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A STUDY OF FRICTION AND AXIAL EFFECTS IN PELLET-CLAD

MECHANICAL INTERACTION.

by S. Harriaguev ' and J.E. Meyerx '

An analysis is made of the effect of friction forces

at the pellet-cladding contact points on the behaviour of a

fuel rod under a power-up ramp.

A thermoelastic description of the pellets is given;

the stiffness matrix and initial displacements are obtained

from a finite element calculation. The cladding is consider

ed to behave as a thermoelastic thin shell.

A method is developed to assemble the stiffness of

each pellet and corresponding cladding section on a fuel rod,

resulting in an explicit description of the whole stack. The

assumption of thermoelasticity allows for a very fast calcul-

ation, even when including hundreds of pellets under an arbi-

trary axial distribution of power.

Results showing the pattern of friction and axial for-

ces, and relative and localized displacements along the rod,

are presented. In most cases, pellets at the top of the stack

slide with respect to the clad. As a result of the build-up

of axial forces due to friction, pellets at lower positions



in the fuel column may show, at the contact positions, no

relative displacements with respect to the cladding.

The effect of pellet dishing and L/D ratio on the

axial strains and local deformations are shown. The predic-

tions are consistent with the experimental observations on

the effect of pellet shape.

Finally, a discussion is made of the results of this

3tudy. The use of these results as a guideline for establish

ing proper boundary conditions in a non-linear PCMI model

(i.e., including plasticity and pellet cracking) are also

discussed.

(*) Dept. de Materiales, Comisión Nacional de Energía
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1. INTRODUCTION

During the last years, many models have been develop-

ed for the analysis of pellet clad mechanical interaction

at pellet interfaces (1-12, 32). In those models a finite elem-

ent study is performed; a single pellet is considered, and

usually symmetry considerations restrict the analysis to

half a pellet. Cn the other side, in some 1 and 1 ty¿ dimen-

sional fuel rod modeling codes (13, 14), axial coupling of

rod sections is performed taking into account the overall

effect of axial and friction forces along the rod.

The problems of thermal hourglassing and pellet-clad

interaction have also been treated using analytical methods,

restricted to a single pellet (15-19).

A considerable amount of experimental work has been

done on pellet clad interaction; Bailey et al (20) have pij

blished a general review. The effect of pellet shape has

been analysed. S. Aas (21), reviewing the Halden experience,

shows that:

Flat-ended pellets lead to larger clad elongation than

dished ones.

Increasing the L/D ratio of the pellet also leads to lar_

ger clad elongation.
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Dished pellets give higher ridges than flat-ended ones.

Ridging increases with the L/D ratio of dished pellets.

No such effect was found with flat-ended pellets.

Carter (22, 23) has published experimental results on

the effects of pellet shape on strains in collapsible clad-

ding during power-up ramps. Some of his conclusions, mainly

on dished pellets, are:

Circumferential ridges can be reduced by using pellets

with small L/D; in particular, an abrupt increase in

ridge height ocurred for L/D > 0.5.

Rod axial strains seem to be reduced by decreasing L/D;

if the rod is ramped to central melting, the opposite

happens.

Dished pellets with wider shoulders lead to smaller ric[

ges and increasing axial strains.

Whatham (24) has measured ridges on pellet stacks

electrically heated. He also finds an increase on ridging

with the L/D ratio, and larger ridges for dished pellets

than for flat-ended ones.

It is the purpose of this work to study the effect

of friction and axial forces in a complete pellet stack in-

teracting with the cladding. The analysis is therefore not
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restricted to a single pellet, and no symmetry considerations

are involved to restrict the analysis to half a pellet.

In order to keep computer time within reasonable li-

mits (stacks of up to 100 pellets will be modeled), a linear

thermoelastic analysis is performed of both pellets and clac[

ding. In order to take into account in some way effects of

pellet cracking, pellet creep and plasticity, the ratio e¡ of

Young modulii of fuel and cladding is used as a parameter;

qualitatively different behaviors of the rod are presented

for different values of that ratio.

The behavior of the rod under a power-up ramp is stud_

ied. The reference state will be one where, for all pellets

that will contact the cladding during the ramp, a zero gap,

zero contact force situation exists. Fission gas release

during the ramp, as well as changes in the fuel to clad heat,

conductance, are neglected.

