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Abstract 
 

In general, the verification and validation (V&V) of a fuel performance code like 
TRANSURANUS consists of three basic steps:  
a) verifying the correctness and numerical stability of the sub-models;  
b) comparing the sub-models with experimental data;  
c) comparing the results of the integral fuel performance code with experimental data  
 
Only the second and third steps of the V&V rely on experimental information. This scheme 
can be further detailed according to the physical origin of the data: on one hand, in-reactor 
('in-pile') experimental data are generated in the course of the irradiation; on the other hand 
ex-reactor ('out-of-pile') experimental data are obtained for instance from various post-
irradiation examinations (PIE) or dedicated experiments with fresh samples. For both 
categories, we will first discuss the V&V of sub-models of TRANSURANUS related to 
separate aspects of the fuel behaviour: this includes the radial variation of the composition 
and fissile isotopes, the thermal properties of the fuel (e.g. thermal conductivity, melting 
temperature, etc.), the mechanical properties of fuel and cladding (e.g. elastic constants, creep 
properties), as well as the models for the fission product behaviour. Secondly, the integral 
code verification will be addressed as it treats various aspects of the fuel behaviour, including 
the geometrical changes in the fuel and the gas pressure and composition of the free volume 
in the rod.  
 
 
 
 
 



 
 

 

1. Introduction 
 
The irradiation history of a nuclear fuel rod, characterized by gradients of fission/power 
density and temperature along the pellet axes, induces significant modifications of structure 
and properties of nuclear fuel at all scales, from the atomic to the macroscopic level. 
Irradiated fuel is thus very heterogeneous in terms of burn-up, composition (fission products 
distribution), morphology and related thermal transport and mechanical properties. Significant 
alterations and restructuring occur, e.g. cracking, swelling, and the formation of the High 
Burn-up Structure (HBS) at the cold radial periphery of the conventional UO2 fuel pellet or in 
the Pu-rich islands in relatively cold regions of MOX pellets.  
 
The ultimate goal of any fuel performance code is predicting the rods' life-time, requiring the 
description of such complex states of the nuclear fuel during irradiation and subsequent 
storage. The codes' verification and validation (V&V) consists of three basic steps:  
a) verifying the correctness and numerical stability of the sub-models;  
b) comparing the numerous sub-models that describe separate effects of the fuel behaviour 
with experimental data;  
c) comparing the results of the integral fuel performance code with experimental data  
 
Steps (b) and (c) of the V&V rely on comprehensive experimental information that can be 
further grouped according to their physical origin: On one hand, in-reactor ('in-pile') 
experimental data are generated in the course of the irradiation; on the other hand ex-reactor 
('out-of-pile') data are obtained from various post-irradiation examinations (PIE) or dedicated 
experiments on fresh materials. In order to assemble such relevant information generated by 
important fuel irradiation experiments during the previous decades, the international fuel 
performance experiments (IFPE) public domain database [1] was established by the NEA of 
the OECD in the late 1990's in close co-operation with the IAEA. This database was 
extensively used in the frame of three co-ordinated research projects of the IAEA that were 
devoted to fuel rod modelling at extended burn-up (FUMEX [2-4]). Recently, the OECD-
NEA established a new expert group on reactor fuel performance that aims at reviewing the 
IFPE database.  
 
The current paper constitutes a contribution for preparing a report by this expert group. 
Section 2 of the present paper summarizes the various physical quantities and measurement 
techniques for both in-reactor and ex-reactor experimental data. Regarding post-irradiation 
examinations (PIE), we address the main trends and the needs. The following sections 
illustrate the application of such experimental data to the V&V of the TRANSURANUS fuel 
performance code. As a comprehensive status review had been given in [5], we focus on 
recent progress and draw attention to further needs. Section 3 contains examples for sub-
models related to separate aspects of the fuel behaviour, the radial power profile, the fuel 
thermal conductivity, fission product behaviour, as well as stresses and strains in fuel and 
cladding. The integral code verification is addressed in section 4; examples cover fuel centre 
temperatures, fission gas release, actinide redistribution, and geometrical changes of the fuel 
rod. The conclusions and suggestions for further work are summarized in section 5. 
 
 
 



 
 

 

2. Experimental data 

In-reactor data 

Data obtained in the course of the irradiation in a nuclear reactor ('in-pile') are of particular 
importance for developing and validating fuel performance simulations. Only this type of 
experimental data - mainly thermal and mechanical quantities - provides information at 
operational ('at power') states that are essential for assessing safety limits and margins applied 
in nuclear fuel design and licensing.   
 
The most comprehensive source of in-reactor data come from instrumented fuel assemblies 
used in irradiation experiments at the OECD Halden Reactor Project (HRP). A wide range of 
measurement devices have been developed by HRP since 1966. For detailed descriptions see 
e.g. ref.[6] and references therein. A comprehensive review of in-pile instrumentation applied 
in various irradiation facilities world-wide was given in [7]. A part of the corresponding 
irradiation experiments is included in the IFPE database [1] as well. 
 
