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' WIRE-WRAP ' COMPRESSION. CHARACTERISTICS STUDY 

PHASE I 

1.0 SUMMARY 

An a n a l y t i c a l  computer comparison was made o f  the compression c h a r a c t e r i s t i c s  

o f  proposed wire-wrap bundles. The study inc luded anaJysis o f  7-.!and 37-rod 

s t r a i  g h t - s t a r t  bundles (base con f igu ra t i on )  , and sof tened 37-rod con f igu ra t i ons .  

The sof tened con f igu ra t i on  analyzed were: s t r a i g h t - s t a r t  w i t h  d i s t r i b u t e d  w i re -  

l e s s  f u e l  rods, and t h e  staggered wire-wrap s t a r t  angles o f  0 ~ - 3 0 ~ - 6 0 ~  and 

0°-450-900. The compression o f  the bundle simulates the  bundle-to-channel i n t e r -  

ference a t  end-o f - l i fe  cond i t ions  a t  which h igh  d i f f e r e n t i a l  s w e l l i n g  between 

the  channel and bundle has been predicted.    he computer r e s u l t s  do n o t  i nc lude  

t h e  so-ca l led  "d ispers ion" . . e f f e c t s .  (See d iscussion o f  d ispers ion  i n  Sect ion 

4.4, ) The e f f e c t s  o f  o the r  var iab les  such as p i t c h  length ,  creep, a x i a l  va r ia -  

t i o n s  i n  swel l ing ,  and degree o f  s w e l l i n g  were n o t  studied. These a n a l y t i c  

s tud ies  g i ve  an i n d i c a t i o n  o f  trends only.  No credence should be .given t o  

s p e c i f i c  q u a n t i t a t i v e  l o a d  o r  de f l ec t i on  r e s u l t s  quoted i n  t h i s  repo r t .  

The computer so lu t i ons  prov ide  a n a l y t i c a l  data on bundle loads and def lec-  

t i o n s  and a1 so prov ide  displacement vec tor  p l o t s  o f  important  bundle planes. 

These prov ide a  good , v i sua l  a i d  t o  evaluate bundle behavior and rod d e f l e c t i o n  

t rends o f  i n t e r e s t .  The key r e s u l t s  o f  t h i s  p re l im ina ry  eva luat ion  are: 

.+ The so f ten ing  technique of d i s t r i b u t e d  w i re less  rods produces l o c a l -  

i z e d  de f lec t i ons .  

@ A specia l  edge rod wire-wrap support con f igu ra t i on  may be needed t o  

accomnodate : .def lect ions i n d i c a t e d  f o r  t he  staggered-star t  design. 

a The need f o r  mechanical t e s t i n g  i s  af f i rmed,  p a r t i c u l a r l y  t h e  need 

f o r  d e f l e c t i o n  measurements. These measurements should be made over 

a  range o f  i n te r fe rence  l e v e l  s. 

The need f o r  cont inued e f f o r t  t o  develop low-swell i n g  f u e l  r o d  

c ladd ing mater ia ls  has been emphasized. 
, .  

The need f o r  development o f  an improved wire-wrap assembly design 

con f igu ra t i on  t h a t  can a d j u s t  the d i s t r i b u t i o n  o f  rod  d e f l e c t i o n s  

w i t h i n  t h e  bundle, so t h a t  clearances between rods and between edge 

rods and the  :'channel remain w i t h i n  acceptabl i! 1 i m i  t s  , has been 

h igh l igh ted.  : 



2.0 OBJECTIVES 

The wire-wrap assemblies o f  a t a r g e t  LMFBR w i l l  be requ i red  t o  operate 

t o  a peak burnup of  approximately 150,000 MWD/T and a peak f a s t  f luence o f  

2.5 t o  3.0 x NVT. With the  present  reference core s t r u c t u r a l  mater ia l .  

(316 SS 20% CW) , these ope ra t i ng  cond i t i ons  can, as p r e s e n t l y  p red ic ted ,  

r e s u l t  i n  s i g n i f i c a n t  i r r a d i a t i o n  growth o f  the assembly and s i g n i f i c a n t  

growth o f  the fue l  rod  bundle r e l a t i v e  t o  the  channel. Excessive growth o f  

the fue l  rod  bundle r e l a t i v e  t o  the channel w i l l  r e s u l t  i n  d i s t o r t i o n  o f  the 

fue l  rod  bundle w i t h  nonuniform displacement o f  f u e l  rod  spacing and reduct ion  

o f  t he  rod-to-channel edge spacing. . . 
Th is  computer s tudy o f  wire-wrap compression c h a r a c t e r i s t i c s  was made i n  

t o  he1 p evaluate the r e l a t i v e  wor th  o f  t he  proposed bundle s o f t e n i n g  tech- 

niques o f  d i s t r i b u t e d  w i re less  rods and staggered wire-wrap s t a r t  angles, 

t o  gain a b e t t e r  understanding o f  bundle behavior  due t o  r e l a t i v e  bundle-to- 

channel growth, and t o  a s s i s t  i n  f o rmu la t i ng  a successful  wire-wrap mechanical 

t e s t  program. 

