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by S. H a r r i a g u e  and J.E. M e y e r

An a n a l y s i s  is m a d e  of the eff e c t  of f r i c t i o n  forces 

at the p e l l e t - c l a d d i n g  c o n t a c t  poi n t s  on the b e h a v i o u r  of a 

fuel rod u nder a p o w e r - u p  ramp.

A t h e r m o e l a s t i c  d e s c r i p t i o n  of the pellets is given; 

the s t i f f n e s s  m a t r i x  and initial d i s p l a c e m e n t s  are o b t a i n e d  

from a finite e l e m e n t  c a l c u l a t i o n .  The c l a d d i n g  is c o n s i d e r  

ed to b e h a v e  as a t h e r m o e l a s t i c  thin shell.

A m e t h o d  is d e v e l o p e d  to a s s e m b l e  the s t i f f n e s s  of 

each p e l l e t  and c o r r e s p o n d i n g  c l a d d i n g  s e c t i o n  on a fuel rod, 

r e s u l t i n g  in an e x p l i c i t  d e s c r i p t i o n  of the w h o l e  stack. The 

a s s u m p t i o n  of t h e r m o e l a s t i c i t y  a l l o w s  for a very fast c a l c u l ­

ation, even w h e n  i n c l u d i n g  h u n d r e d s  of p e l l e t s  under an a r b i ­

trary axial d i s t r i b u t i o n  of power.

Re s ults s h o w i n g  the p a t t e r n  of f r i c t i o n  and axial f o r ­

ces, and r e l a t i v e  and l o c a l i z e d  d i s p l a c e m e n t s  a l o n g  the rod, 

are p r e sented. In mo s t  cases, p e l l e t s  at the top of the s t ack 

slide w i t h  r e s p e c t  to the clad. As a result of the b u i l d - u p  

of axial forces due to friction, p e l lets at lower p o s i t i o n s



in the fuel c o l u m n  may show, at the c o n tact p o s i t i o n s ,  no 

r e l a t i v e  d i s p l a c e m e n t s  wi t h  r e s p e c t  to the cladding.

The eff e c t  of p e l l e t  d i s h i n g  and L/D ratio on the 

axial s t r a i n s  and local d e f o r m a t i o n s  are shown. The p r e d i c ­

tions are c o n s i s t e n t  w i t h  the e x p e r i m e n t a l  o b s e r v a t i o n s  on 

the effect of p e l l e t  shape.

Finally, a d i s c u s s i o n  is made of the r e s u l t s  of this 

study. The use of these r e s u l t s  as a g u i d e l i n e  for e s t a b l i s h  

ing p r o p e r  b o u n d a r y  c o n d i t i o n s  in a n o n - l i n e a r  PCMI model 

(i.e., i n c l u d i n g  p l a s t i c i t y  and p e l l e t  c r a c k i n g )  are also 

d i s c u s s e d .
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A tomica, Buenos Aires, A r g e n t i n a .
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1. I N T R O D U C T I O N

D u r i n g  the last years, many mo d e l s  have b e e n  d e v e l o p ­

ed for the a n a l y s i s  of pel l e t  clad m e c h a n i c a l  i n t e r a c t i o n  

at p e l l e t  int e r f a c e s  (1-12, 32). In those mo d e l s  a finite e l e m ­

ent s t udy is p e r f o r m e d ;  a s i n g l e  pe l l e t  is c o n s i d e r e d ,  and 

u s u a l l y  s y m m e t r y  c o n s i d e r a t i o n s  r e s t r i c t  the a n a l y s i s  to 

half a pellet. On the o t h e r  side, in some 1 and 1 Vv d i m e n ­

sional fuel rod m o d e l i n g  codes (13, 14), axial c o u p l i n g  of 

rod s e c t i o n s  is p e r f o r m e d  taking into a c c o u n t  the o v e r a l l  

effect of axial and f r i c t i o n  forces a l o n g  the rod.

The p r o b l e m s  of thermal h o u r g l a s s i n g  and p e l l e t - c l a d  

i n t e r a c t i o n  have also b e e n  treated using a n a l y t i c a l  methods, 

r e s t r i c t e d  to a si n g l e  pellet (15-19).

A c o n s i d e r a b l e  amo u n t  of e x p e r i m e n t a l  w o r k  has been 

done on p e l l e t  clad i n t e r a c t i o n ;  Bai l e y  et al (20) have pu 

b l i s h e d  a general review. The eff e c t  of pe l l e t  s h ape has 

be e n  analy s e d .  S. Aas (21), r e v i e w i n g  the H a l d e n  experience, 

shows that:

F l a t - e n d e d  p e l lets lead to la r g e r  clad e l o n g a t i o n  than 

dished o n e s .

I n c r e a s i n g  the L/D ratio of the pellet also leads to lai- 

ger clad e l o n g a t i o n .
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Dished p e l lets give h i g h e r  ridges than f l a t - e n d e d  ones.

R i d g i n g  i n c r e a s e s  w i t h  the L/D ratio of dished pellets. 

No such effect was found wi t h  f l a t - e n d e d  pellets.

Car t e r  (22, 23) has p u b l i s h e d  e x p e r i m e n t a l  r e s u l t s  on 

the e f f e c t s  of pe l l e t  s hape on s t r a i n s  in c o l l a p s i b l e  c l a d ­

ding du r i n g  p o w e r - u p  ramps. Some of his c o n c l u s i o n s ,  ma i n l y  

on di s h e d  pellets, are:

C i r c u m f e r e n t i a l  ridges can be r e d u c e d  by u s ing p e l l e t s  

w i t h  small L/D; in p a r t i c u l a r ,  an a b r u p t  i n c r e a s e  in 

r idge h e i g h t  o c u r r e d  for L/D >  0.5.

- Rod axial s t r a i n s  s e e m  to be r e d u c e d  by d e c r e a s i n g  L/D; 

if the rod is ramped to cent r a l  me l t i n g ,  the o p p o s i t e  

h a p p e n s  .

Dished pellets w i t h  w i d e r  s h o u l d e r s  lead to s m a l l e r  rid^ 

ges and i n c r e a s i n g  a x ial strains.

W h a t h a m  (24) has m e a s u r e d  ridges on pellet s t a c k s  

e l e c t r i c a l l y  heated. He also finds an i n c r e a s e  on r i d g i n g  

with the L/D ratio, and la r g e r  ridges for di s h e d  pellets 

than for f l a t - e n d e d  ones.

It is the p u r p o s e  of this w o r k  to study the effect 

of f r i c t i o n  and axial forces in a c o m p l e t e  pellet stack in ­

t e r a c t i n g  w i t h  the c l a d d i n g .  The a n a l y s i s  is therefore not
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r e s t r i c t e d  to a sin g l e  pellet, and no s y m m e t r y  cons i d e r a t i o n s  

are inv o l v e d  to restrict the a n a l y s i s  to half a pellet.

In o r d e r  to keep c o m p u t e r  time w i t h i n  r e a s o n a b l e  l i ­

mits (stacks of up to 100 p e l l e t s  will be model e d ) ,  a linear 

t h e r m o e l a s t i c  a n a l y s i s  is p e r f o r m e d  of b o t h  p e l l e t s  and clacl 

ding. In o r der to take into a c c o u n t  in some w a y  effe c t s  of 

pellet cracking, pellet c r eep and p l a s t i c i t y ,  the ratio e _ of 

Y o u n g  m o d u l i i  of fuel and c l a d d i n g  is used as a p a r a m e t e r ;  

q u a l i t a t i v e l y  d i f f e r e n t  b e h a v i o r s  of the rod are p r e s e n t e d  

for d i f f e r e n t  values of that ratio.