Since the 1990s, a trend has been initiated for in-pile separate-effect tests based on disc 
irradiations such as the High Burnup Rim Project (HBRP) or the Nuclear Fuel Industry 
Research (NFIR) project, both irradiated in the experimental reactor in Halden. In these 
experimental setups, thin and highly enriched discs of fuel are piled up between molybdenum 
discs with high thermal conductivity. The high enrichment significantly reduces radial 
gradients of the power density, whereas the small height of the disc reduces the corresponding 
axial gradient. The good conducting properties of the metal discs ensure a negligible 
temperature gradient as well. 
 
Because more recent developments of in-pile measurement techniques are presented at this 
conference [8], we give only an outline of relevant data types according to the physical 
phenomena studied and the physical quantities measured (Table 1). From the viewpoint of 
geometry, the measured quantities are either local - at a defined axial position - or axially 
averaged over the complete fuel rod. The items in the first column of Table 1 overlap, as in 
most cases information from several quantities is required for drawing conclusions about the 
physical phenomena. In an ideal irradiation experiment, a maximum number of different 'at-
power' quantities is thus measured simultaneously and eventually put together with 
experimental information from post-irradiation examinations.  

Ex-reactor data from post-irradiation examinations (PIE) 

Post-Irradiation Examination (PIE) [7,9-18] in hot cells or shielded facilities allows studying 
spent fuel properties with two main aims:  
- to complement in-pile measurements of macroscopic, performance and/or safety-relevant 
properties;  
- to investigate micro- and meso-structural mechanisms and processes determining the 
behaviour of irradiated fuel under local conditions relevant for in-pile and out-of-pile 
performance and safety.  
After discharge from the reactor, spent fuel continues to experience low temperature 
alterations and property changes, e.g. under the effect of accumulating alpha-decay damage 
and helium. When measuring properties relevant for in-pile performance and safety in out-of-
pile tests in a hot laboratory, care must be taken to account for the additional effects due to 



 
 

 

decay damage. Generally this contribution can be removed by performing thermal annealing 
up to the irradiation temperature [11]. The main tools currently available for in-depth PIE are 
summarised in Table 2.  
 
Table 1: Types of data from at-power measurements: 
 
Physical phenomenon Physical quantity Measuring device 

  Temperature sensors 

Fuel centre temperature 
Fuel surface temperature 

- Fuel thermocouple 

Fuel centre temperature 
(axially averaged) 

- Fuel expansion thermometer 

 
 
Heat transfer 
Thermal conductivity 
 

Cladding surface 
temperature 

- Cladding thermocouple 

Coolant inlet temperature 
Coolant outlet temperature 

- Coolant thermocouple  
 
Heat transfer 
  

Coolant mass flow 
 
Turbine flow meter 

   
Pressure sensors 

Fission gas release Inner pin pressure 
 

- Internal pressure transducer 
- Counter-pressure sensor 

Fission gas composition Pin gas concentrations - Acoustic sensor 

Fuel failure mechanism Time at fuel failure 
Energy at fuel failure 

- Capsule pressure sensor 

  Gas flow lines 

Fission gas release 
Fission gas composition 

Activities of  
85mKr, 87Kr, 88Kr, 133Xe, 
135Xe 

- Geiger-Müller tube 
- NaI detector 
- HP Ge detector 

  Elongation sensors 

Swelling, densification, 
creep (of fuel) 

Fuel length change - Fuel stack elongation sensor 

Irradiation growth,  
creep (of cladding) 

Cladding length change - Cladding elongation sensor 

  Diameter sensors 

Cladding diameter change 
Crud deposit thickness 

- Cladding diameter gauge Irradiation growth, creep 
(of cladding) 
PCMI, cladding lift-off 
Crud build up Gap size - Gap meter  

 
 
 



 
 

 

Table 2: Summary of PIE tools applied to irradiated fuel and fuel rods. 
 
Physical Phenomenon Physical quantity Measuring method/device 

Effects of irradiation and/or 
ageing on rod dimensions 

rod diameter,  
rod bowing / deformation 

rod profilometry - mechanical, 
laser/optical (non-destructive) 

Interaction of cladding with 
coolant 

outer oxide layer thickness eddy current  
(non-destructive) 

Fuel pellet integrity, size X-rays - Radiography neutron beam (non-destructive) 

Rod/fuel integrity X-rays - Tomography γ beam (non-destructive) 

Fuel burn-up,  
fission products relocation in 
the fuel rod 

γ-scan  
(energy spectrum at phys. 
location) 

γ beam  
rod axial or local (micro) 
scanning (non-destructive) 

Fission gas release; effects of 
irradiation, fissile progenitor 

fission gas inventory and 
composition 

rod puncturing, mass 
spectrometry 

Densification and swelling of 
fuel fragments and disks 

fuel density Archimedes method 

Fuel and cladding 
morphology 

grain size,  
pore size, 
phase distribution  

optical microscopy of polished 
sections (ceramography and 
metallography) 

Fuel structure/ morphology; 
irradiation-induced 
alterations;  
fuel-cladding interface / 
interaction 

grain size, pore size; 
surfaces, cracks, cavities; 
phase, elemental 
distribution  

Scanning Electron Microscopy 
(SEM),     Energy-dispersive 
X-rays (EDX) of fragments, 
fracture/polished surface 