P r i o r  experience, t e s t i n g  and ana lys is  have indi .qated t h a t  a poss ib le  

method o f  reducing the  e f f e c t s  o f  i n t e r f e r e n c e  i s  through t h e  use o f  d i s t r i b u t e d  

w i  r e less  rods and staggered wire-wrap s t a r t  angles. . A  mechanical t e s t  program 

has been proposed which w i l l  t e s t  bund le .so f ten ing  techniques. As o r i g i n a l l y  

planned, d i s t r i b u t e d  w i re less  rods and s taggered-s tar t  arrays o f  0 ~ - 3 0 ~ - 6 0 ~  and 

0 ~ - 4 5 ~ - 9 0 ~  were t o  be tested.  The r a t i o n a l e  behind these var ious bundle s o f t -  

ening techniques, as so l  u t i ons  t o  the end-of-1 i f e  bundle-to-channel i n t e r f e r e n c e  

problem and t h e i r  s e l e c t i o n  as t e s t  con f i gu ra t i ons ,  i s  exp la ined i n  Reference 2. 

These t e s t  con f i gu ra t i ons  are analyzed i n  t h i s  study. 



3.0 METHOD AND RESTRICTIONS 

The study was made by use o f  computer models us ing the NASTRAN s t ruc tu res  

computer program (References 5 and 6). The models are o f  cur rent  design 

conf igura t ion  o f  .230"-diameter rods, .015"-thick cladding, . .. w i t h  .056" w i r e  
.? .,..I . , 

spacing and a wire-wrap p i t c h  o f  12 inches. Bundle s i z e  was 1 i m i  t e d  t o  7 and 

37 rods due t o  h igh  running times and cost  f o r  l a r g e  bundles. The models con- 

s i s t  o f  beam elements f o r  t he  rods and .ax ia l  compression members f o r  the w i r e  

contacts between rods and between edge rods and the  channel. The a x i a l  mether 

extends f r o m  rod  center  1 i n e  t o  rod  center  1 i n e  o r  channel wa l l  and i s  s i zed  

t o  i nc lude  rod r a d i a l  s t i f f n e s s  (see Appendix B) .  

The models are o f  the smal les t  r e p e t i t i v e  sec t ion  w i t h  t h e  ends connected 

b y  t y i n g  equations so as t o  s imulate a f u l l  bundle.  he r e p e t i t i v e  sect ions 

are o f  116 p i t c h  l eng th  f o r  s t r a i g h t - s t a r t  bundles, and 113 p i t c h  l eng th  f o r  

s taggered-star t  bundles. By s tack ing  6 s t r a i  g h t - s t a r t  r e p e t i t i v e  sec t ions  on 

top o f  each o t h e r  and r o t a t i n g  each 60' r e l a t i v e  t o  the  one preceding it, a 

f u l l  bundle p i t c h  i s .  achieved. For t h i s  study, un i fo rm a x i a l  compression was 

assumed, as i t  provides adequate i n fo rmat ion  f o r  a r e l a t i v e  compari.son and i s  

a s impler  and smal l e r  problem t o  analyze. For un i fo rm a x i a l  compression, each 

r e p e t i t i v e  sec t ion  acts i d e n t i c a l l y ,  thus o n l y  one need be analyzed t o  determine 

f u l l  bundle behavior.. This r e p e t i t i v e  sec t ion  technique perrni t s  a minimum 

model s i z e  t o  be used. The t y i n g  equations t i e  together  the  ends o f  t he  rods 

w i t h  the  opposi te rod  ends which would connect t o  them i f  a r o t a t e d  sec t ion  

were stacked on top  o f  t h e  sec t ion  being analyzed. 

With t h e  w i  re1 ess and staggered conf igura t ions  , some w i r e  contac t  1 ocat ions 

separate; t h i s  causes tension i n  the  a x i a l  elements represent ing  these contacts. 

De f lec t i on  checks o f  rod  spacing were made and tension elements were removed 

by t r i a l  and e r r o r .  

The ana lys is  was made f o r  a u n i t  compression o f  10% w i t h  r e s u l t s  l a t e r  

fac tored t o  t h e  c u r r e n t l y  p red ic ted  d i f f e r e n t i a l  s w e l l i n g  in ter fe rence.  The 

worst case in te r fe rence  as c u r r e n t l y  p red ic ted  i s  4.36% o f  the  o r i g i n a l  bundle 

dimension. This i s  due t o  bundle s w e l l i n g  o f  8.19%, l e s s  0.70% cl&$rance, 1,ess 

3.1 3% channel growth. The ac tua l  behavior  i s  t he  superposi t ion o f  the  f ree  

8.19% s w e l l i n g  and t h e  4.36% mechanical compression. This means t h a t  t h e  

spacinq and o r i g i n a l  clearance between rods t o  which d e f l e c t i o n  data are t o  

be compared i s  .056" x 1.0819 o r  .0606". 