The b e h a v i o r  of the rod under a p o w e r - u p  ramp is stud 

ied. The r e f e r e n c e  s tate w i l l  be one where, for all p e l lets 

that w i l l  c o n t a c t  the c l a d d i n g  d u r i n g  the ramp, a zero gap, 

zero contact force s i t u a t i o n  exists. F i s s i o n  gas r e l e a s e  

du r i n g  the ramp, as we l l  as changes in the fuel to clad heat 

con d u c t a n c e ,  are neg l e c t e d .

In s e c t i o n  2 the m e t h o d  d e v e l o p e d  for the a n a l y s i s  of 

the rod is d e s c r i b e d .  In s e c t i o n  3 a d i s c u s s i o n  is p r e s e n t ­

ed r e g a r d i n g  the r e l a t i v e  d i s p l a c e m e n t  of a single pe l l e t  

and the c l a d ding; s t u c k  and s l i d i n g  s i t u a t i o n s  are analysed.

S e c t i o n  4 p r e s e n t s  the r e s u l t s  r e g a r d i n g  the b e h a v i o r  

of fuel rods u n der d i f f e r e n t  power d i s t r i b u t i o n s ,  as a f u n c ­
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tion of pellet shape, f r i c t i o n  c o e f f i c i e n t  and m a t e r i a l  p a ­

rameters. F i nally, the c o n c l u s i o n s  of this study are p r e ­

sented in s e c t i o n  5.



2. N U M E R I C A L  M E T H O D

2.1 A m e t h o d  for the a n a l y s i s  of c o m p o s i t e  s t r u c t u r e s .

The m e t h o d  used in this w o r k  for the r e p r e s e n t a t i o n  

of a fuel rod is an e x t e n s i o n  of the one p r o p o s e d  by Frid- 

rich (25) for c o m p o s i t e  s t r u c t u r e s .

De f i n e  a p r i m i t i v e  fo r m  (P-form from now on) for a 

s u b s t r u c t u r e  by its s t i f f n e s s  m a t r i x  Kp and i n i t i a l  forces 

Fp su c h  t h a t :

w h e r e  D p is the d i s p l a c e m e n t  vec t o r  and Fp the force vector. 

In the p r e sent a p p l i c a t i o n ,  the s u b s t r u c t u r e  to w h i c h  eq.(l) 

applies wi l l  be each pe l l e t  and its c o r r e s p o n d i n g  s e c t i o n  of 

c l a d d i n g .

Let a t r a n s f o r m e d  r e p r e s e n t a t i o n  (T-form) be defined 

by a m a t r i x  Cp^ such that:

Fp «  Kp.iDp + Fp° (i)

and

Dp *  Cn . D t  

Fy s  K-j-. +■ Fj. (3)

(2)

The T - f o r m  c o r r e s p o n d s  e s s e n t i a l l y  to a r e p r e s e n t a t i o n  in
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the r e f e r e n c e  frame of the c o m p l e t e  s t r ucture.

The e q u i v a l e n c e  of v i r t u a l  w o r k  in the P and T forms 

leads to (see (25) for details):

= Cf»T * Fp ( 4 )

Kt  «  CpT . KP. CPT (5)

F t  =  C p T . F ;  (6)

w h e r e  the s u p e r s c r i p t  "t" m e a n s  transpose.

The T - f o r m  may c o n t a i n  redun d a n t  d e g r e e s  of freedom.

In the case of a fuel rod, r e f u n d a n t  d e g r e e s  of f r e edom 

arise fr o m  i m p o s i n g  c o n t a c t  c o n d i t i o n s  of equal radial d i s ­

p l a c e m e n t s  for p e l l e t  and cladding, f r i c t i o n  r e l a t i o n s h i p s  

b e t w e e n  normal and t a n g e n t i a l  forces, axial e q u i l i b r i u m ,  etc.

i

Let nj be the nu m b e r  of degrees of f r e e d o m  in the T- 

form, and n^ the n u m b e r  of r e d u n d a n t  d e g rees of f r e e d o m  to 

be e l i m i n a t e d .  The n^ r e d u n d a n c y  c o n d i t i o n ^  are g e n e r a l l y  

ex p r e s s e d  in m a t r i x  form as:

+  S p  -  F - x  +  Sj  . D y  ®  0  (7)

w h e r e  S0 is n 0 x 1; S and S are n x n .
K r D K 1
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The n^ d e g r e e s  of f r e e d o m  in the T r e p r e s e n t a t i o n  are

a r r a n g e d  in order to leave the n r e d u n d a n t  ones at the bot
R

tom. The m a t r i c e s  in the T - f o r m  are w r i t t e n  as:

<=T =
j. « T  - ^ R

J (8a)

k t  =.

3>w

KII k i r

Krx Kr.R

p ;

(8b)

(8c)

(8d )

w h e r e  is (nT - n R ) x (nT - n R ) , K IR is (nT - n R ) x n R ,

K r i  is n R x (nT - n R ) and K RR is n R x n R . Due to the s y m ­

m e t r y  of the s t i f f n e s s  matr i x ,  K and K DD are s y m m e t r i c
1 1 R R

and K
IR VRI •

The r e d u n d a n c y  eqs. (7) are w r i t t e n  as:

(9)

Eq . (3) can be e x p r e s s e d  as: 

F X  ^  * 1 1  - ^ w  + (10a)

(10b)
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F and F R are s u b s t i t u t e d  in e q . (9). Calling:

Me= S „+ S FI • F/ + SFR • F* in ,)

+* S Fl . K x^ +  SFfK . /<R R  (lib)

/ M j =  ^  PX  • ^ X J  ^ F R  ' (11c)

the r e d u n d a n t  d i s p l a c e m e n t s  D can be e x p r e s s e d  as
R

Let:

Then :

^ ~ T w  -  M u  M  J  (12a)

-  -  M ~z M e  ( 12b )

—  ^ T sa/ A v

The n - n R = n^ d e g r e e s  of f r e edom with the d i s p l a c e

ments D de f i n e  the w o r k i n g - f o r m  (W-form). The demand of 
w

equal virtual w o r k  in the T - f o r m  and W - f o r m  allows the c a l ­

c u l a t i o n  of the c o n j u g a t e  forces F^:

F w  • F r -  < ^ t  (14)

As : Ft*. <TDt  = Ff . +• Fr  •
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us ing (13):

F t*. fJ>T =  ( p / _  f * . C T W ) . f D

T h e r e f o r e :

=  F* -  C T W  • F ft (15)

To o b t a i n  the W - f o r m  of the s t i f f n e s s  m a t r i x  and ini_

tial forces, F and F in eq. (15) are s u b s t i t u t e d  from eqs. 
I K

( 10 ) :

-  C T W  • )  ^ W  *  (

Using eq. (13) for D :
R

a
^yy —  ^  VV * W  PW (I6 3 )

w h e r e  ^

K w r  K JX -  C T w  . ■̂'Tvv ^ T w  ' ^ R R  ' ^ T W  ( 16b )

(16c)

Eqs. (16) give the W r e p r e s e n t a t i o n  for the c o m p o s i t e  

structure. Once the p r o b l e m  is solved, that is the d i s ­

p l a c e m e n t s  are o b t a ined, the r e d u n d a n t  d i s p l a c e m e n t s  

are given by eq. (13), and the T - f o r m  is obtained. Then eqs. 

(2) and (1) give the d i s p l a c e m e n t s  and forces in the primiti. 

ve r e p r e s e n t a t i o n .

