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1. Introduction 

This report describes the results of the fourth round robin exercise organized 

by the IAEA for the LWR fuel behaviour codes. The previous exercise was 

organized by the IAEA in 2002-2007 [1]. ITU contributed to the IAEA FUMEX-

II co-ordinated research project (CRP) by [2] 

• The development of a high burn-up TRANSURANUS-WWER Version 

• Verification of the TRANSURANUS-WWER Version for WWER-1000 

reactors 

• Further verification of the TRANSURANUS Code by selected 

irradiations from the IFPE Database 

• Transfer of latest ITU knowledge in the following areas: high burnup 

effects and MOX behaviour as far as confidentiality is not concerned 

 

Within the FUMEX-III project this work continues by 

• Knowledge transfer and release of the TRANSURANUS code to safety 

authorities in several neighbouring countries of the European Union 

• Further verification of the TRANSURANUS Code by selected 

irradiations from the IFPE Database: extending the verification of the 

TRANSURANUS code on the basis of the cases related to the 

behaviour of high burnup UO2 fuel, Gd-containing UO2 fuel and MOX 

fuel under normal operating conditions in LWRs, including WWER. The 

simulation of the pellet-cladding mechanical interaction received 

particular attention. 

• Extending the TRANSURANUS code for simulation of fuel rods under 

accidental conditions, such as a loss of coolant accidents (LOCA) and 

a Reactivity Initiated Accident (RIA), for which various code 

improvements have been implemented and other changes are still 

under development. 

 

During the entire period of the CRP, ITU has carried out all priority cases, 

except for IFA-519 for which insufficient data have been provided. All these 

results are considered in this report. However, in order to limit the redundancy 

of work of various TRANSURANUS users involved in the FUMEX-III CRP, ITU 

has co-ordinated part of the work of the partners in Bulgaria, Romania and 

Italy. More precisely, the work on the WWER version of the code has been 

carried out in collaboration with INRNE in Bulgaria, the CANDU cases were 



4 

performed in close collaboration with INR in Romania, and some MOX cases 

as well as RIA cases in collaboration with POLIMI and ENEA in Italy. Each 

group has tested complementary parameters and models developed by 

themselves and implemented in the TRANSURANUS code. The results 

obtained by the various groups are compiled in independent reports and will 

be referred to where appropriate for the sake of conciseness. The results 

were (partially) discussed during a specific session dedicated to FUMEX-III at 

the workshop “Towards nuclear fuel modelling in the various reactor types 

across Europe with TRANSURANUS” held in September 2009 in Burgas. ITU 

organised this international workshop in connection with the WWER fuel 

performance meeting in Burgas (Bulgaria), in order to promote the 

corresponding research and development activities of the FUMEX-III CRP. 

Finally, the results were also presented and discussed during the most recent 

WWER fuel performance meeting in Burgas [3]. 
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2. Main code developments and changes 

The behaviour of nuclear fuel rods was simulated and analyzed with standard 

options of the fuel performance code TRANSURANUS [4-6]. Unless stated 

otherwise, all cases are run with identical models and identical parameters. 

The most important model improvements and changes that were implemented 

in the TRANSURANUS code in the course of this CRP are briefly outlined in 

the following. 

2.1 Grain growth and He production in MOX fuel 

In the frame of the PhD of P. Botazzoli at POLIMI [7], model improvements 

have been implemented, tested and published in the open literature [8]. More 

precisely, the TRANSURANUS burn-up model (TUBRNP) now calculates the 

local concentration of the actinides, the main fission products, and 4He as a 

function of the radial position across a fuel rod. The improvements in the 

helium production model as well as the extensions in the simulation of 238-

242Pu, 241Am, 243Am and 242-245Cm isotopes have been implemented. 

Experimental data used for the extended validation include new EPMA 

measurements of the local concentrations of Nd and Pu and recent SIMS 

measurements of the radial distributions of Pu, Am and Cm isotopes, both in a 

3.5% enriched commercial PWR UO2 fuel with a burn-up of 80 and 65 

MWd/kgHM, respectively. Good agreement has been found between 

TUBRNP and the experimental data. The analysis has been complemented 

by detailed neutron transport calculations (VESTA code), and also revealed 

the need to update the branching ratio for the 241Am(n,γ)242mAm reaction 

under typical PWR conditions. 

