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Abstract 

 

This work deals with specific improvements and validation of the TRANSURANUS fuel 

performance code for the analysis of reactivity initiated accidents (RIA) as well as the 

development of a general coupling interface between TRANSURANUS and thermal 

hydraulics and/or reactor dynamics core analysis codes. TRANSURANUS is a best estimate 

fuel performance code which can be used for operational as well as accidental analysis.  

Nuclear safety analysis has to demonstrate that the RIA safety criteria which limit the 

maximum fuel enthalpy increase, the maximum fuel temperature, and the departure from 

nucleate boiling (DNB) / the maximum clad surface temperature are ensured. Today’s safety 

analysis is based on reactor dynamics codes and thermal hydraulics codes containing 

simplified fuel behaviour models applying a set of conservative initial and boundary 

conditions. Subsequent calculations with a fuel performance code complete the safety 

analysis. The coupling with DYN3D enhances the level of confidence of accident analysis by 

simultaneous interaction of great degree in detail in fuel performance, thermal hydraulics and 

neutron kinetics modelling. It allows a more realistic modelling of transients in comparison 

with usual practise.  

Because the RIA version of the fuel performance code TRANSURANUS is still under 

development it has to undergo additional evaluation. Thence its performance was evaluated 

thanks to participation in the OECD/NEA RIA Fuel Codes Benchmark for highly irradiated 

fuel rods (2011-2012). The TRANSURANUS results showed a (very) good agreement in 

comparison with other codes in terms of injected energy, variation of enthalpy, central fuel 

temperature, maximum fuel temperature and radial location of the maximum fuel temperature. 

Nevertheless, the results also indicated that the code doesn’t comprise a fission gas behaviour 

model and cladding material properties capable for RIA conditions. Furthermore, the 

TRANSURANUS thermal hydraulics covers heat regimes observed before DNB only.  

A part of the work was devoted to the improvement of the modelling of the Xe depletion in 

the high burnup structure (HBS) in TRANSURANUS to allow a more accurate RIA safety 

analysis. This work was performed during a research stay at JRC-ITU in Karlsruhe. It resulted 

in a properly described Xe depletion, which in turn will lead to a more precise modelling of 

the transient fission gas release during RIA. The influence of local burn-up and irradiation 

temperature on the Xe concentration were investigated using a multi-physics approach. The 



 

 

 

temperature influence was modelled by means of the temperature dependent effective burn-

up. Good agreement was found between the modelled temperature threshold for the effective 

burn-up (1049 ± 17 °C) and the experimental temperature threshold for distinguishing 

between un- and restructured fuel in the High Burnup Rim Project (HBRP), irradiated in the 

Halden reactor. The new model was integrated in the TRANSURANUS code.  

Moreover, in this work the benefit and potential of replacing a simplified fuel behaviour 

model in reactor dynamics codes for the RIA analysis were analysed and demonstrated. The 

overall interaction between neutron kinetics, thermal hydraulics and detailed fuel behaviour 

modelling has been rarely analysed in the open literature so far. Thence a general 

TRANSURANUS coupling interface was developed to enable the coupling of the fuel 

performance code with thermal hydraulics system, sub-channel thermal hydraulics, CFD and 

reactor dynamics codes. A variety of features ensure the generality, e.g. the application at 

either fuel assembly or fuel rod level. As first application of this interface, the reactor 

dynamics code DYN3D was coupled at assembly level in order to describe the fuel behaviour 

in more detail. For the two-way coupling approach, TRANSURANUS replaces the call of the 

simplified DYN3D fuel behaviour model, and is part of the iteration process in each time-step 

in DYN3D. Results of the coupled code system are shown for two RIA scenarios in a PWR.  

For a control rod ejection, it appeared that for all burn-up levels the two-way coupling 

approach systematically leads to higher maximum values of both the node fuel enthalpy (max. 

difference of 46 J/g) and the node centreline fuel temperature (max. difference of 180.7 K), 

compared to DYN3D standalone best estimate calculations. The differences could be 

explained by the more detailed TRANSURANUS modelling of fuel thermal conductivity, 

radial power density profile and heat transfer in the gap. Since in this scenario no DNB 

occurred and the fuel enthalpy increases were relatively small, the impact of a great degree in 

online fuel behaviour modelling on the thermal hydraulics and neutron kinetics behaviour was 

very limited.  

To analyse this feedback more precisely, a boron dilution transient with occurrence of DNB 

was determined based on boron concentrations from the Rossendorf Coolant Mixing 

(ROCOM) model facility. The results showed that the thermal hydraulics can already be 

strongly affected in fresh fuel assemblies, i.e. film boiling appeared in one node with the two-

way coupling approach in spite of no film boiling appearing with the one-way coupling 

approach. For nodes with film boiling occurring in both coupling approaches, the two-way 

approach determined always higher peak values for both the node average fuel enthalpy and 



 

 

 

the node clad surface temperature. Therefore, the coupled code system can potentially 

improve the assessment of safety criteria, at a reasonable computational cost.  

Keywords: Nuclear fuel; reactor safety analysis; RIA; OECD RIA Fuel Codes Benchmark; 

fuel performance modelling; high burn-up structure; Xe depletion; general TRANSURANUS 

coupling interface; code coupling; DYN3D-TRANSURANUS; control rod ejection; boron 

dilution transient.  
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Latin variables 

 

𝒂 Fitting constant for thermal conductivity (
𝑚𝐾

𝑊
)  

𝒂 Fitting constant in the Xe rate equation ( 𝑘𝑔𝑈

𝑀𝑊𝑑
)  

𝒂 Summarizing all fitted parameters of the correlation 𝑦(𝑥𝑘, 𝑎)  

𝒂𝟏 Fitting constant for thermal conductivity (
𝑚 𝑘𝑔𝑈 𝐾

𝑀𝑊𝑑 𝑊
)  

𝒂𝟐 Fitting constant for thermal conductivity ( 𝑚𝐾

𝑊 𝑤𝑡%
)  

𝒃 Fitting constant for thermal conductivity (
𝑚

𝑊
)  

𝒃𝟏 Fitting constant for thermal conductivity (
𝑚 𝑘𝑔𝑈

𝑀𝑊𝑑 𝑊
)  

𝒃𝟐 Fitting constant for thermal conductivity (
𝑚

𝑊 𝑤𝑡%
)  

𝒃𝒖 Local burn-up (
𝑀𝑊𝑑

𝑘𝑔𝑈
)  

∆𝒃𝒖 Increment of local burn-up (
𝑀𝑊𝑑

𝑘𝑔𝑈
)  

𝒃𝒖𝟎 Local threshold burn-up for onset of Xenon depletion (
𝑀𝑊𝑑

𝑘𝑔𝑈
)  

𝒃𝒖𝒆𝒇𝒇 Local effective burn-up (
𝑀𝑊𝑑

𝑘𝑔𝑈
)  

∆𝒃𝒖𝒆𝒇𝒇 Increment of local effective burn-up (
𝑀𝑊𝑑

𝑘𝑔𝑈
)  

𝒃𝒖𝒆𝒇𝒇𝟎 Reference value of local effective burn-up (
𝑀𝑊𝑑

𝑘𝑔𝑈
)  

𝒄 Specific heat capacity (
𝐽

𝑘𝑔𝐾
)  

𝒄 Fitting constant for thermal conductivity (
𝑊𝐾

𝑚
)  

𝒄̇𝑿𝒆 Xenon creation rate (𝑤𝑡%∗𝑘𝑔𝑈

𝑀𝑊𝑑
)  

𝒅 Fitting constant for thermal conductivity (𝐾)  

[𝑫] Tensor of the elastic constants (𝑚2𝑠

𝑁
)  

𝒇(𝑻) Factor specifying the temperature influence in the range of defect healing (−)  

𝑭𝒍 Friction forces (𝑁)  

𝑮𝒊𝒏 Coolant mass flow density at the core inlet ( 𝑘𝑔

𝑚2𝑠
)  

𝑮𝒐𝒖𝒕 Coolant mass flow density at the core outlet ( 𝑘𝑔

𝑚2𝑠
)  

𝑮𝒅 Local gadolinium concentration (𝑤𝑡%)  

𝒉 Assembly-average specific fuel enthalpy (
𝐽

𝑔
)  
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∆𝒉 Maximum assembly-average specific fuel enthalpy increase (
𝐽

𝑔
)  

𝒉𝒊𝒏 Specific enthalpy of the coolant at the core inlet (
𝑘𝐽

𝑘𝑔
)  

𝒉𝒐𝒖𝒕 Specific enthalpy of the coolant at the core outlet (
𝑘𝐽

𝑘𝑔
)  

𝒌 Counter variable referring to 𝑥𝑘 and 𝑦𝑘 (−)  

𝒌𝒅 Factor taking into account the effects of the initial fuel structure (−)  

𝑳𝑯𝑹 Linear rod power or rather linear heat rate (
𝑊

𝑚𝑚
)  

𝑵 Number of data points referring to 𝑥𝑘 and 𝑦𝑘 (−)  

𝒑𝒄𝒐𝒐𝒍 Coolant pressure (𝑀𝑃𝑎)  

𝒑𝒊𝒏 Coolant pressure at the core inlet (𝑀𝑃𝑎)  

𝒑𝒐𝒖𝒕 Coolant pressure at the core outlet (𝑀𝑃𝑎)  

𝑷 Local porosity (−)  

𝒒′′′ Power density (
𝑊

𝑚3)  

𝒓 Radius (𝑚)  

𝒓𝒓𝒆𝒇 Radius of reference radius (𝑚)  

𝑹 Radius of deformed geometry (𝑚)  

𝜹𝑹𝒄𝒍𝒂𝒅 Total change in clad radius (𝑚)  

𝜹𝑹𝒇𝒖𝒆𝒍 Total change in fuel radius (𝑚)  

𝜹𝑹𝒄𝒍𝒂𝒅,𝒆𝒍 Total change in clad radius due to elastic deformation (𝑚)  

𝜹𝑹𝒇𝒖𝒆𝒍,𝒆𝒍 Total change in fuel radius due to elastic deformation (𝑚)  

𝜹𝑹𝒄𝒍𝒂𝒅,𝒑𝒍 Total change in clad radius due to plastic deformation (𝑚)  

𝜹𝑹𝒄𝒍𝒂𝒅,𝒕𝒉 Total change in clad radius due to linear thermal expansion (𝑚)  

𝜹𝑹𝒇𝒖𝒆𝒍,𝒕𝒉 Total change in fuel radius due to linear thermal expansion (𝑚)  

𝒕 Time (𝑠)  

∆𝒕 Time step length (ℎ)  

𝑻 Temperature (𝐾)  

𝑻 Local fuel temperature for effective burn-up (°𝐶)  

𝑻𝟏 Onset-temperature for partial healing in the fuel (°𝐶)  

𝑻𝟐 Temperature limit for complete healing of defects in the fuel (°𝐶)  

𝑻𝒄𝒍𝒂𝒅,𝒔𝒇 Clad surface temperature (°𝐶)  

𝑻𝒄𝒐𝒐𝒍 Coolant temperature (°𝐶)  

𝑻𝒇𝒖𝒆𝒍 Fuel temperature (𝐾)1  

𝑻𝒎𝒐𝒅 Moderator temperature (𝐾)  

                                                           
1 Unit °C in the section 6.1 
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𝑻𝒑 Absolute temperature (𝐾)  

𝑻𝒕𝒉𝒓𝒆𝒔 Temperature threshold for effective burn-up (°𝐶)  

𝒖 Radial deformation (𝑚)  

𝑿𝒆 Local xenon concentration (𝑤𝑡%)  

𝒙𝒌 Data point with index 𝑘 

𝒚(𝒙𝒌, 𝒂) Correlation fitted iteratively by minimization of 𝜒2(𝑎)  

𝒚𝒌 Data point with index 𝑘  

 

 

Greek variables  

 

𝜶𝒄𝒍𝒂𝒅,𝒔𝒇 Heat transfer coefficient between clad to coolant (
𝑊

𝑚𝑚2𝐾
)  

𝜺𝟏 Axial strain (−)  

𝜺𝟐 Hoop strain (−)  

𝜺𝒂 Axial strain component (−)  

𝜺𝒓 Radial strain component (– )  

𝜺𝒔 Volumetric ratio of the restructured fuel domain (−)  

𝜺𝒕 Tangential strain component (−)  

{𝜺𝒄𝒓} Vector of creep strain as component of inelastic strain (−)  

{𝜺𝒆𝒍} Vector of elastic strain (−)  

𝜺𝒂
𝒆𝒍 Axial component of elastic strain (−)  

𝜺𝒓
𝒆𝒍 Radial component of elastic strain (−)  

𝜺𝒕
𝒆𝒍 Tangential component of elastic strain (−)  

{𝜺𝒆𝒙} Vector of sum of inelastic strains (−)  

{𝜺𝒇} Vector of crack strain as component of inelastic strain (−)  

{𝜺𝒑𝒍} Vector of instantaneous plastic strain as component of inelastic strain (−)  

{𝜺𝒔} Vector of solid & gaseous swelling strain as component of inelastic strain (−)  

{𝜺𝒔𝒊𝒏} Vector of hot-pressing strain as component of inelastic strain (−)  

{𝜺𝒕𝒉} Vector of thermal strain as component of inelastic strain (−)  

{𝜺𝒕𝒐𝒕} Vector of total strain (−)  

𝜺𝒂
𝒕𝒐𝒕 Axial component of total strain (−)  

𝜺𝒓
𝒕𝒐𝒕 Radial component of total strain (−)  

𝜺𝒕
𝒕𝒐𝒕 Tangential component of total strain (−)  

𝝀 Thermal conductivity ( 𝑊

𝑚𝐾
)  
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𝝀𝒇𝒖𝒆𝒍 Fuel thermal conductivity ( 𝑊

𝑚𝐾
)  

𝝆 Density ( 𝑘𝑔

𝑚3)  

𝝆 Reactivity (−)  

𝝆𝒄𝒔 Reactivity component due to control system (−)  

{𝝈} Vector of stress ( 𝑁

𝑚𝑚2)  

𝝈𝒂 Axial stress component ( 𝑁

𝑚𝑚2)  

𝝈𝒌 Experimental uncertainty of 𝑦𝑘 (e.g. standard deviation)  

𝝈𝒓 Radial stress component ( 𝑁

𝑚𝑚2)  

𝝈𝒔𝒕𝒂𝒏𝒅 Error band of each fitted parameter related to a 68% confidence interval  

𝝈𝒕 Tangential stress component ( 𝑁

𝑚𝑚2)  

𝝓𝒎𝒐𝒅 Void volume fraction of the moderator (−)  

𝝌𝟐(𝒂) Merit function with 𝑎 summarising all fitted parameters of the correlation 

𝑦(𝑥𝑘, 𝑎) (−)  
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1 Introduction 

 

1.1 Background 

 

The public has to be protected against civilization related radiation exposure occurring 

additionally beside the natural one, e.g. from medical devices, from nuclear power plants and 

in airplanes. For nuclear power plants the defence in depth (DiD) concept should ensure this 

[1]. This concept “consists of a hierarchical deployment of different levels of equipment and 

procedures in order to maintain the effectiveness of physical barriers placed between 

radioactive material and workers, the public or the environment, during normal operation, 

anticipated operational occurrences (AOOs) and, for some barriers, accidents at the plant.” [2] 

For example, level 1 refers to normal operation, level 2 to abnormal operation, and level 3 to 

design basis accidents (DBA) like loss of coolant accident (LOCA) and reactivity initiated 

accident (RIA).  