Extended defects, sub-grain 
structures; radiation-induced 
alterations 

microstructure 
characterization 

Transmission Electron 
Microscopy (TEM) 

Accumulation of fission, 
nuclear reaction products 

fuel chemical composition fuel dissolution and analysis 

Accumulation of fission, 
nuclear reaction products; 
elemental distribution 

local concentrations / 
mapping of elements  
- at microanalysis level 

Electron Probe Micro Analysis 
(EPMA) 

Accumulation of fission, 
nuclear reaction products; 
isotopic distribution;  

semi-quantitative local 
concentrations, mapping 
of nuclides; depth 
profiling  
- at microanalysis level 

Secondary Ionization Mass 
Spectrometry (SIMS) 

Lattice swelling, phases;  phase analysis, lattice par.; 
profiling if micro-
collimated beam is used 

X-Ray diffraction (XRD) 

Surface phases; 
reaction/corrosion processes 

photon spectra; in situ 
analysis by visible light 

Raman spectroscopy 



 
 

 

Physical Phenomenon Physical quantity Measuring method/device 

Bulk porosity, cracking  elastic modulus, 
subsurface examination 

acoustic microsc. of polished 
samples (non-destructive) 

Local alteration of 
mechanical properties, 
hardening / softening, 
embrittlement 

hardness,  
fracture toughness 

micro-indentation of polished 
samples; radial profiling 
(application at high 
temperature will allow fuel 
plasticity/creep studies) 

Effects of irradiation, ageing 
on mechanical properties and 
integrity of fuel rod; 
radionuclides release in case 
of fuel rod failure 

Strength bending, impact load of spent 
fuel rod/segment; fracture 
surface, released fraction 
analysis 

Local accumulation of 
fission, nuclear reaction 
products  

element and nuclide 
inventory;  

laser ablation and mass 
spectrometry; profiling 

Alteration of thermal 
transport properties 

thermal diffusivity, 
conductivity 

laser flash; mapping  
of local thermal conductivity at 
microanalysis level (future 
development) 

Fission gas retained in the 
fuel during irradiation 

fission gas release as a 
function of temperature 

resistance heating setup and 
mass spectrometry 

Irradiated fuel vaporization 
behaviour 

release of fission gas, 
volatiles, fuel matrix 
species as a function of 
temperature  

Knudsen cell and mass 
spectrometry of fuel fragments; 
source term, thermodynamic, 
kinetics information 

Fission products, fuel history 
effects on stoichiometry 

oxygen potential; 
assessment of local O/M 

electromotive force cell, ionic 
conductor; titration 

Oxidation/corrosion; 
Accident behaviour (source 
term); alterations at high 
temperature and/or in 
presence of water/steam 

formation of 
oxidation/corrosion layers; 
release, dissolution of 
radionuclides; fuel 
degradation processes 

exposure of fuel to reactive 
agents under relevant 
temperatures and pressure, 
atmosphere conditions  

 

Main trends in post-irradiation examinations (PIE) 

A key trend affecting state-of-the-art PIE is the improvement of the spatial resolution or the 
localization of the measurements. There are two possible approaches to tackle this issue. The 
first is to employ high resolution techniques. Complementary to this is the adoption of sample 
preparation procedures, which result in very small, highly localized specimen. Examples 
include micro-collimated windows and other advanced applications of X-ray analysis and 
electron microscopy [16,19]; reduction of the pyrometer spatial resolution for laser flash 
measurements of thermal properties such as thermal diffusivity; photo-thermal surface 
spectroscopy/microscopy [20]; micro-coring of specimens for Knudsen Cell effusion tests or 
TEM using high precision drilling or focused ion beam (FIB); micro- or nano-indentation; 



 
 

 

atomic force microscopy (AFM) and atom probe tomography [21]. All these techniques bring 
the resolution down to micrometer or nanometer level. The second approach to improve 
spatial resolution aims at avoiding heterogeneity in irradiated fuel by performing special 
irradiation campaigns like e.g. in the high-burnup rim project (HBRP) [12]. The special 
conditions of the HBRP irradiation allowed obtaining bulk, mm-sized samples of high burn-
up structure (HBS).  

 
Multiple methods of investigation are now frequently adopted, either simultaneously (e.g. 
dual-beam spectroscopic techniques) or sequentially. Examples of this trend include (i) the 
use of EPMA and SIMS on the same samples [7]; (ii) the combined thermal effusion analysis 
and microscopy examination; (iii) the study of the thermal recovery of different properties 
using different techniques (lattice parameter - XRD, thermal diffusivity – laser-flash, specific 
heat – differential scanning calorimetry (DSC), hardness – indentation, extended defects - 
TEM). The knowledge gained from the combined measurements largely exceeds the sum of 
the individual contributions. For instance, investigation programmes adopting both 
approaches described above and a combination of techniques, e.g. EPMA and SIMS [13-15]) 
on special irradiation fuel disks (HBRP), produced evidence that enhanced fission gas release 
at high burn-up does not originate from the HBS. A promising trend is the possibility of 
performing in-situ characterization of processes, e.g. using Raman spectroscopy [17], thermo-
optic setups or high-temperature ESEM. Another interesting approach consists of combining 
new with conventional techniques for nuclear materials such as magic angle spinning nuclear 
magnetic resonance (NMR), extended X-ray absorption fine structure (EXAFS) and XRD for 
studying local structure variations.  
 
