u t s  were 

somewhat s i m i l a r  t o  t h o s e  employed i n  l i k e  c a l c u l a t i o n s  a t  P N L .  

A s i g n i f i c a n t  e x c e p t i o n  was t h e  f i l m  c o e f f i c i e n t .  P r e d i c t i n g  

t h e  t e m p e r a t u r e  v a r i a t i o n  about  t h e  p i n  c i r cumfe rence  r e q u i r e s  

use of  a  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  dependent  upon p o l a r  

a n g l e ,  w i t h  o r i g i n  a t  t h e  c e n t e r  of  t h e  f u e l  p i n .  Dwyer (23)  

has  accompl ished  t h i s  f o r  some t y p i c a l  c a s e s  i n  t h e  absence  

of  s p a c e r s .  PNL employed t h e  same t e c h n i q u e  b u t  i n t r o d u c e d  a  

w i r e  wrap a t  t h e  p o i n t  of c l o s e s t  s e p a r a t i o n  between p i n s .  To 

a s s i s t  i n  t h e  a n a l y s i s ,  a  r e f i n e m e n t  o r i g i n a l l y  employed by 

D e i s s l e r  and T a y l o r  ( 2 4 )  was i n c o r p o r a t e d  t o  hand le  t h e  p e r t u r -  

b a t i o n  of  t h e  v e l o c i t y  f i e l d  caused  by t h e  w i r e  wrap.  Dwyer's 

method i s  a  g r a p h i c a l  d e t e r m i n a t i o n  ach ieved  by a  compl i ca ted  

s e r i e s  of r e l a t e d  p l o t s  of v a r i o u s  f i e l d  q u a n t i t i e s  and t r a n s -  

p o r t  c o n s t a n t s .  Thereby t h e  n e c e s s a r y  h e a t  t r a n s f e r  c o e f f i c i e n t  

( a  f u n c t i o n  o f  p o l a r  a n g l e )  i s  deduced from t h e  computer tem- 

p e r a t u r e  f i e l d .  

The b a s i c  assumpt ions  used  i n  t h e  a n a l y s i s  were (1 )  f u l l y  

developed t u r b u l e n t  f low,  ( 2 )  un i form h e a t  f l u x  from t h e  s u r f a c e  

of t h e  f u e l  p i n ,  and (3) f u l l y  developed v e l o c i t y  and t e m p e r a t u r e  

p r o f i l e s .  



Values Used i n  C a l c u l a t i o n s  - 
= 0 ,25  i n ,  

Dwire  wrap = 0 , 0 3  i n ,  
- 

The c a l c u l a t i o n a l  p r o c e d u r e  may be summarized a s  f o l l o w s :  

1, Determine t h e  v e l o c i t y  f i e l d  by f i r s t  a r b i t r a r i l y  s u b d i v i d i n g  

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

r e p r e s e n t  t h e  v e l o c i t y  g r a d i e n t  l i n e s ,  Th i s  s u b d i v i s i o n  

i s  accompl ished  f o r  two c a s e s ,  one w i t h  v e l o c i t y  g r a d i e n t  

l i n e s  emanat ing  from t h e  p i n ,  and one from t h e  w i r e  wrap ,  

s o l u t i o n s  f o r  each  c a s e  w i l l  be sough t  s e p a r a t e l y  and w i l l  

be matched a t  a  common l i n e .  T h i s  l i n e ,  t h e  l i n e  o f  maxi- 

mum v e l o c i t y  between t h e  f u e l  p i n  and t h e  w i r e  wrap ,  was 

p o s i t i o n e d  by a s sumpt ion ,  D imens ion les s  v e l o c i t y  v e r s u s  

p o s i t i o n  were h y p o t h e s i z e d  f o r  e a c h  s u b d i v i s i o n  based  

upon i t s  s h a p e ,  and upon e x p e r i m e n t a l  d a t a  p e r t i n e n t  t o  

t h a t  s h a p e ,  These d a t a  were t h e n  used  t o  e s t a b l i s h  t h e  

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

v e r s u s  p o s i t i o n ,  Connect ion  o f  p o i n t s  o f  common v e l o c i t y  

y i e l d s  c o n s t a n t  v e l o c i t y  l i n e s ,  With c o o l a n t  f low l i n e s  

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

a l l  p o i n t s  on t h e  l i n e  o f  maximum v e l o c i t y  between p i n  and 

w i r e  e q u a l  when c a l c u l a t e d  i n d e p e n d e n t l y  from b o t h  p i n  and 

wrap,  t h e  o r i g i n a l  s u b d i v i s i o n  must be c o r r e c t ,  Otherwise  

t h e  p r o c e s s  would be r e p e a t e d ,  F i g u r e  32 g i v e s  t h e  c o r r e c t  

f low and v e l o c i t y  l l n e s ,  The f i n a l  r e s u l t  i s  t h e  v e l o c i t y  

g r i d  d i s p l a y e d  i n  F i g u r e  3 0 ,  
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FIGURE 3 2 .  

C o n s t a n t  V e l o c i t y  L i n e s  f t / s e c  

C o o l a n t  Flow L i n e s  and C o n s t a n t  V e l o c i t y  L i n e s  



2 ,  Determine t h e  p a t h s  o f  Energy T r a n s f e r  En t h e  C o o l a n t ,  

The c r o s s  s e c t i o n a l  f l o w  a r e a  above t h e  l i n e  of  maximum 

v e l o c i t y  i s  d i v i d e d  arbitrarily i n t o  segments  such  t h a t  

each  segment has  t h e  same amount o f  c o o l a n t  f l o w i n g  

th rough  i t ,  The l a t t e r ,  e s t a b l i s h e d  by t r i a l  and e r r o r ,  

i s  displayed i n  F i g u r e  33,  I t  i s  assumed t h a t  t h e  h e a t  

f l u x  i s  un i fo rm and t h u s  each  of  t h e s e  segments  removes 

t h e  same amount o f  h e a t  from t h e  f u e l  p i n ,  

3,  Determine t h e  eddy t h e r m a l  c o n d u c t i v i t y ,  I f  one assumes 

t h e  eddy d i f f u s l v i t i e s  o f  momentum and h e a t  t r a n s f e r  a r e  

e q u a l ,  t h e  eddy t h e r m a l  c o n d u c t i v i t y  may be computed from 

t h e  e x p r e s s i o n  ke = C o u e  where t h e  eddy v i s c o s i t y  may be 

o b t a i n e d  d l r e c t l y  from a  knowledge o f  T and v e l o c i t y  

g r a d i e n t s  p r e v i o u s l y  c a l c u l a t e d ,  F i g u r e  34 p r o v i d e s  t h e  

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

4 ,  Determine t h e  Temperature D i s t r i b u t ~ ~ n ,  A f t e r  supe r impos ing  

p r e v i o u s l y  de te rmined  p l o t s  a p p r o p r i a t e l y ,  t h e  s o l u t i o n  of 

an e n e r g y  b a l a n c e  on a  h e a t - f l o w  segment y i e l d s  t h e  temper 

a t u r e  f i e l d ,  

5 ,  Determine t h e  l o c a l  h e a t  t r a n s f e r  coefficient, To d e t e r m i n e  

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

was n e c e s s a r y  t o  o b t a i n  t h e  b u l k  t e m p e r a t u r e  of  t h e  c o o l a n t  

above t h e  l l n e  of  maxlmum v e l o c ~ t y  Once t h e  b u l k  t e m p e r a t u r e  

was d e t e r m i n e d ,  t h e  following fo rmula  was used  t o  o b t a i n  t h e  

l o c a l  f i l m  coefficients 

hl  
= l o c a l  c o e f f i c i e n t .  B t u / h r  f t '  O F  

q/A = h e a t  t r a n s f e r r e d ,  B t u / h r  f t  
2 

T w l  = l o c a l  w a l l  t e m p e r a t u r e ,  "F  

Tb = b u l k  t e m p e r a t u r e  of  t h e  c o o l a n t ,  "F 



F I G U R E  33 .  P a t h s  o f  Energy T r a n s f e r  



FIGURE 3 4 .  E d d y  Thermal  C o n d u c t i v i t y  
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V a r i a t i o n s  o f  t h e  l o c a l  f i l m  c o e f f i c i e n t s  w i t h  t h e  p o l a r  

a n g l e  0 ( s e e  F i g u r e  29 f o r  d e f i n i t i o n  of  e )  a r e  shown i n  t h e  

f o l l o w i n g  t a b u l a t i o n s ,  

The f i l m  c o e f f i c i e n t s  f o r  a  r o d  bundle  w i t h  a  w i r e  wrap 

s p a c e r ,  when compared t o  a  rod  bundle  w i t h o u t  t h e  w i r e  wrap 

s p a c e r ,  i s  s e e n  t o  have a  h i g h e r  variation i n  f i l m  c o e f f i c i e n t s ,  

Nonspacer (Dwyer) Wire Wrap 
Rod Bundle Space r  

PsD = 1, l  P:D = 1 , 1 2  

Pe = 206 Pe  = 319 

= 20,520 K = 1 4 , 3 5 0  

q/A = 2 x l o 5  q/A = 4.46 x 10 
5 
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The h e a t  t r a n s f e r  c o e f f i c i e n t s  a t  0 = 28' c o n t a i n  some 

e r r o r  b e c a u s e ,  a t  t h i s  l o c a t i o n ,  t h e  w a l l  t e m p e r a t u r e  i s  v e r y  

c l o s e  t o  t h e  b u l k  t e m p e r a t u r e ,  Small  changes i n  t h i s  temper-  

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

c o e f f i c i e n t ,  A l so  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t s  a t  0 = 2 '  

c o n t a i n  some e r r o r  because  o f  d i f f i c u l t y  i n  o b t a i n i n g  an 

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

MANTA employs a  d i f f u s i o n a l  mixing model w i t h  a  m u l t i p l y i n g  

f a c t o r ,  k ,  i n s e r t e d  t o  p e r m i t  c o r r e l a t i o n  w i t h  e x p e r i m e n t a l  d a t a ,  

