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Summary

In this paper we couple some basic, physically sound models of material and red
ensamble behaviour to the BACO code, This code describes the overall fuel performance
within a stable, consistent and modullarly structured thermomechanical system.

The effect of pellet cracking and relocation on the fuel temperature distribution
is considered within az phenomenclogical model which includes pellet relocation via
circunferential cracks. Cases B and C of EPRI benchmarking are simulated and experimental
result, satisfactorily reproduced.

A Zry irradiation growth and creep model based on rate theory is coupled to BACO.

The influence of different vacancy migration and formation energies reported in the

literature is studied.
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1. Introduction

Fuel simulation codes are generally highly complex computer systems aiming to predict
the fuel rod thermomechanical performance. A large number of them are based on a set of
empirical material or ensamble behaviour laws fitted "ad hoc" for reproducing the rod
behaviour at a particular reactor and for a given fuel or experiment design. But if the
laws adopted are of narvow validity, when the reactor condition or the fuel design are
even slightly changed the agreement between predictions and experiments may be lost.

Our approach to fuel simulation is then based on only using models that, although
fitted to a limited number of experimental points, are based on physically sound theories
of general validity (l)a It is felt ghis approach should provide at least qualitative
agreement with a large variety of fuel designs and irradiation conditioms. In additionm,
within our approach, a poor agreement shows that the material models or parameters used
are inappropriate under the numerical experiment boundary counditions. They can then be
improved and our knowledge of the laws governing material or ensamble behaviour may be
increased by this procedure. Within this spirit, two examples of the way we test

(2)

materials and rod ensamble laws for our fuel simulation code BACO are presented in

this paper.

(3

In case C of the EPRI report on fuel code benchmarking, all codes predict a central
fuel temperature larger than the experimental one. This fact agrees with the Broughton

and Mac Donald (BMD) * observation that the fuel temperature calculated with

large hot gaps gives poor agreement with experiments when the Ross and Stoute (3) or
similar models are used for gap conductance. The case C of EPRI is then used for testing
whether including a model of partial gap closing by pellet relocation proposed by BMD
provides a better agreement between predictions and experiments. The same EPRI report
provides a way of completing the test. For another set of fuel irradiations, case B, most
of the codes give a reasonable temperature prediction. For consistency any fitting of the
gap conductance which improves the prediction of case € must not spoil that agreement in
case B,

In the second part of the paper the Zry cladding mechanical behaviour is simulated by
a rate theory model of growth and creep coupled with thermoelasticity based on the work of

(6)

Savino and Laciana (SL). This calculation proves the feasibility of self consistently
adapting basic, general models of material behaviour into complex, multi-parametric
thermomechanical algorithms. The easiness in adapting different models into BACO proves
once more the advantage of possessing a code based in a self-consistent,quickly convergent

and stable numerical method being, at the same time, modullarly structured.

2. Pellet-Cladding heat transfer

When a nominal hot gap is predicted by a mechanical calculation, BMD 4 proposed its
effective fuel to cladding thermal conductance to be
hgap = (1L - F) ho +F h (1)

where ho is the nominal conductance of the open gap and hc the one of a closed one at zero
contact pressure; while F is the pellet fraction in contact with the cladding. This

fraction was adjusted to experiments via an inverse power law of the hot radial gap (Ar)
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and radius of the pellet (Rp):

F = ! + 0.3 (2)

a
al(g%g_o_q)‘z + 1,429
P

(2) depends on the empirical constants a, and 455 which are themselves functions of the
burnup, The same values reported by BMD for (1) and (2) are used in this work. However,
an improvement is proposed within that same model. Though (as noted by Maki and Meyer <7))
fuel relocation necessarily implies a change in pellet conductance, this is not included
by BMD. They assume relocation to occur by radial cracks in the pellet which should not
greatly affect its conductivity., However, due to the large creep at the central region,

a fraction of circunferential cracking within the pellet is necessary for relocation,

This is assumed by us to occur by circunferential cracking of the pellet at given radii