 

The second improvement for MOX simulation deals with grain growth. To this 

end, samples of MOX with various microstructure and plutonium contents 

ranging between 4 and 25 % have been submitted to a series of heating 

experiments at ITU in order to assess grain growth between 1350 and 1750 
oC. Complementary XRD measurements on the same samples indicated that 

the samples were not affected by modifications in the oxygen-to-metal ratio 

during the annealing experiments. The grain size distributions inferred by 

means of image analysis of metallographic pictures revealed that, when taking 

into account the experimental uncertainties, the grain growth kinetics are 
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similar to those observed in conventional UO2 fuel that was also tested under 

the same conditions. An analysis of the experimental data available in the 

open literature for FBR MOX fuel, as well as those of SBR MOX fuel 

submitted to power ramps in a LWR leads to the same conclusion. It can 

therefore be suggested that grain growth models for UO2 fuel can be applied 

to MOX fuel for fuel performance simulations [9]. 

2.2 New model for fission gas swelling and release in UO2  

In the frame of the PhD of G. Pastore at POLIMI [10], a new formulation has 

been proposed for modelling the process of intra-granular diffusion of fission 

gas during irradiation of UO2 under both normal operating conditions and 

power transients. The concept represents a simple extension of the 

formulation of Speight, including an estimation of the contribution of bubble 

migration to fission gas diffusion. The resulting equation is formally identical to 

the diffusion equation adopted in most models that are based on the 

formulation of Speight, therefore retaining the advantages in terms of 

simplicity of the mathematical-numerical treatment and allowing application in 

integral fuel performance codes. The development of the new model proposed 

relies on results obtained by means of molecular dynamics simulations at 

Imperial College London as well as finite element computations at ITU [11]. 

The model has been validated as a stand-alone version.  

 

In addition to the new model for intra-granular fission gas behaviour, a new 

model for the inter-granular behaviour has been developed. Rather than 

modelling gas release and swelling separately, it describes the release and 

swelling in a (simplified) mechanistic and self-consistent manner and accounts 

for the effect of the stress in the fuel on the grain boundary bubble size. To 

this end, grain boundary bubble growth is modelled on the basis of vacancy 

diffusion and bubbles coalescence. Once the grain boundary bubbles cover a 

(constant) fraction of the grain boundary surface, a tunnel network is assumed 

to be established. Gas release to the free volume in the fuel rod is predicted 

under these conditions. The model has first been implemented as stand-alone 

version, and validated on the basis of experimental data of power-ramped 

AGR-UO2 fuel from the IFPE database. Subsequently, the model has been 

incorporated in the TRANSURANUS code and applied to the integral analysis 

of LWR-UO2 fuel rods under both normal operation and transient reactor 
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conditions of Inter Ramp and Super Ramp. The detailed results are presented 

and discussed in the FUMEX-III report of POLIMI. 

2.3 New UFRIC model 

When fuel pellets and cladding come into contact and the axial strain 

component of the fuel exceeds that of the cladding, axial friction forces are 

calculated by means of the URFRIC model in TRANSURANUS. However, the 

previous version of this model showed some deficiencies: there was a mistake 

in the calculation of the relative free deformations between fuel and cladding; 

the algorithm for dealing with sliding friction did not account properly for the 

fact that total axial forces in the fuel should not become tensile. The extensive 

testing of the model [12] was successful, but also emphasised the need to 

assess friction coefficient properly. Furthermore, in the cases considered the 

results differ not too much from the simpler no-slip approach, although the 

computation time has increased by factor of nearly two. Therefore, and in view 

of the uncertainties still pertaining to swelling and creep processes, the new 

URFRIC model is not recommended for standard applications. 

2.4 Broyden method 

In order to provide a general implicit numerical scheme for the implementation 

of non-linear models in the mechanical description of the fuel, the Broyden 

method [13] has been tested and compared with the current model [14].  