In section 2 the method developed for the analysis of

the rod is described. In section 3 a discussion is present-

ed regarding the relative displacement of a single pellet

and the cladding; stuck and sliding situations are analysed.

Section 4 presents the results regarding the behavior

of fuel rods under different power distributions, as a func-
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tion of pellet shape, friction coefficient and material pa-

rameters. Finally, the COP lusions of this study are pre-

sented in section 5.
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2. NUMERICAL METHOD

2.I A method for the analysis of composite structures.

The method used in this work for the representation

of a fuel rod is an extension of the one proposed by Frid-

rich (25) for composite structures.

Define a primitive form (P-form from now on) for a

substructure by its stiffness matrix Kp and initial forces

F£ such that:

where Dp is the displacement vector and Fp the force vector.

In the present application, the substructure to which eq.(l)

applies will be each pellet and its corresponding section of

cladding.

Let a transformed representation (T-form) be defined

by a matrix Cp_ such that:

and

FT» KT.DT 4- Fr° (3)

The T-form corresponds essentially to a representation in
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the reference frame of the complete structure.

The equivalence of virtual work in the P and T forms

leads to (see (25) for details):

F T s C f T . F p (A)

T » CJT .K, .C
PT

where the superscript "t" means transpose.

The T-form may contain redundant degrees of freedom.

In the case of a fuel rod, refundant degrees of freedom

arise from imposing contact conditions of equal radial dis-

placements for pellet and cladding, friction relationships

between normal and tangential forces, axial equilibrium, etc.

Let nT D ¿ rhe number of degrees of freedom in the T-

form, and Rp • ti<=s nusbar af redundant degrees of freedom to

be eliminated. The nR redundancy conditions are generally

expressed in matrix form as:

Se + S P .F T + SS .DT « 0 (7)

where So i s no x 1; S_ and Sm are n_ x n_.
K r D R T
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The n_ degrees of freedom in the T representation are

arranged in order to leave the n redundant ones at the bot̂

torn. The matrices in the T-form are written as:

where is - nR) x

F,

2>w

KRI

/
(8a)

(8b)

(8c)

- n R ) , is

(8d)

- nR) x nR,

KRI is nR x - nR) and K R R is nR x nR. Due to the sym-

metry of the stiffness matrix, KTT and KOD are symmetric
X X KK

and KIR "RI-

The redundancy eqs. (7) are written as

Sfx. . FR

Eq. (3) can be expressed as:

(10a)

(10b)
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FT and F_ are substituted in eq. (9). Calling:
I K

: . h í + OFf t • r R ( l i a )

SFX-KXX + S F R .K A I dio

the redundant displacements D can be expressed as
K

Let:

r KA'* KA
C T w s M R M r (12a)

2)ft = - M R H o ( i2b)

Then:

The n - n_ = n degrees of freedom with the displace
L K W

ments Dw define the working-form (W-form). The demand of

equal v i r t u a l work in the T-form and W-form allows the c a l -

cula t ion of the conjugate forces F y :

Fw • ¿"JPW e f> . <Tj)T (14)

As:
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using (13):

Therefort:

Fr

To obtain the W-form of the stiffness matrix and i

tial forces, F, and Fn in eq. (15) are substituted from eqs.
I K

(10):

Using eq. (13) for D
K,

where

(16a)

(16b)

(16c)

Eqs. (16) give the W representation for the composite

structure. Once the problem is solved, that is the dis-

placements D.T are obtained, the redundant displacements Dn

are given by eq. (13), and the T-form is obtained. Then eqs.

(2) and (1) give the displacements and forces in the primit_i

ve representation.

In the case where no virtual work is done by the re-

dundant degrees of freedom, i.e.:
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from eq.

, Fx

T h e n , f r o m e q . ( 1 5 ) :

C T w / • F R « O

From ( 1 0 . b ) a n d ( 1 3 ) :

s o :

Substituting in eqs. (16):

K^s ^XX "* ̂JR'

which is Friedrich's result, valid only in the case where

no virtual work is done by the redundant degrees of freedom.

2.2 Stiffness of a pellet and a cladding section.

; '• • •• • .;. " f í v ••• .'... = • • ; . -

• '" ' ;/ '.'''Ml':- . :-- ' '1 ..
The stiffness matrix and initial forces of a cladding

section, satisfying: /. .. If <Vj !!. '_' • • .< • t¡:lr.l;ji
 r. ;'•-
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are calculated using thin shell theory.

