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Abstract 

The simulation of the cylindrical fuel rod behaviour in a reactor or a storage pool 
for spent fuel requires a fuel performance code. Such tool solves the equations for 
the heat transfer, the stresses and strains in fuel and cladding, the evolution of 
several isotopes and the behaviour of various fission products in the fuel rod. The 
main equations along with their limitations are briefly described. The current 
approaches adopted for overcoming these limitations and the perspectives are also 
outlined.  

Main equations 

The ultimate goal of simulating nuclear fuel is to predict a fuel rod’s behaviour and 
lifetime in a reactor. Doing so requires taking into account the coupled effects of heat 
transfer, the mechanical interaction between the fuel and its surrounding protection, the 
isotopic evolution caused by the irradiation and the chemical interactions between fuel, 
fission products, cladding and coolant [1-3]. The simulation of the fuel behavior requires 
therefore fuel performance codes, which are being used by safety authorities, research 
organisations and fuel vendors. 

In view of the strong interactions between the various aspects of fuel performance 
and the resulting mathematical problems, several assumptions are introduced for 
rendering the set of equations amenable to an accurate numerical solution after a 
reasonable computation time. The first important assumption deals with the rod 
geometry. Most fuel performance codes consider a cylindrical geometry and assume axi-
symmetry [2]. For example, Figure 1 shows a computational domain consisting of a 
cylindrical UO2 fuel pellet and zircaloy cladding separated by a helium gap. Furthermore, 
the radial temperature gradient is considered to be much larger in comparison with the 
axial temperature gradient. As a result, a majority of the codes represent the cylindrical 
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fuel rod in a so-called one-and-a-half dimension, whereby all transport processes are 
solved in one (radial) dimension, and the axial segments are coupled via balance 
equations. 

The heat transfer is generally solved in a section of slice of fuel as a sequence of heat 
transfers between different heat resistances: the fuel, the fuel-to-cladding gap, the cladding 
(and its outer corrosion layer) and finally the barrier between the cladding surface and the 
bulk of the coolant [3]. Apart from the fuel and the cladding, in which the Fourier 
equation is solved with the fission rate density or the gamma heating providing the main 
heat source, all thermal resistances are represented by heat transfer coefficients. The heat 
transfer in the gap is both important and very delicate to assess as it is very sensitive to the 
gap size and the gas composition, hence it is strongly affected by the uncertainties 
pertaining to the other aspects of the fuel behaviour. The boundary conditions usually 
applied consist of the Dirichlet boundary condition at the cladding surface and the 
Neumann boundary conditions at the fuel pellet centre because of symmetry [3]. 

Figure 1. Typical schematic representation of a rod in a fuel performance code 

 

The assessment of the stresses and strain in a section of the fuel rod is usually based 
on the solution of the equilibrium relation, the compatibility equation and the constitutive 
equations [3]. The main difficulties arise because of the cracking of the pellets and the 
relocation of the fuel fragments. The boundary condition at the outer surface is 
determined by the coolant pressure and either the rod inner gas pressure in the event of 
an open gap situation or the contact pressure between the fuel and the cladding when the 
gap is closed. The boundary condition at the pellet centre is determined by the inner gas 
pressure in the case of hollow pellets, and by the equality of the tangential and radial 
deformation in the event of solid pellets. 

Axially varying quantity,
e.g. linear heat rating
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The fission product behaviour in each axial slice of the fuel rod is generally considered 
to occur in two steps [3]. The first step consists of the production and subsequent 
migration in the grains. This is usually dealt with by means of a diffusion equation in a 
sphere. The second step consists of the development of grain boundary bubbles that grow 
until they interlink and form a tunnel network through which the insoluble fission 
products can be released.  Because of the large uncertainties pertaining to the parameters 
of interest, and in particular to the diffusion coefficient that can vary by a factor 5 up or 
down, simple ordinary differential equations are usually solved to describe both the fission 
product release and the gaseous swelling caused by insoluble fission products such as 
Xenon and Krypton. 

Current approaches to deal with limitations 

In order to cope with large local deformations, such as those occurring in the cladding, 
for instance, during loss of coolant accidents, some codes either provide a separate tool to 
analyse local deformations and stresses in two dimensions by means of finite element 
calculations such as the FEMAXI code [4], or a full two-dimensional mechanical 
computation is proposed in the FALCON code [5] whereas a three-dimensional finite 
element analysis is proposed in the ALCYONE code in the PLEIADES platform [6,7]. 
More recently, fuel performance codes are currently being developed either from scratch, or 
on the basis of commercial software for three-dimensional finite element method (FEM) 
simulations. Examples of such attempts are the BISON code [8] based on ABAQUS software 
and the FRA-TF_global code based on COSMOSDesignSTAR/COSMOSM system [9] or a 
code based on the COMSOL software [10]. The starting point for their development is to 
take full advantage of the improvements in hardware and software, as well as in numerical 
techniques since the conventional fuel performance codes - currently used by safety 
authorities – have been developed. Nevertheless, the increase in the number of 
dimensions goes along with a substantial increase of the computational costs and offers 
only an added value for the analysis of strong and localised pellet-cladding interactions 
(triple-point effect) or certain accident situations with large deformations. Indeed, for 
normal operational conditions, one-dimensional codes are at least as accurate in view of 
the numerous uncertainties, as for instance those brought about by the stochastic cracking 
and friction processes. The uncertainties in fuel rod powers and geometry (sphericity, 
pellet cracking, etc.) cannot be avoided by those multi-dimensional codes and ultimately 
may prevent them from replacing more simplified codes of today for licensing purposes. 
In any case, they will provide a deeper understanding and an excellent supporting tool for 
designing advanced nuclear fuels. 