The Broyden method provides a cheap approximation to the Jacobian matrix 

for the zero finding. It has been implemented as an optional package and 

tested in a first step on the basis of a standard case of a thick walled cylinder 

for which analytical solutions are available. In a second step, real cases have 

been considered. The main conclusions from these tests is that the Broyden 

method is more effective in terms of the number of iterations when increasing 

the time intervals, but more computer intensive, especially when increasing 

the spatial discretisation. On the one hand, there is thus no net result in terms 

of computing time. On the other hand, the Broyden method can be applied in 

a more general way and is more effective for higher deformations in 

comparison with the currently implemented methods. Furthermore, it should 

be underlined that in order for the iterative method to converge, careful initial 

values, in combination with an initial guess of the Broyden matrix, need to be 

provided. Unfortunately there is no general solution for this issue. If neither the 
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Jacobian nor an approximation is available, one can start with the identity 

matrix, at the expense of poor or no convergence. The Broyden method is 

therefore considered as an option when the other techniques fail to converge, 

rather than a standard technique for the TRANSURANUS code. 

2.5 New cladding failure criterion during LOCA 

For the simulation of fuel rod performance under postulated accidents, the 

implementation of an appropriate cladding failure criterion is essential. The 

cladding failure is generally predicted on the basis of a stress assessment, i.e. 

the comparison of the calculated tangential stress with a distinct failure 

threshold. However, due to the significant uncertainty of the stress 

computation at large cladding deformation, a strain-based failure criterion can 

be more appropriate for LOCA conditions. By considering both of these 

possibilities, two optional criteria were incorporated into the TRANSURANUS 

code [5]. The first (standard) criterion is a typical stress-based evaluation: 

cladding failure is indicated when the true tangential stress (rtB) exceeded the 

threshold stress defined on the basis of experimental data. The second failure 

principle is a simple plastic instability criterion based on the simultaneous 

assessment of the effective true strain and the strain rate. When both the 

strain and the strain rate exceed the threshold values of 0.02 and 100 1/h, 

respectively, the cladding is assumed to be ruptured. 

 

In the course of the FUMEX-III CRP, a new criterion was implemented and 

tested for the simulation of the priority case IFA-650.2. It consists of a 

combination of a limit on the tangential stress and strain. The stress limit is 

temperature dependent, whereas the strain limit is a constant value, inferred 

from the open literature [15]:  the (radially averaged) true tangential 

permanent engineering strain is limited to 40%. 
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3. Simulations of the cases for LWR fuel at ITU 

Table 1 lists the priority cases of the Fumex-III exercise for LWR reactors that 

have so far been analysed with the Transuranus fuel performance code at 

ITU. Many of the analyses were prepared and analysed by code users at 

ENEA Bologna, INRNE Sofia, POLIMI Milano, and INUPI Pisa and are 

presented in separate reports for the sake of conciseness. The fuel rods in the 

bottom row of Table 1 are prepared and also simulated at ITU Karlsruhe and 

discussed in more detail in this chapter. In addition, the (non-priority) MOX 

case BNFL M501D10 is analyzed and discussed as well.  

 

The change of the irradiation conditions and the re-fabrication of the fuel rods 

were considered in the simulations through the re-definition of specific initial 

conditions (e.g. free volume, filling gas composition or neutron spectrum). The 

results of the simulations are discussed below in five subchapters matching 

the different experiments. The same standard model options of the code were 

applied consistently in all analyses.  
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Table 1: Priority cases of FUMEX-III for LWR reactor fuel.  
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3.1 Case 1: IFA-409 rod 809, ramp tested in IFA-535.5 

The UO2 test fuel rod 809 was base-irradiated up to the average burnup level 

of 43.4 MWd/kgUO2 in IFA-409 at the OECD Halden Reactor. After the base 

irradiation the fuel rod was equipped with a pressure transducer and a clad 

elongation sensor in order to monitor the rod internal gas pressure and the 

mechanical behaviour during a power ramp in IFA-535.5. The rig was loaded 

into a separated high pressure loop simulating PWR conditions thus 

minimizing the risk of cladding failure due to large pressure difference.  