3 



The conf igura t ions  analyzed are: 

7-rod s t r a i g h t  s t a r t  

37-rod s t r a i g h t  s t a r t  

37-rod s t r a i g h t  s t a r t  w i t h  7 w i re less  rods 

37-rod 0 ~ - 3 0 ~ - 6 0 ~  s taggered-star t  angl e 

37-rod 0 ~ - 4 5 ~ - 9 0 ~  s taggered-s tar t  angle. 

Sketches o f  t he  models showing the element node p o i n t s .  o f  t he  model f o r  the 

d i f f e r e n t  a x i a l  planes are  shown on pages 6 through 9. For the s t r a i g h t - s t a r t  

models, nodes are a t  planes Z = 0, Z = 1 , and Z = 2. For the  staggered-star t  

models, planes are  f r o m  Z = 0 t o  Z = 4 w i t h  planes needed an inch  a p a r t  f o r  

t h e  0 ~ - 3 0 ~ - 6 0 ~  stagger and a h a l f - i n c h  apar t  f o r  the 0 ~ - 4 5 ~ - 8 0 ~  stagger. 

There are major 1 i m i  t s  t o  which an a n a l y t i c a l  s o l u t i o n  can p r e d i c t  bundle 

behavior  a t  t h i s  time. The hexagonal bundle behavior i s  very complex, p a r t i c u -  

l a r l y  the  e f f e c t s  o f  :bundle s i ze '  and "d ispers ion."  The expected behavior  f rom 

these - e f f e c t s  has been ind ica ted,  based on judgment. .The e f f e c t s  o f  cre@pa, w h i l e  

accounted f o r  i n  t h e  i n te r fe rence  used, a re  n o t  used i n  the  ana lys is  as f a r  as 

they  a f f e c t  l o a d  data. 

We do n o t  c la im  t h a t  the r e s u l t s  o f  t h i s  work charac ter ize  t h e  expected 

q u a n t i t a t i v e  behavior i n  a 21 7-rod LMFBR assertbly under p r o t o t y p i c a l  cond i t ions ,  

n o r  t h a t  any o f  t h e  q u a n t i t a t i v e  values given i n  t h i s  r e p o r t  represent  what 

w i l l  r e a l l y  happen i n  a core. This r e p o r t  i s  a f i r s t  s tep  i n  a r a t h e r  long, 

i t e r a t i v e  ana lys i s / tes t  data process t o  reach an understanding o f  how t o  design 

and p r e d i c t  the e n d - o f - l i f e  performance c h a r a c t e r i s t i c s  o f  a wire-wrap assembly 

based on present ma te r ia l  p roper t i es  expectat ions f o r  316 SS 20% CW. 

As tempting as the prospect may be t o  t r y  t o  deduce conclusions f rom the  

q u a n t i t a t i v e  r e s u l t s  given i n  t h i s  repo r t ,  t h e  reader i s  caut ioned --- n o t  t o  draw 

any such concl usions. This r e p o r t  does, however, f l ag many areas t h a t  should be 

subjects f o r  f u r t h e r  study and t e s t ,  based on the  s e n s i t i v i t y  o f  these areas t o  

desi gn parameters and mate r ia l  p roper t i es  cha rac te r i s t i cs .  













4.0 . .  . RESULTS 

4 .  Data .Summary 

Loads and deflection data adjusted to  4.36% bundl e-channel . in terference a r e  

summarized i n  Table 1 below. The displacement vector p lots  o f  important bundle ,. 

pl anes , w i t h  important dimensions displayed, are  prese'nted i n  App,endi x A. , I . . 
I . i  

Table 1 

Summary of Computer Results 

Adjusted :'to 4.36% Bundl e-Channel Interference 

*The.se:would cause rod-channel contact (Note: wire spacing a f t e r  8.19% expansion 
fo r  EOL conditions would be .056 x 1.0819 = ,0606"). 

3 7 

0 ~ - 4 5 ~ - 9 0 ~  
Stagger 

64.1 - 

28.8 

23.4 

38.5 

11.9 

19.9 

.0442' 

292.7 

04 78 

241 .7 

.0045 

' ,0470 

65.2 

Bundle Size (No. o f  Rods) 

b 

Bundle Confi guration 

Max. Load on Channel F1.e Per Pitch ( Ib s )  

%/of  S t ra igh t  S t a r t  

Max. Rod-to-Channel Load ( l b s )  

% of S t ra igh t  S t a r t  

Max. Rod-to-Rod Load ( l b s )  

% of S t ra igh t  S t a r t  

Max. Increase Rod-to-Rod Spacing ( in .  ) 

% of Stra ight  S t a r t  

Max. Decrease Rod-to-Rod Spacing ( in .  ) 

% of S t ra igh t  S t a r t  

Max. Increase . 
Rod-to-Channel Spacing ( in .  ) 

. . 