 

The operational reactor control system and the safety protection systems must ensure either 

no radiological impact in the level 1 and level 2 or no radiological impact outside the 

exclusion area in the level 3 of the DiD concept [1]. Due to the impossibility to consider in 

each safety analysis the full chain of causation from the release of fission products located in 

the fuel pellets up to the determination of the radiological doses of a person in the power 

plant’s environment advanced surrogate criteria were defined. Their compliance has to be 

guaranteed by the licensee for the operation of its nuclear power plant. These criteria also 

allow a direct comparison to results of neutron kinetics codes, thermal hydraulic system codes 

and fuel performance codes. For RIA core coolability/integrity of fuel rods and reactivity 

control represent the main advanced surrogate criteria. The total change of the reactivity rate 

𝜌̇ is defined as following [3]:  

 𝜌̇ = 𝜌𝑐𝑠̇ +
𝜕𝜌

𝜕𝑇𝑓𝑢𝑒𝑙
𝑇𝑓𝑢𝑒𝑙

̇ +
𝜕𝜌

𝜕𝑇𝑚𝑜𝑑
𝑇𝑚𝑜𝑑

̇ +
𝜕𝜌

𝜕𝜙𝑚𝑜𝑑
𝜙𝑚𝑜𝑑

̇  (1) 

where 𝜌 is the reactivity, its component 𝜌𝑐𝑠 symbolizes the reactivity due to the control 

system (CS) and its actuating variables, 𝑇𝑓𝑢𝑒𝑙 presents the fuel temperature in 𝐾, 𝑇𝑚𝑜𝑑 the 

moderator temperature in 𝐾, and 𝜙𝑚𝑜𝑑 the void volume fraction of the moderator. The rates 

of change are marked by a point above the symbol in the equation. In light water reactors 
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(LWR), the coolant medium represents also the moderator at the same time. Regarding the 

first term on the right side in eq. (1), the control rods and additionally boron acid in a PWR 

(dissolved in the coolant/moderator) are normally used by the CS as actuating variables for 

management the neutron economy in LWR, hence the control of the reactivity. The control of 

the reactivity due to CS can be disturbed in case of RIA. For example, the reactivity can be 

(strongly) influenced by a control rod ejection due to a mechanical failure. In that short time 

period the CS can’t balance the effect of the control rod ejection. In general various classes of 

RIA scenarios exist considering for instance control system failure, control rod ejection 

(PWR) or control blade/rod drop (BWR), coolant/moderator temperature and void effects, and 

dilution or removal of coolant/moderator poison [3, 4] (cf. Table 1). In some case, the core 

power can rise rapidly, although the Doppler Effect limits simultaneously the rise in power 

thanks to the fuel temperature increase (cf. second term on the right hand side in eq. (1)). The 

last two terms in eq. (1) describe the influence of the change in moderator temperature 𝑇𝑚𝑜𝑑 

and moderator void volume fraction 𝜙𝑚𝑜𝑑. Nevertheless, the time constant of the clad-to-

coolant heat transfer is larger than that of a sharp power pulse. This leads to an almost 

adiabatic heating of the fuel [5] in the case of very fast reactivity insertion (see subsection 

2.2.1 and subsection 3.3.3).  

 

A few of the events in Table 1 result in a relatively low rate of increase in reactivity (e.g. 

increase in heat removal by the secondary side in PWR). Thence the category of these events 

is named as reactivity initiated transients [3]. On the other side reactivity control rod/blade 

drop accident (RDA) in BWR and reactivity control rod ejection accident (REA) in PWR 

belong to the category of reactivity initiated accidents due to a sharp increase in reactivity into 

the reactor core over a short power pulse width [6]. The separation of drive mechanism and 

control blade leads to RDA in BWR. REA is caused by mechanical failure of the control rod 

drive mechanism housing (conservative ejection time of 0.1 s for a fully inserted control rod 

in a German PWR [7]). The induced power pulse during RIA is influenced by the reactor 

state, the reactivity worth of control rod, the position of control rod, the insertion of control 

rod in the core, the axial power distribution and the rod burn-up [8]. In general the power 

pulse can be characterized by width and shape as core-wide parameters and by amplitude as 

local parameter. Calculations for a hypothetical REA in a German PWR show pulse widths 

around 30 milliseconds and larger [9]. The amplitude varies over the core because of the 

strong dependence on the distance from the ejected control rod occurring in large reactor 

cores, where the reactor point kinetics approach is not valid. It’s obvious that the most 
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affected fuel rods would be located in the neighbourhood of the ejected or dropped control 

rod [3, 10].  

 

Table 1 – Potential reactivity initiated scenarios in BWR and PWR (taken from [4] and 

extended by information in [3]) 
 

Class of scenario BWR PWR 

Control system 

failure 

▪ Control rod bank withdrawal ▪ Control rod bank withdrawal 

Control rod (cluster) 

ejection/drop 

▪ Control rod drop due to separation of 

a control rod blade from its drive 

mechanism 

▪ Control rod ejection due to 

mechanical failure of a control rod 

mechanism housing 

Coolant/moderator 

temperature and void 

effects 

▪ Core coolant flow rate increase 

▪ Core coolant temperature reduction 

(e.g. void collapse due to rapid 

cooldown) 

▪ Steam line valve closure (e.g. void 

collapse due to overpressurization) 

▪ Increase in heat removal by the 

secondary side 

▪ Steamline break 

▪ Transients during operation with 

positive moderator temperature 

coefficient 

Dilution or removal 

of coolant/moderator 

poison 

▪ Flushing of boron during ATWS ▪ Inadvertent poison removal 

▪ Injection of diluted accumulator or 

refuelling water at shutdown 

▪ Injection of diluted water after LOCA 

▪ Ingress of secondary water after 

SGTR 

▪ Restart of primary coolant pumps 

with cold/dilute water in loop 

Miscellaneous ▪ Misloading fuel assemblies 

▪ Transients while reactor is operating 

in unstable regions 

▪ Inadvertent removal of control rods 

during shutdown 

▪ Misloading fuel assemblies 

 

Depending on the pulse characteristic, the thermal hydraulics conditions and the fuel rod 

state, the injected energy during RDA or REA can lead to fuel rod failure [11, 12]. Possible 

failure mechanisms are [3, 6]:  

• Pellet cladding mechanical interaction (PCMI) in the low temperature range, 

• Ballooning and burst in the high temperature range, 

• Disruption during quenching of the cladding embrittled by high temperature oxidation, 

• Melting of cladding and of fuel pellets in the high temperature range. 

Typically the first failure mode is mainly representative for highly irradiated fuel rods [13]. 

Fuel rod failure can lead to core un-coolability and even to damages of the reactor pressure 
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vessel due to water hammers caused by interaction of hot fuel and coolant [3]. Thence the 

proof of the criteria concerning core coolability and reactivity control (defined on the DiD 

concept) would be difficult to achieve in this case [14]. To guarantee fuel rod integrity and 

hence the DiD concept, RIA tests have been performed in research reactors like the CABRI 

reactor in France [15], NSRR in Japan [16], as well as IGR [17] and BIGR [18] in Russia. 

However, these experiments are only partly representative for the conditions in power reactors 

(at least for PWR). For example, the pulse width is sometimes very short in the experiments 

(e.g. BIGR test RT-3 with 2.5 ms [3]). Furthermore, the coolant can differ in type of medium 

(e.g. sodium in the test series REP-Na in the CABRI reactor), in coolant velocity (e.g. 

stagnant in NSRR for PWR) and in coolant pressure (e.g. atmospheric pressure for PWR). 

The ongoing OECD CABRI Water Loop Project will provide more representative data for 

PWR conditions (see section 3.1).  

 

Several fuel rod failure thresholds were defined worldwide, mainly referring to the peak fuel 

rod enthalpies as a function of burn-up in the RIA in-pile tests (cf. Figure 1). On the one side, 

a continuous or stepwise decrease in the thresholds is observable with increasing burn-up in 

Figure 1. This results from NSRR [16] and CABRI [15] tests indicating less resistance to fuel 

rod failure for highly irradiated fuel rods, caused by a change in the failure mechanism. For 

example, due to an increased discharge burn-up a so-called high burnup structure (HBS) is 

developed in the periphery of the pellet - characterized by recrystallized grains, micron-sized 

porosity and a depletion of fission gas [19] (see section 2.1). Therefore PCMI becomes more 

important with higher burn-up [3] as the fission gas filled pores in the HBS extend rapidly due 

to the sharp temperature increase and a more peaked radial temperature profile at the fuel 

periphery during a RIA [20]. Furthermore highly irradiated claddings feature a thicker oxide 

layer on the clad surface, concomitant with a higher hydrogen content [15]. On the other side, 

some of the failure thresholds shown in Figure 1 differ considerably in certain areas. This 

indicates the need for further research analysing in more detail influences on the fuel rod 

failure. For example, key phenomena like fuel fragmentation, transient fission gas release (see 

chapter 4), clad oxide layer thickness and hydrogen uptake [21]. Afterwards more refined 

failure thresholds should be defined, i.e. depending on oxide layer thickness as NRC proposed 

in Ref. [22]. In parallel, the modelling in fuel behaviour codes should be improved for 

increasing the reliability of safety analysis [3].  
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Figure 1:  Most thresholds are within the upper shaded area. The two lower shaded zones 

represent the envelope of conservative calculations for actual PWR cores. As 

seen, the core enthalpy can exceed the lower failure thresholds – i.e. for cases 

with large oxidation and brittle cladding. [23]  

 

Today fuel performance codes are widely used worldwide to ensure a reliable check of the 

safety limits for RIA. Thence an OECD RIA Fuel Codes Benchmark on highly irradiated fuel 

rods was initiated by the OECD/NEA Working Group on Fuel Safety (WGFS) for 

comparison of different modelling approaches, further validation of these models and 

recommendations for future work [24, 25]. A challenge for the numerical methods of fuel 

performance codes is the sharp increase in injected power, especially for the detailed 

mechanical modelling in fuel performance codes [26]. Nevertheless, fuel performance codes 

can handle such conditions and already showed good agreement in several parameters in the 

OECD benchmark, e.g. in variation of enthalpy and maximum fuel temperature (see chapter 

3).  

 

Most of the thermal hydraulics system codes, sub-channel thermal hydraulics codes, reactor 

dynamics codes and code systems consisting of these codes include more or less simplified 

fuel behaviour models (see subsection 2.4.3 and chapter 5). Thence the safety analysis of the 

fuel performance is often carried out in a conservative manner [10]. For example, either 
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conservative thermal hydraulics boundary conditions are given to the fuel performance code 

or the simplified fuel behaviour models in thermal hydraulics codes and reactor dynamics 

codes have to be applied in a conservative manner. At the beginning of this work no full two-

way coupling to a fuel performance code had so far been reported in the open literature for 

calculating a whole LWR core online with detailed and well validated fuel behaviour 

correlations (see chapter 6). This PhD thesis therefore aims at contributing to assess the 

potential benefits and costs of the resulting high fidelity simulations.  

 

 

1.2 Research objectives and stages  

 

 

Figure 2:  Simplified flow structure of research objectives and stages (*due to participation 

in the OECD RIA Fuel Codes Benchmark in 2011/2012)  
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1. Analysis of state-of-the-art fuel behaviour modelling in traditional licensing approaches 

• Selection of the fuel performance code TRANSURANUS after extensive literature 

and computer code review  

• Analysis of RIA tests in the CABRI reactor in France and NSRR in Japan  

• Participation as first TRANSURANUS user in the OECD RIA Fuel Codes Benchmark 

on highly irradiated fuel rods (2011/2012)  

• Evaluation of further R&D needs for the development of the RIA version of 

TRANSURANUS  

• Study regarding the benefits of the high-fidelity simulation tool, i.e. from replacement 

of the simplified fuel behaviour models in thermal hydraulics system codes, sub-

channel thermal hydraulics codes and reactor dynamics codes through online coupling 

to a modern fuel performance code  

 

2. Simulation of the Xe depletion in the high burnup structure (HBS)  

• Investigation of electron probe microanalysis (EPMA) performed on samples from the 

High Burnup Rim Project (HBRP) irradiated in the Halden reactor  

• Development of a model describing the matrix Xe depletion in the HBS based on the 

temperature dependent effective burn-up  

• Integration of this new model in a TRANSURANUS “point version” especially 

developed for this purpose in a standalone testing environment  

• Application of this new version and fitting of the effective burn-up and its temperature 

threshold to experimental data of the High Burnup Rim Project (HBRP)  

• Integration of the new standalone Xe depletion model for HBS in the fuel performance 

code TRANSURANUS  

 

3. Developing of the general TRANSURANUS coupling interface  

• Proof that the fuel performance code TRANSURANUS can fulfil the requirements for 

successful couplings to thermal hydraulics system codes, sub-channel thermal 

hydraulics codes, CFD codes and reactor dynamics codes  

• Identification of important features for the development of a general coupling interface  
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• Implementation of modifications in the source code of TRANSURANUS for coupling 

applications (under the restriction to apply TRANSURANUS also in standalone 

mode)  

• Development of the general TRANSURANUS coupling interface organizing the data 

transfer between TRANSURANUS and the code coupled to TRANSURANUS  

 

4. Core wide safety analysis with great degree in detail in fuel behaviour modelling for a 

control rod ejection scenario (no occurrence of DNB)  

• Restructuring of the DYN3D source code for the “docking” of the new general 

TRANSURANUS coupling interface  

• Testing of the general coupling interface with the reactor dynamics code DYN3D and 

hence the new coupled code system DYN3D-TRANSURANUS  

• Application of the two-way coupling approach in the new coupled code system  

• Analysis of differences between DYN3D standalone and the two-way approach 

(identification of potential fuel behaviour processes relevant in coupled code 

calculations)  

 

5. Core wide safety analysis with great degree in detail in fuel behaviour modelling for 

boron dilution transient (occurrence of DNB)  

• Analysis of a boron dilution transient carried out in the Rossendorf Coolant Mixing 

model (ROCOM) facility  

• Application of both the one-way and the two-way coupling approach in the new 

coupled code system  

• Analysis of differences between the two approaches (“online feedback” from great 

degree in detail in fuel behaviour modelling)  

• Integration of this coupled code system DYN3D-TRANSURANUS in the tools 

applied to safety analysis at HZDR  
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1.3 Thesis outline 

 

Chapter 2 gives a background about the reactivity initiated accident (RIA) as design basis 

accident (DBA). In this regard ongoing research on highly irradiated fuel rods shows the 

important role of the high burnup structure (HBS) on the fuel behaviour in such rapid 

transients. The reactor must be able to sustain a RIA without environmental impact, ensured 

by a corresponding safety analysis performed with computer codes validated on experiments. 