Here ,  r e s u l t s  a r e  r e p o r t e d  f o r  no mixing (k = 0 ) ,  m o l e c u l a r  

d i f f u s i o n  (k = I ) ,  and mixing c h a r a c t e r i s t i c  of  t h e  c o n s e r v a t i v e  

mixing p a r a m e t e r  (B = 0 ,Ol )  employed i n  e a r l i e r  COBRA code c a l -  

c u l a t i o n ~ ( ~ ~ )  (k = 5 ) .  The COBRA c a l c u l a t i o n s  a t t e m p t e d  t o  

d u p l i c a t e ,  t h rough  t h i s  v a l u e  6 ,  t i g h t l y  packed bund le  phenomena 

b a s e d  upon e x p e r i m e n t a l  d a t a  o b t a i n e d  i n  t h e  absence  of  w i r e  

wrap. Indeed ,  t h e  p r e s e n c e  o f  w i r e  wrap c o u l d  r e q u i r e  a  B f o u r  

t i m e s  l a r g e r ,  ( I 6 )  The use  o f  a  k  g r e a t e r  t h a n  u n i t y  i m p l i e s  

eddy d i f f u s i o n  i n  t h e  absence  o f  d i v e r s i o n  c r o s s  f low and f o r c e d  

mix ing ,  The t u r b u l e n t  mixing p a r a m e t e r  B ,  u sed  i n  C O B R A , i s  

p r e d i c t e d  from e x p e r i m e n t a l  r e s u l t s  b a s e d  upon f u l l  i n t e r c h a n n e l  

mixing  and n o t  f o r  t r a n s f e r  between a r b i t r a r i l y  d e f i n e d  s u b -  

c h a n n e l s  a s  i l l u s t r a t e d  i n  F i g u r e  31 ( i n t r a c h a n n e l  m i x i n g ) ,  

Whether a  g r o s s  p a r a m e t e r  s u c h  a s  B can  b e  employed f o r  t h e  

l o c a l  e f f e c t s  i n v e s t i g a t e d  h e r e  i s  n o t  c e r t a i n ,  Bader and 

O h N e i l l  ( 2 5 )  have a n a l y z e d  i n t r a c h a n n e l  e f f e c t s  u s i n g  MANTA 

where "comple te  mixing" was t h o u g h t  t o  e x i s t ,  and which t h e y  

s i m u l a t e d  w i t h  k  = 150,  

R E S U L T S  

The e x p e c t e d  t e m p e r a t u r e  peak ing  i n  t h e  c o o l a n t  n e a r  t h e  

c e n t e r  and a t  t h e  upper  end  o f  t h e  f u e l  r e g i o n  i s  b r a c k e t e d  i n  

F i g u r e s  35 and 36, These l o c a t i o n s  a r e  c h a r a c t e r i s t i c  o f  t h e  

maximum c i r c u m f e r e n t i a l  t e m p e r a t u r e  peak ing  and t h e  maximum 

b u l k  mean t e m p e r a t u r e  o f  t h e  c o o l a n t ,  r e s p e c t i v e l y ,  I t  i s  

obse rved  t h a t  t h e  w i r e  wrap p roduces  o n l y  a  v e r y  l o c a l i z e d  e f f e c t ,  
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P o l a r  A n g l e ,  d e g  

FIGURE 3 5 .  C i r c u m f e r e n t i a Z  T e m p e r a t u r e  D i s t r i b u t i o n  i n  
t h e  C o o l a n t  Near t h e  C e n t e r  o f  t h e  F u e l  R e g i o n  
f o r  t h e  Wire  Wrap i n  and f a r  From t h e  Gap 
Us ing  t h e  MoZecuZar D i f f u s i o n  Mix ing  Mode2 
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P o l a r  Angle ,  deg 

FIGURE 3 6 .  C i r c u m f e r e n t i a l  Tempera tu re  D i s t r i b u t i o n  i n  
t h e  Coo lan t  Near t h e  Upper End o f  t h e  Fuel  
Reg ion  f o r  t h e  Wire  Wrap i n  and f a r  from t h e  
Gap Us ing  t h e  Mo lecu la r  D i f f u s i o n  Mixing Mode2 
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F i g u r e s  3 7  t h r o u g h  40 d i s p l a y  f e a t u r e s  o f  t h e  c a s e  i n v o l v i n g  

t h e  w i r e  wrap .  Each f i g u r e  p r e s e n t s  r e s u l t s  w i t h  t h e  mix ing  

m u l t i p l y i n g  f a c t o r ,  k ,  a s  a  p a r a m e t e r .  I t  can be  c o n c l u d e d  t h a t  

t h e  d e g r e e  o f  m i x i n g ,  t h u s  f a r  unknown, i s  a  s i g n i f i c a n t  f a c t o r .  

I n d e e d ,  e v e n  t h e  v a l u e  o f  k  = 5 may p rove  e x c e s s i v e l y  c o n s e r v a -  

t i v e .  An e x p e r i m e n t a l  p rogram now i n  p r o g r e s s  a t  PNL s h o u l d  

p r o v e  d e f i n i t i v e  on t h i s  m a t t e r .  

F i g u r e s  41  t h r o u g h  43 a r e  r e p r e s e n t a t i v e  o f  t h e  c a s e  w i t h o u t  

t h e  w i r e  wrap .  

M E C H A N I C A L  D E S I G N  

F U E L  S U B A S S E M B L Y  A S S E M B L Y  P R O C E S S  A N D  T O L E R A N C E  C O N T R O L ,  

W I T H  E M P H A S I S  ON W I R E  WRAP A P P L I C A T I O N  

Assembly 

M .  K .  M i l l h o l l e n  

The i n i t i a l  s t e p  i n  t h e  FTR D r i v e r  F u e l  E lement  Subassembly  

a s sembly  p r o c e s s  ( 2 6 )  i s  t h e  a s sembly  o f  t h e  f u e l  p i n s  ( F i g u r e  2 ) .  

The b o t t o m  e n d  cap  i s  TIG welded  t o  t h e  c l a d d i n g  t u b e  a f t e r  p i n  

components have  b e e n  f a b r i c a t e d ,  a c c e p t e d  and  c l e a n e d .  The we ld  

i s  i n s p e c t e d .  I n t e r n a l  components  a r e  p l a c e d  w i t h i n  t h e  t u b e .  

These  a r e ,  i n  o r d e r  o f  i n s e r t i o n ,  a  1 / 2 - i n .  l e n g t h  o f  d e p l e t e d  U U 2  

p e l l e t s ,  a  3 2 - i n .  l e n g t h  o f  U02-Pu02 p e l l e t s ,  a  1 / 2 - i n .  l e n g t h  o f  

d e p l e t e d  U02 p e l l e t s ,  a  6 - i n .  l o n g  n i c k e l  r o d ,  an  I n c o n e l - x  com- 

p r e s s i o n  s p r i n g ,  and  a  s p a c e r  t u b e .  The t o p  end  c a p  i s  p o s i t i o n e d  

i n  t h e  t o p  o f  t h e  t u b e  by p u s i n g  i t  down on t h e  s p a c e r  r o d  wh ich ,  

i n  t u r n ,  compres se s  t h e  s p r i n g .  The s l o t  i n  t h e  end  cap  i s  c a r e -  

f u l l y  o r i e n t e d  p a r a l l e l  t o  t h e  s l o t  i n  t h e  bo t t om end  c a p .  The 

t o p  end  c a p  i s  TIG we lded  i n  p l a c e .  

An a p p r o p r i a t e  l e n g t h  o f  0 . 0 3 0 - i n .  s p a c e r  w i r e ,  i n s e r t e d  

t h r o u g h  t h e  h o l e  p r o v i d e d  i n  t h e  t o p  end cap  and  we lded  i n  p l a c e ,  

i s  a c c o m p l i s h e d  w i t h  t h e  f u e l  p i n  p l a c e d  i n  t h e  w i r e  wrap mach ine .  

The machine i s  t u r n e d  on and t h e  w i r e  i s  wrapped s p i r a l l y  t h e  

l e n g t h  o f  t h e  p i n  on a  1 2 - i n .  p i t c h .  The w i r e  i s  a p p l i e d  t o  t h e  

p i n  u n d e r  a  c o n s t a n t  l o a d  o f  7 l b  t o  a v o i d  s t r e s s i n g  t h e  w i r e  

beyond i t s  y i e l d  p o i n t .  The w i r e  i s  p u l l e d  t h r o u g h  t h e  w e l d i n g  

h o l d  a t  t h e  b o t t o m  end  cap  and welded  i n  p l a c e .  



- 

k = O ,  Flo ; . l i x i n g  

k = l ,  M o l e c u l a r  
D i f f u s i o n  M i x i n g  

1 0  2 0 3 0 

D i s t a n c e ,  i n .  

F I G U R E  3 7 .  Temperature  Peaking a s  R e p r e s e n t e d  by t h e  
Maximum C i r c u m f e r e n t i a l  Temperature  D i f -  
f e r e n c e  o f  t h e  CooZant a s  a-   unction o f  
A x i a l  D i s t a n c e  Along t h e  Fueled  P o r t i o n  o f  
t h e  H o t t e s t  Pin w i t h  t h e  Wire  Wrap Located 
i n  t h e  Gap 



L e g e n d  

K = 0 ,  No M i x i n g  
- A K = 1 ,  M o l e c u l a r  D i f f u s i o n  M i x i n g  

0 K = 5 ,  B : 0 . 0 1  

- 

- 

- 

I 

P o l a r  A n g l e ,  deg  

F I G U R E  3 8 .  C i r c u m f e r e n t 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  i n  t h e  
Coo lan t  Near t h e  C e n t e r  o f  t h e  Fue l  Reg ion  f o r  
V a r i o u s  Degrees  o f  Mix ing  w i t h  t h e  W i r e  Wrap 
Located  i n  t h e  Gap 



P o l a r  A n g l e ,  d e g  

L e g e n d  

K = 0 ,  No H i x i n q  

A K = 1 ,  M o l e c u l a r  D i f f u s i o n  M i x i n g  

K = 5 ,  6 ; 0 . 0 1  

F I G U R E  3 9 .  C i r c u m f e r e n t 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  i n  t h e  
Coolanst  Near t h e  Upper End o f  t h e  Fue l  R e g i o n  
f o r  V a r i o u s  Degrees  o f  Mix ing  w i t h  t h e  W i r e  
Wrap L o c a t e d  i n  t h e  Gap 



( a )  M i x i n g  C o n s t a n t  
K = 5  

( b )  M i x i n g  C o n s t a n t  
K = l  

( c )  M i x i n g  C o n s t a n t  
K = O  

FIGURE 4 0 .  T e m p e r a t u r e  F i e l d  Near t h e  C e n t e r  o f  t h e  F u e l  
R e g i o n  f o r  V a r i o u s  D e g r e e s  o f  M i x i n g  



D i s t a n c e ,  i n .  