Figure 1 shows a cladding section of mean radius £,

thickness h_ and height ±, No axial displacements are allow

ed in che lower end; the degrees of freedom (displacements

and rotations) considered in the analysis ¿re shown in the

figure.

For the evaluation of the initial forces FQ the fol-

lowing loads are considered: constant temperature T , and

a temperature difference &T between the inner and outer

surfaces.

If the radial forces F. and F,, axial force F_ and

bending moments F, and F,. are defined per unit circumferen-

tial length, a thin shell calculation (26) gives the follow

ing stiffness matrix:

eh XL.

o o

E_h

23*
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where E is the Young modulus, V the Poisson ratio and

-1Higher order terms in ( A D have been neglected, as

for typical fuel rod dimensions (1 being the pellet height):

is :

a = 5.26 mm

1 = 11.18 mm (1/d = 1)

V = .253

(b = 1 .439 mm

The initial forces due to a temperature difference

between the cladding inner and outer radii are:

F° - AT

0
0
1
0

-1

whereof is the coefficient of linear thermal expansion, and

those due to a uniform temperature increment T are:
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- (4 +

a ft
A* \

The stiffness matrix and initial forces for the pel-

let have been calculated using the finite element codes

ADINA (27), SAP4 (28) and ELASTEF (29). A linear thermoelas^

tic behavior is assumed, with uniform values for the elastic

modulii, thermal lineal expansion and heat conductivity.

The degrees of freedom taken into account are shown

in Fig. 2. Points A, where the pellet contacts the next one.

are taken as fixed (no axial or radial displacement); as-

sembling the pellet stack will be done by the method describ_

ed in 2.1.

The linearity of the problem allows to obtain the

initial forces due to a linear heat generating rate q and

surface temperature T from the initial forces calculated

for unitary values of q and T . Heat generation is assumed

to be uniform in the pellet (neither flux depression nor

end-effects are considered). This leads to a parabolic ten
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perature distribution:

where q is the increment of linear power during the ramp;

k the average thermal conductivity of the pellet; R the pel̂

let radius,

The concentrated axial force F. (Fig. 2) in the case

of flat-ended pellets is rather artificial, as two elastic

bodies in point contact (two pellets in this case) will de-

form and develop a contact surface. This problem was solved

by Hertz (30). Let two elastic bodies contact at points

where their radii of curvature are X* and X , with a con-

tact force F. Then, assuming a parabolic distribution for

the contact pressure, the radius r of the circular contact
c

area will be:

1/3

(±12)

where: j.« ' . <

E1

For two pellets in contact E, - E_ « E; V, - P, - ̂ ;

J1 ™ Jj " I i8 the radius of curvature due to thermal hour-

glassing. Table I gives for different power levels as cal_
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culated by the ADINA finite element code.

A LHGR of 30 kw/m is taken as representative of rod

conditions. Then f => 263,2 mm, and with r - 0.3:

r - 5.641 (F/E) 1 / 3

c

Figure 3 shows parametrically the contact radius r

as a function of axial compressive force F and fuel Young •

modulus E. A value of r = 1/3 R was adopted, as represen-

tative of the order of magnitude of compressive forces found

in calculations; geometric non-linearities due to the depen-

dence of r on the axial compressive load are avoided in

this way.

2.3 Representation of a fuel rod.

The method presented in section 2.1 is repeatedly ap-

plied to obtain a representation of a fuel rod consisting of

n pellets. Pellet-clad contact is modeled following the ideas

of LiU et al (32).

The stiffness matrix and initial forces for each

pellet, and for the n sections in which the cladding is divid

ed, are obtained as shown in 2.2. This gives the P-form for

each pellet and cladding section. In order to set conve-



-16-

nient boundary conditions, two additional cladding sections

are introduced: one at the top, and the other at the bottom

of the pellet stack.

The linear heat generating rate, pellet and cladding

surface temperatures and ;^llet-cladding friction coeffi-

cients can have arbitrary values for each pellet and corres-

ponding cladding section. Also each pellet may or may not

be in contact with the cladding.

Three steps in the assembling process to obtain the

representation of the fuel rod are presented here:

a) assembling the first pellet/cladding section to the

cladding section 0 at the bottom of the stack.

b) assembling pellet/cladding section i (i «• 2, 3, . . n)

to the first i-1 pellet/cladding sections.

c) assembling cladding section n+1 at ths top of the clad-

ding to the n pellet/cladding sections.