In the case w h e r e  no virtual w o r k  is done by the r e ­

dundant d e g rees of freedom, i.e.:
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F f t ■ =  o

from e q . (14):

Then, from e q . (15):

t
^  TvV * —  0

From (10. b) and (13):

so: h  k
‘"TvV • ^  R l  ^  ^ - T W ' ^ R C '  ^ T \ a /

S u b s t i t u t i n g  in eqs . (16):

K xx -  K j r . c t w

w h i c h  is F r i e d r i c h ' s  result, valid only in the case w h ere 

no virtual w o r k  is done by the r e d u n d a n t  degrees of freedom

2.2 S t i f f n e s s  of a pe l l e t  and a c l a d d i n g  s e c t i o n .

; ; ' ' J i .  | i  s

jf I ■ r f  % ' /  ! !■  J! ■ ‘ -•■•r :» •. t
The s t i f f n e s s  m a t r i x  and initi'al forces of a c l a d d i n g
' • 'H '■ . « t • 'Jj " jj-> 4  . 1 r .f . j j  '  J!-

section, s a t i s f y i n g :  j  . > /£• tf;#- //; * * ■ • f j h j l i i s  '•

•; I ' -'i*! •S-| ?/ -V* ■t

F t  K.3> + F o

V
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are c a l c u l a t e d  u s ing thin shell theory.

Figure 1 shows a c l a d d i n g  s e c t i o n  of m e a n  radius a ,  

t h i c k n e s s  ĥ  and height 1L. No axial d i s p l a c e m e n t s  are allow 

ed in the lower end; the degrees of f r e e d o m  ( d i s p l a c e m e n t s  

and rot a t i o n s )  c o n s i d e r e d  in the a n a l y s i s  are shown in the , 

f i g u r e .

For the e v a l u a t i o n  of the initial forces F Q the f o l ­

l owing loads are c o n s i d e r e d :  constant t e m p e r a t u r e  T , and 

a t e m p e r a t u r e  d i f f e r e n c e  A T  b e t w e e n  the inner and o u ter 

surfaces.

If the radial forces F. and F., axial force F„ and
1 4  2

b e n d i n g  m o m ents F^ and F^ are d e f i n e d  per unit c i r c u m f e r e n ­

tial length, a thin shell c a l c u l a t i o n  (26) gives the follow 

ing s t i f f n e s s  matrix:

K  =

B h
a >

v £ h
(¡>U

£ h
2 a 2/»»1 0 O

y E h  
fi>t3

k-Ji_
t

V J L h
z a l p ?

V £  h 
a fb L 1 3  I  ^

. . e h  . y £  h E  h n n
z a l pz 1 ^ ( 2 ?

V V

A \ )  £  h 0 E h E h0 3 f b L <3 l [b z a ' f f

0 V E h n -Eli E h
2J I  fb

\ j
2-Az(bZ 2 3 l (b*

/
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w h e r e  E is the Y o ung modulus, V  the P o i s s o n  ratio and

</4

H igher o r der terms in ( ^ 1 )  h a v e  b e e n  n e g lected, as 

for typical fuel rod d i m e n s i o n s  (1 b e i n g  the pellet height):

a = 5.26 mm

1 = 11 . 18 mm (1/d = 1)

V  = .253

is :
/ b  = 1 .4 39 mm

The initial forces due to a t e m p e r a t u r e  d i f f e r e n c e  

A  T b e t w e e n  the c l a d d i n g  inner and outer radii are:

F° -  £ o< A AT 
A T  ~  «2.

0

0

1

(9

-1

w h e r e  o( is the c o e f f i c i e n t  of linear thermal exp a n s i o n ,  and 

those due to a u n i f o r m  t e m p e r a t u r e  i n c r e m e n t  T q are:
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o

- ( <  +  » )
a fb

[  f i i

2 . 3  f

- ( < + » )  
a  ft>

a  + y

2  3  ¡ b x

The s t i f f n e s s  m a t r i x  and initial forces for the p e l ­

let have be e n  c a l c u l a t e d  using the finite e l e m e n t  codes 

A D I N A  (27), SAP4 (28) and E L A S T E F  (29). A linear t h e r m o e l a s  

tic b e h a v i o r  is assumed, w i t h  u n i f o r m  values for the elastic 

modulii, thermal lineal e x p a n s i o n  and heat c o n d u c t i v i t y .

The d e g r e e s  of f r e e d o m  taken into a c c ount are shown 

in Fig. 2. Points A, w h e r e  the pe l l e t  c o n t a c t s  the next one, 

are taken as fixed (no axial or radial d i s p l a c e m e n t ) ;  a s ­

s e m b l i n g  the pellet s t a c k  wi l l  be done by the m e t h o d  describ 

ed in 2.1.

The l i n e a r i t y  of the p r o b l e m  allows to o b t a i n  the 

initial forces due to a linear heat g e n e r a t i n g  rate q and 

s u r f a c e  t e m p e r a t u r e  T fr o m  the initial forces c a l c u l a t e d  

for u n i t a r y  va l u e s  of q and T . Heat g e n e r a t i o n  is a s s u m e d  

to be u n i f o r m  in the pel l e t  (neither flux d e p r e s s i o n  nor 

e n d - e f f e c t s  are c o n s i d e r e d ) .  This leads to a p a r a b o l i c  tem
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p e r a t u r e  d i s t r i b u t i o n :

t (a . )=_L_  U -J?L) 
l \ K  k  I R  /

w h e r e  q is the i n c r e m e n t  of linear power d u r i n g  the ramp; 

k the a v e r a g e  thermal c o n d u c t i v i t y  of the pellet; R the pel 

let r a d i u s .

The c o n c e n t r a t e d  axial force (Fig. 2) in the case

of f l a t - e n d e d  p e l lets is rather artif i c i a l ,  as two elastic 

bodies in point c o n t a c t  (two p e l l e t s  in this case) will d e ­

form and d e v e l o p  a contact surface. This p r o b l e m  was solved 

by Hertz (30). Let two e l a s t i c  bo d i e s  c o n t a c t  at points 

w h e r e  their radii of c u r v a t u r e  are S ^  anc  ̂ ^ » with a c o n ­

tact force F. Then, a s s u m i n g  a p a r a b o l i c  d i s t r i b u t i o n  for 

the contact pressure, the radius r c of the cir c u l a r  contact

area will be:

/ \ </3 

* •  -  i f ? )

f  f i  f ,

For two pellets in c o n tact E ̂ = E ; ^  ;

^  = 2̂ ~  ¥  is radius of c u r v a t u r e  due to thermal hour-

glassing. T a b l e  I gives for d i f f e r e n t  p ower levels as cal_
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c u l a t e d  by the A D I N A  finite e l e ment code.

A L H G R  of 30 k w / m  is taken as r e p r e s e n t a t i v e  of rod 

c o n d i t i o n s .  T h e n  J* = 263.2 mm, and w i t h  = 0.3:

r = 5 . 6 4 1  ( F / E ) 1/3 
c

Fi g u r e  3 shows p a r a m e t r i c a l l y  the c o n t a c t  ra d i u s  r^ 

as a f u n c t i o n  of a xial c o m p r e s s i v e  force F and fuel Y o ung

m o d u l u s  E. A v a l u e  of r = 1/3 R was adopted, as r e p r e s e n -
c

tative of the o r der of m a g n i t u d e  of c o m p r e s s i v e  forces found 

in c a l c u l a t i o n s ;  g e o m e t r i c  n o n - l i n e a r i t i e s  due to the d e p e n ­

dence of r^ on the axial c o m p r e s s i v e  load are a v o i d e d  in 

this way.

2.3 R e p r e s e n t a t i o n  of a fuel r o d .

The m e t h o d  p r e s e n t e d  in s e c t i o n  2.1 is r e p e a t e d l y  a p ­

plied to o b t a i n  a r e p r e s e n t a t i o n  of a fuel rod c o n s i s t i n g  of 

n pellets. P e l l e t - c l a d  c o n t a c t  is m o d e l e d  f o l l o w i n g  the ideas 

of Litf et al (32) .

The s t i f f n e s s  m a t r i x  and initial forces for each 

pellet, and for the n sec t i o n s  in w h i c h  the c l a d d i n g  is divid^ 

ed, are o b t a i n e d  as s h o w n  in 2.2. This gives the P - f o r m  for 

each pellet and c l a d d i n g  section. In o r d e r  to set c o n v e ­
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nient b o u n d a r y  c onditions, two a d d i t i o n a l  c l a d d i n g  s e c t i o n s  

are i n troduced: one at the top, and the other at the b o t t o m  

of the pellet stack.