Sample preparation in a hot cell can produce artefacts due to impurity contamination, 
oxidation, cracking, grain pull-out, etc. Measuring unaltered bulk properties is therefore a 
challenging task. Some options are provided by destructive techniques that allow depth 
profiling, such as SIMS or laser ablation combined with mass spectrometry, and applying FIB. 
Tomographic reconstruction based on optical image digitalization can also be used to 
investigate 3D morphologies. Non-destructive acoustic microscopy, in addition to the 
measurement of the elastic modulus, can provide subsurface imaging of irradiated fuel 
specimens [18].  
 
Modifications are being applied to reach the maturity of several of the techniques mentioned. 
An area with relatively large gaps is mechanical testing of irradiated fuel. Bending test 
facilities and impact load setups are available for spent fuel rod testing, together with 
indentation and elastic property determination by acoustic microscopy. Further development 
is required also for thermo-mechanical testing (e.g. creep), for gaining better insight in the 
grain boundary structure and the evolution of fission gas bubbles with burn-up, and for 
oxygen redistribution and the chemical state of fission products. Finally, in the wake of the 
Fukushima accident, material properties at high temperatures are to be further analysed by 
means of new equipments such as the Continuous wave LAser Surface Heating (CLASH) or 
the Power Laser Apparatus for Reactor Irradiated Samples (POLARIS) at ITU. Both 
equipments form part of a flexible group of facilities for out-of-pile thermo-mechanical 
simulations of the behaviour of irradiated fuel based on sample heating using a 6 kW power 
laser under controlled conditions. Although these installations are being applied for non-
irradiated materials, they are planned to be installed in glove boxes. 
 
 



 
 

 

3. Verification of individual models 
 
Based on the available experimental techniques and corresponding data, we now summarise 
how these are being used for the V&V of the main sub-models of the TRANSURANUS code. 

Radial power distribution 

The radial power distribution is of primary importance for fuel performance simulations, 
since it provides the source term for both the calculation of the temperature distribution as 
well as the (radioactive) fission product distribution in the fuel. The direct assessment of the 
radial power distribution relies on the radial profiles of fission products and fissile atoms 
obtained from PIE by means of either EPMA or SIMS. More precisely, the radial distribution 
(or even better the two-dimensional mapping) of Pu, Nd, Gd, etc. can be directly compared 
with the values provided by a submodel for nuclide evolution.  
 
As an example, the TRANSURANUS burn-up model (TUBRNP) [22] computes the local 
concentrations of U, Pu and Nd across a fuel pellet and their evolution during irradiation. As 
described previously [5], it has been extensively verified against [23-28] experimental data 
for UO2 between 34 and 102 MWd/kgHM and for MOX between 34 and 45 MWd/kgHM. 
There is a need to obtain experimental data up to higher discharge burn-up for MOX fuel in 
order to account for the difference in the microstructure brought about by the various 
industrial fabrication processes. Figure 1 illustrates the situation: Except for the 
heterogeneous MOX fuel (OCOM), the relative differences between calculated and 
experimental values of Pu concentration are acceptable and comparable to the experimental 
errors. The largest deviations are observed for the lower and medium range plutonium 
concentrations.  

Fuel thermal conductivity 

An accurate prediction of the temperature distribution in the fuel pellets is not only important 
in order to predict under what conditions melting might occur, it is also essential for the 
prediction of all other phenomena that strongly depend on the local temperature.  
 
The source term of the heat conduction equation relies on the radial power distribution that is 
considered above. Apart from the source term and the boundary conditions (i.e. fuel-to-
cladding gap conductance) we also need to verify the model for the thermal properties, in 
particular the thermal conductivity. This is typically based on experimental data from out-of-
pile tests [29-32]. As was shown earlier for MOX fuels (cf. [5] and Fig. 8 therein), the 
predictions of the thermal conductivity match fairly well the experimental values obtained by 
Ronchi and co-workers by means of laser flash measurements on fresh and irradiated fuel [29-
31]. Nevertheless, there are remaining open questions and therefore needs for experimental 
data to disentangle the separate effects of plutonium concentration, (local) stoichiometry 
deviations, minor actinide additions and burn-up effects in mixed oxide fuels.  

Fission product behaviour 

Fission products can contribute to the fuel rod failure and the subsequent release of 
radioactive species. For this reason, fuel performance codes describe the fission product 
behaviour in a specific model. These models aim at describing the amount and position of the 



 
 

 

fission products (in the grains, at the grain boundaries, in bubbles, pores, etc.) during 
irradiation. Fission products in UO2 are known to fall into five broad groups: soluble (e.g. Zr, 
La, Mo), metallic precipitates (e.g. Pd, Ru), second phase oxide precipitates (e.g. Sr), volatile 
(e.g. Cs, I) and gaseous species (Xe, Kr). The computation of their amount can be included in 
the model for the radial power distribution that predicts the evolution of the fissile isotopes (cf. 
above).  
 