Thence an overview is given about state-of-the-art modelling of the fuel behaviour in such 

codes and code systems. Furthermore, general trends are outlined toward coupled code 

systems with great degree in detail in fuel behaviour modelling.  

 

Chapter 3 describes shortly the RIA tests and the steps to simulate such experiments with 

TRANSURANUS. In addition, results and conclusions are presented for the fuel performance 

code TRANSURANUS based on the OECD RIA Fuel Codes Benchmark in 2011/2012. The 

version of TRANSURANUS for RIA simulations is still under development, hence its 

performance is evaluated by participation in international benchmarks. The findings in this 

benchmark resulted amongst others to the work in the following chapter.  

 

Chapter 4 concerns the improved modelling of the high burnup structure (HBS) in the fuel 

performance code TRANSURANUS. The HBS is of special interest because it may limit the 

productive life of fuel and has an important potential effect on fuel behaviour during design 

basis accidents (DBA) such as RIA. A new model is presented for the Xe depletion from the 

grains in the HBS.  

 

Chapter 5 presents the newly developed general TRANSURANUS coupling interface 

applicable to thermal hydraulics system codes, sub-channel thermal hydraulics codes, CFD 

codes and reactor dynamics codes, which enables the coupling to the fuel performance code 

TRANSURANUS. The main features of this interface are the application at either fuel 

assembly level or fuel rod level, one-way or two-way coupling and automatic switching from 

steady-state to transient conditions in TRANSURANUS. The interface is applicable for 

various scenarios. The chapter gives also a short description for maintenance and the 

necessary modifications in the code coupled to TRANSURANUS.  
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Chapter 6 focuses on the coupled code system DYN3D-TRANSURANUS as first application 

of the general TRANSURANUS coupling interface. After successful testing two RIA 

scenarios for a German PWR (Konvoi) were calculated: a control rod ejection scenario, and a 

boron dilution transient based on experimental data of the ROCOM facility. Firstly, the 

differences between DYN3D standalone and the two-way coupling approach of DYN3D-

TRANSURANUS are analysed. For this purpose, several variants of the code system 

differing in level of detail in fuel behaviour modelling were used. In addition, the differences 

between the one-way and two-way coupling approach are discussed.  

 

Chapter 7 summarizes the key results and conclusions found in this PhD thesis.  

 

 

1.4 Verification and validation 

 

Chapter 3: The RIA version of TRANSURANUS is still under development. For LWR 

experimental fuel behaviour data are still limited for RIA scenarios, in particular for highly 

irradiated fuel rods. Furthermore, it’s not possible from technical point of view to measure 

every by a fuel performance code calculated parameter in fuel behaviour experiments, e.g. 

fuel stress or radial location of the maximum of the fuel temperature. Hence, 

TRANSURANUS are validated for the RIA test CIP0-1 and verified for the RIA tests CIP0-1 

and CIP3-1 in the frame of this thesis (cf. Table 5 and Table 8). This work were performed by 

participation in the international OECD RIA Fuel Codes Benchmark for highly irradiated fuel 

rods in 2011/2012. 

 

Chapter 4: The fission gas behaviour in HBS is modelled in the TRANSURANUS fuel 

performance code assuming its depletion to be dependent on the local burn-up in the HBS. 

Nevertheless, a scatter still exists in local burn-up values. To improve the modelling, the 

belonging TRANSURANUS model was extended to the influence of the local temperature by 

applying a temperature transition zone with related thresholds of a former work. Afterwards it 

was validated among new experimental data (not measured in the frame of this work). 

Nevertheless, the upper threshold temperature were in disagreement with the experimental 

data, e.g. due to partly unknown irradiation histories in the former work (see subsection 

4.3.2). Hence, the temperature threshold was newly validated on the new and more detailed 
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experimental data (see subsection 4.3.2). Furthermore, the impact of Xe yield was verified at 

the end of this thesis (see subsection 4.3.3). 

 

Chapter 6: Comprehensive verification work is presented in this chapter for the two RIA 

scenarios CR ejection event and boron dilution transient for the coupled code system 

DYN3D-TRANSURANUS. The differences between DYN3D standalone and the two-way 

coupling approach of DYN3D-TRANSURANUS are verified and analysed in the first RIA 

scenario (see subsection 6.4.2). For that purpose, several variants of the code system differing 

in level of detail in fuel behaviour modelling were used. In addition, the differences between 

one-way and two-way coupling approach are verified and discussed in the second scenario 

(see subsection 6.4.3). According to both scenarios, a German PWR Konvoi Design was 

applied for the verification. 

 

Developers and users have been calculating and verifying these both RIA scenarios for more 

than one decade with DYN3D standalone. In parallel they conducted validation work for the 

models of DYN3D standalone. Hence this former works allows this kind of verification in the 

thesis. Furthermore, it allows to draw conclusions for the impact of a great degree in online 

fuel behaviour modelling on the thermal hydraulics and neutron kinetics behaviour.  

 

Integral data of the design basis accident RIA would be needed to also validate the coupled 

code system DYN3D-TRANSURANUS. Both verified RIA scenarios didn’t occur in power 

reactors in the past. Hence integral data didn’t exist to validate both the modelling of neutron 

kinetics, thermal hydraulics and detailed fuel rod behavior in once and the overall interaction 

between them in the frame of this thesis.  
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2 Literature review  

 

2.1 Characteristics of the high burnup structure (HBS)  

 

The discharge burn-ups in power reactors increased over the last few decades. Because the 

highest burn-ups are achieved in the fuel pellet periphery caused by the fuel self-shielding 

effect [27], a so-called high burnup structure (HBS) occurs in the periphery of the fuel pellets 

[28, 29]. Due to the location at the pellet periphery this restructured fuel region is often named 

as rim. Nevertheless, this denotation can be misleading (see section 4). The restructuring of 

the fuel matrix at higher burn-up was already observed in studies for the uranium bearing fuel 

in navel reactors in the 1950’s [30]. The HBS is of special interest because it may limit the 

productive life of nuclear fuel [31] and can have an important effect on the fuel behaviour 

during design basis accidents (DBA) [3]. The following main characteristics are 

representative for the HBS (cf. Figure 3):  

• Recrystallized grains of 50-200 nm [32] 

• Development of micron-sized porosity surrounded by recrystallized grains [33] 

• Depletion of fission gas from the fuel matrix into the HBS pores [27] 

    

Figure 3:  SEM images of the high burnup structure (HBS). Left, subdivided grains due to 

restructuring; right, view in a HBS pore surrounded by subdivided grains [33] 

 

The related processes seem to occur at different points in time. Barner et al. observed first the 

depletion of fission gas from the fuel matrix measured by electron probe microanalysis 
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(EPMA) which was followed afterwards by recrystallization of the grains and finally by the 

development of HBS porosity as seen with optical microscopy [34]. Therefore, the HBS 

thickness measured by EPMA adopted larger values compared to optical microscopy. 

However, it may be difficult with optical devices to define an exact onset of grain 

recrystallization and development of pores.  

 

The HBS formation, the onset of restructuring and the behaviour of HBS still need to be 

understood in better detail [35]. For example, different approaches are outlined and 

summarized for the formation mechanism in Ref. [36]:  

• The forces due to lattice strain caused by increase in irradiation damages and/or 

enclosure of fission products are assumed to be an important factor driving the 

formation of the HBS. Alternatively Rest and Hofman explained this lattice strain by 

diffusion of fission products to dislocations [37]. Due to increase of lattice strain with 

burn-up high enough values are assumed to be achievable for formation of new grain 

boundaries.  

• Thomas et al. postulated a formation driven by forces resulting from stored energy in 

fission products and nano-sized pressurized bubbles [38].  

Spino et al. found reasons pro and contra for the proposed formation mechanisms [29]. 

Corresponding to the mechanism based on the lattice strain this would lead to a high number 

of subgrain boundaries in restructured regions in the first stage, which should be decorated 

with pores due to filling up with fission gas in a later stage. However, Spino couldn’t observe 

recrystallized regions without pore decoration in his studies. Thence restructured regions of 

the first stage weren’t found by Spino. Maybe the diffusion process proceeds very quickly due 

to the reduced diffusion length in recrystallized grains. Regarding to the stored energy 

mechanism, Spino et al. found high fracture toughness in restructured fuel. Thence, irradiated 

fuel seems to be not brittle. Based on this finding Spino et al. introduced the idea of creep 

induced recrystallization around locations with high pressure. In general Spino et al. pointed 

out the importance of further work for clarification.  

 

The threshold for restructuring represents another open question. More precisely, a scatter in 

measured local Xe concentrations over local burn-ups still exists [27] (see section 4.2). 

Recently Baron et al. concluded that the HBS transformation mainly depends on the local 
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burn-up, while secondary effects arise from local temperature, instantaneous fission density, 

local density of fission products, initial grain size, local fuel constraint, initial additives and 

local oxygen potential [39]. Regarding the future, a detailed understanding is needed for 

accurate conclusions about safety limits for highly irradiated fuel rods. Thence highly 

enriched U235 fuel discs were irradiated under different secondary effect conditions like 

temperature and strain in the Halden reactor, mainly in the frame of the High Burnup Rim 

Project (HBRP) [40] and the Nuclear Fuel Industry Research (NFIR) program [41].  

 

Furthermore, the HBS seems to have an important influence on the fuel behaviour during 

DBA [3] (see section 2.2 and chapter 3). Therefore another open issue is associated with a 

better understanding of the microstructure evolution, behaviour and impact of HBS on the 

fuel rod behaviour under transient conditions [13, 42]. In this context Wiesenack mentioned 

the need of detailed fuel behaviour modelling describing the fuel fragmentation and cracking 

in high burn-up fuel, which seems to be affected by the fission gas in HBS [43]. Today the 

(transient) fission gas release modelling isn’t accurate enough for a reliable, high prediction of 

the experimental data, e.g. performed by the OECD Halden Reactor Project or by Hiernaut on 

high burn-up samples at JRC-ITU [44].  

 

 

2.2 Fuel rod behaviour and cladding failure during RIA 

 

The fuel behaviour under RIA depends strongly on power pulse characteristics, reactor state, 

coolant conditions and fuel rod state at the beginning of the transient [3, 6]. Fast RIA 

transients like control rod drop/ejection (cf. Table 1) can lead to sharp energy injection 

followed by prompt increase in fuel temperature. This can cause a rapid fuel volume 

expansion due to both solid thermal expansion and – becoming important with increase in 

burn-up – gaseous swelling. This can result in further complex and interacting fuel rod 

phenomena and eventually to cladding failure (cf. Figure 4). For RIA several cladding failure 

mechanisms are known:  

• PCMI as low temperature failure in the early phase (Pre-DNB)  

• Ballooning and burst as high temperature failure in the late phase (Post-DNB)  

• Disruption during quenching of the cladding embrittled by high temperature oxidation 

in the late phase (Post-DNB)  
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• Melting of cladding and of fuel pellets as high temperature failure  

The probability of these cladding failure mechanisms is affected by the discharged burn-up, 

i.e. through the occurrence of HBS. Cladding failure should be avoided because it can lead to 

damage of the reactor pressure vessel due to water hammers caused by thermal interaction of 

(molten) fuel fragments with the coolant (cf. post-failure events in Figure 4).  

 

 

Figure 4:  Possible mechanisms for fuel and cladding damage under RIA [45]  

 

 

2.2.1 Early phase during RIA (Pre-DNB) 

Solid thermal expansion and gaseous swelling can occur through high energy injection under 

RIA. Assuming isotropic plasticity, an equal biaxial tension is imposed on the cladding 

causing PCMI [13] and potentially followed to cladding failure (cf. Figure 5) [3]. The PCMI 

failure mode represents a low temperature failure because the clad temperature and hence the 

cladding ductility are low in the early phase [6]. Furthermore, this failure mode is only 

relevant for highly irradiated fuel rods. On the one hand, the expansion caused by gaseous 

swelling is higher due to the HBS porosity (see section 2.1) containing fission gas which 
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expands rapidly with the fuel temperature rise. This effect is enforced by a quasi adiabatic 

fuel heating. Thence the radial temperature profile can be peaked temporarily at the fuel pellet 

periphery decorated with HBS pores (see chapter 3) [24, 25]. In addition the pellet-cladding 

gap is closed in highly irradiated rods, even a bonding layer can exist between fuel and 

cladding [46]. Therefore, a high cladding loading can result already from less relative fuel 

expansion in highly irradiated fuel rods compared to fresh fuel. On the other side, the 

cladding material properties change in the reactor with increase in burn-up, e.g. outer oxide 

layer (around 80 to 90 μm for Zry-4 cladding irradiated up to 60 MWd/kgHM) and content of 

hydrogen (around 700 to 800 ppm for Zry-4 cladding irradiated up to 60 MWd/kgHM) [15]. 