The li n e a r  heat g e n e r a t i n g  rate, pe l l e t  and c l a d d i n g  

s u r f a c e  t e m p e r a t u r e s  and p e l 1 e t - c l a d d i n g  f r i c t i o n  c o e f f i ­

cients can have a r b i t r a r y  v a l u e s  for each pellet and c o r r e s ­

p o n d i n g  c l a d d i n g  section. Also each pellet may or may not 

be in contact w i t h  the cladding.

T h r e e  steps in the a s s e m b l i n g  p r o c e s s  to o b t a i n  the 

r e p r e s e n t a t i o n  of the fuel rod are p r e s e n t e d  here:

a) a s s e m b l i n g  the first p e l l e t / c l a d d i n g  s e c t i o n  to the 

c l a d d i n g  s e c t i o n  0 at the b o t t o m  of the stack.

b) a s s e m b l i n g  p e l l e t / c l a d d i n g  s e c t i o n  i*"*1 (i = 2, 3, .. n) 

to the first i-1 p e l l e t / c l a d d i n g  sections.

c) a s s e m b l i n g  c l a d d i n g  s e c t i o n  n+1 at the top of the c l a d ­

ding to the n p e l l e t / c l a d d i n g  sections.

In all cases the f o l l o w i n g  c o n d i t i o n s  are imposed:

Equal radial d i s p l a c e m e n t s  of pel l e t  and c l a d d i n g  at 

the c o n t a c t  points.

C o n t i n u i t y  of radial d i s p l a c e m e n t s  and r o t a t i o n s  of the 

cladding.
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R adial e q u i l i b r i u m  of forces at the c o n t a c t  points.

E q u i l i b r i u m  of m o m e n t s  a c t i n g  on the cladding.

1

Axial e q u i l i b r i u m  of forces in both pe l l e t  and cladding.

F r i c t i o n  rel a t i o n s .  W h e n  pe l l e t  and c l a d d i n g  are s t uck 

at the c o n t a c t  points, equal axial d i s p l a c e m e n t s  are im 

posed. W h e n  s l i d i n g  occurs, the t a n g e n t i a l  force is m £  

de equal to the f r i c t i o n  c o e f f i c i e n t  times the normal 

force; d i f f e r e n t  cases may h a p p e n  r e g a r d i n g  the d i r e c ­

tion of the t a n g e n t i a l  force, as will be d i s c u s s e d  later.

In steps a) and c) a d d i t i o n a l  b o u n d a r y  c o n d i t i o n s  are 

e s t a b l i s h e d  at the c l a d d i n g  s e c t i o n s  at the top and b o t t o m  

of the rod. Zero radial d i s p l a c e m e n t s  and r o t a t i o n  of the 

c l a d d i n g  are imposed there, as a w a y  of s i m u l a t i n g  a p p r o x i ­

m a t e l y  rigid end-caps.

Dur i n g  the a s s e m b l i n g  process, the a d d i t i o n  of pellet- 

c 1 a d d i n g  s e c t i o n  i, w i t h  10 d e g rees of f r e e d o m  (Figs. 1 and 

2), to the first i-1 sections, leads to 10 r e d u n d a n c y  c o n ­

ditions. Therefore, m a t r i x  M in eq. 11.b is 10 x 10, and 

the i n v e r s i o n  of a 10 x 10 m a t r i x  is r e q u i r e d  for each pellet. 

This makes c o m p u t e r  times low. On the o t her side, iterations 

are n e c e s s a r y  until a c o n s i s t e n t  s y s t e m  of rel a t i v e  d i s p l a c e ­

ments at cont a c t  points, d i r e c t i o n s  and va l u e s  of f r i c t i o n  

forces, and s l i d i n g  or s t u c k i n g  of each pellet, is reached.



The l i n e a r i t y  of the m o del al l o w s  to treat any axial 

d i s t r i b u t i o n  of li n e a r  p ower i n crease du r i n g  the ramp. A l ­

so, each pellet may or may not c o n tact the cladding.
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3. D I S P L A C E M E N T  OF A SI N G L E  P E L L E T  R E L A T I V E  TO THE CLAD

DING .

In this s e c t i o n  d i f f e r e n t  p o s s i b i l i t i e s  of r e l a t i v e  

d i s p l a c e m e n t  of fuel and c l a d d i n g  will be analysed, as de ­

ter m i n e d  by f r i c t i o n  effects.

The ma i n  fact to be r e m i n d e d  is that, w h e n  no i n t e r ­

a c t i o n  occurs b e t w e e n  fuel and cladding, the axial e x p a n s i o n  

of the pel l e t  s t ack during a p o w e r - u p  ramp is la r g e r  than 

the axial e x p a n s i o n  of the c l a d d i n g  (due to its l a r g e r  t h e r ­

mal e x p a n s i o n ) .  Therefore, the c o n s i d e r a t i o n  of f r i c t i o n  e f ­

fects b e t w e e n  c o n t a c t i n g  p e l lets and the c l a d d i n g  can n e ver 

lead to a s i t u a t i o n  w h e r e  the total pellet stack e x p a n d s  

a x i a l l y  less than the cladding.

Figure 4 shows three of the p o s s i b i l i t i e s  for the r£ 

lative d i s p l a c e m e n t s  at any pellet. Fig. 4-a d e s p i c t s  a 

'completely s t uck situa t i o n " :  due to friction, p e l l e t  and 

c l a d d i n g  are s t u c k  at the c o n t a c t  points, and the a x i a l  d is - 

p l a c e m e n t s  of p e l l e t s  and c l a d d i n g  are equal. In this case, 

forces and d i s p l a c e m e n t s  r e f e r r e d  to the p e l l e t  m i d p l a n e  are 

s y m m e t r i c  to the pe l l e t  m i d p l a n e .  This s i t u a t i o n  is a t t a i n ­

ed for a given v a l u e  of the axial c o m p r e s s i v e  force F act-
L*

ing on the pellet.

If the t a n g e n t i a l  f r i c t i o n  force F̂ , n e e d e d  to a t t a i n
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this s i t u a t i o n  is larger than the f r i c t i o n  c o e f f i c i e n t  

times the normal force F , the pellet wi l l  slide w i t h  r e s ­

pect to the cladding. The s i t u a t i o n  wi l l  be the one despic_t 

ed in Fig. 4-b, w h i c h  is a g a i n  s y m m e t r i c  to the pellet m i d ­

plane.

The d i r e c t i o n  s hown for the f r i c t i o n  forces j a  .|Fn | is 

c o m p a t i b l e  w i t h  a final d e f o r m e d  state where, at the upper 

p ellet face, the c o n tact point in the c l a d d i n g  has m o v e d  u£  

w a rds w i t h  r e s pect o the pellet; at the bottom, the o p ­

p o s i t e  s i t u a t i o n  mu s t  occur. O t h e r  s l i d i n g  s i t u a t i o n s  are 

p ossible, w i t h  o p p o s i t e  d i r e c t i o n s  for the f r i c t i o n  forces.

Fi g u r e  4-c shows a s i t u a t i o n  of "n o n  s y m m e t r i c  s l i d ­

ing". P e l l e t s  in the upper r e g i o n  of the stack are p u s h e d  

upwards by the larger thermal e x p a n s i o n  of the other pellets; 

c o n s e q u e n t l y ,  the t a n g e n t i a l  f r i c t i o n  forces at bo t h  pellet 

ends point d o w nwards, i.e. o p p o s i t e  to the d i r e c t i o n  of r e ­

lative d i s p l a c e m e n t  of the c o n t a c t i n g  surfaces. This situa 

tion is n o n - s y m m e t r i c  to the pellet m i d p l a n e ,  and r e s u l t s  in 

a b u i l d - u p  of axial c o m p r e s s i v e  forces from pel l e t  to pellet, 

as shown in Fig. 4-c.