Max. Decrease 
Rod-to-Channel spacing , ( in . )  

% of Stra ight  S t a r t  

3 7 

S t ra igh t  
' S t a r t  

223.1 

100.0 

60.7 

100.0 

59.6 

100.0 

.0151 

100.0 

.0198 

100.0 

.O 

0721 * 
100.0 

7 - 

St ra i  ght. 
S t a r t '  

24.3 

12.2 

. 9.1 

.0089 ' 

' .0098 

. O  

.0353 

3 7 

Straight  
S t a r t  
With. 7 

Wi re less  
Rods 

112.7 
50.6 

41 .O 

67.6 

31.7 

53.0 

.0270 

178.8 

.0472 
238.7 

.OOl9 ' 

.06 34* 

88.0 

3 7 

0 ~ - 3 0 ~ - 6 0 ~  
Stagger 

97.3 
43,6 

38.2 

62.8 

18.5 

31.1 

. 0496 "' 

328.2 . 

.0417 

210.7 

.0081 .. 

.0464 

64.4 



4.2 Cor re la t i on  o f  Loads t o  Previous Test Data 
i t  ! 
I :  . 

From previous ana lys is  o f  s t r a i g h t - s t a r t  bundles, t h e  bundle ac ross - f l a t s  : ! '  

compression sp r ing  constant was der ived as : 

K = - = -  EIN (See Reference 2) 
A C p3 (Eq. 1 )  

, 
where: 

C = An-exper imental ly  determined constant.  

K = Bundle across- f l  a ts  s p r i n g  constant o f  ' the  
t o t a l  l i n e  load p e r  f l a t  d i v ided  by the  
across f l a t s  l eng th  .change, lb / inch.  

F = Tota l  l i n e  l oad  p e r  f l a t ,  I b .  

A = Bundle-channel i n te r fe rence  expressed as 
across- f l  a t s  l eng th  change, i n .  

E  = Young's modulus o f  e l a s t i c i t y ,  ps i .  
4  I = Moment o f  i n e r t i a  o f  a  f u e l  rod, i n .  . 

N = Number o f  f u e l  rods. 

P = Wire-wrap p i t c h ,  inches. 

Previous t e s t  data i nd i ca tes  good c o r r e l a t i o n  us ing  a  value o f  6.0 f o r  C 

(Reference 2) f o r  l a r g e  bundles o f  127 and 217 rods. Using t h i s  r e l a t i o n s h i p  

f o r  7- and 37-rod bundles w i t h  4.36% compression, the  load on a  f l a t  would be 

4.8 1bs f o r  a  7-rod bundle and 55.7 l b s  f o r  a  37-rod bundle. ~ h b  computer 

ana lys is  gave 24.3 l b s  and 223.1 l b s  which i s  h igher  by fac to rs  o f  5  and 4, 

respect i  vel  y 

It was p rev ious l y  thought t h a t  the  value o f  6  f o r  C was mainly due t o  

rod  "d ispers ion"  (see Sect ion 4.4). The computer data i nd i ca tes ,  w h i l e  d is -  

pers ion i s  the  main e f f e c t  o f  t h i s  sof tening,  t h e  combined e f f e c t s  o f  the  

hexagonal shape o f  t he  bundle (causing a  d i s c o n t i n u i t y  o f  the  l o a d  path  a t  

t he  boundary and causing nonuniform and out-of-phase rod deformation) and rod 

r a d i a l  con~pression (ova l i ng )  are con t r i bu to rs  t o  bundle softening. I f  two 

constants were used f o r  C i n  the  above equation, one f o r  d ispers ion  and one 

, f o r  hex and o v a l i n g  e f f e c t s ,  t h e  values would be 4.0 and 1.5, respect ive ly ,  

f o r  the 37-rod bundle. 



Figures 6 through 9 are  a reproduct ion o f  t e s t  data f o r  37-rod bundles 

from Reference 2. The NASTRAN r e s u l t s  (Table I ) ,  o f  l o a d  on channel f l a t ,  

show t h e  d i s t r i b u t e d  w i re less  configuEat+jon loads t o  be 50.6% o f  the  s t r a i g h t -  i ; 

s t a r t  loads and t h e  0 ~ - 3 0 ~ - 6 0 ~  stagger 6&nf igura t ion  . . loads t o  bq 43.6% o f  : I , I 

the s t r a i g h t - s t a r t  loads. ~~~l yi,/ig t h e i k i r a t i o s  t o  the  s t r a i g h t - s t a r t  . 

r e l a t i o n s h i p  o f  Equation (1) shows reas';"' b l e  c o r r e l a t i o n  t o  the 37-rod t e s t  
:,: 2::. 4 

data. ~ y ?  c jr. 
- 0.. 
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4.3 Ext rapo la t ion  o f  Data t o  Larger  Bundles 

W i  re-wrap bundle behavior  i s  dependent on t h e  w i  re-wrap desi gn con f igu ra t i on .  

I n  o rde r  t o  make a r e l a t i v e  judgement, an understanding o f  how bundle s i z e  a f f e c t s  

d i f f e r e n t  conf igura t ions  i s  necessary. This ex t rapo l  a t i o n  d iscussion i s  made 
- t o  a i d  a r e l a t i v e  worth determinat ion; b u t  as t h i s  ana lys i s  does n o t  inc lude a l l  

bundle var iab les  o r  design so lu t ions ,  i t  shoutd n o t  be used t o  make a design 

adequacy judgment o f  wi re-wrap bundles any more than the  q u a n t i t a t i v e  7- and 37- 

rod  r e s u l t s  given i n  t h i s  r e p o r t  should be used t o  make such judgments. 