 

Figure 1 shows the simulated and measured inner pin pressures and fission 

gas release. The TRANSURANUS code applies the steady-state fission gas 

release model for the base irradiation, and the first ramp release model 

developed at ITU [16] for the re-irradiation. A simulation without the ramp 

release model is shown, too, confirming that this model improves the 

agreement with the kinetics of the measured pin pressure. Its quantitative 

impact, however, is comparable to the experimental uncertainties.  

 

Figure 2 illustrates the evolution of the total fuel rod axial elongation. 

Satisfactory agreement between simulation and measurement can be seen 

only after removing an assumed bias and only in separate phases. Model 

improvements are necessary for simulating cladding creep on a longer time 

scale as well as for reproducing possible relaxation effects. Moreover, any 

simulation of the absolute fuel rod axial elongation is strongly dependent on 

the exact times of closure and (re)opening of the fuel-to-cladding gap. Given a 

power history as in the present case, such an evaluation is prone to large 

uncertainties.  
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Figure 1 :  Inner pin pressure (a) and total fission gas release (b) during the ramp 

test of Rod 809 in IFA-535.5, comparison of measured and simulated 

values.  
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Figure 2 :  Total fuel rod axial elongation during the ramp test of Rod 809 in IFA-

535.5. For comparison, the experimental data are shifted to match the 

simulation at t = 105400 h. 
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3.2 Case 2: PRIMO rod BD8 (ramp test) 

The PWR Reference Irradiation of MOX Fuels (PRIMO) programme was 

jointly organised by the Studiecentrum voor Kernenergie • Centre d’Études de 

l’Énergie Nucléaire (SCK•CEN) and Belgonucléaire (BN) and was co-

sponsored by ten participants including fuel vendors, utilities, nuclear centres 

and national authorities. The fuel rod BD8 was base irradiated in the BR3 

reactor of SCK•CEN for two cycles. After base irradiation the BD8 rod was 

transported to CEA-Saclay for irradiation in the OSIRIS reactor (ramp power 

excursion). The irradiation device used for the PRIMO ramps was the 

ISABELLE 1 loop, installed on a movable structure of the core periphery. The 

power variations were obtained by inwards/backwards movements of the loop 

in the core water.  

Rod BD8 was not instrumented, hence a comparison is made for the 

concentrations of He, Xe and Kr, as well as for the total fission gas release 

obtained from PIE (Figure 3). As in the previous section, the TRANSURANUS 

simulation applies the steady-state fission gas release model for the base 

irradiation, and the ramp release model for the re-irradiation. The agreement 

for He, Xe and Kr is excellent. While it is in this case not possible to further 

analyze the kinetics, the total fission gas release shows a situation 

comparable to that for the previous case (IFA-409 rod 809) where UO2 fuel 

was applied.  
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Figure 3 :  Partial gas concentrations (a) and total fission gas release (b) during the 

ramp test of rod BD8 in PRIMO, comparison of measured and simulated 

values. 
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3.3 Case 3: BNFL M501 rod D10 

M501 is a MOX fuel assembly manufactured by BNFL and irradiated for three 

annual cycles in the Beznau-1 PWR during the period 1994 to 1997. A subset 

of rods from the assembly were specially pre-characterised prior to loading, 

then taken for detailed PIE. One of these rods is Rod D10, a high plutonium 

content rod which achieved a burnup of around 35 MWd/kgHM.  

Though this case is not a priority case of Fumex-III, it was simulated with the 

TRANSURANUS code because it contains valuable data on local 

concentrations of fission products as well as of Pu across the fuel radius.  

Figure 4 shows measured and simulated absolute local concentrations of Pu 

and Xe. The agreement is satisfactory. Nevertheless, further consideration is 

required for the simulation of Xe in the inner region of the fuel stack, as it is 

likely affected by thermal fission gas release.  

A comparison of measured and simulated outer cladding oxide layer and the 

total outer cladding diameter is made in Figure 5. While the agreement is 

encouraging for the relative axial distributions (i.e. for normalized trends), 

there is obvious room for improvement of the quantitative predictions since the 

measured-to-calculated ratio is approximatively 2. This example emphasizes 

the need for implementing vendor-specific material properties and taking into 

account the reactor-specific coolant chemistry conditions.  