In all cases the following conditions are imposed:

Equal radial displacements of pellet and cladding at

the contact points.

Continuity of radial displacements and rotations of the

cladding.
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Radial equilibrium of forces at the contact points.

Equilibrium of moments acting on the cladding.

Axial equilibrium of forces in both pellet and cladding.

Friction relations. When pellet and cladding are stuck

at the contact points, equal axial displacements are im

posed. When sliding occurs, the tangential force is ma

de equal to the friction coefficient times the normal

force; different cases may happen regarding the direc-

tion of the tangential force, as will be discussed later.

In steps a) ar.d c) additional boundary conditions are

established at the cladding sections at the top and bottom

of the rod. Zero radial displacements and rotation of the

cladding are imposed there, as a way cf simulating approxi-

mately rigid end-caps.

During the assembling process, the addition of pellet-

cladding section i, with 10 degrees of freedom (Figs. 1 and

2), to the first i-1 sections, leads to 10 redundancy con-

ditions. Therefore, matrix M in eq. 11.b is 10 x 10, and

the inversion of a 10 x 10 matrix is required for each pellet.

This makes computer times low. On the other side, iterations

are necessary until a consistent system of relative displace-

ments at contact points, directions and values of friction

forces, and sliding or stucking of each pellet, is reached.
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The linearity of the model allows to treat any axial

distribution of linear power increase during the ramp. Al-

so, each pellet may or may not contact the cladding.
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3. DISPLACEMENT OF A SINGLE PELLET RELATIVE TO THE CLAD

DING.

In this section different possibilities of relative

displacement of fuel and cladding will be analysed, as de-

termined by friction effects.

The main fact to be reminded is that, when no inter-

action occurs between fuel and cladding» the axial expansion

of the pellet stack during a power-up ramp is larger than

the axial expansion of the cladding (due to its larger ther-

mal expansion). Therefore, the consideration of friction ef-

fects between contacting pellets and the cladding can never

lead to a situation where the total pellet stack expands

axially less than the cladding.

Figure 4 shows three of the possibilities for the re

lative displacements at any pellet. Fig. 4-a despicts a

"completely stuck situation": due to friction, pellet and

cladding are stuck at the contact points, and the axial dis-

placements of pellets and cladding are equal. In this case,

forces and displacements referred to the pellet midplane are

symmetric to the pellet midplane. This situation is attain-

ed for a given value of the axial compressive force F act-

ing on the pellet.

If the tangential friction force F_ needed to attain
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this situation is larger than the friction coefficient ji

times the normal force F , the pellet will slide with res-

pect to the cladding. The situation will be the one despic_t

ed in Fig. 4-b, which is again symmetric to the pellet mid-

plane.

The directio. jhown for the friction forces AI.|F I is

compatible with a final deformed state where, at the upper

pellet face, the contact point in the cladding has moved up_

wards with respect \o the pellet; at the bottom, the op-

posite situation must occur. Other sliding situations are

possible, with opposite directions ¿or the friction forces.

Figure 4-c shows a situation of "non symmetric slid-

ing". Pellets in the upper region of the stack are pushed

upwards by the larger thermal expansion of the other pellets;

consequently, the tangential friction forces at both pellet

ends point downwards, i.e. opposite to the direction of re-

lative displacement of the contacting surfaces. This situa_

tion is non-symmetric to the pellet midplane, and results in

a build-up of axial compressive forces from pellet to pellet,

as shown in Fig. 4-c.

The completely stuck situation.

In Fig. 4-a this situation was shown; pellet and
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cladding axial deformations are equal, and both bodies are

stuck due to friction at the contact points. This situation

corresponds to the one described in 1 and 1 ¡i dimensional

fuel rod codes in cases where, after pellet-clad contact,

equal axial displacements of fuel and clad, under the gene-

ralized plane strain hypothesis, are imposed.

This situation can be very easily modelled, as the

symmetry to the pellet midplane allows to restrict the

analysis to a single pellet and cladding section. The ra-

tio e = Ef/E of the Young modulii of fuel and cladding is

taken as a parameter.

Tabla 11 gives the geometric data for the cladding

and the six pellet shapes studied; Table 111 shows the m£

terial properties assumed for U0_ and Zry.