The assessment of the fission gas behaviour models requires measured concentrations of Xe, 
Kr, He, Cs, I in the matrix and in bubbles in the grains or the grain boundaries, and in porosity 
resulting either from the fuel fabrication or from high burnup structure formation. Given the 
strong interaction of the fission gas behaviour with the other aspects of fuel such as the 
thermal and mechanical performance, very often only integral verification is possible and is 
considered in section 4. 
 
The experimental techniques (e.g. EPMA, SEM, SIMS) that provide local information about 
fission products at a given time rather than about the kinetics, can only be used to infer model 
parameters such as diffusion coefficients when local temperature, stress and burnup levels are 
also accurately characterised. Because of the effect of so many parameters that are difficult to 
be characterised during an irradiation in a fuel rod, the diffusion coefficient is still very poorly 
characterised. For this reason, the use of disc irradiations are useful for separate-effect studies 
such as HBRP, wherein gradients of the power density as well the temperature are minimised. 
 
In a similar manner, separate effect tests are carried out for the helium behaviour assessment 
in oxide fuels. For example UO2 samples doped with 0.1 wt.% plutonium oxide have been 
investigated with the aim to study the alpha-damage effects and the behaviour of radiogenic 
helium in the spent nuclear fuel by single effects studies [33]. Characterizations were 
performed by x-ray diffraction, scanning and transmission electron microscopy. Helium 
release profiles and total helium quantities were measured using a Knudsen effusion mass 
spectrometer and a quantitative gas measurement system, respectively. A new model for the 
simulation of helium release has been developed taking into account single gas atom and 
bubble motion, trapping, grain and bubble growth. The model, embedded into commercial 
multi-physics software, provided a good description of the experimental data and correlations 
for both gas-atom and bubble diffusion coefficients have been extracted.  

Stresses and strains in the fuel 

The fuel deformation can lead to a strong mechanical interaction with the cladding that 
eventually can cause rod failure. Important phenomena contributing to fuel deformation 
include thermal expansion, cracking, fission product swelling and densification. The 
measurement of fission product release is considered separately above. The fission product 
swelling in the fuel on the other hand can be monitored in-pile continuously by means of a 
fuel stack elongation sensor, provided that there is no mechanical interaction with the 
cladding (e.g. at time intervals where the reactor is shutdown, hence reopening a gap that is 
otherwise closed at power). Nevertheless, the fuel stack elongation is affected simultaneously 
by densification and thermal expansion, and can be well characterised out-of-pile by means of 
neutron radiography. 
 
Another important but stochastic phenomenon affecting the fuel deformation early in life is 
fuel cracking and the associated relocation of the segments. Models for fuel cracking applied 
in fuel performance codes can only be compared directly with measurements of the axially 



 
 

 

and azimuthally averaged gap size during irradiation. The models for cracking and relocation 
are therefore usually fitted on the basis of on-line temperature measurements in experiments 
with fresh fuel, or on the basis of ceramographic pictures as proposed by Oguma [34].  
 
Creep and plastic deformation are of particular importance for a proper description of fuel 
deformation. They are, however, hard to distinguish in an experiment and are usually 
considered in integral experiments (cf. section 4).  

Stresses and strains in the cladding 

One of the primary objectives of fuel performance assessments is to ensure that the cladding 
remains mechanically intact in order to prevent release of radioactive fission products to the 
primary circuit of the reactor. This requires reliable predictions of cladding stresses and 
strains. Verification of stresses is difficult as they cannot be measured on-line in the cladding. 
Therefore, the verification and validation of mechanical models for the anisotropic material 
behaviour rely on the on-line monitoring or PIE of the dimensional changes in either axial 
and/or radial direction, i.e. rely on integral measurements (Section 4).  
 
Separate effect tests are performed out-of-pile if possible, based on the principle of submitting 
cladding segments to a pressure difference under well-defined conditions (temperature, 
pressure, flux, etc). The advantages of such experiments are that apart from the much smaller 
costs, the deformation can be monitored in greater detail, by means of a laser for instance one 
can measure the radial deformation along the axial axis with micrometer precision, at much 
shorter time intervals and with better control of temperature, pressure, as well as oxygen and 
hydrogen concentrations. It is therefore particularly suited for separate effect tests, and can 
provide information about creep rates under most relevant conditions (including the 
temperature range where the α−β phase transformation occurs). The main disadvantage is the 
absence of irradiation so it can complement, not replace in-pile experiments. The creep rate of 
cladding under fast neutron radiation is several times higher than that in out-of-pile tests at 
identical stress and temperature, and the dependency of in-pile creep rate on stress and 
temperature is different from that in out-of-pile condition. However, for the testing of 
cladding under LOCA conditions, i.e. after the reactor scram and at high temperatures such 
that irradiation defects can be rapidly annealed, the out-of-pile tests provide excellent data.  
 

4. Verification of the integral fuel performance code 
 
After considering the V&V of the various separate models, the physical quantities simulated 
by an integral fuel performance code must be compared to experimental data. Three issues 
should be noted: 
- A number of the submodels required in a fuel performance code (e.g. a model for fission gas 
behaviour and release) cannot be assessed independently in stand-alone mode; 
- For some submodels (e.g. a model for formation of the central void), separate-effect 
experiments are physically not yet feasible but envisaged in the frame or POLARIS for 
instance; 
- The predictability of a fuel performance code depends not only on the performance of each 
separate model but also on the link among them and the feedback loops in a code.  
We should also note that all types of experimental data suited for verifying the various 
separate models, can also be applied in the course of the integral code verification.  



