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Therm om echanical effects originated on a fuel pin with a cracked pellet by different pow er ramp velocities has been studied. 
T o such purpose, the response o f  a sim plified tw o d im ensional finite elem ent m odel including v iscoelastic properties on the 
pellet and elastop lastic  properties on the clad wâs investigated, under the influence o f  various ramps with durations ranging 
from 0  s (instantaneous ramp) to 200 s (slow  ramp).

The im portance o f  both, the v iscoelastic relaxation effects and their interaction w ith the p lastic behaviour o f  the clad was put 
in evidence. It has been observed, that the m echanical response o f  this fuel pin m odel strongly depends on the ramp's duration.

Generalities

The present work improves some previous results [6] 
concerning the therm o-elastoplastic effects of power 
ram p’s velocities on fuel pins, and generalizes them with 
the inclusion of viscoelastic properties on the U 0 2 
pellet. It deals with the study of the response of a 
simplified two dim ensional finite element model of a 
fuel pin with a cracked pellet under the influence of 
different power ram ps. All they range between specific 
power values x  of 450 and 600 W /cm , with durations 
from 0 s (instantaneous ram p) to 200 s (very slow ramp).

The model was inspired on typical mechanical situa­
tions usually considered on the literature (see for exam­
ple [1-5]. It is described with some detail in [6] and [7]).

By a “ simplified two dim ensional m odel” , we under­
stand an idealized interpretation of some of the govern­
ing mechanical effects taking place on the real fuel pin 
(nam ely the pelle t-c lad  interaction) supported by the 
following assumptions:
(a) Two dim ensional geometric configuration present­

ing in the pellet six symmetrically displayed opened 
cracks.

(b) Plane stress.
(c) Small displacem ents and strains.
(d) N on linear heat conduction.

* On leave o f  absence from Centro A tóm ico  Bariloche, C om i­
sión N acional de Energía A tóm ica— A R G E N T IN A .

(e) Von Mises plasticity criterion on the clad (steel), 
with strain hardening

(f) Linear viscoelastic properties in the pellet (sec­
ondary creep). They refer to the properties of the 
U 0 2, for a fixed tem perature of 1600 K and an 
equivalent stress of 600 MPa.

(g) The contact pellet-cladding takes place at a specific 
power of 450 W /cm . The corresponding steady 
state was taken as the initial state for all the tran­
sient calculations.

(h) Once the contact pelle t-c lad  is reached both, pellet 
and clad, move solidarity.

(i) The effect on the cladding due to the balance of 
internal pressure of fission gases and the external 
coolant pressure, is neglected.

(j) C onstant (coolant) tem perature of 500°C at the 
exterior surface of the clad.

(k) Parabolic neutron flux depression.
A ssum ption (f) is perhaps not very realistic. But taking 
in to  account the severe stability restrictions introduced 
in the creep calculations at high terrfperatures. addition­
ally magnified by the stress concentrations originated 
by the cracks, this is in fact an im portant simplification 
avoiding the use of implicit algorithms (specially in view 
of the great am ount of calculations here involved). 
Assum ption (h) was already proved to be very ap­
propriate and a posteriori justified [6], The remaining 
assum ptions seem to be reasonable [6].

The finite element mesh (see fig. 1) consists on 1600
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Fig. 1. Finite element mesh and different materials.

C ouran t’s triangular elem ents and 861 nodes. It was 
autom atically generated with the code R E D E F [8]. using 
harm onic transform ations. Time steps range between 
0.5 s to 5 s.

The non linear transient calculations were perform ed 
with the code CTR1 [9,10], and the therm om echanical 
ones with the code PLASTEF 5, an extension of the 
therm oplastic finite elem ent codes PLASTEF [11,12] to 
deal also with viscoleastic effects.

Any other detail concerning the model and its input, 
as well as many additional bibliographic references 
should be found on [6] and [7],

2. Basic equations

The underlying system of therm om echanical equa­
tions supporting the model is:

p c ( T ) T -
3.V,

b ( T ) <7 =  0 0 )

(Sum m ation convention of repeated indices is adopted!). 
Rate type equilibrium equations

9 ^
9x,

• =  0 .