*

The calculations are made for a power-up ramp of

30 kw/m. In Fig. 5 the axial compressive force on the

pellet (and axial tensile force on the cladding) required

to obtain the completely stuck situation is plotted as a

function of e. To clarify figures, the maximum valué of e

( 2.22) corresponds (31) to & pellet average temperature

of 1160°C and 95% TD, and to a Young modulus for the clad-

ding EZr - 76700 MPa.
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Figure 6 shows the radial deformation of the cladding

at the contact points. Basic qualitative facts agree with

the experimental evidence on the effect of pellet shape (20-

24): dished pellets produce larger ridges than flat-ended

ones; increasing the L/D ratio increases ridging) but the

effect is much more important for dished pellets.

An "effective" friction coefficient u ff is defined

as the absolute value of the ratio between the tangential

friction force and the normal force at the contact points.

«i ,, is shown in Fig. 7. In all cases, yu ff becomes zero

for a certain value of the ratio a of Young modulii. At

that point the tangential force becomes zero, and then

changes direction. As shown in Fig. 7, for "hard" pellets

[large e) the friction forces are tensile on the pellet,

i.e. they must counteract the compression axial force in or

der to attain a completely stuck situation. For a given

value of e, if the friction coefficient /i between pellet and

cladding is smaller than the effective /i .,:
Gil

Then |FTI

and sliding will occur. Therefore, Fig. 7 gives also the

values of ji T: which a completely stuck situation is pos-

sible, i.e. ji &. ji ~t' It can be seen from the figure that,
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for reasonable values of yu (̂  0.50), the range of values of

e for which complete stucking is possible is much wider for

dished than for flat-ended pellets.

This analysis will prove to be very helpful in reduc-

ing the number of iterations when a whole rod is analysed.
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4. STUDY OF A FUEL ROD

A pellet stack 500 mm long was considered. Depending

on the L/D ratio of the pellets (see Table II), it will con-

sist of 30 pellets with W ü - 1.7, or 51 pellets with L/D • 1,

or 103 pellets with L/D = 0.5.

In case I the "completely stuck situation" can be

reached by some pellets in the stack. A friction coefficient

jx • 0.25 and a ratio of Young modulii e « 0.78 are adopted

(see Fig. 7) .

In Fig. 8 the cladding rr.dial displacement el at the

pellet interfaces is plotted along the rod, for a constant

(no axial dependence) power-up ramp of 30 kw/m. For the

sake of clarity d_ is plotted as a continuous function of the

axial coordinate, but actually it is only defined at the

pellet interfaces, i.e. at 31, 52 or 104 points depending on

the L/D ratio.

On each curve, an arrow indicates the boundary between

sliding pellets (upper region of the stack), and "completely

stuck" pellets. Being the power constant, all stuck pellets

behave the same, and d_ is independent on the axial position.

For all pellet shapes, there is a .maximum on d for
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the upper pellet interface, reflecting the influence of the

boundary conditions imposed. In the rest of the sliding re

gion, flat-ended and dished pellets behave the opposite:

for dished pelleis, the radial displacement of the cladding

increases from pellet to pellet, while for flat-ended ones

it diminishes.

Figure 8 also shows the axial elongation AZ of the

pellet stack and the cladding. While the total stuck si-

tuation prevails,, both elongations are the same; in the

upper part of the rod, where sliding occurs, the fuel elonj»

ration becomes increasingly larger than the cladding elong-

ation.

Figure 9 gives the reason for this behavior. There,

the axial compressive force on each pellet (opposite to the

axial tensile force on the cladding) is plotted as a func-

tion of axial position; again continuous curves were drawn

for the sake of dearity. As we move down along the rod, the

compressive force increases for all pellet shapes in the re-

gion of "non symmetric sliding" (Fig. 4-c), and remains conjj

tant once the stuck situation is reached. The effect of the

axial compressive force is schematically shown in Fig. 10:

for a dished pellet it adds to the thermal hourglassing,

while for a dished one it counterbalances it. As a result,

the build-up of compressive axial forces due to friction
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effects in the sliding pellets results in increasing clad-

ding radial deformation for dished pellets, and in decreas-

ing d_ for flat-ended ones, as shown in Fig. 8.