F I G U R E  4 1 .  Tempera tu re  Peak ing  a s  R e p r e s e n t e d  by t h e  Max- 
imum C i r c u m f e r e n t i a l  Tempera tu re  D i f f e r e n c e  o f  
t h e  C o o l a n t  a s  a  F u n c t i o n  o f  A x i a l  D i s t a n c e  
Along t h e  Fue l ed  P o r t i o n  o f  t h e  H o t t e s t  P i n  
W i t h  t h e  Wi re  Wrap L o c a t e d  f a r  from t h e  
Domain o f  t h i s  Problem 



L e g e n d  

K = 0 ,  No M i x i n g  

A K = 1 ,  M o l e c u l a r  D i f f u s i o n  
M i x i n g  

0 K = 5, B : 0 . 0 1  

I I 

P o l a r  A n g l e ,  d e g  

FIGURE 4 2 .  C i r c u r n f ~ r e n t i a Z  T e m p e r a t u r e  D i s t r i b u t i o n  i n  t h e  
CooZant Near t h e  C e n t e r  o f  t h e  Fue l  R e q i o n  f o r  
V a r i o u s  Degrees  o f  f l i z i n g - w i t h  t h e  p i r e  wrah 
Loca t ed  f a r  from t h e  Domain o f  t h e  Prob lem 



- 
L e g e n d  

K = 0 ,  No M i x i n g  

A K = 1 ,  M o l e c u l a r  D i f f u s i o n  
M i x i n g  

0 K = 5,  f3 25 0 .01  

I I I I I 

P o l a r  A n g l e ,  deg  

F I G U R E  4 3 .  C i r c u m f e r e n t i a l  Temperature  D i s t r i b u t i o n  i n  t h e  
Coolant  Near t h e  Upper End o f  t h e  Fuel Region  
f o r  V a r i o u s  Degrees o f  Mixing w i t h  t h e  Wire Wrap 
Located f a r  from t h e  Domain o f  t h e  Problem 
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The n e x t  s t e p  i n  t h e  assembly p r o c e s s  - s  fastening t h e  

f u e l  p i n s  t o  t h e  g r i d  s t r i p s  i n  raws ISK 3 13188) The maxlmum 

number o f  p l n s  I n  a  row i s  1 7  and t h e  minlmum i s  9 ,  A comple te  

hexagonal  a r r a y  [ a  2 1 7  p i n  c l u s t e r )  ~ o n t a l n s  1 7  rows sf p i n s  

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

g r i d  s t r i p  w l t h  0  050 i n  dlam p r n s  whlch & r e  t h e n  welded  on 

b o t h  s i d e s  of  t h e  end cap [ F l g u r e  4 4 ) ,  In  o r d e r  t o  c o n t r o l  

t h e  f u e l  p l n  t o  f u e l  p i n  c e n t e r l l n e  d lmens lon  t o  0 280 I n  , 
t h e  w i r e  wrap d l a m e t e r  i s  v a r i e d ,  Tubes from a  particular 

m i l l  r un  w i l l  t e n d  t o  be of  t h e  same d l a m e t e r  Wxre 1 s  s t o c k e d  

i n  0 , 0 0 0 5  I n ,  diam increments between 0  0290 and 0,03LO I n ,  

d i a m e t e r s  By a d a p t i n g  t h e  c o r r e c t  w i r e  s ~ z e  t o  t h e  c l a d d l n g  

s i z e s ,  t h e  0 , 2 8 0  i n  d lmens lon  between rods  i s  c o n t r o l l e d ,  

The 2 1 7  p i n  bund le  1s assembled  by p l a c l n g  t h e  g r n d  

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

hardware and w e l d i n g  them i n  p l a c e  ( F i g u r e  45) The bot tom 

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

assembly  equ ipmen t ,  When a l l  t h e  rows have been welded  t o  t h e  

bot tom g r i d  hardware a  t o p  g r r d  assembly 1 s  p l a c e d  a t  t h e  t o p  

of t h e  bund le  ( F i g u r e  4 6 )  The s l o t  I n  t h e  t o p  end cap  o f  e a c h  

p i n  r i d e s  u n f a s t e n e d  around a  s t r i p  I n  t h e  t o p  g r l d  The t o p  

g r i d  p i e c e  mere ly  h o l d s  t h e  p i n s  i n  a  bund le  and is, i t s e l f ,  

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

o f  t h e  c l u s t e r  

A l l  t h e  w i r e  wraps a r e  assembled  p a r a l l e l  I n  t h e  bundle '  t o  

e a c h  o t h e r  and l o c a t e d  a t  t h e  same p o i n t  on t h e  d l a m e t e r  of t h e  

f u e l  p i n s  a t  any g l v e n  c r o s s  s e c t l o n  th rough  t h e  bund le  (Figure 

4 7 )  0 

The f i n a l  assembly s t e p  1 s  t o  draw t h e  f low d u c t  up o v e r  

t h e  f u e l  b u n d l e ,  When t h e  d u c t  i s  p u l l e d  up t o  t h e  c o r r e c t  

l o c a t i o n ,  t h r e e  l o c k l n g  b a r s  a r e  pushed th rough  t h e  f low d u c t  

and bot tom g r i d  assembly and welded  a t  t h e  a u t s ~ d e  s u r f a c e  o f  

t h e  f low d u c t ,  



F I G U R E  4 4 .  Fas ten ing  Rows o f  Fuel P ins  t o  Grid S t r i p s  
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FIGURE 4 5 .  We ld ing  Fuel P i n  Row G r i d  S t r i p s  i n  P l a c e  



BNWL- 750  

FIGURE 4 6 .  P l a c i n g  Top Grid A s s e m b l y  on F u e l  Pin Bundle  



94 BNWL- 750  

FIGURE 4 7 .  View Showing R e l a t i v e  Positions of Wire  Wraps 



F u e l  Bundle  D imens iona l  T o l e r a n c e s  

H. G .  Powers 

I t  was c o n s i d e r e d  f rom an  a n a l y s i s  o f  t h e  f u e l  p i n  O D ,  

s p a c e r  w i r e ,  and f l o w  d u c t  t o l e r a n c e  s t a c k - u p  t h a t  a  p r e f e r r e d  

mode o f  a s s emb ly  would b e  t o  compensa te  f o r  any change  i n  l o t  

a v e r a g e  c l a d  O D  by u s i n g  a  d i f f e r e n t .  d i a m e t e r  s p a c e r  w i r e ,  

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

s p a c e r  w i r e )  d i a m e t e r .  The t o t a l  s p a c e  a c r o s s  f l a t s  be tween  

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

0 .030 ' 0.010 i n . ,  i t  was c o n c l u d e d ,  by u s i n g  t h i s  a s s emb ly  

t e c h n i q u e  b a s e d  upon t h e  f o l l o w i n g  a s s u m p t i o n s :  

Homogeneous l o t t i n g  ( w i t h  r e s p e c t  t o  d i m e n s i o n s )  o f  

t u b i n g  and  w i r e  c an  be  m a i n t a i n e d .  

Wire c an  b e  s t o c k e d  i n  0 . 0 0 0 5 - i n .  a v e r a g e  d i a m e t e r  

i n c r e m e n t s .  

* The minimum s l i p  f i t  d i a m e t r a l  gap  be tween  f u e l  

b u n d l e  and  f l o w  d u c t  i s  0 .020 i n .  

S t a n d a r d  d e v i a t i o n  ( i n h e r e n t )  

a F P i n  O D  = 0.0004588 

a Wire OD = 0 .0005 /3  = 0.0001667 i n .  

a Flow D u c t =  0 .005 /3  = 0.001667 i n .  
I n s c r i b e d  ID 

C l a d ,  w i r e ,  and  d u c t  d i m e n s i o n s  v a r y  i n d e p e n d e n t l y  o f  one  

a n o t h e r  and  a r e  n o r m a l l y  d i s t r i b u t e d .  

The p r e c e d i n g  t o l e r a n c e  i s  b a s e d  upon a  p r o b a b i l i t y  

d i s t r i b u t i o n  d e r i v e d  i n  t h e  f o l l o w i n g  manner :  

a = s t a n d a r d  d e v i a t i o n  

S u b s c r i p t s  

T - T o t a l  d i a m e t r a l  

1 - Clad  O D  

2 - Wire d i a m e t e r  
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z o 2  = l o  ( cos  30') (4 .588) '  10 .  1 ( 4 , 5 8 8 ) 2  1 

10' 2 = l o  ( cos  30') (1 .667) '  l o m 8  + 2 ( 1 . 6 6 7 ) '  

o T  = t h e  s t a n d a r d  d e v i a t i o n  of  a  s i n g l e  p i n  row 

S i n c e  s p a c e r  w i r e  would be s t o c k e d  o n l y  t o  t h e  n e a r e s t  

0 ,0005  i n , ,  t h e  a v e r a g e  t o t a l  d i a m e t e r  ( c l a d  O D  + w l r e  dlam) 

c o u l d ,  by v a r y l n g  a s  much a s  0 , 2 5  m i l s  from t h e  d e s i r e d  

nomina l ,  r e s u l t  i n  an a d d i t i o n a l  v a r i a t i o n  o f  l a  ( cos  30'1 

0,00025 * 0,0005 = 0,00396 i n ,  

I t  i s  assumed t h a t  t h i s  amount o f  v a r l a t l o n  c o u l d  o c c u r  

i n  an u n c o n t r o l l e d  manner and t h e r e f o r e  must be added t o  t h e  

statistically d e r i v e d  t o l e r a n c e ,  

The f u e l  bund le  c o n t a i n s  t h e  e q u i v a l e n t  of  1 3  rows o f  

p i n s ,  The p r o b a b i l i t y  of  o b t a i n i n g  one o f  t h e  t h l r t e e n  rows 

beyond a  g i v e n  l i m i t  was d e t e r m i n e d  from t h e  P o i s s o n  d i s t r i -  

b u t i o n  and i s  g i v e n  I n  

P rob ,  o f  
Occur rence  

of  1 o r  More 
Rows a t  Z P '  
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Using t h e  f o r e g o i n g  s t a t e d  s t a n d a r d  d e v r a t l o n  f o r  t h e  f u e l  

d u c t ,  t h e  p r o b a b l l l t y  of  exceed ing  g l v e n  l r r n l t s  was determined 

from t h e  normal  c u r v e  

The probability of a  g i v e n  t o l e r a n c e  between f u e l  bund le  

and f low d u c t  1s t h e  p roduc t  of t h e  p r o b a b l l l t l e s  of each  