Both effects can weaken the cladding, especially through the formation of zirconium 

hydrides.  

 

 

Figure 5:  PCMI failure mode observed in the NSRR test VA-1 (PWR, 71 MWd/kgU, 

cladding ZIRLO™) [47]  

 

 

2.2.2 Late phase during RIA (Post-DNB) 

In the late phase cladding failure can be caused by both ballooning and disruption of the 

cladding during quenching. The kind of failure mode depends on fuel rod design and coolant 

conditions. Both failure modes are mainly limited to fresh and low burn-up fuel rods in 

today’s standard fuel loading patterns [3]. The clad-to-coolant heat transfer is already 

developed in this late phase (larger time constant than for the pulse injection of energy), hence 

the clad temperature is higher which increases the cladding ductility (in case of high heat 

transfer). Thence the PCMI failure mode (cf. Figure 5) cannot be observed in the late phase 

during RIA. High clad and fuel temperatures lead to an increase in the inner rod pressure 

during this late phase. In addition, the HBS pores were shown to be mainly open after the 

CABRI sodium test REPNa 5 [5] and fission gas could be released from the HBS pores into 

the plenum. Before the transient a large amount of fission gas is expected to be held in the 

HBS pores. Therefore additional fuel rod pressure increase is expected from the (significant) 
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transient fission gas release, e.g. confirmed by 21.6 % in the mixed oxide (MOX) fuel test 

REPNa 6 [48].  

 

If the inner rod pressure exceeds the coolant pressure in this high temperature phase, 

ballooning will take place due to creep [3, 49]. The maximal outward ballooning depends on 

cladding material state, pressure difference and temperature history. Measurements of the 

cladding hoop strain showed values of up to 123 % [50], limited to 25 % for pre-irradiated 

rods [3]. The ballooning leads to a thinning of the cladding. At the end the cladding can 

collapse both in axial and radial direction. The second potential failure mechanism appears 

during quenching [50]. The cladding can be brittle due to high temperature oxidation on the 

inner and outer clad surface (in case of clad temperatures > 1000 K in the late phase). The 

cladding can disrupt during quenching, if the rupture stress is exceeded.  

 

According to the late phase the clad-to-coolant heat transfer itself is of major interest due to 

its strong impact on the clad temperature and hence cladding failure caused by ballooning and 

high temperature oxidation [51]. The boiling crisis mechanism differs between transient and 

steady-state conditions (cf. Figure 6). During a RIA transient a considerable number of 

nucleation sites can be activated due to rapid energy injection in the fuel rod and delay time of 

the clad-to-coolant heat transfer. This leads to a high heat flux observable in NSRR tests as 

temperature plateau, until coalescence of bubbles causing the boiling crises [52]. Both coolant 

velocity and subcooling influence the clad-to-coolant heat transfer under RIA. More 

precisely, NSRR tests on fresh PWR fuel showed a decrease in peak clad temperature and in 

duration of film boiling with increase in flow velocity and subcooling [53]. Especially the 

subcooling can have a strong impact on the duration of film boiling. With regard to highly 

irradiated fuel rods no in-pile tests were performed hitherto with representative coolant 

conditions for hot zero power (HZP) which is the conservative scenario in most PWRs. 

Therefore, the planed tests in the OECD CABRI Water Loop Project will provide important 

experimental data for deeper analysis in the future.  

 

Because the NSRR tests in the 1980’s were conducted under pool conditions (stagnant water, 

atmospheric pressure, room temperature), IRSN, EDF and CEA initiated together the out-of-

pile PATRICIA experiments in France for both HZP in PWR (15 MPa, 553 K, 4 m/s) and 

NSRR pool conditions [51]. The temperature rates amounted 2200 K to 4900 K/s (HZP in 

PWR, 30 ms FWHM) and 6000 K/s to 12000 K/s (NSRR pool conditions, 5 ms FWHM). 
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Typical values of critical heat flux (CHF), critical surface temperature and film-boiling heat 

flux measured in PATRICIA are summarized in Table 2. The transient CHF values are greater 

than under steady-state condition in the PATRICIA tests, even up to a factor of ten/twelve for 

NSRR conditions [54]. This is confirmed by the different boiling crises mechanisms shown in 

Figure 6. The experimental uncertainty in measured CHF was estimated up to ±50%, caused 

by the sharp temperature increase.  

 

Table 2 – Values of critical heat flux, critical surface temperature and film-boiling heat flux 

measured in PATRICIA tests under steady-state conditions and RIA-like transients [3, 51, 55]  
 

Measured parameter 
PWR NSRR 

Steady-state Transient Steady-state Transient 

Critical heat flux [MWm-2] 3 4-6 1 12 

Critical temperature [K] 630 670 400 470-570 

Film-boiling heat flux [MWm-2] 3 1-2 0.2 1-5 

 

Furthermore oxide spallation (break away) as observed in the REPNa 1 test in the CABRI 

sodium loop is assumed to reduce the clad-to-coolant heat transfer due to lower surface 

roughness [15, 56]. Thus the clad temperature of the bare metal surface may rise to much 

higher values than of cladding with an oxide layer [3]. Thence plasticity effects and high 

temperature oxidation might occur as local phenomena. However, the cause of the early 

failure in the REPNa 1 test (failure enthalpy: 117-150 J/g) and whether this test is 

representative are investigated by an international task force [15]. In addition, oxide spallation 

was only observed in tests conducted in the sodium loop of the CABRI reactor. Therefore it is 

unclear whether oxide spallation is likely for light water reactors, too [3].  

 



Literature review 

 

19 
 

 

Figure 6:  Boiling crisis mechanism in stationary and transient conditions (based on visual 

observation in NSRR tests performed under subcooled pool boiling conditions) 

[54]  

 

 

2.3 State-of-the-art modelling in fuel performance codes for RIA 

 

Worldwide fuel performance codes are widely in use by safety authorities, research 

institutions, utilities and vendors to proof the conservation of the safety limits for fuel rods 

[57], e.g. in case of RIA [24] (see section 1.1). Features of fuel performance codes applied by 

a larger number of users are listed in Table 3 [3]. Additional code features and further fuel 

performance codes are described in Ref. [24, 25]. This section focuses on the range of 

application as well as state of thermal and mechanical analysis in 1D, 1½D and 2D fuel 

performance codes (geometrical representation, clad tube representation, pellet-clad contact 

modelling). Furthermore, recent and future developments are described for the RIA version of 

TRANSURANUS. More precisely, gaseous fuel swelling, transient fission gas release, 

specific clad properties for RIA, cladding failure criterion for RIA and plenum temperature 

(see chapter 3).  
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Table 3 – (Transient) fuel performance codes applicable to RIA taken from Ref. [3]  
 

 

 
FALCON 

MOD-01 

FRAPTRAN 

Version 1.3 

SCANAIR 

Version 3.2 

TRANSURANUS 

v1m1j96 

RANNS 

Version 1 

Maintaining 

organization 
EPRI, USA PNNL, USA IRSN, France 

JRC-ITU, 

Germany 
JAEA, Japan 

Range of 

application 

Transients, 

steady-state 

Transients 

only 
Transients only 

Transients, steady-

state 

Transients 

only 

Geometrical 

representation 
2D 1D 1½D1 1½D 1½D (2D2) 

Clad tube 

representation 
Thick wall Thin shell Thick wall Thick wall Thick wall 

Pellet-clad contact 

modelling 

Frictional 

sliding 
Axial sticking Axial sticking 

Frictional sliding 

[or axial sticking] 

Frictional 

sliding 

Fission gas 

release model 
NRO-MT None RIA NRO-MT 

NRO-MT and 

RIA 

Fuel gaseous 

swelling model 

Steady-state 

only 
No Transient only Steady-state only 

Steady-state 

only 

Cladding failure 

criterion for RIA 

Strain energy 

density 
Hoop strain 

Nonlinear fracture 

mechanics 
No 

Linear fracture 

mechanics 

NRO-MT: Model for normal reactor operation and mild transients.  

RIA: Specific model for reactivity initiated accidents  
1Pellet-clad contact modelling assumes a perfect sticking compared to the other 1½D fuel performance codes 

[24] (see subsection 2.3.4).  
2In RANNS, an optional 2D local model for detailed PCMI analyses can be applied to an axial segment that 

corresponds to the length of half a pellet [58].  

 

 

2.3.1 Range of application  

A few fuel performance codes in Table 3 are only applicable to transients/DBA like LOCA 

and RIA, other codes are validated for the whole range associated with normal operation, 

operational transients and transients/DBA. For codes of the first category, the initial fuel rod 

state at the end of the pre-irradiation/beginning of DBA has to be provided as input data. 

Thence these fuel rod characteristics have to be calculated by another fuel performance code 

capable to cope with steady-state conditions. Especially highly irradiated fuel rods can differ 

considerably in characteristics compared to fresh fuel, e.g. in power density profile due to 

radial burn-up profile in the fuel pellet or in gap width due to deformation of both fuel and 

cladding [3]. If the code application range contains both steady-state and transient, the fuel 

behaviour can be calculated by the same code in all stages/phases. This possibility represents 
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a consistent approach because the transfer of numerous parameters between two fuel 

performance codes such as the local stress state, the local fission gas amount in grains, in 

HBS pores and on grain boundaries might be difficult to handle. However, the “influence of 

the initial state of the fuel on the behaviour during RIA is difficult to assess.” [24] More 

experiences and computer simulations are needed to verify this influence. This might also be 

of interest for state-of-the-art LOCA analysis [59].  

 

 

2.3.2 Geometrical representation  

The fuel rod geometry can be modelled as 1D approach, quasi 2D (1½D) approach or 2D 

approach (cf. Table 3).  

 

According to the 1D and quasi 2D (1½D) approaches the fuel rod is divided axially in 

(hollow2) cylindrical segments (cf. Figure 10 and Figure 11 in see chapter 3). 

TRANSURANUS discretises radially each of these axial segments in cylindrical rings (so-

called coarse zones). Furthermore, each coarse zone consists of cylindrical rings (so-called 

fine zones). Material properties like the elasticity modulus are assumed to be constant inside a 

coarse zone. The mechanical formulations are based on the assumptions of plane strain and 

rotational symmetry in 1D and quasi 2D approaches. Regarding the thermal analysis the one 

dimensional energy equation is solved radially for the fuel pellet, the cladding and the 

surrounding structure, e.g. in TRANSURANUS [60]:  

 𝑐𝜌
𝜕𝑇

𝜕𝑡
=

1

𝑟

𝜕

𝜕𝑟
(𝜆𝑟

𝜕𝑇

𝜕𝑟
) + 𝑞′′′ (2) 

where 𝑐 is the specific heat capacity expressed in 𝐽

𝑘𝑔𝐾
, 𝜌 the density in 𝑘𝑔

𝑚3, 𝑇 the temperature in 

𝐾, λ the thermal conductivity in 𝑊

𝑚𝐾
, 𝑞′′′ the power density in 𝑊

𝑚3, 𝑡 the time in 𝑠, and 𝑟 the 

radius in 𝑚.  

 

The mechanical analysis refers to “the principal conditions of equilibrium and compatibility 

together with constitutive relations” [60] which are formulated in axial, radial and tangential 

direction. For example, TRANSURANUS applies as constitutive relation the Hooke’s law in 

its differential form in three dimensions [61]:  

                                                           
2 Hollow pellets are applied to the previous VVER fuel pellet design and to pellets owning central thermocouple. 
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 {𝑑𝜎} = [𝐷]−1{𝑑𝜀𝑒𝑙} + [𝑑𝐷]−1{𝜀𝑒𝑙} (3) 

where {𝑑𝜎} is the column vector of the change in stress consisting of an axial component 

(𝑑𝜎𝑎), a radial component (𝑑𝜎𝑟) and a tangential component (𝑑𝜎𝑡) expressed in 𝑁

𝑚2𝑠
, the 

column vector of elastic strain {𝜀𝑒𝑙} including also an axial component (𝜀𝑎
𝑒𝑙), a radial 

component (𝜀𝑟
𝑒𝑙) and a tangential component (𝜀𝑡

𝑒𝑙) as well as its change {𝑑𝜀𝑒𝑙}, the matrix [𝐷] 

containing the components of the elastic constants [
𝑁

𝑚2𝑠
] assumed as isotropic and constant 

inside a coarse zone in TRANSURANUS as well as its change [𝑑𝐷]. The column vector of 

elastic strain {𝜀𝑒𝑙} in eq. (3) can be determined by means of a semianalytical solution as 

follows:  

 {𝜀𝑒𝑙} = {𝜀𝑡𝑜𝑡} − {𝜀𝑒𝑥} (4) 

where {𝜀𝑡𝑜𝑡} is the column vector of the total strain and {𝜀𝑒𝑥} represents the column vector of 

the sum of inelastic strains. The change of inelastic strain {𝑑𝜀𝑒𝑥} is assumed to be a 

superposition of all strains excluding the elastic strain [61]:  

 {𝑑𝜀𝑒𝑥} = {𝑑𝜀𝑐𝑟} + {𝑑𝜀𝑝𝑙} + {𝑑𝜀𝑠} + {𝑑𝜀𝑡ℎ} + {𝑑𝜀𝑓} + {𝑑𝜀𝑠𝑖𝑛} (5) 

where the subscript 𝑐𝑟 symbolizes creep, 𝑝𝑙 instantaneous plastic, 𝑠 both solid and gaseous 

swelling, 𝑡ℎ thermal, 𝑓 crack strain, and 𝑠𝑖𝑛 hot-pressing. Each inelastic strain component is 

described by a correlation in TRANSURANUS. Eq. (5) is related to the description of the fuel 

and not all components are relevant for the inelastic strain {𝜀𝑒𝑥} of the cladding.  