The radial distribution of the grain size is illustrated in Figure 6. On one hand, 

the simulated grain growth is physically negligible because of the very 

moderate fuel temperatures. On the other hand, the measured decrease of 

the grain size in the centre region of the fuel stack and the experimental 

uncertainties require attention. Hence, no further conclusions can be drawn.  
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Figure 4 :  Radial distributions of absolute concentrations of Pu (a) and Xe (b) after 

irradiation of rod D10 in M501 (BNFL SBR MOX), comparison with the 

experimental data of Fisher et al. [17]. 
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Figure 5 :  Axial distribution of oxide layer (a) and cladding outer diameter incl. oxide 

layer (b) after irradiation of rod D10 in M501 (BNFL SBR MOX), 

comparison with the experimental data of the IFPE. 
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Figure 6 :  Radial distribution of the mean-linear-intercept (mli) grain size after 

irradiation of rod D10 in M501 (BNFL SBR MOX), comparison with the 

experimental data of the IFPE.  

 

3.4 Case 4: AREVA idealized case (II) 

The idealized AREVA case consists of a real power history but for a fuel rod 

for which only nominal fabrication parameters are provided. The simulations of 

this new AREVA idealized case are addressed in the final project report of 

INRNE Sofia. The case includes input information on linear heat rate and fast 

neutron flux for 14 axial nodes as well as data of coolant temperature, coolant 

pressure and coolant mass flow rate for every time step. In the present 

section we in addition illustrate the evolution of the simulated fission gas 

release that can be compared to the values and uncertainties given for the 

'expected fission gas release, after cycle #3, #4 and #7. The agreement is 

very satisfactory (Figure 7b). It should however be noted that the simulation 

relies on the simple model for fission gas release from the high burn-up 

structure that is based on saturation at a local burn-up of 85 MWd/kgHM (cf. 

[2]). In concordance with the options applied for the base and re-irradiations in 

the previous cases, the ramp release model should on one hand not be 

invoked for the normal operation condition. On the other hand, a test run 
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confirms that impact of the ramp release model on this case would be 

negligible (dashed line in Figure 7b).  
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Figure 7 :  Simulated fuel centre temperatures in 3 different slices (a) and total 

fission gas release (b) for the idealized case (Areva II)  
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3.5 Case 5: IFA-650.2 (LOCA test)  

One of the priority cases of FUMEX-III covers the simulation of an integrated 

LOCA test, wherein a fresh pressurized PWR fuel rod was inserted in a high-

pressure loop of the OECD Halden reactor. The post-test calculation with 

TRANSURANUS was based on thermo-hydraulic boundary conditions 

calculated with the ATHLET code and data obtained from the experiment 

itself. The results had been presented in [18]. Now a more detailed 

geometrical model (30 slices) was taken into account, the plenum temperature 

was prescribed as identical to the measured coolant outlet temperature, and a 

comparison has been made for using different criteria of cladding failure. 

Figure 8 shows the measured and calculated inner pin pressure, where the 

moment of rupture is reflected by an instantaneous pressure decrease that 

can be directly compared to experimental data. We have applied (1) the 

standard cladding failure criterion based on a limiting effective strain rate 

(100/h), combined with a temperature-dependent overstress limit that has 

been used for simulating a large number of out-of-pile cladding burst tests [5, 

19]. As alternative criterion (2) for Zy-4 cladding material, a limiting 

engineering tangential strain of 40% that is derived from experimental data 

[15] has been implemented. This deformation corresponds to a true tangential 

strain of 33.7% (cf. rupture (2) in Figure 8). Such large deformations are 

difficult to predict accurately with a 1.5-D approximation (more precisely the 

axial coupling of radially-symmetric slices) applied in most fuel performance 

codes. Nevertheless, due to the rapid increase of the cladding deformation in 

the phase prior to rupture, the choice of the failure criteria has only a minor 

impact on the rupture time, and its prediction can be considered as 

satisfactory. The differences between simulated and measured rod pressure 

indicate some room for improvement, presumably in terms of a more 

sophisticated model for plenum temperatures. The present assumption of 

equal coolant and upper plenum temperatures is under revision. To this end 

finite-element calculations are in progress.  
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Figure 8 :  Evolution of the simulated inner pin pressure and the maximum tangential 