Independent  v a r i a b l e  exceeding g l v e n  v a l u e s -  The t o l e r a n c e  

d i s t r l b u t l o n  shown i n  F ~ g u r e  4 8  shows t h e  p r o b a h l l l t y  o f  

o c c u r r e n c e  of a  s p a c e  l e s s  rhan  0 , 0 2 0  I n  between t h e  f u e l  d u c t  

w a l l  and t h e  o u t e r  w l r e  t o  be  l e s s  t h a n  1% 

Durlng t h e  e a r l y  phase  of developrnent ,  t h e  assumptfons  i n  

t h l s  a n a l y s l s  w l l l  be  t e s t e d  and t h e  assembly techniques 

deve loped  a s  r e q u l r e d  t o  a c h l e v e  a c c e p t a b l e  p r o c e s s  capabilities, 

F U E L  P I N  D E F O R M A T I O N  A N A L Y S I S  

R ,  J ,  J a c k s o n  

A ma jo r  a s p e c t  of f u e l  p l n  s p a c e r  l n t e r a e t i o n  i s  e x p e r i e n c e d  

d u r i n g  f u e l  pnn d l a m e t r a l  growth duvlng t h e  f u e l  l i i e t l m e ,  T h l s  

s u b s e c t i o n  p r e s e n t s  t h e  p l n  d l a m e t r a l  d e i o r m a t i o n  a n a l y s l s  used  

f o r  p i n  s p a c e r  m e c h a n l c a l ,  hydraulic and mechan lca l  a n a l y s l s  

t h r o u g h o u t  t h n s  r e p o r t  

Claddlng  and f u e l  s w e l l l n g  h a s  been e x p c r l e n c e d  I n  DFR and 

i n  E B R  IT, Three  published d a t a  p o i n t s  ?:om one f u e l  p l n  and 

one p u b l i s h e d  d a t a  p o i n t  from a  d i f f e r e n t  f u e l  p i n  l r r a d l a t e d  

I n  DFK i n d l c a t e  c l a d d l n g  s w e l l l n g  One l n t e r p r e t a t l o n  o f  t h e  

a v a i l a b l e  d a t a  1s illustrated I n  F i g u r e  4 9 ,  Obviously, much 

more d a t a  a r e  needed b e f o r e  c l a d d l n g  s w e l l l n g  :an be  p r o p e r l y  

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

relationship deve loped  by t h e  U K ,  f o r  t h e  s o l u t i o n  t r e a t e d  

c l a d  p i n s  I n  t h e  Mark 1 and Mark I13 subassemblies , no f u e l  

c l a d d l n g  interaction models p r e s e n t l y  c o n z l d e r  c l a d d i n g  swel  

l i n g ,  T h l s  model r e l a t e s  p i n  d l a m e t r a l  growth t o  t h e  f u e l  
1 2 7 1  

burnup and t h e  c l a d  t e m p e r a t u r e  by t h e  e q u a t i o n ,  
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D i s t a n c e  A c r o s s  F l a t s  o f  F u e l  B u n d l e ,  i n .  

F I G U R E  4 8 .  P r o b a b i l i t y  D i s t r i b u t i o n  o f  T o l e r a n c e s  
Be tween  Fue l  Bund l e  and Flow Duct 
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0 PNL T e n s i l e  S p e c .  1 0 0 0  * 1 0 0  " F  ( 3 0 4 )  

PNL C a p s u l e  M a t e r i a l  8 0 0  " F  ( 3 0 4 )  

A ORYL E B R  I 1  D r i v e r  F u e l  8 5 0  OF ( 3 0 4 )  

D o u n r e a y  F u e l  a 9 3 2  OF ( 3 1 6 )  

E . M .  

F I G U R E  4 9 .  I r r a d i a t i o n  S w e l l i n g  of A u s t e n i t i c  S t a i n l e s s  
S t e e l  
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E = g a 3  x l o z 4  (Bu) (T) - 1 , 5 1  

where 

E = A D / D ,  p e r c e n t  

BU = atom p e r c e n t  burnup o f  f u e l ,  c8% 

T = c l a d  t e m p e r a t u r e ,  " C ,  ~ 6 5 0  O C  

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

s w e l l i n g  and growth i n c u b a t i o n  p e r i o d  and t h e  c l a d d i n g  s w e l l i n g ,  

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

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

t h e  d a t a  i s  i l l u s t r a t e d  i n  F i g u r e  50 ,  

The e q u a t i o n ,  when a d j u s t e d  f o r  t h e  difference i n  c l a d d i n g  

f l u e n c e ,  may g l v e  a  f i r s t - o r d e r  e s t i m a t e  o f  FTR f u e l  p i n  d i a n -  

e t r a l  growth.  The v a l i d i t y  o f  t h i s  approach  i s  q u e s t i o n a b l e  

a t  b e s t ,  I n  l i e u  o f  any o t h e r  model,  however ,  t h e  a n t i c i p a t e d  

FTR c l a d d i n g  t e m p e r a t u r e s  and f u e l  burnups  were u s e d  t o  c a l c u l a t e  

p i n  d i a m e t e r  i n c r e a s e s  f o r  t h e  peak and a v e r a g e  FTR p i n s ,  a s  

shown i n  F i g u r e  51,  

The p r e d i c t e d  d i a m e t r a l  i n c r e a s e  i n  FTR p i n s  was c a l c u l a t e d  

from 

'FTR = 0, ,5  [ g Q 3  x  1 o a 4 ( ~ L J )  ( T )  -1 .511 

+ ( 0 . 5 )  (T) [ 8 . 3  x  1 0 4 ( ~ u )  (T) = 1 , , 5 1 ]  

T h i s  assumes t h a t  h a l f  t h e  DFR d i a m e t r a l  growth r e s u l t s  from 

f u e l  s w e l l i n g  and t h e  r ema in ing  growth  r e s u l t s  from c l a d d i n g  

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

t h e  second  t e rm o f  t h e  e q u a t i o n  which i s  a d j u s t e d  f o r  c l a d  f l u e n c e  

by t h e  f a c t o r  Gamma, Gamma i s  t h e  r a t i o  o f  FTR f u e l  burnup-  

c l a d d i n g  f l u e n c e  r a t i o  t o  t h e  D F R - i r r a d i a t e d  mixed o x i d e  f u e l  

spec imen burnup c l a d d i n g  f l u e n c e  r a t i o ,  and i t s  v a l u e  was t a k e n  

a s  2 , 1 5 ,  

F i g u r e  52 shows t h e  c a l c u l a t e d  d i a m e t r a l  growth f o r  o t h e r  

v a l u e s  o f  bu rnup ,  I t  was assumed t h a t  t h e  ave rage  p i n  c o u l d  

remain i n  t h e  r e a c t o r ,  by a p p r o p r i a t e  f u e l  management t e c h n i q u e s ,  

u n t i l  i t  r e a c h e d  a  peak burnup o f  80,000 MWd/tonne, 



- 

, - 

- ADID 3 1 6  S . T .  MK1, T G R  3 0 3 2  

E = 0 . 0 0 0 8 3  ( B U ) ( T )  - 1 . 5 1  

I I I - 
6 8  1 0  1 2  1 4  1 6  

D i s t a n c e  f r o m  B o t t o m  o f  F u e l  P i n ,  i n .  

F I G U R E  5 0 .  R e l a t i o n s h i p  Be tween  S t r a i n  Data o f  M K 1  
and U .  K. E m p i r i c a l  E q u a t i o n s  



S t r a i n  D i s t r i b u t i o n  

- 

- 

= Peak  BU. 

6 4 , 5 0 0  MWd/T = A v g .  BU. 

, T e m p e r a t u r e  D i s t r i b u t i o n  

- 

I I I I I I I 

0 4 8 1 2  1 6  2 0  2 4  2 8 3 2 

D i s t a n c e  f r o m  B o t t o m  o f  F u e l  Co lumn ,  i n .  

F I G U R E  5 1 .  FTR P i n  Diameter  I n c r e a s e  Based Upon E m p i r -  
i c a l  U . K .  R e l a t i o n s h i p  Be tween  T e m p e r a t u r e  
and Burnup and t h e n  A d j u s t e d  f o r  D i f f e r e n c e  
i n  Clad F l u e n c e  



Peak  P i n ,  1 4 . 4  k W / f t  P e a k ,  1 1 . 6  k b J / f t  A v g  
, O  

8 0 , 0 0 0  MWd/T p e a k  BU 
6 4 , 5 0 0  M\dd/T A v g  
9 A t o m  % P e a k  

0, 
6 0 , 0 0 0  MWd/T P e a k  B U  

- 

3 2 , 2 5 0  MWd/T Avg  

A v e r a g e  FTR P i n ,  9 . 7 5  k W / f t  P e a k ,  7 . 8 5  k W / f t  Avg 

8 0 , 3 0 0  MWd/T Peak  BU 
6 4 , 5 0 0  MWd/T Avg  
9  A t o m  $L P e a k  

4 8 , 4 0 0  MWd/T Avg  
- 

- 

I 

f l 0 . 0 0 0  Mb!d/T Peak  Bu- 

0 4  8  1 2  1 6  2 0  2 4  2  8  3  2 
D i s t a n c e  F r o m  B o t t o m  o f  F u e l  C o l u m n ,  I n .  

FIGURE 5 2 .  FTR P i n  D i a m e t e r  I n c r e a s e s  a t  V a r i o u s  B u r n u p s  



F i g u r e  53 ,  a  c r o s s - p l o t  of  F i g u r e  52 ,  shows t h e  c a l c u l a t e d  

peak  d i a m e t r a l  g rowth  a s  a  f u n c t i o n  o f  bu rnup .  

Comparison o f  XG06 d e r i v e d  d a t a  w i t h  t h e  De l t a -D  p l o t  i n  

F i g u r e  50 shows t h e  numbers g e n e r a t e d  from two i n d e p e n d e n t  s e t s  

o f  d a t a  t o  be  a t  l e a s t  c o n s i s t e n t .  The D e l t a - D ,  due t o  c l a d d i n g  

s w e l l i n g  i n  t h e  XG06 s p e c i m e n s ,  was p r o b a b l y  q u i t e  s m a l l  s i n c e  
2 2  (28)  and t h e  peak  c l a d d i n g  f l u e n c e  was o n l y  a b o u t  3.34 x 10 , 

a  r e c e n t  measurement  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l  m a t e r i a l  

i r r a d i a t e d  i n  EBR-I1 t o  a  f l u e n c e  o f  ~ 2 . 8  x r e v e a l e d  a  

d e n s i t y  d e c r e a s e  o f  o n l y  0 . 3 7 % .  ( 2 9 )  On t h e  o t h e r  hand ,  t h e  

DFR i r r a d i a t e d  f u e l  spec imen  ( f rom which  t h e  e q u a t i o n  was 
2 2  (30)  d e r i v e d )  r e c e i v e d  a  f l u e n c e  o f  a b o u t  5.32 x 10 . 