 
 

 

Fuel centre temperatures 

The detailed comparison of measured and simulated fuel centre temperatures is an important 
part of the integral validation of any fuel performance code. They are usually measured by 
means of central thermocouples, or via central expansion thermometers (cf. Table 1). For 
TRANSURANUS, comprehensive datasets had earlier been analysed from instrumented 
irradiations of LWR fuel performed at the OECD Halden reactor [35] as well as from the 
IFPE database [5]. To illustrate the present status, Figure 2 shows the ratio of calculated 
versus measured fuel centre temperatures at low and intermediate burn-up: In the range up to 
40 MWd/kgHM, a total of 10 UO2 and 6 (U,Pu)O2 mixed-oxide (MOX) fuel rods irradiated in 
the joint program of the OECD Halden reactor project is available for analysis. Two re-
instrumented MOX rods from this dataset were also part of the FUMEX-III project [36].  
 
Table 3 lists the corresponding root mean square differences (rms) together with the residual 
mean differences derived from a linear fit. The good agreement seen in previous reviews is 
confirmed; all residual differences are comparable to the experimental uncertainties of the in-
pile temperature measurements. The large amount of data and the relatively small scatter of 
measurements from different irradiation experiments could now allow trends to be analysed in 
detail – as the weak trend (with rod-average burn-up) towards slight over-predicting the fuel 
temperatures by means of TRANSURANUS. Before drawing any quantitative conclusions, 
for example on the burn-up dependence of the thermal conductivity of LWR fuels, a larger set 
of instrumented irradiations will have to be analysed - including the recent irradiation 
experiments discussed in [37,38]. 
  
Table 3: Mean residual and root mean square difference between simulated and measured fuel 
centre temperatures of UO2 and MOX fuel in the burn-up interval 0-40 MWd/kgHM. 
 

 Number of datapoints 
(steady-state) 

(∆T)mean Rms Residual mean difference (C-E) at 
Begin of life           40 MWd/kgHM

UO2 39481 -11.9 K 3.5% -2.1% +0.2% 
MOX 16676 + 1.7 K 4.2% -1.7% +1.8% 

 

Fission gas release and inner pin pressure 

There are several out-of-pile experimental techniques applied for the verification of fission 
gas behaviour: 
- One or two-dimensional profiles of fission product distributions in sections of fuel obtained 
during post-irradiation examination can be obtained by means of EPMA and SIMS. These 
techniques provide quantitative information about the local distribution of various elements. 
The first method provides information about the dissolved amount in the matrix for a large 
range of fission products, provided that all local conditions (temperature, stress, fission rate 
density, etc.) are well characterised. The second method can also provide quantitative 
information about the amount of gas contained in intra-granular bubbles when they are 
opened by the sputtering process, which has also been used to obtain rough estimations of the 
gas pressure in HBS pores.  
- Two-dimensional SEM and TEM pictures provide quantitative information about fission gas 
bubble size distributions after irradiation, or after annealing of fuel samples.  



 
 

 

- Radiochemical dissolution and mass spectrometric analysis (e.g. by ICPMS) of fuel samples 
provides information about a large range of fission products remaining in the fuel after 
irradiation.  
- Optical micrographs indicate the radial extent of (inter-granular) bubble formation and its 
morphology (e.g. interconnected), or the pore density in the HBS in the fuel segment after 
irradiation, or heat treatment.  
 
In addition, experimental fission gas release data are commonly inferred from internal 
pressure transducers that provide on-line values, from 85Kr measurements providing only 
integral values in terms of time and space, or from from gamma-analysis in a gas flow rig as 
applied in Halden for assessing the release kinetics of radioactive volatile species.  
 
The earlier comparison of TRANSURANUS simulations with local EPMA data as well as 
with measured total fission gas release has revealed a satisfactory agreement [5] given that the 
ratio of the predicted over the measured integral values remain within a factor of two. 
Recently a new physics-based approach that couples the simulation of fuel swelling and 
fission gas release was developed and tested [39]. This model accounts for the dependence of 
the fission gas swelling and release on the local hydrostatic stress, which is of special 
importance for the analysis of the fuel behaviour during power ramps and pellet-cladding 
mechanical interaction conditions. The applicability of the new model to integral fuel rod 
analysis was verified through implementation and testing in the TRANSURANUS fuel rod 
analysis code. In the frame of FUMEX-III, the model was applied to the simulation of 
irradiation experiments from the IFPE database. The comparison of the results with the 
available experimental data of fission gas swelling and release at moderate burn-up improved 
the accuracy of the predictions without any fitting applied to the model parameters.  
 
The current deviation of predictions with respect to integral release values can be largely 
attributed to the highly non-linear character of the fission product behaviour and its strong 
interrelationship with many other phenomena. This makes it extremely difficult for 
characterising model parameters such as the diffusion coefficients accurately, and are the 
main reason why separate effect studies are being used more and more for this purpose.  