T = Tps eee, T (n usually 1l or 2), Those cracks join to the surface by radial ones. A
discontinuous temperature distribution is assumed inside the pellet with jumps at the

radius rjz

AT (r.) = e (3)
J .
where q is the heat flux =zt rj and
h.= (L -F)h (r.) +F hn T, 4
RECEE R NECP (=) )

where the closed (hc) and open (ho) conductance of an inner gap within the U02 pellet are
calculated at the corresponding local temperature and hc at contact pressure P, = - Opat
rj9 while hO for an inmner gap width Arj = Ar/n, where Ar: pellet-cladding gap width.

In Fig. 1 the EPRI benchmarking temperatures for case C are pletted against burnup. It
can be seen that the 5 codes tested overpredict the central temperature, In Fig. 2 we show
our results with BACO when different gap conductance models zre used, It can be seen that
the parametric adjust of Lassmann (8 to a large number of experiments also overpredicts
the fuel central temperature. On the contrary, by using either the simple BMD model or its
modified version by including one inner crack,the temperature is slightly underpredicted,
while if two circunferential cracks are included the fitting between experiments and theory

2

is remarkably good. In figures 3 and 4 the temperatures predicted by BACO in case B o

=h

EPRI for the carriages MZL and MZK are plotted together with the corresponding power cycle,
The BMD model modified with the indicated number of circunferential cracks is usad., It

can be seen the agreement between experiments and predictions is retained in this case,

3. Cladding thermomechsnical behaviour

We plot in Fig. 5 the results of Zry tubes creep under irradiation reported by Fremkel

(9)

and Weisz as a function of the irradiation time, They correspond to three different
final annealing temperatures of the tubes, Also the results for Zry creep as predicted by

‘s . . . . 3,10-1¢4
different laws reported in the literature are plotted in the same figure G, )n
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can be seen that not only a large dispersion exists among different predictions and that
they do not f£it the experimental data, but also that relevant parameters as tube texture
or stress relieving are not included in the models, while they affect the experiment.
S‘L(6> proposed to calculate within a unigue model the total deformation and inter-
granular stresses due to prismatic edge dislocation climbing in hcp lattice by preferential
attraction of interstitials as compared toc vacancies, irradiation growth and stress

y (15)

induced preferential attraction (SIPA of interstitials for dislocations favourably

oriented with respect to intergranular stresses (16)@ The texture is simulated by a
discrete of grain orientations, and the Taylor hypothesis of equal strain for all
orientations is imposed. In this paper we assume the total strain vate for each grain to
be composed of a contribution due to dislocation climb by growth, SIPA and thermal vacancy
emission and vacancy absorption at grain boundaries, plus anisotropic thermal expansion
and elastic strain rates which compensate among themselves in order to satisfy Taylor
hypothesis., A more detailed paper describing the model will be published soon (l/),

The cladding is divided into a discrete number of radial sections and within each one
the above described model is represented by a sef of equations. The section average
stress and strain can be formally written as a function of the intergranular stresses
being solution of those equations. These average stresses and the strains must also
satisfy the boundary conditions for the cladding as well as the continuity and equilibrium
equations 2)9 All this constitutes a system of equations for the average stresses at
each section, the stresses at each orientation and at each sectiomn, and the strain
increments at each section. The system is solved by implicit finite differences over the

(2}

2
irradiation history, and coupled with the whole system of equations in BACO *©

for the
pellet thermomechanical behaviour, rod thermal behaviour and fission gas vrelease.