M E C H A N I C A L  ' A N A L Y S E S  R E L A T I V E  TO F U E L  P I N  D E F O R M A T I O N  

P i n  D i s p l a c e m e n t  A n a l y s i s  

W .  E .  rVlcClung 

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

i f  t h e  p i n s  i n  t h e  subas sembly  grow d i a m e t r a l l y  t o  3 % .  Three  

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

f rom t h e  U.K. d a t a .  

An a n a l y s i s  o f  a p o r t i o n  o f  t h e  p r o p o s e d  subas sembly  i n  

which a l l  p i n s  have  t h e  w i r e  wrap i n  l i n e  a t  t h e  t r i - c u s p  p i n c h  

p o i n t  i n d i c a t e s  t h a t  a  s m a l l  change  i n  d i a m e t r a l  g rowth  can  

have  a  l a r g e  e f f e c t  on t h e  f l o w  c h a n n e l  a r e a .  When t h e  p i n s  

have  d i a m e t r a l l y  grown beyond a  p o i n t  where  t h e r e  i s  c o n t i n u o u s  

c o n t a c t  a l o n g  a  whole  row, t h e  p i n s  d i s p l a c e  i n t o  t h e  c o o l a n t  

c h a n n e l .  I t  was d e c i d e d  t o  c o n s i d e r  a  model w i t h  t h e  p i n s  moving 

i n  t h e  manner shown i n  F i g u r e  5 4 .  The l e n g t h  o f  t h e  c e n t e r  two 

rows ,  Row D ,  Row 1, w i l l  d i f f e r  s l i g h t l y  due t o  t h e  r o u n d i n g  o f  

t h e  ends  i n  Row D ( s e e  F i g u r e  5 5 ) .  



0  1 0  2 0  3 0  4 0  5 0  6 0  70  8 0  

P e a k  B u r n u p ,  MWd/T x 

F I G U R E  5 3 .  Peak D i a m e t r a l  I n c r e a s e  i n  F T R  Fue l  P i n s  
Based Upon E m p i r i c a l  U . K .  R e l a t i o n s h i p  
A d j u s t e d  f o r  D i f f e r e n c e  i n  Clad F luence  



FIGURE 54. Fuel Pin Movement in Row Mode2 

* 



L Wire 0 . 0 3 0  * 0 . 0 0 1  d i a n i  

F I G U R E  55. R e p r e s e n t a t i o n  o f  Pin Row Leng th  D i f f e r e n c e s  

5 0  w a l l  

5 0  r a d i u s  
x )  ( t y p i c a l )  



The l a t e r a l  d i s p l a c e m e n t  o r  o f f s e t  was d e t e r m i n e d  by  

u s i n g  t h e  f o l l o w i n g  e q u a t i o n .  

X i Cos e i  = - h  

-1 Xi y i  = X. 1 t a r  ( C o s  ) : L a t e r a l  d i s p l a c e m e n t  o f  a  
p i n  

-1 Y 1  m i  = s i n  - 
I- 

: Angle  u s e d  t o  d e t e r m i n e  t h e  
t h e  a r e a  o f  t h e  p i n  r e m a i n i n g  
i n  t h e  r e g i o n  u n d e r  
d i s c u s s i o n .  

A t  t h i s  p o i n t ,  i t  became n e c e s s a r y  t o  f i n d  t h e  p o r t i o n  o f  

e a c h  p i n  s t i l l  r ema in ing  i n  t h e  f l o w  c h a n n e l  d u r i n g  l a t e r a l  

movement o f  t h e  p i n .  The a r e a s  were  t h e n  summed and s u b t r a c t e d  

from t h e  a r e a  o f  t h e  t r a p e z o i d  a s  f o l l o w s :  

Flow c h a n n e l  a r e a  = a r e a  o f  t r a p e z o i d  

r 2  ((180 - 2mD) 0 .01745  - {9 [ p i n  a r e a  - - 2 
n 

2 
- s i n 2 m D ) ]  + 8  [ p i n  a r e a  - 2 ( ( 1 8 0  - Zml) 

2 
0 .01745  - ~ i n 2 $ ~ ) ]  + 8  [f-- ( ( 1 8 0  - 2ml) 

0 .01745  - sin2m1 

+ - 33 ( w i r e  wrap a r e a )  2 

m D  = a n g u l a r  d i s p l a c e m e n t  o f  t h e  p i n s  i n  row D 

m l  = a n g u l a r  d i s p l a c e m e n t  o f  t h e  p i n s  i n  row 1 

+ D  # $1 
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S a m p l e  C a l c u l a t i o n  f o r  a  2 %  D i a m e t r a l  G r o w t h  

Area o f  t r a p e z o i d  = 1.14929 i n .  2 

Row D 

Row 1 

Flow channe l  a r e a  = 

= 0 . 2 9 2 7 6 6  i n .  2 

ew P i n  
NDiameter 

0 . 2 5 5  

0 . 2 5 5  

F i g u r e  56 shows r e l a t i v e  p i n  movement v e r s u s  p i n  d i a m e t r a l  

growth f o r  rows 1 and D .  F i g u r e  5 7  shows t h e  change i n  f low a r e a  

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

C O N C L U S I O N S  

No d i s p l a c e m e n t  
b e c a u s e  p i n  + w i r e  
d o e s  n o t  f i l l  t h e  
a v a i l a b l e  s p a c e  

-1 'i 'i = 'OS 

0 '14218 
C O s  0 . 1 4 2 5  

eD = 3 '49 '  

Cos  -1 0 . 1 4 2 9  
0.1425 

That  t h e  p i n s  w i l l  d i s p l a c e  i n  a  un i fo rm s p i r a l  p a t t e r n  h a s  

been  demons t ra t ed  b o t h  a n a l y t i c a l l y  i n  t h i s  s e c t i o n ,  and e x p e r i -  

m e n t a l l y  i n  t h e  p r e c e d i n g  m a t e r i a l .  A d d i t i o n a l l y ,  t h i s  per formance  

has  been  c o r r o b o r a t e d  by d a t a  p r e s e n t e d  i n  Refe rence  3 0 .  The 

Yi = 
x i  ( T a n  OD) 

0 . 1 4 2 1 8  Tan  O D  

= 0 . 0 0 9 4 8 5  

0 . 1 4 2 9  Tan  e  
1 

= 0  

9 .  
1 = 

s i n  -1 Y i  
Ti- 

s i n  0 ' 0 0 9 4 8 5  
0 . 1 4 2 5  

e D  = 4 '16 '  

s i n  - 1 0  
0 . 1 4 2 5  

= 0  

1 8 0  - 2 $ .  

1 8 0  - 8 0 3 2 1  

= 1 7 1 ' 2 8 '  

1 8 0  - 0  

= 1 8 0  
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d e f o r m a t i o n  due  t o  t h e  M L - 1  a s sembly  i n  R e f e r e n c e  30 was 

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

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

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

S t r e s s  A n a l y s i s  f o r  P i n  D i sp l acemen t  Due t o  D i a m e t r a l  Growth 

J .  B .  S h a f e r  

C a l c u l a t e d  v a l u e s  o f  t h e  d i a m e t r a l  i n c r e a s e  o f  t h e  peak  

burnup  FTR f u e l  p i n  a r e  r e p e a t e d  f rom F i g u r e  58a.  An i n v e s t i -  

g a t i o n  o f  t h e  i n t e r a c t i o n  be tween  t h e  expanded  f u e l  p i n  and 

t h e  s p i r a l  w i r e  wrap h a s  b e e n  made. Assuming t h a t  t h e  s p a c e r  

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

when e a c h  o f  t h e  2 1 7  f u e l  p i n  d i a m e t e r s  h a s  i n c r e a s e d  by 

1 . 0 7 5 % ,  b a s e d  on a  30 s t a t i s t i c a l  minimum o f  t h e  a s sembly  

c l e a r a n c e .  A t  t h a t  amount o f  s t r a i n ,  t h e  f u e l  p i n s  w i l l  

become "cramped" be tween  s p a c e r  w i r e s  a t  l o c a t i o n s  2 i n .  

a p a r t  a l o n g  t h e  l e n g t h  o f  t h e  f u e l  p i n .  Subsequen t  f u e l  

p i n  g rowth  w i l l  c a u s e  t h e  f u e l  p i n  t o  be  d i s p l a c e d  i n  a  

h o r i z o n t a l  p l a n e  and t o  bend i n t o  a  s p i r a l  p a t t e r n .  The d i s -  

p l a c e m e n t  a t  t h e s e  cramped l o c a t i o n s  c a n  be e x p r e s s e d  a s :  

where : Y = d i s p l a c e m e n t  o f  t h e  f u e l  p i n  from t h e  c e n t e r l i n e  

o f  t h e  row. ( s e e  F i g u r e  5 4 )  

D = P i n  D iame te r  

ER = r a d i a l  s t r a i n  a s  a  f u n c t i o n  o f  t h e  a x i a l  d i s t a n c e  

a l o n g  t h e  f u e l  column,  x .  

D i f f e r e n t i a t i n g  t h e  d i s p l a c e m e n t  e x p r e s s i o n  t w i c e  w i t h  r e s p e c t  

t o  x  y i e l d s  an e x p r e s s i o n  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  b e n d i n g  

s t r e s s  c u r v e  shown i n  F i g u r e  51a .  Note  t h a t  t h e  c a l c u l a t e d  

b e n d i n g  s t r e s s e s  were  b a s e d  on 30 -mi l  s p a c e r  w i r e s  and a  peak  

bu rnup  o f  80 ,000  MWd/T, w i t h  t h e  p r o f i l e d  r a d i a l  s t r a i n  o f  up 

t o  3 % .  
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F u e l  B u r n u p  o f  8 0 , 0 0 0  :qWd/T 

D i s t a n c e  f r o m  B o t t o m  o f  F u e l  C o l u m n ,  i n .  