A qualitative picture of the fuel rod behavior can

now be drawn; similar behavior will be found in the other

cases to be analysed. At the bottom of the rod, pellets

are either stuck or symmetrically sliding with respect to

the cladding. Those situations require considerable axial

forces compressing the pellets; compare the magnitude of

the forces shown in Fig. 9, to a typical gas-pressure indu£

ed force on a pellet, of the order of 400 N for a pressure

of 50 atmospheres. Those compressive forces are build-up

from the friction forces at the top of the column, where

(see Fig. 4-c) pellets slide upwards with respect to the

cladding; once a symmetric situation is reached, either

with sliding or stuck pellets, the build-up of compressive

forces end.

The qualitative differences between pellet shapes

agree with the experimental evidence (20-24): pellet dish-

ing increases cladding "ridging"j increasing L/D ratio al-

so increases "ridging", and this effect is much more im-

portant for dished pellets than for flat-ended ones (see

Fig. 8).
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Another interesting effect is that the extension of

the region of sliding pellets is larger the larger the L/D

ratio. In other words, what is similar is the number of

sliding pellets. This is due to the discrete nature of a

pellet stack, and to the fact that the build-up of axial

compreasive forces per pellet,, due to friction forces, is

relatively independent of pellet length.

In Case II, the axial power distribution is changed;

values of u and.e are the same as in Case I.

Two linear axial distributions of the increase %f

power during the ramp are considered, both of them between

22 kw/m and 30 kw/m. In one case, Fig. 11, the power i %

increased 22 kw/m at the top of the stack, and 30 kw/m at

the bottom; in the second case, Fig. 12, it increases by

30 kw/m at the top, and by 22 kw/m at the bottom of the

stack.

Figures 11 and 12 show the radial displacement of

the cladding at the pellet interfaces in both cases.

The displacement d̂  follows the change of power in

the region of stuck pellets; Fig. 13 shows, for flat-ended

pellets with L/D = 1 (the behavior is similar for other

pellet shapes), the symmetry of cladding deformation in the
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region of stuck pellets. On the other side, the behavior

is very different for the sliding pellets at the top of the

stack. Predicted ridging for flat-ended pellets is larger

when the maximum power is at the top of the rod. For dished

pellets, the effect of compreasive axial forces discussed

earlier leads to a situation (Fig. 12) where pellets generajt

ing higher power induce smaller radial deformations in the

cladding.

Figure 14 shows axial displacements per unit length

in the constan; power case (Case I). Figure 14-a shows the

axial displacement of the cladding as a function of the L/D

ratio. Curves are drawn continuous, but actually only three

points have been calculated (L/D = 0.5; 1; 1.7). Axial de-

formations are larger for flat-ended pellets than for dished

ones, except for the long, L/D « 1.7 case. Cladding axial

strain increases with L/D, especially for dished pellets;

this agrees with the usually observed behavior (21-23).

Figure 14-b plots the axial displacement per unit

length of the pellet stack. The dependence on pellet shape

is similar to the one predicted for cladding axial strains.

The behavior shown in Cases I and II does not depend

on having stuck pellets. In Case III, a constant power-up

ramp of 30 kw/m is simulated; p. is adopted to be 0.10 and
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e = 1.557.

Figure 15 shows the cladding radial displacement at

pellet interfaces. Due to a smaller value of the friction

coefficient, the region of "non symmetric sliding" is much

larger than in the previous case; in the rest of the rod,

symmetric sliding (similar to the one shown in Fig. A-b)

exists. Figure 16 shows the much slower build-up of axial

compressive forces due to the smaller value ofyi.

Increasing the value of ju to 0.25 and 0.50 keeping

the same ratio e of Young modulii, as shown in Figs. 17-a

and 17-b, reproduces the same kind of behavior. The lar-

ger the value of ̂ , the larger the build-up of compressive

axial forces in the sliding pellets at the top, resulting

in a decreasing number of "nan symmetric" sliding pellets.

Figures 18 and 19 show axial displacements per unit

length for both cladding and pellet stack, for the cases

ji • 0.10 andju = 0.50. The model predicts a rather small

dependence of axial strains on the friction coefficient in

these cases. It can also be noted that, for flat-ended

pellets, the dependeae of axial strains on L/D is small

and can even be opposite compared to dished pellets; this

behavior has been found in some cases (Ref. 23, Table V,

test DME-143).
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Comments on fuel axial elongation.

We return to the axial displacement per unit length

of the pellet stack in Case I, that was shown in Fig. 13-b.

In Fig. 20 the same displacements are compared to the axial

displacement per unit length of a pellet: due only to the

thermal hourglassing effect, as calculated by the SAP-4 code.

