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Abstract: 

Since 2010 Temelín NPP started using TVSA-T fuel supplied by JSC TVEL. The 
transition process included implementation of several new core reload design codes. 
TRANSURANUS code was selected for the evaluation of the fuel rod thermomechanical 
performance. The adaptation and validation of the code was performed by Nuclear 
Research Institute Řež. TRANSURANUS code contains wide selection of alternative 
models for most of phenomena important for the fuel behaviour.  It was therefore 
necessary to select, based on a comparison with experimental data, those most suitable 
for the modeling of TVSA-T fuel rods.  In some cases, new models were implemented. 

Software tools and methodology for the evaluation of the proposed core reload design 
using TRANSURANUS code were also developed in NRI. The software tools include the 
interface to core physics code ANDREA and a set of scripts for an automated execution 
and processing of the computational runs. Independent confirmation of some of the 
vendor specified core reload design criteria was performed using TRANSURANUS. 
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1 Introduction 
Since 2010 Temelín NPP started using TVSA-T fuel supplied by JSC TVEL. The 
transition process included implementation of several new core reload design codes. 
TRANSURANUS code was selected for the modeling of the fuel rod thermomechanical 
performance. The adaptation and validation of the code was performed by Nuclear 
Research Institute Řež, as well as the update of the methodology of the reload scheme 
evaluation from the fuel rod behaviour point of view.  

TRANSURANUS ([1]) is a fuel performance code maintained and developed by the Joint 
Research Centrum of the European Commission (JRC ITU). TRANSURANUS code is 
very flexible and can be used for the prediction of the fuel rod behaviour of a variety of 
fuel and cladding materials. But the number of the alternative code models can be also 
perceived as a disadvantage, because although it may be possible to always find a 
suitable combination of the models to describe an experiment, it is difficult to select one 
providing conservative predictions generally.  

Our task was therefore to: 

• Identify and review the models and material properties used by the code relevant 
to the modern VVER fuel supplied by JSC TVEL 

• Make the adaptations of the code if necessary.  

• Perform consistent validation of the code for a given fuel design. The validation 
report was used as a basis for the code certification by State Office for Nuclear 
Safety (SONS) of Czech Republic 

• Prepare the methodology for the application of the TRANSURANUS code for the 
core reload design and provide independent confirmation of some of the vendor 
specified core reload design criteria 

2 TRANSURANUS adaptation 
Since the works started in 2008, version v1m1j09 of the TRANSURANUS code was 
used. The review and the adaptation of the code were performed at two levels. Firstly, 
code models were reviewed to confirm that all important phenomena are covered up to 
the rod average burnup up to 80 MWd/kgU. No deficiencies were identified, but the 
model of fuel restructuring and athermal release of the fission gas at very high burnup 
was found to be quite conservative. There are several alternative models for some 
phenomena (fission gas release, fuel cracking and relocation...) from which the most 
appropriate one cannot be chosen a priori without the detailed comparison with the 
experiment. Overall, the “adaptation” of the code in this case consisted of the selection of 
fixed set of the existing code models to be used.  

Secondly, the material properties of E110 cladding and UO2 and UO2 + Gd2O3 fuel used 
by the code were compared with the data supplied by the vendor and found in the open 
literature. These included cladding elastic constants, thermal conductivities, thermal 
expansion and other physical properties. In this case, the code was adapted by the 
implementation of the supplied data. There were only small differences between newly 
implemented data and existing models with the exception E110 yield strength. 



3 TRANSURANUS validation 
The validation database was chosen from the experimental data available with a goal to 
prove that conservative analysis with respect to the vendor specified fuel rod safety 
related criteria ([2]) can be made using the TRANSURANUS code. 

The experimental data used for the code validation are summarized in Table 1. Many of 
these experiments were used in the past to prove the validity of the code, but different 
assumptions were made and different code options were chosen in some cases. All 
calculations presented in the validation report submitted to the SONS were done using a 
consistent set of models.  

Direct comparison of the NRI calculations with the calculations performed by other 
institutions was possible thanks to the participation of the NRI in the series of IAEA 
coordinated research projects FUMEX I - III. 

Automated tools for the input preparation and processing of the results were prepared to 
ensure the consistency of the validation and minimize the possibility of human error 
during the validation process. 