FIGURE 58a.  Ca l cuZa ted  R a d i a l  S t r a i n  D i s t r i b u t i o n  Based 
on U . K .  E m p i r i c a l  E q u a t i o n  f o r  Maximum Fuel  
Burnup o f  80,000 MWd/T 

0  2 4  6  8 1 0  1 2  1 4  1 6  1 8  2 0  2 2  2 4  2 6  2 8  3 0  3 2  

D i s t a n c e  f r o m  B o t t o m  o f  F u e l  C o l u m n ,  i n .  

- 
b' 

P l a s t i c  D e f o r m a t i o n  B e g i n s  

FIGURE 58b.  C a l c u l a t e d  Bending  S t r e s s  a t  Cramped 
L o c a t i o n s  Only V e r s u s  D i s t a n c e  Along 
Fue l  CoZumn 

- 

- 

- 

- 

- 
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The bend ing  s t r e s s  c u r v e  ( F i g u r e  58b) shows t h a t  l a r g e  

e l a s t i c  s t r e s s e s  may deve lop  a t  t h e  cramped l o c a t i o n s  where 

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

d e f o r m a t l o n  of  t h e  c l a d d i n g ,  Note t h a t  t h e  v a l u e  of  t h e  

bend ing  s t r e s s  i s  h i g h l y  dependent  upon t h e  shape  o f  t h e  

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

s t r a i n  d i s t r i b u t i o n  i s  somewhat u n c e r t a i n  and t h e s e  bend ing  

s t r e s s e s  a r e  b e l i e v e d  t o  be ex t r eme  v a l u e s ,  Determining  t h e  

e f f e c t  o f  p i n  d i s p l a c e m e n t  on p i n  l i f e  and t h e  c o u p l l n g  of  

t h i s  s t r e s s  w i t h  t h e  t h e r m a l ,  d i a m e t r a l  growth ,  and o t h e r  

s t r e s s  p r o d u c i n g  phenomena w i l l  be  accompl ished  i n  t h e  l a t t e r  

p a r t  of  FY 1968,  

M E C H A N I C A L  T E S T S  F O R  F U E L  P I N  B E H A V I O R  D U R I N G  P I N  D E F O R M A T I O N  

R ,  J ,  L o b s i n g e r  

S i m u l a t e d  f u e l  p i n  s w e l l i n g  t e s t s  were pe r fo rmed  t o  

d e t e r m i n e  t h e  e f f e c t  o f  d i a m e t r a l  changes on wi re -wrapped  p i n s ,  

B u r s t  t e s t s  were i n i t i a l l y  used  t o  e v a l u a t e  t h i s  e f f e c t ,  Empty, 

w i r e  wrapped c l a d d i n g  t u b e s  were i n t e r n a l l y  p r e s s u r i z e d  w i t h  

g a s ,  F i g u r e  59 shows a  t y p i c a l  r e s u l t  o f  t h i s  t e s t ,  The 

f a i l e d  t u b e  b u r s t  a t  a  p r e s s u r e  of  10 ,200 p s i g ,  R e l e a s e  o f  

c o n t a i n e d  g a s  caused  t h e  f a i l u r e  zone t o  p r o p a g a t e  a s  shown, 

The second  t u b e  was p r e s s u r i z e d  t o  8000 p s l g  f o r  1 min,  I n  

n e i t h e r  c a s e  d i d  w l r e  wrap-p roduced  d e f o r m a t l o n  of  t h e  t u b e s  

o c c u r ,  Subsequent  t e s t s  were per formed on s i m u l a t e d  f u e l  p i n s  

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

expans ion  was s i m u l a t e d  by  f r e e z i n g  o r  h e a t l n g ,  These t e s t s  

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

u n r e s t r a i n e d  (unzoned) p r e s s u r i z a t i o n ,  T h i s  c o n d i t i o n  p r o  

motes  l o o s e n i n g  of  t h e  w i r e  wrap and t e n d s  t o  o b s c u r e  interaction 

e f f e c t s ,  

A x i a l  s h o r t e n i n g  d u r i n g  d i a m e t r a l  expans ion  may be  

a t y p i c a l  o f  r e a c t o r  b e h a v i o r -  T h e r e f o r e ,  a  zoned-expans ion  
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FIGURE 59. Wire-Wrapped Burst Specimens 



7 - p i n  subassembly  was S a b r i c a t e d  u s i n g  n o n - f u e l e d  304 SS 

c l a d d i n g  of  0 , 2 5 0 - i n ,  O D  by 0 ,016 i n ,  w a l l  c o n t a i n i n g  a  

w a t e r - f i l l e d  compartment i n  t h e  s i m u l a t e d  f u e l  r e g i o n ,  The 

p i n s  were wire-wrapped w i t h  0 , 0 3 0 - i n ,  w i r e ,  assembled  i n  a  

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

s h r o u d  t u b e  t o  p r e v e n t  r a d i a l  movement, A x i a l  s h o r t e n i n g  was 

p r e v e n t e d  by c o n s t r a i n i n g  t h e  p i n s  a x i a l l y ,  The assembly  was 

h e a t e d  i n  an e l e c t r i c  f u r n a c e  t o  500 O F  t o  p e r m l t  t h e  w a t e r  t o  

expand and produce  a  2 - 2 1 / 2 %  d i a m e t r a l  i n c r e a s e ,  Removal 

of  t h e  t i g h t  s h r o u d  t u b e  was accompl ished  w i t h  no more difficulty 

t h a n  o r i g i n a l l y  r e q u i r e d  f o r  assembly ,  

Examinat ion  o f  t h e  " f u e l "  p i n s  d i s c l o s e d  no c l a d d i n g  

d e p r e s s i o n s  because  o f  w i r e  w r a p - t o - t u b e  mechan ica l  i n t e r a c t i o n ,  

A s  shown i n  F i g u r e  60 ,  t h e  p i n  bend ing  o c c u r r e d  f o l l o w i n g  t h e  

s p i r a l  w i r e  wrap i n  t h e  s w o l l e n  r e g i o n ,  t h u s  p e r m i t t i n g  accom- 

modat ion f o r  t h e  d i a m e t r a l  changes and s u p p o r t i n g  t h e  a n a l y t i c a l  

p r e d i c t i o n  o f  t h i s  b e h a v i o r  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 t  i s  t h e r e f o r e  concluded t h a t  moderate  f u e l  p i n  swel  

l i n g  can  be accommodated by a  c o n t o r t i o n  of  t h e  f u e l  subassembly ,  

F u r t h e r  t e s t s  d e f i n i n g  b e h a v i o r  of  r educed  d u c t i l i t y  c l a d d i n g  

a r e  p l a n n e d ,  D e t e r m i n a t i o n  o f  t h e  bending  s t r e s s e s  imposed on 

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

f o r  r e l i a b l e  o p e r a t i o n ,  

F U E L  P I N - S P A C E R  I N T E R A C T I O N ,  T H E R M A L  D I F F E R E N C E  E F F E C T S  

Pin-Wire D i f f e r e n t i a l  Thermal E x ~ a n s i o n / S t r e s s  

J ,  B, S h a f e r  

A;n investigation de te rmined  s p a c e r  w l r e  t e n s i l e  s t r e s s  due 

t o  t h e  d i f f e r e n t l a l  t h e r m a l  expans ion  between t h e  w i r e  and f u e l  

p i n ,  C a l c u l a t e d  v a l u e s  of  t h e  a v e r a g e  c l a d  t e m p e r a t u r e ,  t h e  

t e m p e r a t u r e  d i f f e r e n c e  between a v e r a g e  c l a d  t e m p e r a t u r e  and 

s p a c e r  w i r e  t e m p e r a t u r e ,  and s p a c e r  w i r e  t e n s i l e  s t r e s s  a r e  

shown, r e s p e c t i v e l y ,  I n  a ,  b ,  and c  of  F i g u r e  6 1 ,  These 
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FIGURE 6 0 .  E f f e c t  o f  S w e l l i n g  Upon Pin B u n d l e  B e h a v i o r  
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D i s t a n c e  f r o m  B o t t o m  o f  F u e l  Co lumn ,  i n .  

FIGURE 61a .  Average Clad Tempera tu re  

D i f f e r e n c e  B e t w e e n  A v e r a g e  C l  a d  
T e m p e r a t u r e  a n d  S p a c e r  W i r e  T e m p e r a t u r e  

- 
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D i s t a n c e  f r o m  B o t t o m  o f  F u e l  Co lumn ,  i n .  

FIGURE 6 1 b -  D i f f e r e n c e  Be tween  Average CZad Tempera tu re  
and S p a c e r  Wire  Tempera tu re  

E l a s t i c  T e n s i l e  S t r e s s  i n  S p a c e r  W i r e  - 
L 

- 

- 
- 
7 
I I I I I I 1 I I I I I I 1 

D i s t a n c e  f r o m  B o t t o m  o f  F u e l  Co lumn ,  i n .  

FIGURE 61c.  E l a s t i c  T e n s i l e  S t r e s s  i n  S p a c e r  Wi re  
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c a l c u l a t i o n s  a r e  b a s e d  on t h e  f o l l o w i n g :  

Both s p a c e r  w i r e  and f u e l  c l a d  behave  e l a s t i c a l l y .  

S p a c e r  w i r e  t e m p e r a t u r e  i s  e q u a l  t o  t h e  o u t s i d e  t e m p e r a t u r e  

of  t h e  f u e l  c l a d .  

Clad  t e m p e r a t u r e  i s  b a s e d  on an a v e r a g e  of  ID and O D  

t e m p e r a t u r e s .  

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

Net e l o n g a t i o n s  of  b o t h  t h e  w i r e  and c l a d  a r e  t h e  same. 

I t  may b e  conc luded  from b  and c  of  F i g u r e  61  t h a t  t h e  t e n s i l e  

s t r e s s  i n  t h e  s p a c e r  w i r e  i s  l a r g e l y  dependen t  on t h e  t e m p e r a t u r e  

d i f f e r e n c e  be tween  t h e  s p a c e r  w i r e  and f u e l  c l a d .  F u r t h e r  e v a l u -  

a t i o n s  o f  p i n  and s p a c e r  b e h a v i o r  and p o s s i b l e  o p e r a t i n g  prob lems  

due t o  t h e  d i f f e r e n t i a l  t e m p e r a t u r e s  a r e  underway. 