The thermal elongation is very different for flat-

ended and dished pellets. In the first case, axial strains

fall rapidly as L/D increases, while for dished pellets

there is a small increment of AL/L as L/D increases. Figu-

re 21 allows to understand the situation. The deformed

shape, due to thermal hourglassing alone, of the 6 pellet

shapes is shown; also the axial thermal strain for an infî

nite cylinder (plain strain limit) is shown. AL/L is given

by the displacement of the pellet centerline for flat-ended

pellets, and by the displacement of the pellet shoulder for

the dished ones. For flat ended pellets, end-effects give

axial deformations larger than the plain-strain value, but

the difference between actual and plain strain axial defor-

mation (i.e., the end-effect) is mainly independent of L/D.

In other words, there is a central zone in the pellet under

a plain-strain state, with axial displacements linear with

L, and a local deformación on the surface rather indepen-

dent of L (specially for L/D = 1 and 1.7). When the axial
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displacement per unit length is considered, the contribution

of the local deformation becomes smaller as L increases, and

the behavior is the one shown in Fig. 20,

For dished pellets, end-effects are such that for

longer pellets, axial displacements of the pellet shoulder

becomes smaller than the plain strain value; this is a

Poisson effect, due to the eccentric position of the pellet

shoulder. This gives a small increment of AL/L a s L in-

creases, as shown in Fig. 20.

A striking fact is the qualitative difference of

dependence of purely thermal and total axial strains on the

L/D ratio. This shows the importance of including good es-

timates of the forces when modeling pellet clad interaction.
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5. CONCLUSIONS

This study allows to draw several conclusions:

1,- Even a simplified» linear thermóelastic analysis of

pellet-cladding mechanical interaction, allows to explain

the main qualitative facts of the behavior of different

pellet shapes.

2.- In order to attain such agreement with experiment^

evidence, the effect of axial forces must be taken into ac-

count. For instance, thermal hourglassing alone would give

no measurable differences in cladding ridging between flat-

ended and dished pellets.

The evaluation of the order of magnitude of these

axial forces implies, specially when pellets and cladding

are sliding, some kind of analysis of the whole stack.

3.- Thermal hourglassing alone without consideration of

the forces acting on the contacting pellets and cladding,

is also unable of explaining the dependence of axial strains

on the L/D ratio of the pellets.

4.- The value of the friction coefficient between pellets

and cladding does not seem to have a large influence on the

predictions of this model. Its value will determine mainly

the number of pellets sliding with respect to the cladding
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at the top of the rod,

5.- The assumption of symmetric deformations of pellet

and cladding respect to the pellet midplane is not valid

for the first pellets in the stack, where sliding occurs.

Depending on the power axial distribution and pellet shape,

the larger cladding strains may be on that region.
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Table I

Radius of curvature at the center of the pellet

end-face due to thermal hourglassing

4
w/m

20

30

40

45

t
mm

394.9

263.2

197.4

175.5

f/R

81

54

40

36

P e l l e t radius R - 4.8768 mm

Table I I

Pellet and cladding geometrical data

Type

D

D

D

FE

FE

FE

0 .

1

1 .

0 .

1

1 .

5

7

5

7

Dishing
volume

2

2

2

-

-

-

Radius
mm

4

4

4

4

4

4

.8768

.8768

.8768

.8768

.8768

.8768

Height
mm

4

9

16

4

9

16

.8768

.7536

.708

.8768

.7536

.708

Dishing
radius*

mm
3/752

3.752

3.752

-

-

-

Dishing
height

mm
. 1128

.2253

.3851

-

-

-

L/D

0 .

1

1.

0 .

1

1

5

7

5

.7

* Spherical dishing was considered



fable III

Material properties

Material

uo2

Zry

0.

0.

V

30

253

(

.1086

.6721

<

X

X

t
i

lO"4

10"5

k
kw/t» °C

.002843

.0165



FIGURE CAPTIONS

Fig. 1 : Cladding section corresponding to one pellet. The

degrees of freedom considered in the analysis are

shown.

Fig. 2 : Degrees of freedom considered for a pellet. In the

case of dished pellets, axial forces (d.o.f.tfl) are

transmitted from pellet to pellet through the pellet

shoulder, as indicated.

Fig. 3 : Lines of equal contact area for flat-ended pellets in

contact. F is the axial compressive force transmitted

through the contact area; E the pellet Ycung modulus.