The wire-wrap bundle behavior  can be considered a superpos i t ion  o f  f i v e  

d i f f e r e n t  behaviors. These a re  : 

(1 ) Bundle he1 i ca l  bending. 

(2) Rod l a t e r a l  d ispers ion.  

(3) Rod nes t ing  due t o  staggered w i r e  supports. 

(4) ~ e o m e t r i  c- e f f e c t s  o f  hexagonal loading. 

(5)  Rod r a d i a l  compression (oval  ing) .  

O f  these f i v e  e f f e c t s ,  (4) and (5)  are re1 a t i v e l y  small (see Section, 4.2), 

(2) i s  n o t  inc luded i n  t h e  a n a l y t i c a l  computer so lu t i on ,  and (3) would be 

present o n l y  i n  the  staggered o r  w i re less  conf igura.t ions. The a n a l y t i c a l  

s t r a i  g h t - s t a r t  bundle behavior i s  p r i m a r i l y  bundle he1 i c a l  bending. ( I n  
t h i s  context ,  a n a l y t i c a l  behav io i  means behavior w i thou t  d ispers ion  e f f e c t s .  ) 

The a n a l y t i c a l  staggered bundle behavior  i s  p r i m a r i l y  a combination o f  bundle 

h c l  i c a l  bending and rod  nes t ing  ~ I I F !  tn  t h e  staggered wires.  For a f u l l  

stagger (0-120-240) ana ly t i ca l  bundle behavior  would be main ly  due t o  rod  

nest ing.  This i nd i ca tes  t h a t  a n a l y t i c a l  bundle behavior  o f  o the r  staggered 

con f igu ra t i ons  can be bound by pure bundle he1 i c a l  bending and pure rod 

nest ing.  

Bundle growth r e l a t i v e  t o  the  channel i s  p h y s i c a l l y  r e s t r a i n e d  due t o  the 

wire-wrap on t h e  edge rods. This phys ica l  r e s t r a i n t  occurs o n l y  a t  a x i a l  

l o c a t i o n s  a t  each f l a t  where the  w i r e  wraps o f  t he  edge rods contac t  t he  

channel. For a s t r a i g h t - s t a r t  wire-wrap bundle, t h i s  occurs a long a s i n g l e  

1 i n e  a t  each f l a t .  These l i n e s  o f  displacement r e s t r a i n t  a re  a x i a l l y  d isp laced 

from one hex f l a t  t o  an adjacent hex f l a t  by a d is tance equal t o  116 o f  the  



wire-wrap p i t c h  distance. Thus t h e  bundle d e f l e c t s  i n t o  a h e l i c a l  

conf igura t ion .  F igure 10 schemat ical ly  shows ' the he1 i c a l  manner i n  which 

t h e  contact  loads are  app l i ed  t o  the  s t r a i g h t - s t a r t  bundle due t o  t h e  . . 

r e s t r a i n t  o f  the channel. For the  staggered conf igura t ions ,  t h e  edge rod- , I 
' 

to-channel contact  i s  over  a band o f  a x i a l  length.  As the  stagger i s  

increased, t h i s  band widens and the  a x i a l  p o s i t i o n s  o f  the  bands on t h e  

d i f f e r e n t  , f l a t s  s t a r t  t o  over1 ap. This reduces t h e  bundle he1 i c a l  bending. 

A t  a  f u l l  stagger o f  0-120-240 the re  i s  complete over lapping and there  i s  no 

bundle h e l i c a l  bending (see Figure 11). 

The a n a l y t i c a l  s t r a i g h t - s t a r t  and 0-1 20-240 staggered-star t  bundle behav ior  

1 i s t e d  i n  Table 2 can be used f o r  t h e  upper and lower  bounds, respec t i ve l y ,  f o r  

a n a l y t i c a l  bundle behavior. Table 3 shows upper and lower  bounds o f  loads 

w i thou t  creep and d e f l e c t i o n  data ex t rapo la ted f rom a 37-rod bundle t o  a 
217-rod bundle based on bundle var iab les  i n  Table 2.. 



Figure 10. He1 i c a l  Load D i s t r i b u t i o n  
Appl i e d  t o  Fuel Rod Bundle 



0-1 5-30 STAGGER 

0-30-60 STAGGER 

0-45-90 STAGGER 

0-1 20-240 STAGGER 

Figure 11. Fuel Rod Bundle External  Loading 
i n  Y-Direct ion Over One P i t c h  Length 

2 0 



Table. 2 

Ana ly t i ca l  Rod Behavior 

where 

E = Young's modulus o f  e l a s t i c i t y ,  ps i .  

4 I = Moment o f  i n e r t i a  o f  a f ue l  ,rod, i n .  . 
D = F l a t - t o - f l a t  bundle s ize,  i n .  

X = Channel-to-bundle in ter ference,  as r a t i o  of  bundle across f l a t s  size. 