F u e l  P i n  Bowing Due t o  Flow Induced  Tempera tu r e  G r a d i e n t s  

R .  J .  J a c k s o n  and W .  H.  S u t h e r l a n d  

An a n a l y s i s  o f  f u e l  p i n  t h e r m a l  bowing was pe r fo rmed  and 

r e p o r t e d .  ( j l )  T h i s  work was b a s e d  upon an  e s t i m a t e d  maximum 

t e m p e r a t u r e  d i f f e r e n c e  a c r o s s  a  f u e l  p i n  o f  a p p r o x i m a t e l y  38 OF. 

I t  a l s o  assumed f u e l  p i n  s u p p o r t s  a t  6 - i n .  i n l i n e  i n t e r v a l s .  

T h i s  r e s u l t e d  i n  a  maximum f u e l  p i n  d e f l e c t i o n  o f  0.00016 i n .  

and a  s t r e s s  o f  4200 p s i .  S i n c e  t h a t  work,  K o l e s a r  h a s  com- 

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

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

i n d i c a t e  t h i s  t e m p e r a t u r e  g r a d i e n t  t o  b e  i n  t h e  r ange  o f  140 OF 

t o  ~ 3 5 0  OF. The e x t r e m e s  on t h i s  r a n g e  r e s u l t  f rom t h e  a s s u m p t i o n s  

r e g a r d i n g  d i m e n s i o n a l  t o l e r a n c e s  and mix ing  v a l u e s .  The d e f l e c -  

t i o n  and t h e  t h e r m a l  bowing s t r e s s  o f  t h e  f u e l  p i n  r e s u l t i n g  f rom 

t h e s e  t e m p e r a t u r e  g r a d i e n t s  a r e  shown i n  a  and b y  r e s p e c t i v e l y ,  

of  F i g u r e  62.  

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

seem u n w a r r a n t e d .  The s t r e s s  i n  t h e  e x t r e m e  c a s e  w i l l  c a u s e  some 

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



0  5  0  1 0 0  1 5 0  2 0 0  2 5 0  3  0  0  3 5 0  4 0 0  

M a x i m u m  T e m p e r a t u r e  D i f f e r e n c e  A c r o s s  F u e l  P i n ,  O F  

FIGURE 6 2 .  S t r e s s  a n d  D e J Z e c t i o n  B a s e d  Upon 
6 I n c h  S p a n  o f  FTR F u e l  P i n  
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e a r l y  i n  l i f e ,  T h i s  f u e l  p i n ,  i f  l r r a d l a t e d  f o r  a  s u f f i c i e n t  

t ime a t  low t e m p e r a t u r e  would e x p e r i e n c e  r a d i a t i o n  enhanced 

y i e l d  s t r e n g t h .  Thus p l a s t l c  d e f o r m a t i o n  would be  p r e v e n t e d  i f  

t h e  subassembly  were r e p o s i t i o n e d  a t  a  h i g h e r  p o i n t  i n  t h e  c o r e  

s o  a s  t o  e x p e r i e n c e  t h e s e  extreme t e m p e r a t u r e  g r a d i e n t s ,  

D i f f e r e n t i a l  T e m ~ e r a t u r e - I n d u c e d  P i n  Touchine 

M, T ,  Jakub and T o  J ,  Benne t t  

Thermal distortion c a u s i n g  p i n s  t o  touch  i s  r e i n f o r c e d  by 

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

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

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

f e r e n c e  w i l l  c a u s e  t h e  p i n  t o  bend a s  i n  a  b i m e t a l l i c  s t r i p ,  

The t e m p e r a t u r e  d i f f e r e n c e  needed t o  c a u s e  p i n  t o u c h i n g  i s  

p r e d i c t e d  by a  fo rmula  deve loped  I n  Refe rence  ( 3 2 ) :  

AT = 
(6 J T )  (OD) 1 / 4  + 1 / 3  a / b  

"T a  b ' r l m T p 5  

where AT = t e m p e r a t u r e  d i f f e r e n c e  i n  'F 

6 = w i r e  wrap t h i c k n e s s  

OD = p i n  o u t e r  d i a m e t e r  

a = c o e f f i c i e n t  of  l i n e a r  e x p a n s i o n  

a  = h a l f  of  unsuppor t ed  l e n g t h  

b  = unsuppor t ed  p i n  l e n g t h  

P in  t o u c h i n g  a s  a  f u n c t i o n  of  AT and wrap p l t c h  f o r  a  0 , 2 5 - i n ,  

diam p i n  w i t h  a  30 -mi l  w i r e  wrap 1s shown i n  F i g u r e  63 I t  may be  

s e e n  from t h i s  a n a l y s i s  t h a t  t h e  p r e v i o u s l y  d e s c r i b e d  p e r i p h e r a l  

f u e l  p i n  g r a d i e n t s  may be s u f f i c i e n t  t o  c a u s e  t h e s e  p i n s  t o  touch  

t h e i r  n e i g h b o r i n g  i n t e r n a l  p i n s ,  F u r t h e r  a n a l y s i s  of  t h i s  

problem i s  c o n t i n u i n g ,  
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P a r a m e t e r s  

P i n  O D  = 0 . 2 5  i n .  

Wrap OD = 0 . 0 3 0  i n .  - 
aT = 1 0 - ~ i n / i n  O F  

- 

- 

- 

- 

I I 

9 

W i r e  Wrap P i t c h ,  i n .  

FIGURE 6 3 .  P i n  T o u c h i n g  AT V e r s u s  W i r e  Wrap P i t c h  
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FUEL PIN-SPACER VIBRATION CHARACTERISTICS 

M, A, F i s c h e r ,  G o  L o  F o x ,  N o  L o  J o h n s o n ,  W ,  H ,  S u t h e r l a n d  

V i b r a t i o n  T e s t i n g  and Analyses  

Two p i n s  have been t e s t e d ,  one w i t h  and one w i t h o u t  t h e  

w i r e  wrap,  I n  a d d i t i o n ,  a  s o l i d  r o d  and a  t h i n  w a l l  t u b e  were 

t e s t e d  and t h e o r e t i c a l  comparisons were c a l c u l a t e d , >  

Lumped mass models of  a  s o l i d  r o d  and a  f u e l  p i n  were s e t  

up f o r  a  m a t r i x  a n a l y s i s  by means of  t h e  SAMIS code ,  Both t h e  

r o d  and f u e l  p i n  were unsuppor t ed  e x c e p t  a t  t h e  e n d s ,  Three 

s e t s  o f  end c o n d i t i o n s  c o n s i d e r e d  f o r  t h e  f u e l  p i n  were (1)  b o t h  

ends f i x e d  ( F - F ) ,  ( 2 )  one end f i x e d  and one end p inned  ( F - P ) ,  and 

(3 )  b o t h  ends  p i n n e d  (P- P) , The a n a l y s i s  i n d i c a t e d  t h a t ,  com 

p a r e d  t o  t h e  s o l i d  r o d ,  t h e  f u e l  p i n  had s h i f t e d  n o d a l  p o i n t s  

and unequa l  a m p l i t u d e s  of  v i b r a t i o n ,  w i t h  t h e  l a r g e r  a m p l i t u d e s  

a t  t h e  l i g h t e r  w e i g h t  e n d ,  F i g u r e s  6 4  and 6 5  show t h i s  f o r  t h e  

second and t h i r d  v i b r a t i o n  modes, r e s p e c t i v e l y ,  Tab le  VI p r e s e n t s  

a  summary o f  t h e  c a l c u l a t e d  and t e s t  d a t a ,  

Under (F-F) c o n d i t i o n s ,  odd numbered modes of  v i b r a t i o n  

s h o u l d  r e q u i r e  r e l a t i v e l y  low l e v e l s  of  f o r c e  and even  numbered 

modes r e l a t i v e l y  h i g h e r  l e v e l s ,  Data were o b t a i n e d  i n  t h e  form 

o f  p l o t s  of  f o r c e  l e v e l  v e r s u s  f r e q u e n c y  f o r  a  r ange  from 5 t o  

5 0 0  H z ,  These d a t a  a r e  shown i n  F i g u r e s  6 6  th rough  69 , ,  

Values  f o r  t h e  f i r s t  modes ( fundamenta l s )  may n o t  b e  e x a c t ,  

The f o r c e  l e v e l s  a r e  s o  low t h a t  minor  t r a n s d u c e r  mass e f f e c t s  

become p r o p o r t i o n a t e l y  l a r g e ,  A l s o ,  t h e  f r e q u e n c i e s  a r e  approach ing  

t h e  lower l i m i t  o f  t h e  e q u i p m e n t ,  Above t h e  f i r s t  mode, t h e  

e x p e r i m e n t a l  d a t a  f o r  a l l  i t e m s  show p a i r s  of  f r e q u e n c i e s  v e r y  

c l o s e  t o g e t h e r ,  For t h e  rod  and t h e  t u b e ,  t h e s e  p a i r s  o c c u r  

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

e x p e r i m e n t a l  and t h e o r e t i c a l  f r e q u e n c i e s  can  be r e c o n c i l e d  a s  

f o l l o w s :  F i r s t ,  a  g e n e r a l  dynamics theorem s t a t e s  t h a t  when an 

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



- 
F u e l  P i n  L i g h t  E n d  

0-\ 

F u e l  P i n  H e a v y  E n d  

I 

\ / 
\ / 
\ I 
'-/ 

F u e l  P i n  - S o l i d  Rod  --- 

FIGURE 64. Second Vibration Mode Comparison 
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F u e l  P i n  H e a v y  E n d  F u e l  P i n  L i g h t  E n d  

F u e l  P i n  S o l i d  Rod  --- 

FIGURE 6 5 .  T h i r d  V i b r a t i o n  ~ o d e  Compar i son  



T A B L E  V I .  CaZcuZated and T e s t  V i b r a t i o n  Data f o r  Clad T u b e s ,  Fue l  P i n s ,  and S o l i d  Rods 

Mode 

Hol low Tube*.  c p s  

E x p e r i -  
m e n t a l  

T h e o r e t -  
i c a l  

F u e l  P i n ,  c p s  
T h e o r e t i c a l  
Lumped Mass 

E x p e r i -  E x p e r i -  
m e n t a l  m e n t a l  
(No F-F ( F i x e d -  F i x e d -  F i x e d -  P i n n e d -  
W i r e s )  F i x e d )  F i x e d  P i n n e d  P i n n e d  

6 . 3  6 . 3  6 . 2 9  4 .77  2.82 

* Same d i m e n s i o n  a s  r e f e r e n c e  f u e l  p i n  

S o l i d  Kod*. c ~ s  

T h e o r e t i c a l  

Lumped 
E x p e r i -  Mass 
m e n t a l  E x a c t  ( 2 0 )  