3.1 Fuel temperature and fission gas release validation 
Firstly, OECD HRP results of fuel stack elongation measurement in IFA-676 and IFA-
681 were used to confirm the selection of densification and swelling models for UO2 and 
gadolinia bearing fuel. 

Fuel temperature predictions can be directly compared to the on-line measurement data. 
The average ratio of calculated / measured temperature is plotted in Figure 1 for one of 
the IFA-676 rods. Data were split to intervals defined by linear heat generation rate 
(LHR) and burnup, the average ratio was evaluated and in each interval to reveal changes 
in prediction accuracy with burnup or LHR. It can be seen that error of the calculation 
using relocation model 8 is less than 6% over whole burnup range. On the other hand the 
calculation with the relocation model 6 starts to consistently overestimate the temperature 
at a burnup over 15 MWd/kgU. Such evaluation has been performed for all available 
relocation models and also for fuel cracking model and radial power distribution model. 
Results confirmed relocation model 8 as “best estimate” model for UO2 fuel. For 
gadolinia bearing fuel the best correspondence with experiment has been obtained 
assuming no densification or relocation. 

Fission gas release (FGR) model in the TRANSURANUS code was extensively tested 
against experimental data (both on-line rod internal pressure measurement and PIE) in the 
framework of the FUMEX project (see for example [3]). However, some of the cases 
were re-evaluated for the validation of the code for the TVSA-T fuel in order to get better 
insight to the features of the current FGR model and ensure consistent validation. Recent 
data for the fuel with gadolinia from the HRP were evaluated as well. 

Attention was paid to the effect of the large grain UO2. This feature should, according to 
the theory, provide a decrease in the FGR. In the IFA-534 experiment at the HRP  two 
fuel rods previously irradiated in the commercial PWR reactor to a burnup of 
~52MWd/kgU, were reinstrumented and ramped to a LHR of ~29kW/m for 200hours 
([4]). The only difference between the rods was in the grain size – 8um and 22um. The 



measured FGR during the ramp was 9% and 4.7% respectively. TRANSURANUS 
calculation with the nominal data reproduced the ratio very well (3.4% and 1.8% 
respectively), but the magnitude of the release was about a factor of two lower.  

If the burst release of the accumulated fission gas from the grain boundaries is considered 
to start only during the reirradiation in the Halden reactor, the predicted FGR increases to 
6% and 3%. Parametric calculations have shown that a modest increase in the fuel 
temperature of 7-10% would be enough to reproduce the observed FGR assuming 
diffusional release only. At least part of such difference can be attributed to the 
insufficient characterization of the base irradiation. It can be therefore concluded, that the 
observed effect of the fuel grain size is well reproduced by the TRANSURANUS FGR 
model. 

Based on the evaluation of other FGR experiments it seems that the overall FGR 
magnitude is conservatively reproduced for the high releases where the good 
correspondence with the experiment is especially required, but some underestimation is 
observed for low release at peak fuel temperature ~ 1200 – 1300°C.  

TRANSURANUS can be set up to provide a good prediction of modest E110 outer oxide 
layer thickness, however the appearance impact of the oxide layer on the internal 
cladding surface is not modelled by the code. 

3.2 Stress and deformation related criteria 
The amplitude of the stress in the cladding is given by the fuel pellet response to change 
of the LHR mainly due to a thermal expansion and cladding elastic constants (these 
models have been reviewed against vendor data) and also by the state of the fuel cladding 
contact at the time of the transient. 

Ramp tests on pre-characterized rods (with known pre-ramp gap) allow indirect 
validation of these models by comparison of the measured and predicted plastic 
deformation of the cladding. We have performed such comparisons for a VVER-440 fuel 
rod ramped in the MIR research reactor ([5]), again testing a set of code options and 
models. Obtained results show that the fuel cracking model should be disabled, otherwise 
the experimentally observed plastic deformation cannot be reproduced. As a default, 
TRANSURANUS uses a yield strength of unirradiated E110, which is almost a factor of 
two lower than the yield strength of irradiated material. It therefore gives conservative 
results with respect to the deformation, but the stress is underestimated. When the correct 
value is used, then the predicted stress in the cladding matches the prediction of the 
design code START-3 published in [5]. 