With the purpose of showing some representative results, a simple cycle consisting of
a 12h.power up ramp from O to 300 W/cm and a stay cof 100 days at constant power is
simulated for a nmatural uranium, Zry cladded cylindrical rod under a fast neutron flux
of 7 x 1013 n/cmzse The cladding texture is represented by three grain orientations at

each section, with the ¢ axis on an axial cladding plane and at: 1 - 0°; 2 - + 30°;

3 - + 55° from the cladding radial direction, the respective'densities being N(1) 0.12;

N(2) = 0,36 N(3) = 0.52. This way of modelling the cladding is extremely sensitive to

‘the microstructural parameters, such as texture, grain size, dislocation density, etc.
For the case of Zy and its alloys there is a long dated controversy on the values of

the vacancy diffusion and formation energy in the o phase. On one side Hood sustains

this metal is normal (18) while Dyment et al. (19) claim an anomalous effect, 1In a paper
by Pedraza et al. <ZO>$ where our growth model was first reported, the values for vacancy
migration energy E; = 1.2 eV, diffusiv%ty constant ?GY = (0,38 cmzsmJl and formation energy
EZ = 1,2 eV, consistent with Dollins 21 and Hood ila)j were adopted. A set comsistent )
with Dyment et al. results (19) is Ez = 0,67 eVy Dov = 0.11 x lOm7 cmzswlg Ez = 0,67 eV(%z)

While in the first case only irradiation is effective as a defectssource for inducing the
dislocation climb 2t reactor conditions, in the second irradiation plus thermal ereep by
vacancy emission may be relevant at reactor temperature. For both sets of data,
represemﬁative strain rates and stresses are plotted in Figs. 6/9. There,for the inner

cladding radius, the calculated strain vate components are plotted in Figs. 6 and 7 by

gs.
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using the two sets of vacancy diffusivity and formation valiues above reported. Both  the
total strain rates in the main axes directions,and the strain rates due to dislocarion
climb and grain boundary shrinkage (permanent strain) for the grain orientation with the
largest volume demsity (orientation 3} are plotted as a function of irradiation,time., In
Figs. 8 and 9 the calculated average stresses are plotted together with the intergranular
stresses over orientatiom 3; care must be taken in looking at these results that are
reported respectively in the specimen and grain axes, The complete analysis of these
curves exceeds the length and purpose of this paper, there are however some facts which

can be consistently discussed. TFor example due to the texture, the strain rate independent
of the stress in the axial direction (axial growth) must be positive, Then in the case of
high migration and formation emergy for the vacancy, where the predominant effect is stress
independent growth, the axial strain rate is positive (Fig. 6). On the contrary, when the
stress and vacancy thermal emission are important, the axial creep dominates and this is
negative (the same sign of the average o

A
relatively small formation and migraticn energy (Dyment et al, data), the axial strain rate

in Figs. 8 and 10). We see that in the case of

becomes megative (Fig. 7). For both cases the awial strain rate increases as a function

of the irradiaztion time due to the caleculatred reduction of the intergranular siress Og over
grain orientation 3 in the direction b normzl to the tube axis Ay which is parallel to a
over the basal plane. The fact that only basal Burgers vectors of the dislocations are
included in the model necessarily implies a difference on tangential creep strain (ET) for
internal and external pressure. For external pressure in a closed end tube, that is the
case studied, we find that, when creep dominates, the tangential strain rate (&
positivesas in Fig; 7.

4, Summary and comclusions

In this paper the need of using physically sound models of material and ensamble
behaviour for fuel rod simulation is consistently expressed. It is founded by means of
two examples.

Tn one it is shown that allowing for pellet relocation in the pellet-clad zap provides
gap heat conductance expressions which fit better to experiments tham the usual lawys based
onn Ross-Stoute work (5>u The perfect agreement obtained in the cases studied must however
be taken with care. The gap conductance parameters are taken from BMD work (q)g this does
not include a full pellet relocation model as proposed by us above. Then, although we
found those values as sensible, 2 proper fit to experiment should be done for obtaining
the best available model of gap conductance within our modified version of BMD,

In 2 second example a basic theory of dislocation climb is used for describing the
Zry cladding thermomechanics. This approach is rather promising. In this paper we have
proved the feasibility of coupling a complex mechanical simulation code like BACO with

(173

basic material models. We postpone for a forecoming paper a deeper study of the

results advanced in Section 3,
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