P = W i  re-wrap p i t ch ,  i n .  

N = Number o f  fue l  rods. 

N, = Number of edge rods. 

NR = Number o f  rows o f  rods. 

0-120-240 Staggered S t a r t  
Ana ly t ica l  Rod Nest1 i n g  

324 E I X  D .  

D ( X I  - 
N~ 

Total 1 oed on channel f l a t  

Average edge load  rod t o  channel 

Rod de f lec t ion  

S t r a i  ght S t a r t  
Ana ly t ica l  Bundle Bending 

o(> D 



Table 3 

~ x t r a ~ o l  a t i d  21 7-Rod Bundle Data 

(Dispers ion E f f e c t s  Not Inc luded) 

I *Not appl icable.  

NOTE: Creep e f f e c t s  are  n'ot inc luded i n  loads data. 

0 ~ - 4 5 ~ - 9 0 ~  
I Stagger 

1 44 

24' 

73 

12 

. I126 

.0464 

. I107 

.0456 

Bundle Conf igurat ion 

Upper Bound 
Max. Rod-to-Channel Load (1 bs)  

Lower Bound 

Upper Bound 
Max. Rod-to-Rod Load (1 bs) 

Lower Bound 

Upper Bound 
Max. Decrease Rod-to-Rod Spacing ( i n .  ) 

Lower Bound 

UpperBound 
Max. Decrease Rod-to-Channel Spacing (in.) 

Lower Bound 

S t r a i g h t  
S t a r t  

373 

N A* 

386 

N A* 

.0466 

NA* 

. I698 

N A* 

0 ~ - 3 0 ~ - 6 0 ~  
Stagger 

2 35 

40 

11 4 

19 

.09 82 

,0404 

. I093 

.0450 



4.4 Dispersion Effects 

As stated previously, the bundle compression constant, expressed in 
Equation 1,  correlates .we1 1 w i t h  t e s t  data when a value of 6 i s  used for C .  

I 

If rod deformation were uniform (and there was no dispersion), c would equal 

1 .O.  The analytical. value of 1.5 from the NASTRAN analysis can be attributed 
to hex and oval ling effects. (See Section 4.2.) The experimentally 

determined value of 6 implies the existence of more complex behavior. The 
behavior called "dispersion" was postulated to account for  this extra bundle 
softening . 

As an explanation of dispersion, consider the following. In a wire-wrap 
bundle the rods are loaded by compression (pinch loads) between rods, a t  
axial planes where the wire wrap contacts t\jo rods. Figure 12 shows a loading 
across 3 rods (1, 2, and 3) in a straight-start bundle, a t  .a pinch plane. If 
PI  is  greater than P2, the rods will deflect in the X direction. There i s  
space a t  th is  plane for  movement in the Y direction. A load component in th is  
direction will cause Y direction deflection restrained only by rod bending. 
The colinear loading across the rods i s  in i t i a l ly  unstable, as any in i t i a l  
irregularity will cause a load component i n  the Y direction; this  load 
component will cause deflection which will increase the Y direction component 
of the pinch load. As the pinch load decreases due to the associated bundle 
softening, a balance is achieved. This behavior i s  called dispersion. In the 
NASTRAN analysis there are no in i t i a l  i r r e g ~ l a r i t i e s ~ a n d  w i t h  small deflection 
theory th is  type of analysis is  not possible, as the effect from the deflections 
cannot be accounted for. 

To consider the effects of dispersion, consider a straight-start  bundle 

plane w i t h  one edge of the bundle separated from the channel by the wire 
wrap and the opposite edge free t o  move toward the channel. The loads and 
deflections are imposed a t  the bundle channel contact. If the imposed 
deflection i s  accommodated a t  the free edge, a l l  the rods i n  the load p a t h  

between the two edges will be deflected the ful l  amount. Alternately, i f  some 
imposed deflection i s  accommodated between rods, rods farther down i n  the load 
path need not be deflected as much and less load i s  required. The free edge 
deflection toward the channel i s  also reduced. Greater dispersion would occur 
a t  the higher loaded rods near the bundle channel contact. Loads and deflection 



Figlire 12. Colinear Loading Acmss Rods 
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decrease across the bundle from the contact  t o  the f r e e  edge. This e f f e c t ,  

would have a magnifying e f f e c t  on bundle softening and account f o r  the la rge  

sof tening constant discussed above. The .effects of d ispersion would be t o  

lower loads, decrease rod-to-rod c l  earance;and increase rod-to-channel 

clearance. These dispersion e f fec ts  would be greater f o r  s t r a i g h t - s t a r t  

bundles than f o r  softened bundles due t o  the higher loads w i t h  the s t r a i gh t -  

s t a r t  conf igurat ion.  

. ,  
Table 4 shows 217-rod bundle extrapolated loads data w i t h  d ispersion 

included by d i v i d i n g  the values i n  Table 3 by a f ac to r  o f  4 (see Section 4.2). 

Table 5 shows def lec t ion r e s u l t s  followed by pluses and minuses t o  

ind ica te  the e f f ec t s  o f  dispersion. 