The radius rc of the circular contact area is given as

a fraction of the radius R of the pellet.

Fig. 4 : Some possibilities of pellet-cladding relative displac

menta. In all cases the reference state is drawn in

full lines, and the deformed one in dot-lines. Axial

forces on the cladding (not shown) are opposite to

the ones on the pellet,

4a) Completely stuck situation. Axial displacements

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

at the contact points. The direction shown for the

tangential friction forces F_ is arbitrary.

4b) Symmetric sliding: axial deformations of fuel

and cladding are different. The direction of F is



consistent with a larger axial expansion of the clad-

ding as compared to the pellet at the contact points.

4c) Non symmetric sliding: the pellet as a whole,

pushed by the thermal expansion of the rest of the

stack, slides upwards respect to the cladding. Both

tangential friction forces point downwards, resulting

on a buil-up of the axial compresaive force on the

following pellet.

Fig, 5 : Completely stuck situation. Axial compressive force

F. on the pellet as a function of the ratio e of Young

modulii of fuel and cladding. Values for a power-up

ramp of 30 kw/m. The L/D ratio is marked on each cur

ve.

Fig. 6 : Completely stuck situation. Radial displacements d

of the cladding at the pellet interface as a function

of the ratio e of Young modulii. Values for a power-

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

indicated.

Fig. 7 : Completely stuck situation. Absolute value of the r£

tio between tangential and normal forces at the con-

tact points, fi .., as a function of e. The direction

of the tangential friction forces is shown schemati-

cally. If the friction coefficient^ falls in region

A, the completely stuck situation is forbidden; in re_

gion B it is allowed. The cases to be analysed are

marked. Numbers on each curve correspond to the L/D



ratio.

Fig. 8 : 500 mm long rod. Radial displacement d of the clad-

ding at pellet interfaces as a function of axial posjL

tion on the rod and axial elongation AZ of fuel and

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

distribution; ju » 0.25 ; e - 0.778. Arrows mark the

beginning of non-symmetric sliding. Numbers on each

curve indicate the L/D ratio.

Fig. 9 : Axial distribution along the rod of the axial compres-

sive force on each pellet. Case I.

Fig. 10 : Schematic representation of the deformation due to an

axial compressive force acting on a flat-ended and on

a dished pellet.

Fig. 11 : Case II. Cladding radial displacement d at the pellet

interfaces for the power-up ramp shown in the figure.

/i - 0.25 ; e - 0.78

Fig. 12 : Case II. Cladding radial displacement d at pellet in-

terfaces, for the plotted power-up ramp.

Fig. 13 : Comparison of the axial distribution of cladding ra-

dial displacement for the cases shown in Figs. 8, 11

and 12. Results for flat-ended pellets» with L/D - 1

are shown.

Fig, 14 : Case I (constant power). Axial displacement per unit

length of the classing (Fig. 14 a) and the pellet

column (Fig. 14 b), as a function of L/D.



l<ig. 15 : Case III. Cladding radial displacement at the pellet

interfaces for a constant power-up ramp of 30 kw/ra.

û =s 0.10 ; e « 1.557. The L/D ratio is indicated on

each curve.

Fig, 16 : Case Til. Distribution along the column of the axial

eompressive force on each pellet, ja = 0.10 ; e = 1.557.

The L/D ratio is indicated on each case.

Fig. 17 : Case T U . Cladding radial displacement at the pellet

interfaces for a constant power-up ramp of 30 kw/m;

e = 1.557.

17 a) /i = 0.25 17 b) p = 0.50

Pig. 18 : Case IÍT. Axial displacement per unit length of the

cladding (Kig. 18 a) and the prllet column (Kig. 18 b)

as a function of the L/D ratio. Constant power-up

ramp of 30 kw/m; e = 1.5)7 ; /i = 0.10

Pig. 19 : Case ill. Same as Fig. 18 for /i = 0.50.

Pig. 20 : Case 1. Constant power-up ramp of 30 kw/ra; e = 0.78

li = 0.25. Axial displacement per unit length pf the

pellet column. "Thermal" indicates the effect of

thermal hourglassing alone; "Total" indicates the

results of the present model.

I'ig. 21 : Deformed shape of the pellet end-face due to thermal

hourglassing for a power-up ramp of 1 kw/m. The six

pellet shapes considered are shown; UQQ indicates,



for each L/D ratio, the axial displacement resulting

from plane strain.
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