The c o m p l e t e l y  stuck s i t u a t i o n .

In Fig. 4-a this s i t u a t i o n  was shown; pellet and
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c l a d d i n g  axial d e f o r m a t i o n s  are equal, and bo t h  b o d i e s  are 

s t u c k  due to f r i c t i o n  at the c o n t a c t  points. This s i t u a t i o n  

c o r r e s p o n d s  to the one d e s c r i b e d  in 1 and 1 V 2 d i m e n s i o n a l  

fuel rod codes in cases where, a f t e r  p e l l e t - c l a d  contact, 

equal axial d i s p l a c e m e n t s  of fuel and clad, u n der the g e n e ­

r a l ized p l ane st r a i n  h y p o t h e s i s ,  are imposed.

This s i t u a t i o n  can be very e a s i l y  m o d e l l e d ,  as the 

s y m m e t r y  to the pellet m i d p l a n e  al l o w s  to r e s t r i c t  the 

a n a l y s i s  to a si n g l e  pellet and c l a d d i n g  section. The r a ­

tio e = E^/E^ of the Y o ung m o d u l i i  of fuel and c l a d d i n g  is 

taken as a par a m e t e r .

T a b l a  II gives the g e o m e t r i c  data for the c l a d d i n g  

and the six pellet shapes studied; T a b l e  III shows the ma 

terial p r o p e r t i e s  a s s u m e d  for UO^ and Zry.

The c a l c u l a t i o n s  are made for a p o w e r - u p  ramp of 

30 kw/m. In Fig. 5 the axial c o m p r e s s i v e  force on the 

p ellet (and axial t e n s i l e  force on the cladding) r e q u i r e d  

to o b t a i n  the c o m p l e t e l y  stuck s i t u a t i o n  is p l o t t e d  as a 

f u n c t i o n  of e. To c l a r i f y  figures, the m a x i m u m  v a l u S  of e 

( 2.22) c o r r e s p o n d s  (31) to a pellet a v e r a g e  t e m p e r a t u r e  

of 1160°C and 95% TD, and to a Y o u n g  m o d u l u s  for the c l a d ­

ding E Zry = 76700 MPa.
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F i g u r e  6 shows the radial d e f o r m a t i o n  of the c l a d d i n g  

at the c o n tact points. Basic q u a l i t a t i v e  facts a g ree wi t h  

the e x p e r i m e n t a l  e v i d e n c e  on the effect of p e l l e t  shape (20- 

24): dished p e l l e t s  p r o d u c e  la r g e r  ridges than f l a t - e n d e d  

ones; i n c r e a s i n g  the L/D ratio i n c r e a s e s  ridging, but the 

effect is mu c h  more i m p o r t a n t  for d i s h e d  pellets.

An " e f f e c t i v e "  f r i c t i o n  c o e f f i c i e n t  is d e f ined

as the a b s o l u t e  v a l u e  of the ratio b e t w e e n  the t a n g e n t i a l  

f r i c t i o n  force and the n o r m a l  force at the contact points. 

/ x e f £  shown in Fig. 7. In all cases, b e c o m e s  zero

for a c e r t a i n  v a lue of the ratio e of Y o u n g  m o d u l i i .  At 

that point the t a n g e n t i a l  force b e c o m e s  zero, and then 

c h a nges d i r ection. As shown in Fig. 7, for 'hard" pe 11 ets 

^large e) the f r i c t i o n  forces are tensile on the pellet,

i.e. they must c o u n t e r a c t  the c o m p r e s s i o n  axial force in or_ 

der to a t t a i n  a c o m p l e t e l y  s t u c k  s i t u a t i o n .  For a given 

v a lue of e, if the f r i c t i o n  c o e f f i c i e n t  /i b e t w e e n  p e l l e t  and 

c l a d d i n g  is s m a l l e r  than the e f f e c t i v e  /*e £ f :

< S 'e i f -

T h e n  I?tI > / ■  | F J

and s l i d i n g  w i l l  occur. The r e f o r e ,  Fig. 7 gives also the 

values of j s  for w h i c h  a c o m p l e t e l y  stuck s i t u a t i o n  is p o s ­

sible, i.e. j i  •% .  j x  e f f * can be seen f rom the figure that,
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for r e a s o n a b l e  values of yu ( £ 0 . 5 0 ) ,  the r ange of values of 

e for w h i c h  c o m p l e t e  s t u c k i n g  is p o s s i b l e  is much w i d e r  for 

dished than for f l a t - e n d e d  pellets.

This a n a l y s i s  w i l l  prove to be very h e l p f u l  in r e d u c ­

ing the n u m b e r  of i t e r a t i o n s  w h e n  a w h o l e  rod is a n a l y s e d .
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4. STUDY OF A FUEL ROD

A pe l l e t  s t a c k  500 mm long was c o n s i d e r e d .  D e p e n d i n g  

on the L/D ratio of the p e l lets (see T a b l e  II), it wi l l  c o n ­

sist of 30 p e l l e t s  w i t h  L / D  = 1.7, or 51 pellets w i t h  L/D = 1, 

or 103 pell e t s  w i t h  L / D  = 0.5.

In case I the " c o m p l e t e l y  s t u c k  s i t u a t i o n "  can be 

reached by some p e l lets in the stack. A f r i c t i o n  coefficient 

= 0.25 and a ratio of Y o u n g  m o d u l i i  e = 0.78 are a d o p t e d  

(see Fig. 7).

In Fig. 8 the c l a d d i n g  radial d i s p l a c e m e n t  d  at the 

pellet i n t e r f a c e s  is p l o t t e d  a l o n g  the rod, for a c o n s t a n t  

(no axial d e p e n d e n c e )  p o w e r - u p  ramp of 30 kw/m. For the 

sake of c l a rity (!_ is p l o t t e d  as a c o n t i n u o u s  f u n c t i o n  of the 

axial c o ordinate, but a c t u a l l y  it is only d e f i n e d  at the 

pellet interfaces, i.e. at 31, 52 or 104 points d e p e n d i n g  on 

the L/D ratio.

On each curve, an a r r o w  indic a t e s  the b o u n d a r y  between 

s l i d i n g  pellets (upper r e g i o n  of the stack), and " c o m p l e t e l y  

stuck" pellets. B eing the power constant, all s t u c k  pellets 

b e h a v e  the same, and id is i n d e p e n d e n t  on the a x i a l  position.

For all pellet shapes, there is a .maximum on d̂  for
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the upper pellet interface, r e f l e c t i n g  the i n f l u e n c e  of the 

b o u n d a r y  c o n d i t i o n s  imposed. In the rest of the s l i d i n g  r£ 

gion, f l a t - e n d e d  and dished pellets b e h a v e  the oppos i t e :  

for dished pellets, the radial d i s p l a c e m e n t  of the c l a d d i n g  

i n c r eases from pe l l e t  to pellet, w h i l e  for f l a t - e n d e d  ones 

it d imini s h e s  .

F i g u r e  8 also shows the axial e l o n g a t i o n  A Z  of the 

p ellet s t ack and the cladd i n g .  W h i l e  the total s t uck s i ­

t u a t i o n  p r e v a i l s , both e l o n g a t i o n s  are the same; in the 

upper part of the rod, w h e r e  s l i d i n g  occurs, the fuel e l o n g  

a tion b e c o m e s  i n c r e a s i n g l y  la r g e r  than the c l a d d i n g  e l o n g ­

ation.