Compatibility conditions 

1 I duj dUj
t,J 2 \ 9x, +  3.V

Assum ed decomposition o f the total strain

y  i j  i j  ‘ j  ‘ j

( 2)

(3)

(4)

Mechanical constitutive equations

«!y)=  (H o o k e 's  law ). (5)

G =
2(1 +  , ) '

( thermal dilatation ).

¿¡J’ =  4 y ( a ,  T ) - ~  (viscoelastic law ), 

a ’ = a,j — }<7kkSij is the stress deviator.

( 6)

(7)

a =  yl:ai jaij ‘s the equivalent stress. 

■ 9 F
=  —  (p lastic flow  rule).

“ ° i j
( 8)

d i : X =
H ‘

( von Mises critérium )

f p =  ¡j” is the equivalent plastic strain.

is the equivalent stress/plastic strain curve. 

Notation
dA

A  time rate of the m agnitude A ( =  —  ).
at

p specific mass, 
c caloric capacity,
T  tem perature, 
b heat conduction coefficient, 
q heat generation per unit of volume.
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on stress tensor, 
i tl strain tensor, 
u , displacem ent vector,

Kronecker's tensor,
£  Y oung’s module, 
v Poisson’s coefficient,
/} Thermal dilatation coefficient.
Expressions (1 -7 ) are the complete rate-type equations 
corresponding to the simplest uncoupled thermovisco­
elastic model (see details in [13]). For the present purpo­
ses. eq. (7) was particularized to

y =  k ô n~ 1 =  /x_ 1 ; n =  4.4 (9)

with values of k ( T )  for U 0 2 at 1600 K [14] and cr =  600 
M Pa fixed, as previously mentioned.

3. Description of the results

The geometric two-dimensional configuration of the 
cracked pellet is represented, for symmetry reasons, as a 
circular sector of interior angle of 30°. Fig. 1 shows it, 
indicating the dim ensions and the regions correspond­
ing to the different materials. On the straight sides, 
symmetry boundary conditions are specified. On the 
curved external side (outer part of the clad) a  Dirichlet 
therm al boundary condition is imposed (coolant’s con­
stant tem perature of 500°C). H eat generation in the 
pellet is the only external thermom echanical action. For 
a given specific power x  at a time t, this axisymmetric 
heat generation is distributed according to a parabolic 
neutron flux depression [6], Each transient calculation 
(for a given ram p R), is then governed by a linear jum p 
o f the specific power x  with a duration of R  seconds, 
between the values

450 W /c m  <  x(<) — 600 W /c m . (10)

On figs. 2 to 5 the thermom echanical responses of 
the model to various ram ps R are exhibited. W ith the 
purpose of better evaluating the qualitative and quanti­
tative viscoelastic effects, each ram p was calculated for 
three different values of the creep coefficient (see eq. 
(9)): y = 0 (no creep); y =  4.61 X 10~5 M P a /s  (corre­
sponds to U 0 2 at 1600 K and a =  600 M P a /s  [14]) and 
y =  1.38 x  10-4  M P a /s  (three times the previous in ten­
sity). For every case, the instant on which the elastic 
lim it is reached is indicated (see figs. 2 and 3).

Fig. 2 com paratively shows the time-dependence of 
the clad’s mean external displacem ent S for the different 
creep intensities. Similarly, fig. 3 refers to the mean 
contact pressurep m. For the instantaneous ram p ( R  = 0)

Fig. 2. Mean external displacement (5) of the clad against time 
(t )  for different ramp durations (R).  A comparison for three 
different values of the pellet’s creep intensity (y = 0, y = 4.61 x 
10*5 and y = 1 .38x10-“).

and  the highest creep coefficient value, we see that at a 
tim e of about 190 s the pelle t-c lad  contact is broken 
( p m = 0). Fig. 4 deals with the pressure pc at the center 
of the pellet. Observe that for the non vanishing values 
o f y an unloading takes place, which in the first instants 
properly agrees w ith the relaxation governed by the 
viscoelastic characteristic time r  =  ¡x/E  (from the 
adopted  £ UO; =  130000 M Pa and the three considered 
values of y, these are respectively oo, 16.7 s and 5.57 s).