cladding strain in the Halden LOCA test IFA 650.2. The measured inner 

pin pressure is shown for comparison. The dashed and full lines of 

predicted values correspond to simulation with rutpture criteria (1) and 

(2), respectively (cf. text for details about the rupture criteria).  
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4. Summary and conclusions 

From the present status of the TRANSURANUS computations within the CRP 

“Improvement of models used for fuel behaviour simulation” (FUMEX-III) the 

following conclusions can be drawn:  

 

Fuel temperatures 

The results confirm those obtained in the previous FUMEX-II CRP, and 

extend the verification for MOX fuel. More precisely, it is shown that the 

central temperatures are predicted with an uncertainty about 10%, and is of 

the same order as the experimental scatter. There is, however, a need to 

analyse the thermal conductivity degradation in MOX fuel at high burnup. 

 

Cladding deformation 

Cladding deformation received more attention in FUMEX-III in comparison 

with the previous CRP. Cladding outer diameter measurements were 

reasonably well predicted, when taking into account experimental scatter as 

well as uncertainties about specific material properties. From the simulations 

of the Inter Ramp cases, and in particular the PCI failure-limit predictions for 

the rods with a burnup around 10 MWd/kgHM, it appears necessary to 

improve the SPAKOR routine by updating material properties and/or the 

model itself. Similar problems seem to apply to the other fuel performance 

involved in FUMEX-III as well.  

Other discrepancies were noticed for fuel with liner cladding, which most 

codes do not specifically model. Therefore and given the variety and relatively 

old nature of the experimental data from the IFPE database under 

consideration it can be generally recommended to implement specific material 

properties for each vendor as well as correlations for primary creep (and 

corrosion) during transients.  

 

As far as clad elongation predictions are concerned, most cases showed a 

problem in absolute terms for most codes. Nevertheless, there is a rather 

good agreement with experimental measurements once fuel and cladding 

remain in close contact. The problems, essentially observed at the beginning 

of irradiation, are strongly related to the prediction of the exact time of closure 

of the gap between fuel and cladding, which depends on many parameters 

(e.g. densification, relocation, swelling, clad creep down, etc.), some of which 
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like relocation are prone to large uncertainties. Hence, apart from including 

clad primary creep in TRANSURANUS, there is not much that can be done to 

avoid the uncertainties in clad elongation during the initial stages of irradiation. 

 

Fission gas release and swelling 

In the wake of FUMEX-II two new models for transient release have been 

implemented and successfully tested. The predictions are generally within a 

factor two of the measured values. The radial profiles of fission products 

simulated in the frame of FUMEX-III also provide very good results when 

compared to the EPMA data available. Nevertheless, both models account for 

a complementary part, i.e. one corresponding to grain boundary cracking and 

the other to bubble behaviour. These two models have to be consolidated in 

one model. 

 

Design Basis Accident (DBA) simulations 

The LOCA simulations considered in the frame of FUMEX-III are very 

encouraging when considering the time for failure. Nevertheless, more cases 

are required with well characterised boundary conditions before drawing 

definite conclusions. 

The preliminary RIA simulations reveal predicted clad deformations and inner 

gas pressure peak widths that are too small in comparison with the 

experimental observations. The models for RIA simulations such as that for 

the plenum temperature are, however, still under development. 
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5. Perspectives 

5.1 Dynamic alpha-beta phase transition in E110 cladding 

At ITU we have measured the temperature for the alpha–beta phase transition 

in the E110 alloy used in WWERs, as function of the heating rate by means of 

a differential scanning calorimeter [20]. The results confirm the retarding effect 

due to Nb diffusion during the crystallographic phase change in the range of 

heating rates applied. They are in accordance with the experimental data in 

the literature for heating of M5, and Zry4 alloys. Applying these data, the 

models implemented in the TRANSURANUS fuel performance code for 

dealing with the crystallographic phase transformation during a LOCA in a 

PWR and in a WWER can be improved. The next step will consist of fitting the 

dynamic model by analyzing the cooling data, and eventually the assessment 

of the impact on the simulation of a LOCA or the burst tests by means of the 

updated TRANSURANUS code. The final impact on the predicted burst times, 

however, still has to be verified on the basis of the cases considered in 

FUMEX-III. 