8 . 5  8 . 0 4  8 . 0 5  



S t i f f n e s s ,  l b / i n .  M a s s  W e i g h t ,  l b  

a 
To 6 '0 107 

3 2 
'0 -10 

1 0  2 0  1 0 0  1 0 0 0  

F r e q u e n c y ,  H Z  

FIGURE 6 6 .  Hol low Rod (Thin W a l l )  Force  L e v e l  



S t i f f n e s s ,  l b / i n .  Mass W e i g h t ,  l b  

5 1 0  2 0  1 0 0  1 0 0 0  

F r e q u e n c y ,  H Z  

FIGURE 6 7 .  Fue l  P in  ( W i t h o u t  W i r e )  Force  L e v e l  



FIGURE 6 8 .  F u e l  P i n  ( W i t h  W i r e )  F o r c e  L e v e l  



5 1 0  2 0 1 0 0  
F r e q u e n c y ,  tlZ 

FIGURE 6 9 .  S o l i d  Rod F o r c e  L e v e l  



f r e q u e n c i e s  must l l e  between t h o s e  of  t h e  o r b g i n a l  sys t em,  The 

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

c o n s t r a i n t ,  The t e s t  s e t  up w i l l  be a l t e r e d  t o  eliminate t h i s  

constraint, Second,  harmonic distortion from a d d i t i o n a l  d e g r e e s  

( r o t a t i o n a l )  o f  f reedom can  a l s o  a l t e r  t h e  obse rved  n a t u r a l  

f r e q u e n c i e s ,  F i n a l l y ,  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  assume 

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

canno t  b e  a c h i e v e d ,  

The f r equency  impedance p l o t s  show t h a t  t h e  f u e l  p i n s  

v i b r a t e  i n  a  manner ve ry  s i m i l a r  t o  t h e  r o d  and t u b e ,  The 

preliminary u s e  o f  t e s t i n g  rods  and t u b e s  i s  t h e r e f o r e  wor th -  

while i n  d e v e l o p i n g  t e c h n i q u e s  and e x p l o r i n g  i n s t r u m e n t a t i o n  

p o s s i b i l i t i e s ,  The e f f e c t  of  t h e  w i r e  wrap ,  a l s o  a p p a r e n t  i s  

minor  i n  r e s p e c t  t o  f r e q u e n c i e s  b u t  i s  more n o t i c e a b l e  f o r  f o r c e  

l e v e l s ,  e s p e c i a l l y  a t  t h e  h i g h e r  f r e q u e n c l e s ,  

Flow Induced Fue l  P i n  V i b r a t i o n  

The f u e l  p i n  v i b r a t i o n s  were s i m u l a t e d  w i t h  a  s h a k e r ,  and 

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

c e l l  t o  measure displacements, The d a t a  c i r c u i t s  were e v a l u a t e d  

f o r  s e n s i t i v i t y ,  n o i s e  r e j e c t i o n ,  and i n t r o d u c t i o n  o f  ha rmonics ,  

A b r l d g e  c i r c u i t  a p p e a r s  t o  g i v e  t h e  b e s t  definition o f  t h e  d a t a ,  

A v l b r a t i o n  a n a l y s i s  was per formed f o r a  f u l l  l e n g t h  f u e l  

p i n  w l t h  m u l t i p l e  s u p p o r t s ,  For th1.s s y s t e m ,  t h e  n a t u r a l  f r e -  

q u e n c i e s  were compared t o  a  s imply  s u p p o r t e d  beam wath a  l e n g t h  

t h e  same a s  t h e  d i s t a n c e  between w l r e  wrap s u p p o r t s ,  The f i r s t  

modes f o r  b o t h  sys t ems  have comparable  f r e q u e n c l e s ,  However, t h e  

f r e q u e n c y  of  t h e  second  mode of  t h e  s imply  s u p p o r t e d  beam i n c r e a s e d  

by a  f a c t o r  o f  4 ,  w h l l e  t h e  m u l t i s u p p o r t e d  f u e l  p i n  f r e q u e n c i e s  

I n c r e a s e d  o n l y  abou t  10 t o  1552, Th i s  r e s u l t  i s  a t t r i b u t e d  t o  t h e  

second mode ampl i tude  form of  a  s imply  s u p p o r t e d  beam which f i r s t  

o c c u r s  a t  one span  r a t h e r  t h a n  a l o n g  t h e  whole f u e l  p i n  l e n g t h ,  
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Then,  a t  h i g h e r  modes o f  t h e  m u l t i s u p p o r t e d  p i n ,  t h i s  s e c o n d  

mode a m p l i t u d e  fo rm c o v e r s  more and  more s p a n s ,  i . e .  

Thus a  m u l t i s u p p o r t e d  f u e l  p i n  may be  e x c i t e d  a t  a  r a n g e  o f  

f r e q u e n c i e s  be tween  t h o s e  o b t a i n e d  a t  t h e  f i r s t  and s e c o n d  

mode s h a p e s  o f  a  s i m p l y  s u p p o r t e d  beam. 

A new v i b r a t i o n  t e s t  f i x t u r e ,  now b e i n g  m a n u f a c t u r e d ,  

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

p i n s .  N i n e t e e n  w i r e -wrapped  model f u e l  p i n s  m a n u f a c t u r e d  f o r  

u s e  w i t h  t h i s  f i x t u r e  a r e  now on hand .  T h i s  t e s t  a s s emb ly  

w i l l  b e  u s e d  f o r  deve lopmen t  o f  i n s t r u m e n t a t i o n  f o r  t h e  f u l l  

s c a l e  v i b r a t i o n - h y d r a u l i c  t e s t s  p l a n n e d  i n  l a t e  FY 1968 .  

S O D I U M  E F F E C T S  

M. K. M i l l h o l l e n  

A s e v e n - p i n  c l u s t e r  was f a b r i c a t e d  and  s u b j e c t e d  t o  f l o w  

t e s t i n g  i n  t h e  PNL i s o t h e r m a l  sodium t e s t  l o o p .  The p i n  

c l u s t e r  c o n s i s t e d  o f  s e v e n  0 . 2 0 0 - i n .  diam p i n s  (304 SST),  

e a c h  c o n t a i n i n g  1 7 . 5  i n .  o f  0 . 1 6 8 - i n .  diam d e p l e t e d  U02 

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

mixed o x i d e  p e l l e t s .  The o v e r a l l  l e n g t h  o f  t h e  c l u s t e r  was 

24 i n .  A s h o r t e n e d  c l u s t e r  was u s e d  t o  keep  t h e  l o o p  p r e s s u r e  

d r o p  a t  t h e  r e q u i r e d  t e s t  c o o l a n t  v e l o c i t y  l e v e l .  The p i n  

s p a c i n g  was m a i n t a i n e d  by a  0 . 0 4 0 - i n .  diam w i r e  wrap on a  

1 2 - i n .  p i t c h .  

The f l o w  d u c t  was a  h e x a g o n a l  s t a i n l e s s  t u b e  o f  0 . 703  i n .  

i n s i d e  d i m e n s i o n  a c r o s s  t h e  f l a t s .  The d u c t  was f a b r i c a t e d  

by draw s i z i n g  a  1 - i n .  x  0 . 0 6 5 - i n .  w a l l e d  s t a i n l e s s  s t e e l  t u b e .  

The d u c t  was e q u i p p e d  w i t h  1 8  t u b e s  1 / 8  i n .  i n  d i a m e t e r  
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p e n e t r a t i n g  t h e  w a l l  of t h e  b a s k e t  f o r  a t t a c h i n g  p r e s s u r e  

s e n s i n g  p r o b e s  (wa te r  t e s t  o n l y ) ,  

The s e v e n - p i n  sodium f low t e s t  c l u s t e r  was r e c e n t l y  

removed from t e s t  i n  f l o w i n g  sodium a f t e r  240 days (5760 h r )  

a t  a  v e l o c i t y  of  %25 f p s  and a  t e m p e r a t u r e  of  1060 OF, Carbon 

was m a i n t a i n e d  t o  <20 ppm, and oxygen t o  <10 ppm, T e s t s  of  

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

F u l l  s c a l e  t e s t s  o f  s u b a s s e m b l i e s  i n  sodium w i l l  t a k e  p l a c e  

i n  t h e  Core Component T e s t  Loop a t  A N L ,  

Measurements on i n d i v i d u a l  rods  and w i r e s  showed no  

obvious  d e c r e a s e  i n  d i a m e t e r ,  Rod numbers ,  p u t  on t h e  rods  

by t h e  g r i t  b l a s t  method, a r e  s t i l l  v i s i b l e ,  Inasmuch a s  t h e s e  

marks a r e  no rmal ly  0 ,0001  i n ,  deep ,  d i a m e t r a l  wear on t h e  f u e l  

rod  s u r f a c e s  may be  c o n s i d e r e d  l e s s  t h a n  0,0002 i n c h .  F i g u r e s  

70, 7 1 ,  and 7 2  show t h e  c l u s t e r  a s  i t  now a p p e a r s ,  No e v i d e n c e  

of  w i r e  e r o s i o n ,  c o r r o s i o n  d i m e n s i o n a l  change ,  o r  w i r e  wrap 

l o o s e n i n g  was a p p a r e n t ,  

The s e v e n - r o d  c l u s t e r  w i l l  be  r e - i n s e r t e d  i n  t h e  hexagona l  

f low b a s k e t  and t h e  b a s k e t  w i l l  be  p l a c e d  back i n  t h e  loop  a f t e r  

t h e  new pump i s  i n s t a l l e d ,  T h i s  pump w i l l  p r o v i d e  a  sodium f low 

of  h i g h e r  v e l o c i t y  t h a n  t h e  27-30 f p s  r a n g e ,  The t e s t  w i l l  be 

comple ted  a f t e r  1 2  f u l l  f low months o f  t e s t i n g ,  



FIGURE 7 0 .  S e v e n  P i n  S o d i u m  T e s t  A s s e m b l y  After 
5 7 6 0  H r  a t  2 5  F P S  a n d  1 0 6 0  OF 



FIGURE 7 1 .  S e v e n  Pin Sodium T e s t  A s s e m b l y  A f t e r  
5760 Hr at 25 FPS a n d  1 0 6 0  OF 



FIGURE 7 2 .  Seven  P i n  Sodium T e s t  Assembly After 
5 7 6 0  Hr a t  2 5  FPS and 1 0 6 0  OF 
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