Apart from the main limitations caused by the geometrical assumptions, there are 
other limitations related to the empirical nature of material property models and some of 
the physical models, such as cracking and the subsequent relocation of the segments. 
These limitations apply to multi-dimensional codes alike. As a consequence of the use of 
empirical models, it is impossible to extrapolate the material properties and models 
beyond the range of operating conditions in which they have been fitted. Hence, when 
advanced materials are to be designed for innovative reactor types, new codes have to be 
developed for each combination. The required amount of experimental data is both time 
consuming and expensive. With the advent of advanced software and hardware many 
attempts have been made to introduce more physics-based models that enable 
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extrapolation to a large range of operating conditions, and to cover a large set of potential 
materials. This has led to the development of mesoscopic models, microscopic models 
and even simulations tools at the scale of the electronic structure [11]. Each simulation 
tool requires specific experimental data for their development and validation. There are 
now attempts to link the various simulations tools in what is commonly referred to as the 
multi-scale approach and is considered in the other parts of this report. Several examples 
have been published recently. In the first case, molecular dynamics computations were 
applied for extracting the thermal expansion and thermal conductivity of unirradiated 
UO2 fuel and for implementing the correlation in the FRAPCON code [12]. In the frame 
of the F-BRIDGE Project, a similar molecular dynamics analysis was carried out to 
simulate the interaction of a He bubble with a fission fragment [13]. It is expected that 
this will lead to a quantitative assessment of the resolution coefficient, which remains up 
until now a fitting parameter in several fission gas release models of fuel performance 
codes. In the same project, first principles-based predictions of the migration energies for 
point defects in UN by means of the VASP DFT code were introduced in the thermal 
creep model of the TRANSURANUS fuel performance code [14]. 

The parameters and models required for by the fuel performance codes are subject to 
uncertainties. A pragmatic manner to deal with uncertainties pertaining to power histories, 
fabrication data and models in the current fuel performance codes consists of applying 
conservative or probabilistic analysis. In order to assess the technological effect of all 
sources of uncertainties there are various techniques that may be considered. First of all, 
there are various so-called sensitivity methodologies, ranging from multiple runs with 
input data or model parameters being varied, up to a rigorous mathematical treatment 
based on perturbation theory [15-17]. A second category of probabilistic approaches is the 
response surface technique. This is based on a careful combination of parameters called 
the experimental design, such as the Latin hypercube sampling or the Taguchi design [18]. 
A third category consists of the Monte Carlo method, which is based on random sampling 
of all uncertain variables that are considered, and implemented in the TRANSRANUS 
code [19]. A fourth category of methods is called semi-statistical and combines statistical 
and deterministic computations [20-22]. 

Perspectives 

New simulation tools are being developed for a multi-dimensional rather than a one-and-
half-dimensional analysis in order to take advantage of the hardware and software 
improvements over the last decades. They can complement the existing fuel performance 
codes for research purposes such as a localised pellet cladding interaction analysis, and 
provide a good supporting tool for the design of advanced or accident-tolerant fuels. 
Nevertheless, they suffer from limitations associated with uncertainties inherent in the 
stochastic nature of some phenomena such as fuel crack formation and input parameters 
such as the fuel rod power. Furthermore, they cannot (yet) be used for a full core analysis 
required in the fuel licensing of some countries. 

In addition to improving or rewriting fuel performance codes, there is also a tendency 
to couple existing codes with other simulation tools like the thermohydraulic codes or the 
neutron transport codes. The aim of this so-called multi-physics approach is to take again 
advantage of the hardware and software developments for improving predictions during 
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transients and design-basis accidents such as reactivity-initiated accidents or loss of 
coolant accidents. The coupling between the TRANSURANUS code and the DYN3D 
code is such an example [23], where it is hoped that the more detailed fuel performance 
predictions will improve the overall simulation accuracy for the reactor core during an 
accident, at a reasonable computational costs. 

Finally, the conventional as well as the advanced fuel performance codes can also be 
extended to assess the fuel and fission product chemistry. This will extend the application 
range of the codes to simulate fuel cladding chemical interaction in fast reactor conditions 
or stress corrosion cracking and accident behaviour in LWR fuel where the release of Cs 
for example is important. At the same time, it will enable the prediction of the source 
term required in spent fuel simulations. For this purpose, a coupling or integration of a 
module for the thermochemistry of the fuel system with fission products is being 
developed. For example, the VICTORIA code [24] is being integrated in the MFPR code 
[25], whereas the Thermochimica model is being coupled with integration in the AMP 
code [26].   
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