On fig. 5, the residual mean plastic deform ation Sp is 
shown for each value of y, as a function of the ramp 
duration  R . It is defined as the clad’s remaining defor­
m ation when a monotonical cooling (unloading) is per­
form ed, until the am bient tem perature is reached. These 
values were asym ptotically estim ated substracting from
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Fig. 3. M ean contact pressure betw een pellet and clad  ( pm) 
against tim e ( t ) for d ifferent ramp durations ( R ). A  com pari­
son  for three d ifferent values o f  the pellet’s creep intensity  
( y =  0, y =  4.61 x  1 (T 5 and y =  U 8 x  10- 4 ).

the displacem ents 5, the effects of the tem perature and 
the contact pressure p m.

We conclude this paragraph making some general 
com m ents about the precedent calculations. First, it is 
to be pointed out that by the effects of creep, the strong 
stress concentration originated by the cracks on the clad
[6] (see also fig. 6) essentially disappears. Instead of 
facing the crack (on the axis x  =  0, fig. 6), the incipient 
plastic enclaves take place now in the outer part of the 
clad, and ju s t in correspondence with the right (in­
clined) symmetry axis.

For low and vanishing values of the creep’s coeffi­
cient y, the clad’s plastic collapse state is suddenly 
reached, leading to some difficulties on the convergence 
of the algorithms [6]. Typical approxim ate plastic en­

Fig. 4. Pressure at the center o f the pellet ( p c ) against tim e ( i ) 
for different ramp durations (/? ) . A  com parison for three 
different values o f  the pellet’s creep intensity ( y =  0. y =  4 .6 1 x  
1 0 ~ 5 and y =  1-38X 1 0 " 4 ).

claves are shown on fig 6. For y =  0, a collapse state is 
observed at t =  75 s.

On figs. 2 and 3, the unloading on the cladding 
originated by the creep (relaxation effects) is put in 
evidence. If from the plotted values one eliminates the 
tim e t, the so obtained curves p m versus S show the 
correct elastoplastic loading-unloading aspect. C reep- 
plasticity interactions are also observed on the be­
haviour of the maxima of curves p m vs. t (fig. 3). for 
increasing creep intensity y and fixed R . (In the case 
y  = 0, no creep, the clad is weakened * by the stress

* T hat m eans that in such case p m reaches at m ost a value of 
about the 90% o f the theoretical plastic collapse pressure of 
the clad as a tube.
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Ramp duration R [sec ]

Fig. 5. Estim ated residual p lastic deform ation (5 p) o f  the clad as a function o f the ramp’s duration ( R ) ,  for different pellet's creep 
intensities.

Approximate ploshc enclaves for the 
romp Rs 100 sec
A ) i  = Q. nc creep
E S  ts  50 sec. K :  525 W/cm 
E S S  t s 75 sec. 562 5 W/cm
B ) i  g I  61« 10~s Mpa/sec

■ I  t s 75 s e c . X : 562 5 W/cm

Fig. 6. Typical p lastic enclaves for the 100 s ramp.

concentrations produced by the pellet’s cracks).
Finally, we point out that still in the absence of 

creep, a very slight dependence on the ram p velocity is 
observed (see figs. 3 and 5). This corroborate and im­
proves some previous results [6],

4. Conclusions

The main conclusions o f the present study can be
briefly summarized as follows:
-  F or the value of the creep coefficient here considered, 

the actual results show a strong dependence on the 
ram p duration. This conclusion is in discrepance with 
that obtained by Karlsson [4] from a simpler model 
(assuming plane strain).

-  In  spite o f the perhaps not very realistic assumption 
o f linear creep, it has been possible to estimate 
quantitative (or at least qualitative) viscoelastic ef­
fects. They have shown to be of a decisive physical 
im portance. (N ote that 1600 K  is not a high tem pera­
ture for a nuclear fuel [6]).

-  M echanical interaction involving creep and plasticity 
was put in evidence. In  this way, a better understand­
ing of the leading mechanical effects on the fuel pin 
originated by different ram p velocities is possible.

-  Fig. 6 insinuates the possibility that in the presence 
of creep, cracks may propagate from the outer to the
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inner face of the clad, instead of the opposite sense 
(the usually adopted situation) *.

The present results should be supported or otherwise 
improved by more realistic creep assum ptions, investi­
gated at least on simpler models. But of course in such 
case, many additional complications are to be expected.
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