F i g u r e  9 gives the r e a s o n  for this b e h a v i o r .  There, 

the axial c o m p r e s s i v e  force on each pellet (oppo s i t e  to the 

axial t e n sile force on the cladding) is p l o tted as a f u n c ­

tion of axial position; a g a i n  c o n t i n u o u s  curves w e r e  drawn
£
V

for the sake of clearity. As w e  move down a l ong the rod, the 

c o m p r e s s i v e  force i n c r eases for all pellet shapes in the r e ­

gion of "non s y m m e t r i c  sli d i n g "  (Fig. 4-c), and r e m ains cons 

tant once the s t u c k  s i t u a t i o n  is reached. The effect of the 

axial c o m p r e s s i v e  force is s c h e m a t i c a l l y  s hown in Fig. 10: 

for a dis h e d  pe l l e t  it adds to the thermal h o u r g l a s s i n g , 

w h i l e  for a dished one it c o u n t e r b a l a n c e s  it. As a result, 

the b u i l d - u p  of c o m p r e s s i v e  axial forces due to f r i c t i o n
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effects in the s l i ding p e l l e t s  r e s u l t s  in i n c r e a s i n g  c l a d ­

ding radial d e f o r m a t i o n  for dished pellets, and in d e c r e a s ­

ing ji for f l a t - e n d e d  ones, as s h o w n  in Fig. 8.

A q u a l i t a t i v e  p i c t u r e  of the fuel rod b e h a v i o r  can 

now be drawn; s i m i l a r  b e h a v i o r  wi l l  be found in the other 

cases to be analy s e d .  At the b o t t o m  of the rod, p e l lets 

are either s t u c k  or s y m m e t r i c a l l y  s l i d i n g  w i t h  r e s p e c t  to 

the cladd i n g .  T h o s e  s i t u a t i o n s  r e q u i r e  c o n s i d e r a b l e  axial 

forces c o m p r e s s i n g  the p e llets; c o m p a r e  the m a g n i t u d e  of 

the forces s h o w n  in Fig. 9, to a typical g a s - p r e s s u r e  i n d u £  

ed force on a pellet, of the o rder of 400 N for a p r e s s u r e  

of 50 a t m o s p h e r e s .  T h o s e  c o m p r e s s i v e  forces are b u i l d - u p  

from the f r i c t i o n  forces at the top of the column, w h e r e  

(see Fig. 4-c) pell e t s  s lide u p w a r d s  w i t h  r e s p e c t  to the 

cladding; once a s y m m e t r i c  s i t u a t i o n  is reached, either 

wi t h  s l i d i n g  or s t u c k  pellets, the b u i l d - u p  of c o m p r e s s i v e  

forces end.

The q u a l i t a t i v e  d i f f e r e n c e s  b e t w e e n  pellet shapes 

agree w i t h  the e x p e r i m e n t a l  e v i d e n c e  (20-24): pellet d i s h ­

ing incre a s e s  c l a d d i n g  " r i d g i n g " ;  i n c r e a s i n g  L/D ratio a l ­

so increases " r i d g i n g " ,  and this effect is mu c h  mo r e  im­

p o r t a n t  for dished p e l l e t s  than for f l a t - e n d e d  ones (see 

Fig. 8).
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A n o t h e r  i n t e r e s t i n g  effect is that the e x t e n s i o n  of 

the r e g i o n  of s l i d i n g  p e l l e t s  is la r g e r  the larger the L/D 

ratio. In o t her words, what is s i m ilar is the n u m b e r  of 

s l i d i n g  pellets. This is due to t h e d i s c r e t e  na t u r e  of a 

pellet stack, and to the fact that the b u i l d - u p  of axial 

c o m p r e s s i v e  forces per pellet,, due to f r i c t i o n  forces, is 

r e l a t i v e l y  i n d e p e n d e n t  of pel l e t  length.

In Case II, the axial power d i s t r i b u t i o n  is changed; 

v alues of j a  a nd,e are the same as in Case I.

Two linear axial d i s t r i b u t i o n s  of the i ncrease ^f  

power du r i n g  the ramp are consid e r e d ,  both of them b e t w e e n  

22 k w / m  and 30 kw/m. In one case, Fig. 11, the power i'|fe 

i n c r e a s e d  22 k w / m  at the top of the stack, and 30 k w / m  at 

the bottom; in the second case, Fig. 12, it incre a s e s  by 

30 k w / m  at the top, and by 22 k w / m  at the b o t t o m  of the 

stack.

Figures 11 and 12 show the radial d i s p l a c e m e n t  of 

the c l a d d i n g  at the pe l l e t  i n t e r f a c e s  in both cases.

The d i s p l a c e m e n t  cl follows the change of power in 

the r e g i o n  of s t uck pellets; Fig. 13 shows, for f l a t - e n d e d  

pellets w i t h  L/D = 1 (the b e h a v i o r  is s i m i l a r  for other 

p ellet shapes), the s y m m e t r y  of c l a d d i n g  d e f o r m a t i o n  in the
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r e g i o n  of s t u c k  p ellets. On the other side, the b e h a v i o r  

is very d i f f e r e n t  for the s l i d i n g  p e l l e t s  at the top of the 

stack. P r e d i c t e d  r i d g i n g  for f l a t - e n d e d  p e l l e t s  is larger 

w h e n  the m a x i m u m  p o wer is at the top of the rod. For dished 

pellets, the ef f e c t  of c o m p r e s s i v e  axial forces d i s c u s s e d  

e a r l i e r  leads to a s i t u a t i o n  (Fig. 12) w h e r e  p e l lets g e n e r a ^  

ing h i g h e r  power induce s m a l l e r  ra d i a l  d e f o r m a t i o n s  in the 

c l a d d i n g .

Fi g u r e  14 shows axial d i s p l a c e m e n t s  per unit length 

in the c o nstant p o wer case (Case I). F i g u r e  14-a shows the 

axial d i s p l a c e m e n t  of the c l a d d i n g  as a f u n c t i o n  of the L/D 

ratio. Curves are d r a w n  c o n t i n u o u s ,  but a c t u a l l y  on l y  three 

points h a v e  b e e n  c a l c u l a t e d  (L/D = 0.5; 1; 1.7). A x i a l  d e ­

for m a t i o n s  are larger for f l a t - e n d e d  p e l l e t s  than for dished 

ones, except for the long, L / D  = 1.7 case. C l a d d i n g  axial 

strain increases w i t h  L/D, e s p e c i a l l y  for dished pellets; 

this ag r e e s  w i t h  the u s u a l l y  o b s e r v e d  b e h a v i o r  (21-23).

Fi g u r e  14-b plots th;e axial d i s p l a c e m e n t  per unit 

l e n g t h  of the p e l l e t  stack. The d e p e n d e n c e  on p e l l e t  s h ape 

is s i m ilar to the one p r e d i c t e d  for c l a d d i n g  axial strains.

The b e h a v i o r  s h o w n  in Cases I and II does not depend 

on h a v i n g  s t u c k  pe l l e t s .  In Case III, a c o n s t a n t  p o w e r - u p  

ramp of 30 k w / m  is s i m u l a t e d ;  ju is a d o p t e d  to be 0.10 and
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e = 1.557.

Figure 15 shows the c l a d d i n g  radial d i s p l a c e m e n t  at 

p e l l e t  interfaces. Due to a s m a l l e r  value of the f r i c t i o n  

c o e f f i c i e n t ,  the r e g i o n  of "non s y m m e t r i c  sliding" is much 

larger than in the p r e v i o u s  case; in the rest of the rod, 

s y m m e t r i c  s l i d i n g  (similar to the one shown in Fig. 4-b) 

exists. F i g u r e  16 shows the much slower b u i l d - u p  of axial 

c o m p r e s s i v e  forces due to the s m a l l e r  v a lue of y u .

I n c r e a s i n g  the v a lue of yj to 0.25 and 0.50 k e e p i n g  

the same ratio e of Y o ung modulii, as shown in Figs. 17-a 

and 17-b , r e p r o d u c e s  the same kind of behav i o r .  The l a r ­

ger the value of j a  , the la r g e r  the b u i l d - u p  of c o m p r e s s i v e  

axial forces in the s l i d i n g  p e l l e t s  at the top, r e s u l t i n g  

in a d e c r e a s i n g  number of "non s y m m e t r i c "  s l i d i n g  pellets.