 

5.2 New model for PCI 

A simple model for computing the PCI limit curves for boiling water reactors 

has been presented by Sauer and Besenböck [21]. The model can easily be 

incorporated in an existing fuel-rod design code. As input it only requires the 

hoop stress in the intact cladding. When this stress exceeds a threshold, the 

computation of the formation and growth of a crack is initiated. The hoop 

stress in front of a crack is calculated by means of an analytical expression. 

From this stress, the creep strains in this still uncracked part of the cladding 

wall is computed. The crack advances when the strain exceeds a critical 

value. This critical strain is found by applying the model to fuel rods that 

suffered PCI failures. The model has been used to construct PCI limit curves 

for cladding with and without a liner. Finally, the model can also be applied to 

fuel rods in pressurized water reactors, although the critical strain for rods in a 

pressurized water reactor still has to be determined. Once this is completed, 

the model will be tested in the TRANSURANUS code. 
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5.3 New model for HBS formation and release 

The current optional model for high burnup structure (HBS) formation and 

release from this structure relies only on the local burnup value. Once a 

threshold value is exceeded, the HBS structure is assumed to form: increased 

local porosity and reduction of the fission gas in the matrix of the grains that 

are subdivided. 

Results from the commercial High Burnup Rim effect project (HBRP) revealed 

that also the local temperature plays a dominant role. More precisely, above a 

certain temperature the HBS is not observed, which is attributed to defect 

annealing and gas release (when the temperature is even higher). In order to 

account for the temperature, Khvostov et al. [22] introduced the so-called 

effective burnup. Such a model is being developed in the frame of a 

collaboration agreement between JRC-ITU and HZDR. In addition to refining 

the prediction for HBS formation, the model will also consider the potential 

release from the HBS structure by percolation and micro-cracking, depending 

on the irradiation conditions (normal operating or design basis accidents).  

5.4 New models for DBA  

5.4.1 Transient fission gas release model during LOCA 

A new empirical model for fission gas release during a LOCA has been 

developed, implemented and tested in the TRANSURANUS version of 

Westinghouse [23]. The model considers fragmentation, caused by over-

pressurisation of inter-granular bubbles due to a sudden temperature increase 

in the HBS and relief of PCMI, formation of micro-cracks at the brittle grain 

boundaries as well as in the HBS zone. In this way, it constitutes a logical 

extension of the ramp release model due to micro-cracking at grain 

boundaries developed for the TRANSURANUS code as a result of the 

FUMEX-II CRP [16]. 

The empirical gas release model for LOCA conditions considers the volume of 

the HBS zone in the fuel, the amount of fragmented fuel, and the fraction of 

FGR from the fragmented region. The latter is dependent on both the 

temperature and its rate of change, whereas the previous model for grain 

boundary cracking was dependent on the local burnup, the temperature and 

the power rate. The new empirical fission gas release model is being validated 

on the basis of integral LOCA tests. If it is considered appropriate for 
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distribution to other TRANSURANUS users, it will first have to be consolidated 

with the existing fission gas release and swelling models of the standard 

version of the code. 

5.4.2 Model for hydrogen uptake and double-sided 
corrosion during LOCA 

In the frame of the Master thesis of Dackermann [24], new models were 

implemented in the TRANSURANUS code to describe the influence of the 

hydrogen content on the creep behaviour of Zircaloy-4 (Zry4) cladding tubes. 