I n  order t o  obta in  a quan t i t a t i ve  understanding of.dispersion,an 

ana l y t i ca l  so l u t i on  was made of .d ispers ion def lec t ion vs. p inch load; 
% 

Consider a ' s t ra igh t -s ta r t  bundle as shown below. Rod A i s  i n i t i a l l y  ou t  of 

l i n e  w i t h  the B rods. 
. ,  

The k i ck  load: Fy = 2 FX TAN 0 

i s  constrained by rod bending where: 

Fy = K A Y  = K(YTotal - '1ni t i a l  1 

Eq. 2 

Eq. 3 

1 FX = K ( Y ~ o t a l  - '1ni t i a l  . Eq. 4 
2 TAN. 9 

where K i s  the rod bending s t i f f n e s s  and Fx i s  the pinch load. 
' .  . .  . 

2 5 



If there were no in i t i a l  imperfections and the rods were in l ine ,  the -.-. . -..: 

cr i t ica l  loads could be calculated as: 

E q .  5 
I ,  

\ . . F = K R  - E q .  6 
'CR 2 

which for  any given in i t ia l  geometry i s  s t r i c t l y  a function of the rod 
bending st iffness K. ~ i g u r e s  13 and 14 are plots of pinch load versus rod 
lateral. dispersion deflection. The adjusted pinch loads in Table 4 show a 
maximum value of 93 pounds. Using this value i n  Figure 13 and 14, the 
lateral  dispersion deflection is small i n  Figured3 and cr i t ica l  in Figure 14. 
The difference between the two curves i s  the rod-bending stiffness used. 
For a 12-inch pitch, 2 inches above and below a pinch plane, there exists 
restraint  in ' the  lateral direction, and a beam-stiffness model as used in 
Figure 13 could be assumed. The random nature of dispersion would indicate 
the lateral movement could be .positive or negative. As the rod support comes' 
from other rods that are also bending from dispersion, the support rigidity 
i s  questionable. Figure 14 shows that the e f f ec to f  changing the rod support 
greatly affects the dispersion deflection. The implication i s  that mechanical 

tes ts  are necessary to determine whether cr i t ica l  dispersion deflections exist.  
For staggered-start bundles the 1 i kel i hood of cr i t ica l  dispersion deflections 
i s  greatly reduced compared t o  s traight-start  bundles. This i s  from two 

effects: 

(1 )  The significantly lower pinch loads. 
. . 

(2) As the stagger i s  increased, the mechanism causing dispersion 
changes so that,  with a ful l  stagger (0-120-240), the rods are 
stable and there i s  no dispersion. 

*A load reduction achieved by using a larger pitch would not have a primary 
ef fect  nn dispersion, as the reduced rod-bending st iffness cancels out the 
reduced loads effect for  the model assumed here. 



Table 4 

Ext rapo la ted 217 Rod Bundle Loads Data w i t h  Dispers ion 

NOTE: creep ef fects a e  n o t  inc luded*  

0 ~ - 4 5 ~ - 9 0 ~  
Stagger 

36 

6 

1 8  

3 

0 ~ - 3 0 ~ - 6 0 ~  
Stagger 

59 

10 

29 

5 

Bundle Confi gura t ion  

upper Bound 
Max, Rod-to-Channel Load ( Ibs)  

Lower Bound 

Upper Bound 
Max. Rod- td-~od Load ( Ibs)  

Lower Bound 

S t r a i g h t  
S t a r t  

93 

NA* . 

92 

N A* 



Table 5 

Extrapol ate4 21 7-Rod Bundle Def lec t ions  w i t h  Dispersion 

' *Not appl i cab1 e. . :,. ... . . .  ... . . . 

Bundle Conf igura t ion  

Upper Bound 
Max. Decrease Rod-to-Rod Spacing ( i n .  ) 

Lower Bound 

Upper Bound 
Max. Decrease Rod-to-Channel Spacing ( i n .  ) 

Lower Bound 

+ 
D Dispersion e f f e c t s  w i l l  increase t h i s  value 

- D Dispers ion e f fec ts  w i  11 decrease t h l s  va1 ue 

NOTE: The e f f e c t s  o f  d ispers ion  are g rea te r  w i t h  t h e  s t r a i g h t - s t a r t  con f igu ra t i on  
than w i t h  t h e  staggered conf igura t ions .  

Tota l  clearance before  compressz'on i s  .056" x 1.0819 = .0606". 

S t r a i g h t  
S t a r t  

.0466 +D 

NA* 

. I698 -D 

NA* 

0 ~ - 3 0 ~ - 6 0 ~  
Stagger 

.0982 +D 

.0404 +D 

. I093 -D 

.0450 -D 

0 ~ - 4 5 ~ - 9 0 ~  
Stagger 

. I126 +D 

.0464 +D 

. I107 -D 

.0456 - D  



YTot ( Inches ) 

Figure 13. Fuel Rod Pinch Load Venus Lateral Dispersion Deflection 

Rod Bending St i  ffness 
Fy = 1138 y 

*YI = I n i t i a l  Imperfection Deflection 



. . . . -. . . .  . . . . . .,, . . 