F i g u r e s  18 and 19 show axial d i s p l a c e m e n t s  per unit 

l e n g t h  for both c l a d d i n g  and pellet stack, for the cases 

= 0.10 and J a  = 0.50. The m o del predicts a rather small 

d e p e n d e n c e  of axial s t r ains on the f r i c t i o n  c o e f f i c i e n t  in 

these cases. It can also be n oted that, for f l a t - e n d e d  

pellets, the d e p e n d e n e  of axial s t r a i n s  cn L/D is small 

and can even be o p p o s i t e  c o m p a r e d  to dis h e d  pellets; this 

b e h a v i o r  has be e n  found in some cases (Ref. 23, T a b l e  V, 

test DME-143) .
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Comments on fuel axial e l o n g a t i o n .

We r e t u r n  to the axial d i s p l a c e m e n t  per unit le n g t h  

of the pe l l e t  s t ack in Case I, that was s h own in Fig. 13-b. 

In Fig. 20 the same d i s p l a c e m e n t s  are c o m p a r e d  to the axial 

d i s p l a c e m e n t  per unit len g t h  of a pellet due on l y  to the 

thermal h o u r g l a s s i n g  effect, as c a l c u l a t e d  by the SAP-4 code.

The thermal e l o n g a t i o n  is very d i f f e r e n t  for flat- 

ended and di s h e d  p e llets. In the first case, axial strains 

fall r a p i d l y  as L/D increases, w h i l e  for dished p e l l e t s  

there is a small incre m e n t  of A L / L  as L/D increases. F i g u ­

re 21 allows to u n d e r s t a n d  the s i t uation. The d e f o r m e d  

shape, due to thermal h o u r g l a s s i n g  alone, of the 6 pellet 

shapes is shown; also the axial thermal s t r a i n  for an infji 

nite c y l i n d e r  (plain s t r a i n  limit) is shown. A L / L  is given 

by the d i s p l a c e m e n t  of the pellet c e n t e r l i n e  for f l a t - e n d e d  

pellets, and by the d i s p l a c e m e n t  of the p e l l e t  s h o u l d e r  for 

the dished ones. For flat ended pellets, e n d - e f f e c t s  give 

axial d e f o r m a t i o n s  larger than the p l a i n - s t r a i n  value, but 

the d i f f e r e n c e  b e t w e e n  ac t u a l  and p l ain s t r a i n  axial d e f o r ­

m a t i o n  (i.e., the e n d - e f f e c t )  is m a i n l y  i n d e p e n d e n t  of L/D.

In other words, there is a central zone in the pe l l e t  under 

a p l a i n - s t r a i n  state, wi t h  axial d i s p l a c e m e n t s  linear with 

L, and a local d e f o r m a c i ó n  on the s u r f a c e  ra t h e r  i n d e p e n ­

dent of L (specially for L/D = 1 and 1.7). W h e n  the axial
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d i s p l a c e m e n t  per unit l e n g t h  is c o n s i d e r e d ,  the c o n t r i b u t i o n  

of the local d e f o r m a t i o n  b e c o m e s  s m a l l e r  as L increases, and 

the b e h a v i o r  is the one shown in Fig. 20.

For d i s h e d  pellets, e n d - e f f e c t s  are such that for 

l onger pellets, axial d i s p l a c e m e n t s  of the pellet sh o u l d e r  

b e c omes s m a l l e r  than the p l a i n  s t r a i n  value; this is a 

P o i s s o n  effect, due to the e c c e n t r i c  p o s i t i o n  of the pe l l e t  

shoulder. This gives a small i n c r e m e n t  of A L / L  as L in­

creases, as s h o w n  in Fig. 20.

A s t r i k i n g  fact is the q u a l i t a t i v e  d i f f e r e n c e  of 

d e p e n d e n c e  of p u r e l y  thermal and total axial strains on the 

L/D ratio. This shows the i m p o r t a n c e  of i n c l u d i n g  good es ­

timates of the forces w h e n  m o d e l i n g  pellet clad interaction.
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5. C O N C L U S I O N S

This study allows to draw several c o n c l u s i o n s :

1.- Even a simplified, linear t h e r m o e l a s t i c  a n a l y s i s  of 

p e l l e t - c l a d d i n g  m e c h a n i c a l  i n t e r action, allows to e x p l a i n  

the m a i n  q u a l i t a t i v e  facts of the b e h a v i o r  of d i f f e r e n t  

p e l l e t  s h a p e s .

2.- In o rder to a t t a i n  such a g r e e m e n t  with experimentd^« 

e vidence, the effect of axial forces must be taken into a c ­

count. For instance, thermal h o u r g l a s s i n g  a lone w o u l d  give 

no m e a s u r a b l e  d i f f e r e n c e s  in c l a d d i n g  r i d g i n g  b e t w e e n  flat- 

ended and dished pellets.

The e v a l u a t i o n  of the otfder of m a g n i t u d e  of these 

axial forces implies, s p e c i a l l y  w h e n  p e l lets and c l a d d i n g  

are sliding, some kind of a n a l y s i s  of the w h o l e  stack.

3.- T h e r m a l  h o u r g l a s s i n g  a l one w i t h o u t  c o n s i d e r a t i o n  of 

the forces a c t i n g  on the c o n t a c t i n g  p e l l e t s  and cladding,

is also unable of e x p l a i n i n g  the d e p e n d e n c e  of axial strains 

on the L/D ratio of the pellets.

4.- The v a lue of the f r i c t i o n  c o e f f i c i e n t  b e t w e e n  pellets 

and c l a d d i n g  does not seem to have a large i n f l u e n c e  on the 

p r e d i c t i o n s  of this model. Its value will d e t e r m i n e  m a i n l y  

the nu m b e r  of p e l l e t s  s l i d i n g  w i t h  r e s pect to the c l a d d i n g
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at the top of the rod.

5.- The a s s u m p t i o n  of s y m m e t r i c  d e f o r m a t i o n s  of pellet 

and c l a d d i n g  resp e c t  to the pellet m i d p l a n e  is not v a l i d  

for the first pellets in the stack, w h e r e  s l i d i n g  occurs. 

D e p e n d i n g  on the power axial d i s t r i b u t i o n  and pe l l e t  shape, 

the larger c l a d d i n g  s t r ains may be on that region.

*
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T a b l e  1

Radius of c u r v a t u r e  at the center of the pellet 

e n d - f a c e  due to thermal h o u r g l a s s i n g

Pellet radius R = 4 . 8 7 6 8  mm

T a ble II

P e l l e t  and c l a d d i n g  g e o m e t r i c a l  data

Type
Dish ing 
v o l u m e

%

Radius
mm

Hei g h t
mm

Dish ing
radius * 

mm

D i s h i n g
h e i g h t

mm

L/D

D 0.5 2 4 .8768 4.8 7 6 8 3.r752 .1128 0.5

D 1 2 4.8768 9.7536 3. 752 . 2253 1

D 1.7 2 4.8768 16.708 3. 752 . 3851 1.7

FE 0.5 - 4.8768 4 .8768 - - 0.5

FE 1 - 4.8768 9.7536 - - 1

FE 1.7 - 4 .8768 16.708 - - 1. 7

* *

♦ ^
* 0

* S p h e r i c a l  d i s h i n g  w a s  c o n s i d e r e d .
- ^  *  *%- ; ‘ h. «



T a b l e  III

M a t e r i a l

M a t e r i a l  p r o p e r t i e s

V  oC
i/ °c

uo,

Zry

0.30

0 . 2 5 3

1086 x 10
-4

.6721 x 10
-5

k
kw / m ° C 

. 00 2 8 4 3

.0165



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

F i g . I

Fig. 2

F i g . 3

F i g . 4

: Cl a d d i n g  s e c t i o n  c o r r e s p o n d i n g  to one pellet. The 

d e g r e e s  of f r e e d o m  c o n s i d e r e d  in the ana l y s i s  are 

s h o w n .