Furthermore, calorimetry and dilatometry data were used to modify the static 

and dynamic phase transition models of TRANSURANUS. The new phase 

change models can be applied for temperature gradients between -100 C/s 

and 100C/s and for hydrogen contents up to 1000 ppm. The Zry4 creep model 

was calibrated on isothermal burst experiments performed for hydrided and 

non-hydrided specimens. For that purpose Norton creep parameters 

(structure parameter, stress exponent) were adopted in each crystallographic 

phase domain. In addition, Large-Break-LOCA calculations were performed 

for a quarter core of a German PWR to determine the extent of damage. End 

of cycle calculations were conducted with the standard and modified models 

of TRANSURANUS in order to evaluate the impact of the hydrogen content. 

The assemblies considered had an operating life of 1 to 4 cycles and 

hydrogen contents between 46 and 425 ppm. The increase of damage extent 

due to the influence of the hydrogen was calculated to be 0.35%. On the basis 

of the new Zry4 models, correlations for other cladding tube materials that 

take into account the influence of hydrogen can be implemented easily. 

Nevertheless, the model will first have to be consolidated with the standard 

TRANSURANUS models, and is planned to be tested on the basis of 

QUENCH LOCA tests for Zry4 carried out at KIT in 2011. 

 

Parallel to this work, colleagues from TÜV Nord have implemented the model 

for hydrogen uptake and double sided oxidation (in the event of cladding 

failure during a LOCA). Both this model for hydrogen uptake and the models 

developed by Dackermann have been delivered to ITU in the course of 2011. 

These models are still undergoing verification at ITU and must be integrated in 

the standard version before being distributed to the network of 

TRANSURANUS code users.  
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5.4.3 New model for predicting the rod failure time during a 
LOCA 

As mentioned in section 2.5, the integrity of fuel rod claddings during a LOCA 

is usually assessed by comparing calculated stresses or strains with the 

corresponding failure thresholds. G. Sauer [25] has proposed an alternative 

and stand-alone algorithm, whereby the cladding integrity is evaluated on the 

basis of the time elapsed since the LOCA onset. This criterion relies on the 

relationship between failure time and cladding loading that must be known. 

The relationship can be established computationally by monitoring the 

cladding inner and outer radii during the high temperature creep process. The 

cladding is defined to be defective when the predicted inner radius equals or 

exceeds the anticipated outer radius. With the proposed method it is 

straightforward to compute the cladding burst times on the basis of creep 

correlations. These correlations can be developed on the basis of creep 

properties in uniaxial tests.  Expensive experiments with cladding tubes in 

special test equipment would therefore be redundant, which appears as the 

main advantage of the proposed simple algorithm. Nevertheless, 

implementation of this additional algorithm in the standard TRANSURANUS 

code still requires extensive independent testing on the basis of experimental 

data for burst tests in the open literature. 

5.4.4 New model for average plenum temperature during 
transients (RIA/LOCA)  

The plenum temperature models of the fuel performance codes generally 

neglect the axial temperature gradients of the structural elements, although 

the axial heat conduction has an important effect under accident conditions. A 

new analytical model based on a 2D heat transport equation has been 

incorporated in a test version of the TRANSURANUS code and assessed 

through simulation of the integral LOCA test IFA-650.2. It is proved that due to 

the large extra gas volume of the test rods in IFA-650 the average plenum gas 

temperature can be correctly approximated by the coolant temperature. The 

effect on the overall fuel rod performance is negligible. However, in 

commercial fuel rods the lower bound coolant temperature approximation may 

not be correct. The presented first results of the analytical model are 

encouraging, although the model employs a quasi stationary approach. An 

improved time-dependent approach, that is more appropriate for RIA analysis, 

is under development. 
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In view of the lack of accurate experimental data for the validation of the 

average plenum temperature during accident conditions, a simplified two-

dimensional model was developed. The finite-elements calculations will serve 

as reference data for a simplified (analytical) model mentioned above. Heat 

conduction in a typical upper plenum are considered with reference to a 17x17 

PWR fuel rod design, and by taking into account also the power generated by 

the spring due to gamma heating. The governing equations are solved by 

means of the FEM commercial software COMSOL Multiphysics. Some results 

concerning the steady-state solution have been presented, whereas the 

simulation of the plenum temperature during a RIA like the FK1 case of 

FUMEX-III is underway. 
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