Actinide and oxide redistribution 

For covering operation at high temperatures, fuel performance codes need to describe the 
evolution of the radial composition changes that might occur during irradiation. The 
phenomenon of radial plutonium migration is hence one of the important performance 
characteristics of fast breeder reactor (FBR) MOX fuel. Plutonium redistributes in a high 
temperature gradient during irradiation leading to considerable local variations of 
concentration that affect the fuel thermal properties. Therefore, modelling of the plutonium 
radial distribution is a key issue for safety analysis of FBR fuel pins, since the Pu build-up in 
the central part of the fuel pellet can impose significant constraints on the allowed maximum 
fuel temperature and therefore on the linear heat rating. For LWR fuel, the radial changes in 
the plutonium distribution during irradiation are mostly dominated by capture and fission 
processes. These phenomena are usually dealt with in the model describing the radial power 
profile (cf. Section 3).  
 
The Pu re-distribution model of the TRANSURANUS code for FBR MOX fuel has been 
modified and extended to include the effects of the local power density profile and the 
oxygen-to-metal ratio on plutonium transport [40]. In view of potential future irradiation 



 
 

 

experiments of MOX fuels with minor actinides, a new model for Am re-distribution has been 
implemented in the code  as well [41]. The re-distribution of actinides in the course of 
irradiation at high temperatures has so far been measured exclusively by PIE after a very few 
integral experiments under FBR conditions. EPMA measurements on fuel from the JOYO 
experimental reactor [42,43] were hence used for validating the above extensions of 
TRANSURANUS. The agreement between experiment and simulation is very satisfactory 
[41]. As an example, Figure 3 shows the changes of local concentrations of U, Pu and Am for 
one of the fuel pins analysed in [43]. Nevertheless, more data are required before being able 
to achieve the level of confidence as for conventional fuels.  

Fuel deformation 

Though the various sub-models related to fuel deformation should be validated by means of 
separate-effect tests, integral experiments are definitely required for a complete validation of 
the simulation of strains and stresses in the fuel (cf. Section 3). In-reactor measurements are 
usually provided by fuel extensometers while ex-reactor data rely on ceramography combined 
with optical microscopy and/or X-ray computer tomography. 
 
Figure 4 (a) shows the measured and calculated fuel stack elongation of one instrumented 
WWER fuel rod irradiated at Halden, illustrating the impact of adjusting the 
TRANSURANUS sub-model used for gaseous fuel swelling. In the present case the 
MATPRO fuel swelling model [44] provides better results in comparison with a specific 
correlation for earlier WWER fuel [45]. Moreover, it is interesting to note that applying the 
physics-based fuel swelling and fission gas release model [39] does not further improve the 
agreement. The differences would not be visible in Figure 4 (a). 
 
At high fuel temperatures, the formation and evolution of the central void constitutes an 
important part of the fuel deformation that can be validated on integral experiments only. The 
related validation of TRANSURANUS has recently been extended making use of the JOYO 
FBR irradiation experiments [41]. The situation is illustrated in Figure 4 (b). 
 
In order to reach a similar level of confidence as for temperature predictions, more data are 
required for fuel deformation. In particular fuel relocation should receive a lot of attention, 
since it constitutes the largest contribution to the gap closure right from the beginning of the 
irradiation and it is subject to the largest uncertainties because of its stochastic nature.  

Cladding deformation 

Creep deformation of LWR fuel cladding during in-reactor service is driven by the net 
pressure difference across the fuel rod wall or by direct contact of pellets and cladding, 
depending on the gap size. In an open gap situation, the creep depends on rod internal 
pressure (affected by fuel swelling, fission gas release, fuel densification and relocation, etc.) 
and the coolant pressure. Accordingly, primary importance must be given to fast neutron flux 
(or fluence) and coolant conditions, along with the fabrication data (composition, fabrication 
route) of the cladding. The creep deformation in a closed gap situation must thus be verified 
on integral data. 
 
The cladding outer diameter is measured by moving diameter gauges (cf. Tables 1 and 2) 
axially along the rods, including the end plugs. Common post irradiation cladding diameter 
measurements have to be combined with oxide thickness measurements in order to properly 



 
 

 

separate the contribution of cladding oxidation. Few experimental data that can be used for 
code comparison are available in the open literature, because of the need to have the full fresh 
fuel rod characterisation along with the detailed information about the irradiation history. 
While integral simulations for one solid and one annular PWR fuel rod included in FUMEX-
III show consistent results (Figure 5, cf. [46]), more analyses are needed for this purpose.  
 
The cladding creep model in TRANSURANS accounts for anisotropy factors that are material 
and fabrication dependent. One should underline the limited amount of experimental data 
available in the open literature for creep of advanced cladding materials. Nevertheless, from 
WWER-1000 data included in the IFPE database, a modified set of texture factors had been 
fitted for irradiation growth and anisotropy coefficients of cladding creep [47] and was 
successfully tested against data for approximately 50 rods irradiated in WWER-1000 as well 
as WWER-440 reactors [5].  
 