The evaluation of cladding elongation rate as a function of LHR at the reactor start-up in 
HRP data also enabled us to estimate the state of the pellet cladding contact and compare 
it with the code predictions. Once there is a mechanical interaction between the fuel 
pellets and the cladding (PCMI) the rate of the cladding elongation as a response to the 
power increase changes. Cladding creepdown is small in the experiments conducted in 
the Halden Boiling Water Reactor conditions, the comparison with TRANSURANUS 
therefore provides additional confirmation of fuel swelling and relocation models. 

The major driving force for the gap closure in the VVER core is the creepdown of the 
cladding due to the coolant overpressure. An update creep rate formula for E110 alloy 



was implemented in the TRANSURANUS code by NRI and validated using the PIE data 
for VVER contained in the IFPE database as illustrated in Figure 2 . The average ratios of 
calculated to measured diameter change and elongation are listed Table 2. The results 
show an improvement against the default model, however even with the updated creep 
model there is still noticeable uncertainty in the determination of the fuel rod dimensional 
changes. It is also apparent that although relocation model 8 provides best estimate with 
respect to the temperature, it leads to over prediction of fuel rod diameter change and 
elongation. The reason is that in this model the fuel relocation is treated as irreversible 
and a “hard” contact is established immediately after the closure of the gap, whereas in 
reality there is some “backwards” relocation present upon fuel-cladding contact.  

3.3 TRANSURANUS certification 
In spite of some code limitations shown by the validation (namely instability of fuel creep 
model, underestimation of central hole shrinkage at high burnup ramp experiments and 
absence of the primary creep model for E110), the TRANSURANUS code has been 
certified by the SONS for the application at Temelín and Dukovany NPPs in April 2011. 

4 TRANSURANUS application 
A set of scripts has been prepared for the automated processing of the outputs of core 
physics code ANDREA. The user supplies templates of the input files (with the selection 
of code models based on validation results), ANDREA data files and engineering 
coefficients to be applied. Scripts subsequently prepare the power histories for all fuel 
rods in TRANSURANUS format, run TRANSURANUS and process results. User can 
select brief (margins to criteria for individual fuel assemblies only) or detailed output.  

A set of fuel rod related core reload design criteria has been prepared JSC TVEL. These 
criteria set limits to rod burnup and LHR and LHR change as a function of burnup. The 
criteria are evaluated during the core physics part of the reload design without a need for 
explicit calculation by a fuel performance code. Fulfillment of these criteria ensures the 
fulfillment of fuel rod design criteria listed in Table 1.   

An independent confirmation of the criterion on maximum permissible LHR (criterion 
RC1) has been performed by TRANSURANUS code. Criterion RC1 sets a limit to peak 
rod LHR as a function of rod average burnup. When this criterion is met, rod internal 
pressure does not exceed the coolant pressure. In order to confirm the criterion, following 
method was used: 

 A model of TVSA-T fuel rod has been set up in TRANSURANUS 

 Simple power histories consisting of a base irradiation with LHRbase for an 
interval of Timeramp  days and  a power ramp with LHRramp  for 55 days were 
considered (see ).  LHRbase, Timeramp and LHRramp were varied. Constant axial 
power distribution profile corresponding to a typical axial burnup profile of 
discharged fuel rods was used. 

 Fission gas release (FGR) in x days after ramp was evaluated (see Figure 3). 
Athermal fission gas release from the high burnup structure was disabled for 
these calculations, but the high degradation of fuel thermal conductivity 
corresponding the increase of porosity at pellet rim was modeled. 



The plots showing the calculated FGR in 10 days (FGR10) are shown in and for a UO2 
fuel rod (tvel) and a fuel rod with 5 w/o Gd2O3 (tveg) respectively. When the fuel rod is 
operated in the area where the diffusional FGR does not occur, then the rod internal 
pressure is determined by the athermal release only. Therefore it can be implied that any 
power history within the FGR10 < 1% region  will meet the rod internal pressure 
criterion up the burnup determined from the athermal FGR. On the other hand, fuel rods 
with power histories outside this region may have the internal pressure below limit, but 
an explicit calculation to prove this is necessary. Obviously, the derived boundary is not 
unique, the choice of 1% FGR in 10 days in purely conventional (although supported by a 
sensitivity assessment). 