: D e g rees of f r e e d o m  c o n s i d e r e d  for a pellet. In the 

case of d i s h e d  pellets, axial forces (d . o . f . //1) are 

t r a n s m i t t e d  from p e l l e t  to pel l e t  t h r o u g h  the pellet 

shoulder, as indicated.

: Lines of equal c o n t a c t  area for f l a t - e n d e d  pell e t s  in 

contact. F is the axial c o m p r e s s i v e  force t r a n s m i t t e d  

t h r ough the cont a c t  area; E the p e l l e t  Y o u n g  m o dulus. 

The radius r c of the c i r c u l a r  c o n t a c t  area is given as 

a f r a c t i o n  of the radius R of the pellet.

: Some p o s s i b i l i t i e s  of p e l l e t - c l a d d i n g  r e l a t i v e  d i s p l a c e  

m ents . In all cases the r e f e r e n c e  state is d r a w n  in 

full lines, and the d e f o r m e d  one in dot - l i n e s .  Axial 

forces on the c l a d d i n g  (not shown) are o p p o s i t e  to 

the ones on the pellet.

4a) C o m p l e t e l y  stuck s i t uation. A x i a l  d i s p l a c e m e n t s  

11' of fuel and 33* are equal; there is no sliding 

at the c o n t a c t  points. The d i r e c t i o n  shown for the 

t a n g e n t i a l  f r i c t i o n  forces F^ is a r b i t r a r y .

4b) S y m m e t r i c  sliding: axial d e f o r m a t i o n s  of fuel 

and c l a d d i n g  are dif f e r e n t .  The d i r e c t i o n  of F T is

»



c o n s i s t e n t  w i t h  a larger axial e x p a n s i o n  of the c l a d ­

ding as c o m p a r e d  to the pellet at the cont a c t  points.

4c) Non s y m m e t r i c  sliding: the pellet as a whole, 

pushed by the thermal e x p a n s i o n  of the rest of the 

stack, slides u p w a r d s  resp e c t  to the cladding. Both 

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

on a b u i l - u p  of the axial c o m p r e s s i v e  force on the 

f o l l o w i n g  pellet.

Fig. 5 : C o m p l e t e l y  s tuck sit u a t i o n .  Axial c o m p r e s s i v e  force

F^ on the p e l l e t  as a f u n c t i o n  of the ratio e of Young 

m o d u l i i  of fuel and cladding. Va l u e s  for a p o w e r - u p  

ramp of 30 kw/m. The L/D ratio is m a r k e d  on each cur

ve .

Fig. 6 : C o m p l e t e l y  s t u c k  situation. Radial d i s p l a c e m e n t s  d

of the c l a d d i n g  at the pe l l e t  i n t e r f a c e  as a f u n c t i o n  

of the ratio e of Y o u n g  m o dulii. Values for a po w e r -  

up ramp of 30 kw/m. On each curve the L/D ratio is 

i n d i c a t e d .

Fig. 7 : C o m p l e t e l y  s t uck s i t u ation. A b s o l u t e  v a l u e  of the r£ 

tio b e t w e e n  t a n g e n t i a l  and normal forces at the c o n ­

tact points, yUgff» as a f u n c t i o n  of e. The d i r e c t i o n  

of the t a n g e n t i a l  f r i c t i o n  forces is shown s c h e m a t i ­

cally. If the f r i c t i o n  c o e f f i c i e n t  j i  falls in r e g i o n  

A, the c o m p l e t e l y  s tuck s i t u a t i o n  is forbidden; in r£ 

gion B it is a l lowed. The cases to be a n a l y s e d  are 

marked. N u m b e r s  on each curve c o r r e s p o n d  to the L/D , f



Fig .

Fig .

Fig .

Fig .

Fig .

Fig .

Fig,

ra t io .

8 : 500 mm  long rod. Radial d i s p l a c e m e n t  d of the c l a d ­

ding at pe l l e t  i n t e r f a c e s  as a f u n c t i o n  of axial posjl 

tion on the rod and a x ial e l o n g a t i o n  A Z  of fuel and 

c ladding. Case I: power up ramp of 30 kw/m, no axial 

d i s t r i b u t i o n ;  j d  = 0.25 ; e = 0 . 778. Ar r o w s  m a r k  the 

b e g i n n i n g  of n o n - s y m m e t r i c  sliding. N u m b e r s  on each 

curve ind i c a t e  the L/D ratio.

9 : A x ial d i s t r i b u t i o n  a l o n g  the rod of the axial c o m p r e s ­

sive force on each pellet. Case I.

10 : Schem a t i c  r e p r e s e n t a t i o n  of the d e f o r m a t i o n  due to an

axial c o m p r e s s i v e  force a c t i n g  on a f l a t - e n d e d  and on 

a dished pellet.

11 : Case II. C l a d d i n g  radial d i s p l a c e m e n t  d at the pellet

i nt e r f a c e s  for the p o w e r - u p  ramp s h own in the figure.

^u = 0.25 ; e  = 0.78

12 : Case II. C l a d d i n g  radial d i s p l a c e m e n t  d at pe l l e t  in­

terfaces, for the p l o t t e d  p o w e r - u p  ramp.

13 : C o m p a r i s o n  of the axial d i s t r i b u t i o n  of c l a d d i n g  r a ­

dial d i s p l a c e m e n t  for the cases shown in Figs. 8, 11 

and 12. R e s u l t s  for f l a t - e n d e d  pellets, with L/D = 1 

are shown.

14 : Case I (constant power). A x i a l  d i s p l a c e m e n t  per unit

le n g t h  of the c l a s s i n g  (Fig. 14 a) and the pellet 

c o l u m n  (Fig. 14 b), as a f u n c t i o n  of L/D.



Fig. 15 : Case III. C l a d d i n g  radial d i s p l a c e m e n t  at the pellet 

interfaces for a c o nstant pow e r - u p  ramp of 30 kw/m. 

j d  = 0.10 ; e = 1 . 5 5 7 . The L/D ratio is i n d i c a t e d  on 

eacti curve.

Fig. 16 : Case lit. D i s t r i b u t i o n  along the column of the axial

c o m p r e s s i v e  force on each pellet, j u  = 0.10 ; e = 1.5 57 

The L/D ratio is indicated on each case.

Fig. 17 : Case III. C l a d d i n g  radial d i s p l a c e m e n t  at the pellet 

interfaces for a c o nstant po w e r - u p  ramp of 30 kw/m; 

e = 1.557.

17 a) ;i = 0.25 17 b) p  = 0. 50

Fig. 18 : Case I I T . Axial d i s p l a c e m e n t  per unit length of the

c l a d d i n g  (Fig. 18 a) and the pellet co l u m n  (1''i g . 18 b) 

as a function of the L/D ratio. Co n s t a n t  p o w e r - u p  

ramp of 30 kw/m; e = 1.5 57 ; j u  = 0.10

Fig. 19 : Case ill. Same as Fig. 18 for p  -  0.50.

Fig. 20 : Case I. Constant p o w e r - u p  ramp of 30 k w /m ; e = 0.78 

ij = 0.25. Axial d i s p l a c e m e n t  per unit length pf the 

pellet column. " T h e r m a l "  indicates the effect of 

thermal h o u r g l a s s i n g  alone; "Total" i n d i c a t e s  the 

results of the p r e s e n t  model.

Fig. 21 : Deformed shape of the pellet e n d - f a c e  due to thermal 

h o u r g l a s s i n g  for a p o w e r - u p  ramp of 1 kw/m. The six 

pellet shapes c o n s i d e r e d  are shown; u ^  indicates,



for each L/D ratio, the axial d i s p l a c e m e n t  r e s u l t i n g  

from p l ane strain.
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