Lateral ~ s p e r s f o n  Oefl ectian. . . . . . . . . .. . . . . . . . .  . 

YTota; (Inches) 

,,;&i gum 14. Fuel h d  Pinch Load Versus Lateral Dispersion Oefl ection 



4.5 Load Results 

The proposed sof ten ing techniques o f  d i s t r i b u t e d  w i re less  rods and 

staggered wire-wrap s t a r t  angles do sof ten the bundle. . This i s  shown by the  

lower loads i n  Table 1 f o r  t he  softened conf igurat ions.  This ; is t r u e  f o r  : : , 

t o t a l  l oad  on f l a t ,  maximum rod-to-channel load, and maximum rod-to-rod load. 

The load  reductions are as much as 80.1% f o r  the 0'-450-90' case r e l a t i v e  t o  

s t r a i g h t  s t a r t  f o r  maximum rod-to-rod load. The magnitudes o f  the loads do 

n o t  appear t o  be a c r i t i c a l  problem. Maximum rod-to-rod ext rapo la ted load 

w i th  d ispersion i s  93 I bs  and w i t h  creep e f f ec t s  added, t h i s  would be g rea t l y  

reduced. We expect t ha t  the loads could be kept below the maximum al lowable 

rod contact loads pred ic ted i n  Reference 3 by a change i n  the p i t c h  length. 

The curve of maximum a1 lowable contact 1 oad versus temperature f r o m  Reference 

3 i s  reporduced here as Figure 15. The loads could also decrease, w i t h  an 
improvement i n  bundle-to-channel inter ference, through the use o f  low-swell i n g  

a1 loys. 



MAXIMUM PERMISSIBLE CONTACT 
LOAD L I M I T E D  BY 
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Figure 15 



4.6 Def lec t ion Results 

The de f lec t ion  resu l t s  show t h a t  a l l  bundles have nonuniform def lect ions.  

This can be seen by look ing a t  the vector  p l o t s  i n  the Appendix and the spacing 

data i n  Table 1. 
I I 

An important behavior o f  the staggered conf igurat ions,  shown i n  the vector 

p lo ts ,  i s  the large l oca l i zed  def lec t ions a t  the edge r e l a t i v e  t o  t he  i n t e r i o r .  

With the hexagonal bundle, i f  the edge rods have the same wire-wrap conf igurat ion 

as the i n t e r i o r  rods, they w i l l  have a  d i f f e r e n t .  loading pat tern  than the i n t e r i o r  

rods. This change i n  the load ing pa t te rn  a t  the edge causes l oca l i zed  def lec t ions.  

To avoid t h i s  weak l i n k ,  the edge rods should have a special wire-wrap treatment, 

d i f f e r e n t  f r o m  the r e s t  o f  the bundle, so as ' t o  achieve a  loading pa t te rn  s i m i l a r  

t o  the i n t e r i o r  rods. This might be achieved by a  double wrap, possib ly i n  the  

reverse d i rec t ion .  With the improved edge rod design, the staggered conf igurat ions 

should be more fa.vorable. The data i n  Table 5 show an improvement i n  md- to-  

channel spacing w i t h  the staggered conf igurat ions.  Table 5 also shows a possib le 
- improvement i n  rod-to-rod spacing. As the c r i t i c a l  . rod-to-rod spacing i s  a f f ec ted  

by the edge rod def lect ions, ,  a  reduction i n  the l oca l i zed  def lec t ions a t  the edge 

would improve the rod-to-rod spacing. This would r e s u l t  i n  a  b e t t e r  d i s t r i b u t i o n  

through the bundle o f  the imposed def lec t ion.  

The vector  p l o t s  show t h a t  where there are wire less rods, the surrounding rods 

de f l ec t  towards them (see page A7). These l oca l i zed  def lect ions,  i f  t r ue  i n  magni- 
tude, would ind ica te  t h a t  the use o f  wire less rods i s  o f  questionable. value. 

Since a l l  bundle variables o r  design so lu t ions were no t  invest igated,  a  

design adequacy judgement o f  wire-wrap bundles cannot be made; but, none-the- 

less, the high magnitudes o f  the def lec t ions ind ica te  i n s u f f i c i e n t  separation 

o r  contact could e x i s t  w i t h  h igh swel l ing.  

To ind ica te  the s e n s i t i v i t y  t o  rod clearance, the curve o f  c ladding 

temperature versus P/D f r o m  Reference 4 i s  reproduced here as Figure 16. 

Temperature values f o r  reduced edge clearance would be lower as t h i s  i s  a  

cooler  region; t h e r e f o k ,  clearance 1 i m i  t s  a t  the ,edge could be small e r  than 

between rods. 



E f f e c t i v e  Local P i  tch-to-Diameter Rat io 

Figure 16. Maximum Cladding Surface 
~emperatures  for  I n t e r i o r  Rods 
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APPENDIX B 

CALCULATION OF ROD RADIAL ST IFFNESS 
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