Both tvel and tveg limits derived by this method using TRANSURANUS code 
correspond remarkably well with the vendor specified limits. 

5  Conclusions 
TRANSURANSUS code has been certified by the Czech State Office for Nuclear Safety 
for the application in the core reload design evaluation at Czech NPPs based on the 
validation report submitted by NRI. The ability of code to provide conservative 
predictions of fuel temperature was confirmed using OECD HRP on-line measured data, 
FGR and rod internal pressure predictions were validated using OECD HRP data and also 
in a course of the NRI involvement in the IEAE FUMEX III project. Code predictions of 
the fuel and cladding dimensional changes under steady state and transient operation 
conditions were compared with the experimental data. 

Scripts for automated execution and processing of core-wide calculations using the 
outputs of ANDREA code were prepared as well as the methodology defining the 
computational procedure and assumptions. 

The JSC TVEL specified LHR limit ensuring meeting of the criterion specified on the rod 
internal pressured was confirmed using the TRANSURANUS code. 
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Table 1 – Criteria and relevant validation data 

Criterion Definition Validation data 

TC1 Fuel temperature < Fuel melting temperature HRP: IFA-681, IFA-676 
IFPE: Kola3 / MIR 

TC2 Internal rod pressure < Coolant pressure HRP: IFA-681, IFA-676 
IFPE: IFA-534, IFA-535, Kola3 / MIR 

SC1 Cladding hoop stress < σSCC 
Indirect validation: 
Fuel swelling & densification: IFA-681,IFA676 
Clad creepdown: 
IFPE: FA-198, FA-222, FA-0325, FA-4108 
HRP: IFA-699 
Vendor data 

SC4 Limit on cumulative cladding damage (static & 
cyclic loading) 

Same as SC1 

SC5 Plastic strain increment due to a transient < 
∆εmax 

Experiment R7 (VVER-440 rod ramped in MIR 
reactor) 

DC1 ∆Dmin  < Fuel Rod diameter change < ∆Dmax  

DC2 Fuel Rod elongation < ∆lMax 

IFPE: FA-198, FA-222, FA-0325, FA-4108,  

Vendor data 

 

Table 2: Ratio of “calculated / measured” diameter fuel rod change (∆D) and elongation (∆L), average over 
all IFPE data for individual fuel assemblies. “Default” – default TRANSURANUS models, “R6 and R8 
NRI” – modified E110 creep model with relocation model 6 and 8 respectively. 

∆D Default R6 NRI R8 NRI 
FA-198 1.01 ± 0.16 1.13 ± 0.20 0.98 ± 0.16 
FA-222 1.16 ± 0.19 1.40 ± 0.34 1.07 ± 0.18 
FA-0325 0.74 ± 0.11 1.06 ± 0.12 0.65 ± 0.09 
FA-4108 0.78 ± 0.09 1.10 ± 0.12 0.75 ± 0.10 
    
∆L Default R6 NRI R8 NRI 
FA-198 1.04 ± 0.08 0.94 ± 0.10 0.97 ± 0.12 
FA-222 1.15 ± 0.18 1.07 ± 0.17 1.12 ± 0.24 
FA-0325 1.13 ± 0.08 1.04 ± 0.07 1.52 ± 0.35 
FA-4108 1.40 ± 0.22 1.33 ± 0.21 1.95 ± 0.18 

 



 
Figure 1: Ratio “calculated / measured fuel temperature” of IFA-676 with relocation model 6 (left) and 
relocation model 8 (right) 

 

 



Figure 2: Illustration of the results of the comparison of the calculated and measured fuel rod diameter 
change (top left), fuel rod elongation (bottom left), fission gas release (top right) and a fuel cladding gap 
(bottom right). Each point corresponds to one fuel rod, data for 2 VVER-1000 and 1 VVER-440 fuel 
assemblies  from the IFPE database were used. 

 

 
Figure 3: Illustration of simplified power history (left) and corresponding FGR (right) for the confirmation 
of  RC1 criterion 



 
Figure 4: Calculated FGR in 10 days after ramp as a function of rod average burnup and peak rod LHR – 
fuel rod without gadolinia 

 
Figure 5: Calculated FGR in 10 days after ramp as a function of rod average burnup and peak rod LHR – 
fuel rod with 5 w/o Gd2O3 