 

Furthermore, to solve eq. (4) Lassmann derived the components of {𝜀𝑡𝑜𝑡} based on the 

compatibility equations under axisymmetric and plane boundary conditions neglecting the 

quadratic terms:  

 

𝜀𝑟
𝑡𝑜𝑡 =

𝑑𝑢

𝑑𝑅

𝜀𝑡
𝑡𝑜𝑡 =

𝑢

𝑅
𝜀𝑎

𝑡𝑜𝑡 = 𝑐𝑜𝑛𝑠𝑡

 (6) 

where 𝜀𝑎
𝑡𝑜𝑡, 𝜀𝑟

𝑡𝑜𝑡 and 𝜀𝑡
𝑡𝑜𝑡 are the total strains in axial, radial and tangential direction. 𝑅 

represents the radius of the deformed geometry defined as 𝑅 = 𝑟𝑟𝑒𝑓 + 𝑢, whereas 𝑟𝑟𝑒𝑓 

represents the radius of the reference geometry and 𝑢 the radial deformation. Assuming a 
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constant 𝜀𝑎
𝑡𝑜𝑡 along the radius is the main difference compared to 2D approaches. To close the 

set of equations, the equation of equilibrium in the radial equation is the last missing 

information for performing the mechanical analysis [61]:  

 
𝑑𝜎𝑟

𝑑𝑅
−

𝜎𝑟 − 𝜎𝑡

𝑅
= 0 (7) 

According to the 2D approach as applied by FALCON (cf. Table 3), the fuel rod geometry is 

solved on the basis of a finite-element numerical structure. The fuel performance code 

FALCON offers two modes for this approach [62]. On the one side, the 2D R-Z plane spatial 

model contains a fully axially and radially coupled approach assuming axisymmetric 

conditions. The main difference compared to 1D and quasi 2D (1½D) approaches is the 

solution of the equilibrium and compatibility equations in the considered element/zone taking 

into account also states in stress and strain of axial neighboured elements/zones. Because the 

axial strain isn’t set constant over the radius (as e.g. in the 1.5D approach applied in 

TRANSURANUS), phenomena like hourglass pellet shape can be simulated. On the other 

side, the 2D R-ϴ plane spatial model featuring a fully radial and azimuthal coupling can be 

applied to a cross section of a fuel rod. This second 2D mode was developed for local analysis 

of cracking and pellet clad interaction (PCI) in FRAPCON [62].  

 

To take benefit from the decreasing computational costs, recently multidimensional 

multiphysics tools were developed. One of them is the 3D code BISON maintained by Idaho 

National Laboratory (INL) [63], another one is named ALCYONE developed by CEA [64]. 

For example, BISON includes “fully-coupled partial differential equations for energy, species 

and momentum conservation” [63]. To solve this system of equations on two or three-

dimensional meshes (allowing higher order geometry) the INL Multiphysics Object Oriented 

Simulation Environment (MOOSE) [65] is applied. Due to a fine and multidimensional mesh 

high resolutions and 3D phenomena can be modelled, e.g. hourglass pellet shape, missing 

pellet surface, fuel cracking, eccentric position of the fuel stack in the fuel rod and influence 

of pellet chamfer on the cladding creep down during irradiation. However, one should be kept 

in mind that today’s post irradiation examinations (PIE) provide mainly one or two 

dimensional data, e.g. SEM, TEM, EPMA and SIMS [66-68]. Thence the validation of 3D 

modelling is a challenge. Nevertheless, 3D codes give the opportunity to model, analyse and 

understand in more detail local effects in the fuel and the surrounded cladding. The findings 
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might also be useful for a more accurate modelling in 1D, quasi 2D (1½D) and 2D fuel 

performance codes (e.g. improvement of approximations).  

 

 

2.3.3 Clad tube representation 

In Table 3 FRAPTRAN represents the only fuel performance code modelling the cladding as 

thin shell (one zone). The clad temperature, stress, strain and material properties are assumed 

to be constant/uniform over the clad thickness in FRAPTRAN [69], i.e. the cladding stress of 

a cross section is like the mid-wall value taking into account the inner and outer pressure on 

the cladding. Nevertheless uniform conditions in the cladding “is hardly the case in reactivity-

initiated accident” [3]. This is obvious from the sharp increase in temperatures, leading to 

large values in the periphery of highly irradiated pellets [58] (see chapter 3). For example, 

Figure 7 shows high differences between inner and outer clad temperature for the NSRR RIA 

test FK-10 [3, 70]. Both a high temperature gradient and a thin cladding can result in high 

thermal stresses over the cladding thickness. Therefore, all other fuel performance codes in 

Table 3 model the clad as a thick wall. A further advantage of this approach is the opportunity 

to take into account processes limited to one cladding surface only or that differ between the 

inner and outer cladding surface, e.g. oxidation, hydrogen uptake, and chemical processes due 

to bonding between fuel and cladding.  

 

 

Figure 7:  Clad inner and outer temperatures calculated by the Japanese fuel performance 

code RANNS for the NSRR RIA test FK-10 (peak power at 0 s). Left, 

experimental pulse width of 5.2 ms; right, larger pulse of 40 ms. [3, 70]  
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2.3.4 Pellet-clad contact modelling 

Axial friction forces 𝐹𝑙 between fuel and cladding are taken into account additionally in 1½D 

fuel performance codes, compared to 1D approaches (cf. Table 3). The 1½D fuel performance 

code SCANAIR is one exception because “the contact between the pellet and the clad 

assumes a perfect sticking” [24]3. Lassmann postulated that neglecting friction forces might 

lead to “major errors” [61]. Of course no friction forces are expected in fresh fuel due to an 

open gap (at least during normal operation). Due to fuel swelling and cladding creep down 

fuel rods of low and medium burn-up are expected to be modelled more reliable taking into 

account friction forces [3]. Finally, for highly irradiated fuel rods good simulation results 

were observed in the OECD RIA Fuel Codes Benchmark assuming axial perfect sticking 

between fuel and cladding [24, 25] (see chapter 3). This assumption refers to the bonding 

layer between the fuel and the cladding in case of high burn-up conditions [71].  

 

To allow high flexibility, the fuel performance code TRANSURANUS can model the pellet-

clad contact both in 1D and 1½D (quasi 2D) [60]:  

 

1) Friction forces are neglected, whereas a local no-slip condition is applied.  

2) Friction forces are neglected, whereas a slip condition is applied.  

3) Friction forces are taken into account.  

 

In the first approach, the local no-slip condition means an identical axial deformation 𝜀𝑎
𝑡𝑜𝑡 of 

fuel and cladding when they are in contact. Thence fuel and cladding are modelled as a unique 

structure for closed gap conditions (perfect axial sticking between fuel and cladding). 

According to the slip condition, fuel and cladding are modelled separately considering the 

radial contact as external force. Therefore, fuel and cladding deformations differ. The third 

approach takes into account the friction forces 𝐹𝑙 in the analysis. After convergence of the 

thermal and mechanical solution in each axial segment, 𝐹𝑙 is calculated for coupling the axial 

segments. This two-step process is iterated up to fulfilment of the convergence criteria for the 

friction: limited changes in 𝐹𝑙, identical axial deformation 𝜀𝑎
𝑡𝑜𝑡 of the fuel and cladding, and 𝐹𝑙 

lower than the adhesion forces. Because for each iteration loop the thermal and mechanical 

                                                           
3 In case of SCANAIR 1½D means strong coupling of thermal and thermal hydraulics solving (first iteration 

loop) as well as fission gas behavior module and mechanical solving (second iteration loop). However even if 

the fuel performance code TRANSURANUS model the pellet-clad contact in 1D, the thermal hydraulics (if 

calculated by the code), thermal behavior, mechanical behavior and fission gas behavior are still strongly 

coupled.  
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equations have to be solved again in each axial segment [61], computational costs can rise, 

especially under transient conditions.  

 

 

2.3.5 Ongoing model developments regarding TRANSURANUS  

TRANSURANUS [60] is applicable to both steady-state and transient conditions ranging 

from operational transients to DBA (cf. Table 3). One decade ago the TRANSURANUS code 

was successfully extended to LOCA as DBA [26]. As observable in Table 3 the fuel code’s 

features provide also a basis for its successful extension to RIA conditions. Another 

advantageous feature is the quick and stable numerical behaviour [60]. The potential for a 

RIA version is confirmed by earlier work performed by Lassmann. He implemented a point 

kinetics model (as alternative to the specification of the linear heat rate in the input) for a 

RIA. Nevertheless, in order to apply TRANSURANUS to RIA conditions, several models 

have either to be extended or newly developed for the RIA version of TRANSURANUS:  

 

• Gaseous fuel swelling: PCMI becomes more important during a RIA with higher burn-

up [3] as the fission gas filled pores in the HBS extend rapidly due to a sharp 

temperature increase and peaked radial temperature profile at the fuel periphery (see 

section 2.1 and subsection 2.2.1). Thence Van Uffelen et al. pointed out the need to 

evaluate and extend the thermal expansion model in TRANSURANUS for highly 

irradiated fuel rods under such conditions [26]. This means also a more precise 

modelling of the fuel conditions before the transient, e.g. the fuel porosity, pore size 

distribution, and amount of fission gas in the grains and HBS pores affected by 

depletion [35, 39]. For this purpose, recently a temperature dependent effective burn-

up [27] was introduced in the code taking into account the inhibition of the HBS 

formation due to defect annealing above a certain temperature (see section 4.2). Good 

agreement was found between this model and experimental results for the temperature 

threshold between unstructured and restructured fuel [20]. Afterwards Holt et al. 

applied their model to the Xe depletion performing a sensitivity study analysing the 

scatter in experimental data of Xe depletion. In the future this work will be extended 

by means of a more detailed description of the HBS porosity development and its pore 

size distribution in TRANSURANUS. At the end this should lead to a new model for 
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gaseous swelling under RIA conditions, leading to a more accurate determination of 

PCMI.  

 

• Transient fission gas release: High fission gas release was measured in PIE carried 

out on fuel rods withstanding a RIA transient (see section 2.2) [3]. Lemoine 

mentioned the need to understand in more detail the release processes of fission gas 

located on grain boundaries and in HBS pores [5]. According to TRANSURANUS, on 

the one side, a burst release model related to grain boundary bubbles is under 

development based on micro-cracking [72]. On the other side, an empirical burst 

release model associated to the HBS porosity was introduced, which determines the 

temperature dependent fission gas release [73, 74]. The latter work is based on former 

modelling of Győri and Blair for LOCA [75, 76]. The user can actually choose to 

apply this model during LOCA. In the future this model will be extended to the more 

rapid conditions under RIA. However, the fission gas release under accident condition 

is more complex than described in the model. For example, it depends also on 

temperature rate and stress state in addition to the temperature. The stress state seems 

also to be relevant for fuel fragmentation, which can be correlated to fission gas 

release [42]. Additional experimental data has to be created in order to be able to 

consider these dependences.  

 

• Temperature in the plenum: Today the lower and upper plenum temperatures are 

modelled in a simplified manner in fuel performance codes. According to the low 

temperature approximation in the TRANSURANUS code, the plenum temperature is 

set to the clad inner temperature of the considered plenum section. For the high 

temperature approximation, an average value of the clad inner temperature in the 

plenum section and the fuel temperature of the outer free surface cross section of the 

fuel stack represents the plenum temperature. A 2D model, assuming adiabatic 

conditions at the symmetry plane, is under development by Győri to describe more 

accurately the plenum temperatures [77]. Preliminary results for LOCA showed the 

influence of plenum temperature differences on the permanent tangential strain.  

 

• Material properties and failure criteria for cladding: A reliable modelling of the 

cladding deformation is of high importance. Today no specific material properties and 

cladding failure criteria are included in TRANSURANUS for RIA. On the one side, 
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the cladding behaviour will strongly influence the stress state in the fuel, if the fuel is 

in contact with the cladding. Accordingly, the stress state in the fuel seems to have an 

important impact on the fragmentation and the burst release [78]. Thence 

corresponding material properties for the cladding behaviour under RIA should be 

built in, i.e. oriented on Ref. [79] and experiments summarized in Ref. [80]. A suitable 

modelling should take into account the mechanical behaviour in both the low and high 

temperature phase (see section 2.2). The hydrogen uptake might also play a role [22]. 

Nevertheless, advanced cladding materials like M5® (AREVA) and Optimized ZirloTM 

(Westinghouse Electric) feature low hydrogen pick up rates [81]. On the other side, 

the implementation and validation of a suitable cladding failure criterion represents 

another important milestone. The criterion modelling depends on the mechanic model 

in the fuel performance code, hence the material properties. Today different 

approaches are applied for the fuel rod failure prediction under RIA (cf. Table 3), 

validated on in-pile and/or out-of-pile tests.  

 

As far as RIA is concerned, the performance of TRANSURANUS was already evaluated in 

international benchmarks like FUMEX-III organized by IAEA [57] and the OECD RIA Fuel 

Codes Benchmark [24, 25] (see chapter 3). Nevertheless, the number of validation cases are 

limited for RIA, compared to the code SCANAIR maintained by IRSN [82] (see subsection 

3.3.1). Thence the validation work is continued by JRC-ITU and the TRANSURANUS user 

group through participation in further international benchmarks. Furthermore new RIA tests 

in France will be performed in the frame of the OECD/NEA CABRI Water Loop Project [83], 

hence well and representative experimental data will be available in the next years (see 

section 3.1).  

 

 

2.4 State-of-the-art modelling of fuel behaviour in RIA licensing calculations 

 

2.4.1 Overview about traditional licensing approach 

To ensure the safety criteria for RIA like the fuel enthalpy limits (see section 1.1), core-wide 

simulations have to be performed for solving the equations for neutron transport, thermal 

hydraulics of the coolant, heat transfer between the cladding surface and the coolant, heat 

transfer inside the fuel rod, mechanical behaviour of the fuel rod and fission product 
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behaviour [3]. These phenomena are strongly coupled to each other and depend on both space 

and time. Today’s computer codes and their coupled code systems don’t yet allow 

simultaneously a great degree in detail in modelling of neutron kinetics, thermal hydraulics 

and fuel rod behaviour together. Thence state-of-the-art safety analysis still relies on offline 

coupled computer codes, meaning step by step analysis [10]. The following methodology is 

applied in the German licensing procedure for proving the RIA safety criteria:  

 

1) Lattice physics codes like APOLLO2 [84], CASMO [85] and HELIOS [86] generate 

homogenized cross-sections and neutron kinetics data for each fuel assembly design of 

the core loading map. Every fuel rod/pin of the fuel assembly is taken into account in 

these calculations to allow a pin-by-pin power reconstruction in the core simulator, i.e. 

fuel pins differ by fuel composition (UO2, MOX, UO2 with Gd), fuel enrichment and 

in case of BWR in rod length. The dependence from feedback parameters like fuel 

temperature have to be considered not only for the normal operation of the reactor, as 

requested e.g. in fuel cycle calculations, but also in the full range of variation during 

the imposed transients.  