Cladding deformation is of particular importance in analyses of design basis accidents (DBA) 
such as loss-of-coolant accidents (LOCA). One of the integral LOCA tests performed with 
fresh PWR fuel rods at Halden has been included in the FUMEX-III fuel performance code 
benchmark. The results revealed that the rod internal pressure, the cladding circumferential 
deformation as well as the subsequent burst are calculated correctly [48,49]. It should be 
noted, however, that simulating design basis accidents like a LOCA requires thermo-
hydraulic computations, providing on input for the TRANSURANUS code the boundary 
conditions for the thermal analysis; namely, the coolant pressure and temperature history. As 
a result, the outcome of the fuel performance calculations must be analysed together with that 
of the thermo-hydraulic computation, since cladding temperatures play a predominant role in 
high-temperature deformation. Moreover, large deformations as occurring in LOCA 
conditions prior to rupture are difficult to predict accurately with a 1.5-D approximation (used 
in most fuel performance codes by axial coupling of radially symmetric slices and assuming 
plain axial deformation). For the TRANSURANUS code, developments of a 'large-strain 
approach' are underway [50]. Figure 6 shows the cladding deformation simulated with both 
small-strain (default) and large strain options. While the agreement with the measurements in 
terms of axial location of ballooning and rupture time (not shown) is slightly improved (cf. 
[5,36,48]), limitations remain for predicting the cladding deformation quantitatively.  
 
In the course of the FUMEX-III project first simulations have also been made for reactivity-
initiated accident (RIA) conditions [4,36]. They revealed the need for an improved accuracy 
in predicting cladding temperatures under RIA conditions and for the investigation of fuel 
swelling under transient conditions. Specific models will be required, in particular for thermal 
expansion and for failure of the cladding 
 
For both LOCA and RIA, finite-element calculations are needed for comparing 1.5D and 3D 
approximations at large deformations, including their influence on temperature simulations. A 
corresponding large number of experiments are also required in view of the stochastic effects 
caused by the azimuthal variations in material properties and boundary conditions (i.e. coolant 
temperature) during DBAs.  
 
 
 
 



 
 

 

5. Summary, conclusions and further needs 
 
The rationale for improving our understanding, hence the predictive capabilities of the fuel 
performance codes, is the need to improve the safety of nuclear reactors. In order to achieve 
this goal, the fuel performance modelling must be performed must be performed at a more 
detailed scale and the corresponding experimental data must be provided. In this paper we 
have addressed the various physical quantities and measurement techniques for in-reactor and 
ex-reactor data that can be obtained in irradiation experiments of nuclear fuel for that purpose. 
The main current trends in post-irradiation examinations (PIE) are: 
- improving measurement and sampling resolution,  
- exploiting synergies between experimental techniques, 
- in-situ characterization, and  
- removal of artefacts resulting from sample preparation for PIE.  
 
The trend for improving the resolution of PIE measurements is based on the necessity of 
determining properties and behaviour of the main phases and structures, that form in the fuel 
during irradiation and whose sizes range from tens of micron to sub-micron scale. Full 
understanding of the basic mechanisms affecting property evolution of fuel during irradiation 
requires measuring unaltered bulk or interface properties. These challenging tasks are the 
driving force for continuous improvement affecting both the characterization techniques 
(often applied in combination) and the sample preparation methods. Furthermore, there is an 
obvious need for extending the applicability of mechanical testing of nuclear fuel by PIE. 
 
We have illustrated the application of different types of experimental data to the verification 
and validation (V&V) of the TRANSURANUS fuel performance code. Regarding sub-
models that describe separate aspects of the fuel behaviour, the imminent needs are related to 
the radial power profile (extension of the validation to MOX at higher burn-up), to the fuel 
thermal conductivity (disentangling the separate effects of plutonium concentration, local 
stoichiometry deviations, minor actinide additions and burn-up) and to the behaviour of 
fission products and decay products (in particular of Helium).  
 
Most on-going developments of fuel performance codes lie in the field of design-based 
accident (DBA) conditions as applicable for loss-of-coolant and reactivity-initiated accidents 
(LOCA and RIA). This area should hence be of priority for further integral code verification 
after the three FUMEX fuel performance code benchmarks, regarding in particular fuel and 
cladding deformation. In this context a future co-ordinated research project of the IAEA is 
proposed to be focused on simulations of well-defined DBA conditions and will also 
contribute to the extension of the IFPE database.  
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Figure 1: Comparison of experimental (E) data with values calculated (C) by TUBRNP for 
the total Pu content (including also the data compiled in [51]). 
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Figure 2: Comparison of calculated fuel centre temperatures to those measured in-pile – 
applied for validation of the TRANSURANUS code for UO2 and MOX fuels.  
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Figure 3: Normalized radial profiles of plutonium, uranium (a) and americium (b) calculated 
by TRANSURANUS and measured by EPMA for the PTM0001 fuel pin of the JOYO FBR 
experimental programme [43]. 
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Figure 4: Comparison between calculated and measured values for fuel deformation: (a) fuel 
stack elongation in an instrumented fuel assembly at the Halden HBWR, (b) central void 
radius for the JOYO experiment (FBR conditions). 
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Figure 5: Measured and simulated change of outer cladding diameters of the two PWR fuel 
rods included in the FUMEX-III project. 
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Figure 6: Cladding deformation profile measured after a Halden LOCA test and predicted 
blind by the TRANSURANUS code, applying small and large strain approximations. See text 
for details. 
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