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Nuclear reactor fuel undergoes vast changes during its lifetime. The fuel generates heat energy while
simultaneously suffering neutron bombardments and swelling/rupture due to fission product/gas migration,
aggregation and buildup. Ingenious analyses, advances in materials processing, and design and testing
have permitted the attainment of significant burn-ups (~ 33 GWd/MT). Problems associated with nuclear
proliferation due to national/international political instabilities, dictate the need for new nuclear fuel analyses
and designs that would lead to high (~65 GWd/MT) and ultra high (~100 GWd/MT) burn-ups. While such
burnp-ups have been achieved in some test fuels, the utilization of new fuels in commercial reactors have
been fraught with several unanticipated practical difficulties.

Development of new fuels that can provide optimal performance over long time periods is essential to the
successful implementation of an efficient and effective nuclear power strategy. Nuclear fuel simulation
programs in current use date back to the 1970â€™s, and much of the subsequent changes in these programs
have been of an entirely incremental nature. The computation of heat transfer and temperature distribution
in these codes is essentially based on the continuum equations:
 âˆ‚(Ï•(r,t)c(r,t)T(r,t))/âˆ‚t=-âˆ‡.J(r,t)+q Ì‡'''(r,t)                                                   (1.1)
Where Ï• is the density, c is the heat capacity, T is the temperature, J is the heat flux vector, and q Ì‡''' is the
heat generation rate. Also r is the position vector and t is the time. In the continuum mechanics, J is
expressed as:
J(r,t)=-Î»(r,t)âˆ‡T(r,t)                                                                             (1.2)
In which Î» is the thermal conductivity. In the fuel gap also the same equation is used, but with jump
conditions that seek to account for non-continuum effects.

The continuum equations have been very useful, but these are not able to account fully for atomic and
molecular level effects, that determine the actual temperature distribution in the fuel at small scales and
hence the structural changes. Our objective is to depart completely from the continuum description, and
acquire some improved understanding of the heat transfer and temperature distribution in the fuel through
advanced computations.

Processes in a nuclear fuel are truly multi-scale, both in space and time. We are exploring techniques that
allow resolutions at several of these scales, particularly the smaller ones, for phonon [37], and molecular
transport [18] in a fuel and its various regions where such resolution is particularly important. We note that
phonons in a solid crystal are described by a transport equation similar to rarefied gas. Reference [37] has
an excellent discussion on heat transfer in solids as described by the Boltzmann equation for phonons, and
simpler models for phonon scattering. One begins by letting fâ‰•f_g (r,k,t) denote the distribution function for
phonons of type g (in order to simplify notation, we will not show the  g, r and t dependence in the equations
below). Then, each type of phonon is described by the transport equation,
âˆ‚f/âˆ‚t+u.âˆ‚f/âˆ‚r=C(f)                                                                                                              (1.3)
Where,  u=âˆ‚Ï‰â•„âˆ‚k  is the phonon velocity and C is the collision integral. One now observes, that in contrast to
ordinary gases, neither the total number of phonons nor their total quasi-momentum need be conserved.
One thus requires that the total energy be conserved. The thermal energy density E of the solid and the
energy current (flux) J are expressed as:



E=âˆ‘_gâ–’1/(2Ï€)^3  âˆ«â–’ã€–â„•Ï‰ f d^3 kã€—                                                                                   (1.5)
J=âˆ‘_gâ–’1/(2Ï€)^3  âˆ«â–’ã€–â„•Ï‰ u f d^3 kã€—                                                                                 (1.6)          
The collision integral includes all processes that can occur as a result of interactions of g - type phonons
with all other phonons. For processes involving gases we use molecular transport which is governed by the
Boltzmann equation like equation (1.3) but, with the distribution function, velocity, and collision integral
replaced for molecules. 