 

2) Reactor dynamics codes like SIMULATE-3K [87] and DYN3D [88] solve the three 

dimensional neutron diffusion equation for two neutron energy groups as the core 

simulator (for LWRs). For this purpose, homogenized cross-sections and neutron 

kinetics data are taken from the previous step. The thermal hydraulics is modelled 

such that each fuel assembly is defined as vertical coolant channel, usually neglecting 

lateral flows that are typical for a PWR [89]. Furthermore, the fuel rod behaviour is 

generally determined by a simplified fuel behaviour model, integrated into the reactor 

dynamics code, applied to the representative fuel rod of each fuel assembly (see 

subsection 2.4.3). The initial fuel rod conditions like heat transfer coefficient in the 

gap (and radial power density profile) have to be provided as input. Nevertheless, the 

neutron kinetics depends (strongly) on the fuel temperature via the Doppler Effect. In 

addition the clad temperature influences the heat transfer between cladding and 

coolant [10].  

 

3) Sub-channel thermal hydraulics codes like COBRA [90], COBRA-FLX [91] and 

SUBCHANFLOW [92] describe the lateral flows inside the core which allows to 

analyse the potential of film boiling during RIA [8]. A further goal of this step is the 
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definition of hot channels. The codes take into account both vertical and lateral flows 

in their pin-by-pin analysis. In BWR the lateral flows are smaller due to canned fuel 

assemblies. Furthermore, details like the pressure drop due to spacers can be 

modelled. As boundary conditions, previous results of the reactor dynamics code are 

transferred to the sub-channel code, e.g. time-dependent nodal power density. 

Simplified fuel behaviour models are applied as in the reactor dynamics codes, 

normally requiring rod initial conditions as input [91]. For the German safety criteria 

detailed thermal hydraulics calculations are requested to approve the avoidance of 

significant film boiling during RIA [8].  

 

4) Fuel performance codes like FRAPTRAN [69] and TRANSURANUS [60] calculate 

fuel enthalpy and fuel temperature with respect to fuel rod failure thresholds (cf. 

Figure 1). The fuel rod behaviour is modelled in great detail (see section 2.3 and cf. 

Table 4). Some of the fuel performance codes like SCANAIR [93] (cf. Table 3 and see 

subsection 3.3.1) offer well validated thermal hydraulics modules and clad-to-coolant 

heat transfer correlations for RIA [51]. In contrast, the TRANSURANUS thermal 

hydraulics models cover the phases for normal operating conditions only. The thermal 

hydraulics conditions have to be provided as input to TRANSURANUS for accident 

simulations (e.g. taken from sub-channel codes). Furthermore, the node power density 

calculated by the reactor dynamics codes has to be supplied.  

 

The methodology represents a generic analysis, hence core designs of different cycles should 

be covered [8]. Therefore, the boundary conditions depend on conservative assumptions 

trying to meet all potential conditions:  

• Conservative values are selected for the initial reactor state, e.g. thermal power, 

peaked power distribution in the upper core and cycle status (begin of cycle (BOC), 

mid of cycle (MOC) and end of cycle (EOC) including or neglecting Xe equilibrium).  

• During the transient, the Doppler coefficient, the moderator temperature coefficient, 

the boron reactivity worth, the void reactivity worth and the fraction of delayed 

neutrons affect (strongly) important parameters like total nuclear power and local 

power distribution. Thence they have to be set to conservative values as well. 

Furthermore, the reactivity worth of the ejected control rod should be increased for 

conservative reasons.  
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• The clad-to-coolant heat transfer and the heat transfer in the gap affect the fuel 

enthalpy, hence they should either be decreased or increased depending on whether the 

safety analysis is either for PCMI or for DNB, respectively. On the one side, a higher 

fuel enthalpy can lead to more distinct PCMI with increased potential for fuel rod 

failure (cf. Figure 1) and to higher fuel temperatures potentially inducing fuel melting. 

On the other side, a lower fuel enthalpy can be caused by a higher heat transfer in the 

gap [24], which in turn leads to higher heat fluxes to the coolant and might lead to 

(earlier) onset of film boiling.  

To find the limiting scenario, several calculations have to be performed, differing e.g. in 

initial total nuclear power, and ejected control rod position and reactivity worth. Normally, a 

control rod inserted in a fresh fuel assembly represents the limiting scenario because of the 

higher additional reactivity due to greater amount of fissile material [3]. In addition, the pulse 

amplitude decreases rapidly with distance (see section 1.1). Thence the core-wide limiting 

fuel rod needs to be located by a search in the neighbourhood of the ejected control rod.  

 

 

2.4.2 General features of the reactor dynamics code DYN3D  

Reactor dynamics codes like DYN3D [88] are adopted in the second step of the core-wide 

safety analysis for RIA (see subsection 2.4.1). The best estimate code DYN3D is applied by 

several research centres, nuclear safety authorities, universities and industrial partners for both 

burn-up calculations (steady-state mode) and reactivity events (transient mode) in LWRs. It 

was primarily developed for a hexagonal fuel assembly geometry representative for the 

Russian Vodo-Vodyanoy Energetichesky Reaktor (VVER), and later extended to a quadratic 

fuel assembly geometry representative for western type reactors.  

 

DYN3D solves the three dimensional neutron diffusion equation based on two or multi 

neutron energy groups for each axial node of a fuel assembly. The solution relies on the 

homogenized cross-sections and neutron kinetics data calculated by a lattice physics code 

before (see subsection 2.4.1). Beside of neutron kinetics, DYN3D includes a four balance 

equations model describing one and two phase flows in the core [89], hence taking into 

account the strong coupling between neutron kinetics and thermal hydraulics. The 

conservation equations of mass, energy and momentum for two phase flow as well as the 
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conservation equation of mass for vapour phase are solved for each coolant channel, usually 

representing one fuel assembly. The four balance equations model is closed by a phase slip 

condition and the assumption that one of the phases is saturated. The source terms in the four 

equations are the volumetric heat rate, the pressure drop due to friction coefficients and the 

evaporation/condensation rates. Regarding the volumetric heat rate DYN3D contains a 

simplified fuel behaviour model like other reactor dynamics codes, i.e. solving the heat 

conduction equation [94] (see subsection 2.4.3). Beside the four balance equations, the 

thermal hydraulics modelling contains heat transfer and boiling correlations. In addition, the 

thermo-physical properties of water and steam are included in DYN3D. Because DYN3D is 

limited to the core region, several boundary conditions have to be provided in the input for the 

core inlet and outlet, e.g. coolant inlet temperatures. Furthermore, single friction coefficients 

are supplied in the input. Concerning hydraulic boundary conditions, either the pressure drop 

over the core is calculated iteratively for a given coolant core mass flow rate or for the mass 

flow rates of each channel, or the mass flow rate of each channel is determined iteratively for 

a given pressure drop. As mentioned one coolant channel represents usually one fuel 

assembly, hence the thermal hydraulics of all channels are coupled to each other via core 

inlet, core outlet pressure and core mass flow rate.  

 

 

2.4.3 Fuel behaviour modelling in the reactor dynamics code DYN3D 

The simplified fuel behaviour models in reactor dynamics codes like SIMULATE-3K [87] 

and DYN3D [88] don’t describe the fuel behaviour in great detail like fuel performance codes 

(cf. Table 4 based on Table 3). Thence these approaches are named as simplified fuel 

behaviour models, whereas the degree in detail can differ. For example, the cladding is 

modelled as thin shell in DYN3D. The total changes in fuel radius 𝛿𝑅𝑓𝑢𝑒𝑙 and cladding radius 

𝛿𝑅𝑐𝑙𝑎𝑑 are defined in DYN3D as following [94]:  

 𝛿𝑅𝑓𝑢𝑒𝑙 = 𝛿𝑅𝑓𝑢𝑒𝑙,𝑡ℎ + 𝛿𝑅𝑓𝑢𝑒𝑙,𝑒𝑙 (8) 

 𝛿𝑅𝑐𝑙𝑎𝑑 = 𝛿𝑅𝑐𝑙𝑎𝑑,𝑡ℎ + 𝛿𝑅𝑐𝑙𝑎𝑑,𝑒𝑙 + 𝛿𝑅𝑐𝑙𝑎𝑑,𝑝𝑙 (9) 

where the index 𝑒𝑙 symbolizes the change in radius due to elastic deformation, the index 𝑡ℎ 

due to linear thermal expansion, and the index 𝑝𝑙 due to plastic deformation. 𝛿𝑅𝑐𝑙𝑎𝑑,𝑝𝑙 is 

limited to cladding creep. For the fuel the plastic deformation isn’t taken into account in the 
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DYN3D fuel rod model at all (cf. eq. (8)). Furthermore, gaseous swelling is neglected, 

whereas it seems to have an important influence on PCMI observed at highly irradiated fuel 

rods under RIA (see subsection 2.2.1). The formulation of the fuel elastic deformation 

(𝛿𝑅𝑓𝑢𝑒𝑙,𝑒𝑙) only takes into account the contact pressure between fuel and cladding (Hooke’s 

law). Therefore, the elastic deformation of the fuel is equal zero in DYN3D for open gap 

conditions. For the cladding, the contact pressure, inner rod pressure and coolant pressure are 

considered for the elastic deformation (𝛿𝑅𝑐𝑙𝑎𝑑,𝑒𝑙). However, the increase in inner rod pressure 

caused by transient fission gas release isn’t taken into account because the fission product 

behaviour is neglected in DYN3D (cf. Table 4). This makes it difficult to model reliably 

potential transient clad failures due to ballooning (see subsection 2.2.2).  

 

Assuming realistic conditions batches of fuel assemblies are loaded in the core which were 

pre-irradiated in previous cycle(s). Fuel rod parameters like fuel pellet radius, cladding radius, 

gap width, released fission gas volume, inner rod pressure, heat transfer coefficient in the gap 

and radial burn-up profile (power density profile) depend strongly on the pre-irradiation and 

its conditions (e.g. fuel temperature (see section 4.2)). Some of these parameters can influence 

largely the neutron kinetics and/or thermal hydraulics (see chapter 6). To ensure reliable 

results, the reference/initial fuel rod state in DYN3D at BOC must therefore be based on pre-

calculations with a fuel performance code like TRANSURANUS [89].  
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Table 4 – Features of the simplified fuel behaviour model in DYN3D [94] compared to the 

fuel performance codes TESPAROD [95-97] and TRANSURANUS [60] (according to RIA) 
 

 DYN3D TESPAROD TRANSURANUS 

Maintaining 

organization 
HZDR, Germany GRS, Germany JRC-ITU, Europe 

Range of application 
Transients (applied also 

to steady-state) 
Transients only Transients, steady-state 

Consideration of pre-

irradiation 
Provision in the input1 Provision in the input1 

Calculation in the same 

calculation or via restart 

Geometrical 

representation 
1D 1½D 1½D 

Fuel compositions2 UO2 UO2, UO2 with Gd, MOX UO2, UO2 with Gd, MOX 

Burn-up range 
Fresh and low burn-up 

fuel 

Fresh, low, medium and 

high burn-up fuel 

Fresh, low, medium and 

high burn-up fuel 

Power density profile 
Provision as input 

(circuitous handling) 

Described by simple 

function of burn-up 

Detailed modelling 

(module TUBRNP [98]) 

Clad tube representation Thin shell Thin shell Thick wall 

Cladding materials Zry-4 
Zry-2, Zry-4, DUPLEX, 

M5®, ZIRLOTM 

Zry-2, Zry-4, DUPLEX3, 

M5®3, ZIRLOTM 3, Zr1Nb 

Waterside corrosion 

during normal operation 
None None 

Correlations for several 

cladding materials 

High temperature 

oxidation 

Oxidation rate according 

to Arrhenius law 

Leistikov, Cathcart-

Pawel, Baker/Just etc. 

Leistikov, Cathcart-

Pawel, Baker/Just etc. 

Hydrogen uptake None Yes None 

Pellet-clad contact 

modelling 
Axial sticking Axial sticking Frictional sliding 

Initial fission gas 
Inner rod pressure can be 

specified 

Depending on burn-up or 

FRAPCON [99] 

Detailed modelling 

(module FISPRO [100]) 

Fission gas release 

model 
None 

Model limited to grains 

and grain boundaries 

NRO-MT (transient 

under development) 

Fuel gaseous swelling 

model 
None None 

NRO-MT (transient 

under development) 

Cladding-coolant heat 

transfer phases 
All All All before DNB 

Cladding failure 

criterion for RIA 

Hoop stress > yield 

strength 

Hoop stress ≥ hoop burst 

stress 

None 

(under development) 

NRO-MT: Model for normal reactor operation and mild transients.  
1Should be taken from pre-calculations performed with a fuel performance code applicable to pre-irradiations.  
2In addition to LWR TRANSURANUS is also validated for different Gen-IV fuel compositions.  
3Property of TRANSURANUS users (confidential)  

 

More than one decade ago, the DYN3D fuel behaviour model [94] was developed and 

validated on RIA experiments performed on fresh fuel in the NSRR [16, 50, 101] and IGR 

[17] research reactors. Thence today some simplified fuel behaviour models in other reactor 

dynamics codes describe the fuel behaviour in greater detail than DYN3D. Studsvik’s 

simplified fuel behaviour model INTERPIN [102] applied to CASMO [85] and SIMULATE 

[87] is validated also for high burn-up conditions and MOX fuel. For example, the 

implemented fuel thermal conductivity accounts for high burn-up effects. The gap 
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conductivity (modelled as burn-up dependent) is validated on centreline fuel temperatures 

measured in the Halden reactor for normal operation [102]. Thence the initial value doesn’t 

have to be provided at the beginning of the transient (cf. Table 4 regarding to DYN3D). 

Furthermore, the INTERPIN modelling of the corrosion thickness was extended to high burn-

up conditions. In comparison with this, DYN3D doesn’t take into account the corrosion layer 

in the thermal and mechanical analysis. In addition INTERPIN determinates the fuel rod 

power density profile as a function of rod burn-up, while in DYN3D this parameter has to be 

provided circuitously in the input. Altogether the revised modelling in INTERPIN led to an 

increase of about 50-60 K in the average fuel temperature at nominal conditions [102]. 

However, the heat transfer coefficient in the gap, the released fission gas volume, the inner 

rod pressure and the gaseous swelling may differ (largely) during the transient. These changes 

are considered in a simplified way or even neglected in the INTERPIN modelling, compared 

to fuel performance codes. Especially the heat transfer coefficient in the gap is known to be 

important for the fuel temperatures. This can (strongly) affect the fuel temperature and 

enthalpy. Furthermore, it’s difficult or even impossible to provide reliable heat transfer 

coefficients in the gap based on pre-calculations due to plasticity effects in the cladding 

(ballooning) or/and fast kinetics (cf. Figure 36).  

 

 

2.5 Trend toward coupled code systems with detailed fuel behaviour modelling 

 

Over the last decades multi-physics code systems were developed and applied to reactor 

safety analysis, simulating in great detail both thermal hydraulics and neutron kinetics (i.e. 

high resolution of local fluid phenomena) [103, 104]. In addition, these coupled code systems 

allow the extension of their range of applicability (i.e. simulations including also the 

secondary circuit of PWR). This trend was taking benefit from the decrease in computational 

costs.  

 

In the frame of this evolution, the reactor dynamics code DYN3D was already coupled to 

various codes. For example, to the thermal hydraulics system codes ATHLET and RELAP 

[105, 106] using external, internal and parallel coupling approaches (cf. Figure 8), to the sub-

channel thermal hydraulics code SUBCHANFLOW and to CFD codes [103]. Another 

example represents Studsvik’s reactor dynamics code SIMULATE coupled to RELAP5-3D 

[107]. Another example is AREVA’s reactor analysis system ARCADIA® for PWR [108]. 
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Part of this code system is a two-way coupling between the reactor dynamics code ARTEMIS 

and the sub-channel code COBRA-FLX. Furthermore several reactor dynamics codes, 

thermal hydraulics system codes, sub-channel thermal hydraulics codes and CFD codes were 

integrated in the SALOME platform in the frame of the European Commission projects 

NURESIM (2005-2007) and NURISP (2007-2012) [109]. This platform simplifies the 

coupling of codes once integrated in SALOME, i.e. for the handling of data transfer and the 

combination of different discretisations.  

 

Most of the reactor dynamics, thermal hydraulics system, sub-channel thermal hydraulics and 

CFD codes contain a simplified fuel behaviour model and/or set-up of fuel rod parameters 

(e.g. heat transfer coefficient in the gap and power density profile) pre-calculated by a fuel rod 

performance code and provided as input tables [91]. The same holds for coupled code systems 

consisting of these codes. Nevertheless, the fuel temperature can influence the Doppler 

coefficient relevant for the neutron kinetics, and the clad temperature the clad-to-coolant heat 

transfer relevant for the thermal hydraulics. To take further advantage from the decreased 

computational costs, the benefit and potential has been analysed concerning the online 

replacement of the simplified fuel behaviour models through coupling approaches to fuel 

performance codes [109], especially for full two-way coupling approaches.  

 

 

Figure 8:  External (a) and internal (b) coupling methodology according to neutron 

kinetics/reactor dynamics code and thermal hydraulics system code in core wide 

analysis (red arrows denote data exchange) [3]  
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So far Rossiter et al. developed a one-way coupling approach to the fuel performance code 

ENIGMA for full core analysis [110]. In this approach Studsvik’s SIMULATE-5 provides its 

output like pin power history of every rod in the core and power plant operating data to 

ENIGMA. This new code system named ONUS allows a quick and comfortable integration of 

the fuel behaviour in core design calculations as well as even online support of the plant 

operation [111]. Nevertheless SIMULATE-5 still applies the fuel behaviour model 

INTERPIN [102] for the calculation of the three dimensional power histories (see subsection 

2.4.3). Thence the same simulation results would be obtained carrying out SIMULATE-5 and 

ENIGMA calculations in series.  

 

Similarly VTT coupled its thermal hydraulics model GENFLO to the transient fuel 

performance code FRAPTRAN (cf. Table 3) in an approximate way [112]. GENFLO 

provides an axial power profile (coming from a system code) and thermal hydraulics 

conditions to FRAPTRAN, which in turn transfers back the heat transfer coefficient in the gap 

and the flow area reduction due to ballooning. At the present stage, this code system contains 

an overlapping between the fuel rod model in GENFLO and the fuel performance code 

FRAPTRAN. Nevertheless, GENFLO is only called once by FRAPTRAN in each time-step, 

regardless of the number of iteration steps in FRAPTRAN.  

 

JNES presented a full online two-way coupling approach between the thermal hydraulics 

system code TRACE [113] and the fuel performance code FEMAXI [114] during the OECD 

RIA Fuel Codes Benchmark [24, 25]. The linear heat rate/nodal power were provided in the 

OECD benchmark specification (see chapter 3). Under this boundary condition FEMAXI 

transfers its calculated clad surface temperature to TRACE, which determinates the clad-to-

coolant heat flux and gives its value back to FEMAXI. Thence, the simulation contains a high 

degree in detail in thermal hydraulics and fuel behaviour modelling. This coupled code 

system is designed for a single pin. Therefore, at the beginning of this work no full two-way 

coupling to a fuel performance code had so far been reported in the open literature for 

calculating a whole LWR core online with detailed and well validated fuel behaviour 

correlations. In view of this, the reactor dynamics code DYN3D was coupled in a one-way 

and a two-way methodology to the fuel performance code TRANSURANUS in this work 

[115] (see chapters 5 and 6). More than two decades ago TRANSURANUS was already 

coupled to the European Accident Code EAC-2 for liquid metal fast breeder reactor 

(LMFBR) [116]. Nevertheless, the presented development isn’t based on this previous work. 
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On the one side, the TRANSURANUS code was extensively developed further in the last 

decades, hence the versions of the fuel performance code can (strongly) differ in code 

structure and models. On the other side, it was decided to develop a general 

TRANSURANUS coupling interface (see chapters 5) and to implement modifications in the 

TRANSURANUS code that could be generally used for future code couplings. In parallel to 

the development of the coupling in this work, the high-fidelity multi-physics system TORT-

TD/CTF/FRAPTRAN, combining in once the step 2 (transport neutronics code), step 3 (sub-

channel thermal hydraulics code) and step 4 (fuel performance code) of the German licensing 

methodology for RIA (see subsection 2.4.1), was developed [117]. Furthermore, the fuel 

performance code SCANAIR capable to RIA [82, 118] (cf. Table 3) was integrated into the 

SALOME platform in the frame of the European Commission project NURESAFE [119]. 

These different developments all allow analysing the benefit resulting from detailed online 

fuel behaviour modelling. For example, these approaches may have the advantages of 

applying more straightforward safety analysis, of performing more easily uncertainty analysis 

and maybe of reduction of conservatism in safety analysis [110].  
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3 OECD RIA Fuel Codes Benchmark for highly irradiated fuel rods 

 

In this work the fuel performance code TRANSURANUS was selected to increase the degree 

in detail in online fuel behaviour modelling in the simulation tools applied by HZDR (see 

chapters 5 and 6). The RIA version of TRANSURANUS is still under development [120]. 

Thence intensive verification and validation work have been carried out for applying 

TRANSURANUS to such conditions (cf. Figure 2). As representative experimental data for 

RIA are still limited (see section 3.1). Hence the code performance was evaluated by 

participation in the international OECD RIA Fuel Codes Benchmark for highly irradiated fuel 

rods in 2011/2012 (see sections 3.1, 3.2 and 3.3). At the beginning this benchmark allowed 

real blind TRANSURANUS calculations because information was not known about results of 

other benchmark participants at that time.  

 

To allow recommendations for future work, the results of TRANSURANUS (HZDR) were 

analysed in detail in this thesis. Some of the conclusions in section 3.3 are tentative and have 

to be investigated further in future work (e.g. by uncertainty analysis). They are nevertheless 

aligned with the recommendations of the OECD RIA Fuel Codes Benchmark. More precisely, 

e.g. “deeper understanding of the differences in modelling of the different codes”, and “clad 

to coolant heat transfer in case of water boiling is of particular interest because on the one 

hand large uncertainties exist on the models and on the other hand it makes large differences 

in the thermal as well as in the mechanical predictions” [24] were recommended for a follow-

up of this benchmark.  

 

 

3.1 Experimental data 

 

RIA tests on highly irradiated fuel rods  

For evaluating the performance of TRANSURANUS for RIA conditions and hence in parallel 

the capability to couple TRANSURANUS to the reactor dynamics code DYN3D (see 

chapters 5 and 6), a comprehensive experimental data review was conducted. In this regard, 

the OECD Halden Reactor Project (HRP) represents worldwide the most extensive 

experimental database for normal operation, for operational transients and for the design basis 

accident LOCA. This database contains both “in-pile” online measurements and “out-of-pile” 

data after irradiation (resulting from PIE). Altogether these data are essential to establish 
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safety limits and margins, material properties, micro- and meso-structural processes, and 

validation of fuel performance codes [121]. As RIA conditions are not available in the HRP, 

only the CABRI reactor in France [15] and NSRR in Japan [16] have been performing RIA 

tests relevant also for highly irradiated fuel rods in western LWR. However these tests 

concentrated mainly on fresh, low and medium burn-up fuel rods in the last decades [3], 

hence mainly not considering fuel rod failures due to PCMI (see sections 2.1 and 2.2). 

Furthermore these RIA tests are sometimes not fully representative for BWR and PWR 

conditions [24]. More precisely, a pulse width of a few ms in NSRR (instead of 30 ms and 

larger as typical in German PWR - see section 1.1) or/and sodium as coolant in the past 

CABRI (hence without occurrence of DNB) has no potential for fuel rod failures in the late 

phase of RIA (cf. Figure 4). In the future new RIA experiments will be performed in the 

OECD/NEA CABRI Water Loop Project analysing the highly irradiated fuel rod behaviour 

during RIA under conditions more representative for PWR, e.g. water as coolant [122]. For 

this purpose, a pressurized water loop was installed in the CABRI reactor. Due to unexpected 

challenges this OECD experimental project was delayed by more than one decade. Currently 

the first RIA test in the water loop is expected in 2016.  

 

While Germany has no direct access to tests performed in the large-scale RIA experimental 

program in the NSRR in Japan [16], the NSRR tests FK-1, FK-2 and FK-3 are available in the 

International Fuel Performance Experiments (IFPE) database of the OECD/NEA [123]. These 

three tests were performed on capsuled BWR fuel with limited burn-ups from 41 to 45 

MWd/kgU under stagnant water conditions and initiated from room temperature representing 

cold zero power (CZP). Furthermore Germany participates as member in the ongoing 

OECD/NEA CABRI Water Loop Project [122]. However, no CABRI test with water as 

coolant is available for the time being. Finally, Germany was not part of the out-of-pile 

PATRICIA experiments in France [3, 51, 54] analysing CHF, critical temperature and film-

boiling heat flux for steady-state and RIA conditions (see section 2.2).  

 

OECD RIA Fuel Codes Benchmark (2011/2012)  

Therefore the OECD RIA Fuel Codes Benchmark on highly irradiated fuel rods in 2011/2012 

[24, 25], organized by the OECD/NEA Working Group on Fuel Safety (WGFS), represented 

a good basis for the evaluation of the preliminary RIA version of TRANSURANUS.  
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The RIA tests CIP0-14 (in sodium in the CABRI reactor), VA-1 and VA-3 (both in stagnant 

water in the NSRR) were evaluated in this benchmark. Furthermore, results were predicted 

for the future RIA test CIP3-1 (in water in the CABRI reactor). The initial conditions of the 

belonging four test rodlets were almost identical. On one hand all four corresponding full 

length rods were fabricated by the vendor ENUSA in Spain with identical fuel rod 

characteristics (e.g. all have ZIRLOTM as cladding material). On the other hand, these full 

length rods were pre-irradiated under similar conditions in the PWR Vandellos-2 (up to 

maximum pellet burn-ups of around 75 MWd/kgU), with almost identical pre-irradiation 

conditions. After unloading from the reactor core two full length rods were refabricated to 

short test rodlets for the CABRI tests CIP0-1 and CIP3-1, another two for the NSRR tests 

VA-1 and VA-3 (see section 3.2). In the benchmark each RIA test was simulated under 

two/three different boundary conditions (cf. Table 5).  

 

Table 5 – Cases of the OECD RIA Fuel Codes Benchmark [24]  
 

Case # Reactor Rod Coolant Specific conditions 

1 
 

CABRI reactor 
 

CIP0-1 Sodium No boiling through sodium 

2 CABRI reactor CIP3-1 Water 
Hypothetical – Test in water, but boiling must be 

inhibited in the models 

3 CABRI reactor CIP3-1 Water 
Hypothetical – Test in water, but prescribe the clad 

outer temperature and use a flat axial power profile 

4 
 

CABRI reactor 
 

CIP3-1 Water Test in water, boiling possible 

5 NSRR VA-1 
Stagnant 

water 

Hypothetical – Test in water, but boiling must be 

inhibited in the models 

6 NSRR VA-1 
Stagnant 

water 
Test in water, boiling possible 

7 NSRR VA-3 
Stagnant 

water 

Hypothetical – Test in water, but boiling must be 

inhibited in the models 

8 NSRR VA-3 
Stagnant 

water 
Test in water, boiling possible 

 

At the benchmark initiation larger differences in calculated results were expected through 

different thermal hydraulics modelling in the codes (see section 2.2). This was even 

confirmed by the results for case #1 with sodium as coolant. To allow a pure comparison in 

fuel behaviour modelling, the thermal hydraulics boundary conditions were varied on purpose 

with different constraints for the water as coolant (cf. Table 5). For CIP3-1 three types of 

thermal hydraulic boundary conditions were applied: Firstly, boiling was inhibited (case #2). 

Secondly, clad outer temperatures determined by the fuel performance code SCANAIR [93] 

                                                           
4 Reference test in sodium for the RIA test CIP3-1 performed in water in the future 
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containing well validated clad-to-coolant heat transfer correlations for RIA conditions were 

taken (case #3). Thirdly, the thermal hydraulics were calculated by the code applied by each 

participant (case #4).  

 

In the frame of this work the performed CABRI test CIP0-1 in sodium (case #1) and the 

planned CABRI test CIP3-1 carried out in the new installed pressurized water loop (case #2 

and case #3) were calculated by HZDR (cf. Table 6). For this purpose, the fuel performance 

code TRANSURANUS was applied in this work. Results of the other benchmark cases (cf. 

Table 5) were not contributed by HZDR. On the one side the TRANSURANUS thermal 

hydraulics model is based on a simplified approach covering the phases before DNB only. 

Thence the simulation of the benchmark cases #4, #6 and #8 with boiling cannot be carried 

out with TRANSURANUS in standalone mode (without taking the thermal hydraulics 

conditions from another code). On the other side numerical instabilities occurred in the 

TRANSURANUS thermal hydraulics regarding to the NSRR capsuled fuel tests performed in 

stagnant water with inhibition of boiling (cases #5 and #7).  

 

Table 6 – Main characteristics of the CABRI tests determined in the OECD RIA Fuel Codes 

Benchmark [24] 
 

Rod 
Coolant 

medium 

pcool 

[MPa] 

Inlet Tcool 

[°C] 

Maximum injected 

energy* [cal/g] 

FWHM 

[ms] 

Failure 

[-] 

CIP0-1 Sodium ~0.3 280 99 32.4 Survived 

CIP3-1 Water 15.5 280 115 8.8 
Performed in 

the future 

*At peak power node 

 

However, the code system DYN3D-TRANSURANUS (see chapters 5 and 6) developed in 

this work should allow to calculate all of these cases in the future (as both one-way approach 

and two-way approach). For this purpose henceforth the 3D neutron kinetics model in 

DYN3D can be switched off [120], meaning that the linear heat rates have to be provided as 

input (e.g. given in the specification of the benchmark [24, 25]). Nevertheless, it should be 

kept in mind that the fuel rod and heat transfer model in DYN3D were validated on earlier 

RIA experiments performed in the Japanese NSRR and the Russian IGR [94]. In that context, 

both coolant velocity and subcooling can have a strong influence on the clad-to-coolant heat 

transfer under RIA [51, 54]. For example, CHF, critical temperature and film-boiling heat 

flux can differ (largely) between CABRI and NSRR tests (cf. Table 2). This might be the 
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main reason for the (partly) larger deviations in clad temperature seen in the results of the 

different TRANSURANUS participants. More precisely, the results of Università di Pisa 

(UNIPI5) based on thermal hydraulics boundary conditions pre-calculated with RELAP5-3D 

[124] (cf. Figure 18), the ones of TÜV NORD EnSys Hannover GmbH & Co. KG and HZDR 

on the simplified TRANSURANUS thermal hydraulics model.  

 

 

3.2 Generation of TRANSURANUS inputs 

 

Advanced users apply the fuel performance code TRANSURANUS also to complex 

irradiation experiments, i.e. performed in the OECD Halden Reactor Project in Norway [43], 

OECD CABRI Water Loop Project in France [15] and NSRR in Japan [16]. In such 

experiments a fuel rod passes different stages (cf. Figure 9): Firstly, a full length fuel rod is 

irradiated in a power reactor, secondly it is refabricated to a short test rodlet equipped with 

measurement devices in the hot cells, thirdly irradiated/tested in a research reactor.  

 

 

Figure 9:  Stages of the fuel rod in a complex irradiation experiment compared to its 

simulation in TRANSURANUS (individual figures taken from [125])  

 

                                                           
5 Marked as PISA in the figures of the OECD RIA Fuel Codes Benchmark 



OECD RIA Fuel Codes Benchmark for highly irradiated fuel rods 

 

44 
 

To ensure a realistic fuel behaviour modelling as best as possible, the whole irradiation 

history beginning from zero burn-up has always to be given to fuel performance codes like 

FEMAXI [114], FALCON [62] and TRANSURANUS [60] (see subsection 5.1.4). Therefore, 

the challenge exits to take into account changes in fuel rod design (cf. Figure 9) and thermal 

hydraulics conditions (cf. Table 7) in this kind of fuel performance simulations (see 

subsections 3.2.1 and 3.2.2). More precisely for CIP0-1, thermal hydraulic conditions can 

differ in coolant (water vs. sodium) and coolant channel geometry (quadratic configuration vs. 

annular flow channel). In addition the fuel rod design can change e.g. in fuel rod length (full 

length rod vs. short test rodlet) and gas composition (puncturing and refilling during the 

refabrication). Finally, different axial resolution of the time-dependent rod power and thermal 

hydraulics conditions as well as limited application range of models must be accounted for.  

 

Other fuel performance codes like SCANAIR [93], FRAPTRAN [69], RANNS [126] and 

TESPAROD [96] are limited to transient conditions, hence the fuel rod conditions at the 

beginning of the transient have to be provided in the input of these codes (see section 2.3).  

 

Table 7 – Thermal hydraulics conditions in power reactor vs. research reactor (CIP0-1) [25] 
 

Reactor 
Coolant 

medium 

pcool 

[MPa] 

Inlet Tcool 

[°C] 

Inlet flow rate 

[kg/h] 

Hydraulic 

diameter [mm] 

PWR 

Vandellos-2 
Water 15.51 290.5 - 292.4 1019 - 1025 

11.7 

(quadratic) 

CABRI Sodium ~0.3 279.7 1112 
14.2 

(annular) 

 

 

3.2.1 Pre-irradiation in power reactor  

 

Fuel rod design 

Both the fabricated pellet characteristics (e.g. diameter, dish, chamfer, enrichment, density, 

densification and grain size) and the fabricated cladding characteristics (e.g. inner diameter, 

outer diameter and material) are specified in detail in the benchmark specification [25]. 

Thence the fabricated fuel rod characteristics could be described in detail in the 

TRANSURANUS input. Concerning the cladding material, the standard TRANSURANUS 

version does not contain material properties for ZIRLOTM (cf. Table 4), hence the cladding 

was modelled with the material properties of Zry-4. Advanced cladding materials like 

ZIRLOTM are characterized by a slower oxide layer build-up [127], compared to Zry-4. As a 
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second order effect, the clad corrosion layer thickness could therefore be overestimated by 

TRANSURANUS at the end of the pre-irradiation in the PWR Vandellos-2.  

 

As explained before, the RIA test rodlet was cut from the full length fuel rod, irradiated in a 

standard fuel assembly in the power reactor (cf. Figure 9 and see subsection 3.2.2). Only the 

part of the full length fuel rod tested under RIA conditions was calculated by 

TRANSURANUS for the pre-irradiation. For this purpose, the specified lower and upper 

plenum volumes of the full length fuel rod were scaled down according to the length ratio of 

the test rodlet over the full fuel rod. The TRANSURANUS input values of initial fill gas 

pressure and fill gas temperature are independent on the scaling.  

 

Time-dependent rod power and thermal hydraulics conditions 

The linear heat rate, fast neutron flux, coolant flow rate, coolant pressure, coolant temperature 

and hydraulic diameter have to be provided in the TRANSURANUS input for each time step. 

The linear heat rate (including their axial distributions) were provided in the benchmark 

specification for BOC, MOC and EOC of each of the five cycles in the power reactor [25]. 

The thermal hydraulics parameters were given as constant during each cycle and differed only 

slightly between the cycles in the Vandellos-2 reactor (cf. Table 7). The fast neutron flux was 

not given, hence it was assumed to be proportional to the linear heat rate. The factor was 

taken from one U.S. PWR because the Vandellos-2 reactor is based on a Westinghouse PWR 

design.  

 

During the simulation by TRANSURANUS, any modification of the discretisation of the fuel 

rod and any manual introduction of geometrical changes should be avoided. Nevertheless, the 

axial discretisation depends on several parameters, e.g. time-dependent rod power, (time-

dependent) thermal hydraulics conditions, or/and locations of special online measurements in 

a research reactor (e.g. thermocouples). Furthermore, their suitable discretisation can differ 

between power reactor and research reactor. Normally the axial distributions are measured 

with lower resolution in a power reactor than in a research reactor. For example, the linear 

heat rate is provided at 10 locations in the PWR Vandellos-2 and at 29 locations in the 

CABRI reactor regarding to CIP0-1 (both values referring to the test rodlet length) [25].  

 

In the following two methodologies are described to specify an identical axial discretisation 

among the whole simulation. This description refers to the slice version option in 
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TRANSURANUS. The bottom of a slice/axial zone is defined by the half distance between its 

value location and the next underneath lying value location, and vice versa for the top of a 

slice/axial zone. The geometrical representation of TRANSURANUS is based on a 1½D 

approach, hence a value at the location is assumed as constant over the whole height of the 

slice/axial zone.  

 

1) First methodology: The axial resolution/discretisation of the research reactor is taken 

for the whole TRANSURANUS simulation including the pre-irradiation (cf. Figure 

10). Thence the set of values belonging to the research reactor changes at each 

boundary of a slice/axial zone. For the power reactor, the values of the new axial 

resolution/discretisation (based on the research reactor) are calculated through an 

interpolation/extrapolation of the values of the original axial resolution/discretisation 

(based on the power reactor). The values belonging to the power reactor changes also 

at each boundary of a slice/axial zone.  

 

 

Figure 10: First methodology to combine different axial resolutions/discretisations in power 

reactors and research reactors (example on linear heat rate with resolution of two 

locations in power reactor and three locations in research reactor)  

 

2) Second methodology: Normally the bottom and top of axial zones/slices of the 

research reactor distribution do not overlap with the ones of the power reactor 

distribution. The axial resolution/discretisation of the second methodology combines 

the ones of both power reactor and research reactor for the whole TRANSURANUS 

simulation including the pre-irradiation. Therefore, the combined axial 

resolution/discretisation is normally finer than both axial resolutions/discretisations 
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alone (cf. Figure 11). At the same time this means that a bottom/top of an axial zone 

of the power reactor or research reactor defines the bottom/top of the axial zone in the 

combined axial resolution/discretisation and the top/bottom of the following axial 

zone. Thence the set of values belonging either to the power reactor or to the research 

reactor changes at a boundary of an axial zone. Furthermore, both sets of values will 

change at a boundary of an axial zone, if bottom/top of axial zones of both axial 

resolutions/discretisations overlap. In the extreme case this second methodology can 

lead to very small heights for a few axial zones. For example, this was/would be the 

case for the TRANSURANUS calculations of the NSRR tests VA-1 and VA-3 

(benchmark cases #5, #6, #7 and #8; cf. Table 5). For very low zone heights numerical 

instabilities can occur in the simulation, although TRANSURANUS is known as a 

very stable fuel performance code. This second methodology was applied in the 

TRANSURANUS calculations (HZDR) for the OECD RIA Fuel Codes Benchmark 

[24, 25].  

 

 

Figure 11:  Second methodology to combine different axial resolutions/discretisations in 

power reactors and research reactors (example on linear heat rate with resolution 

of two locations in power reactor and three locations in research reactor)  

 

Model options 

The required TRANSURANUS model options were applied as in a previous work for several 

fuel rods irradiated in power reactors [128]: Selection of the kind of thermal and mechanical 

analysis (either complete thermal-mechanical analysis or only thermal analysis), the kind of 

mechanical analysis (either explicit technique or visco-elastic approximation), the axial 

friction force model (either no-slip condition, slip condition or axial friction forces), the heat 
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transfer coefficient between cladding and coolant (either application of heat transfer 

correlations, set to infinity in case of providing of clad outer temperatures as outer boundary 

or providing as input), the plenum temperature model (either low temperature approach, high 

temperature approach or providing as input), the grain growth model (either no grain growth 

or model of Ainscough and Olsen [129, 130], the grain boundary fission gas behaviour model 

(either not treated or treated with one of the existing modelling approaches), the fission gas 

release model (either not treated or treated with one of the existing modelling approaches), the 

algorithm solving the diffusion equation for intragranular gas release (either Urgas algorithm 

[131] or Formas algorithm with selectable number of exponential terms [132]), the threshold 

burn-up for fission gas release from the HBS (either standard value or specified value for 

advanced users) and the convergence limits (either standard accuracy or specified value for 

advanced users).  

 

Of course the selected model option set can influence considerably the simulated fuel rod 

behaviour/conditions, e.g. gap width and amount of fission gas in the free volume at the 

beginning of the transient. Therefore, in general the set of model options should be selected 

with great care.  

 

 

3.2.2 Refabrication in hot cells and RIA transient in research reactor 

 

Fuel rod design  

After the pre-irradiation in the power reactor Vandellos-2 the full length fuel rod underwent 

PIE in the hot cells (e.g. visual inspection, puncturing of fission gas and γ-scan for the burn-

up along the fissile column). Afterwards short fuel test rodlets were refabricated from the full 

length fuel rod (e.g. including installing of devices for cladding elongation and gas filling). 

More precisely, e.g. the mother rod fuel fissile height of the CABRI test CIP0-1 amounted to 

3657.6 mm, the belonging fuel test rodlet 541 mm [25]. Then this mentioned test rodlet was 

installed in a test section containing several measurement devices like thermocouples, 

pressure transducers, flowmeters, void detectors and microphones. Finally, this test section 

was loaded in the CABRI cell for in-pile RIA testing.  

 

To take into account the fuel rod refabrication prior to the transient simulation, details of the 

TRANSURANUS restart file generated at the end of the pre-irradiation have to be modified 
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(cf. Figure 9). For example, the new total amount of gas components has to be specified for 

the free volume. The fuel rod length does not have to be modified because only this section of 

the full length fuel rod is simulated by TRANSURANUS regarding the pre-irradiation. 

Manual geometrical changes should be avoided during the simulation of a complex irradiation 

experiment with TRANSURANUS (see subsection 3.2.1).  

 

Time-dependent rod power and thermal hydraulics conditions  

The discretisation of this data should be identical for both during the pre-irradiation and 

during the transient (cf. Figure 10 and Figure 11; see subsection 3.2.1). The same data as for 

the pre-irradiation has to be provided in the TRANSURANUS input for the transient, i.e. 

linear heat rate, fast neutron flux, coolant flow rate, coolant pressure, coolant temperature and 

hydraulic diameter (see subsection 3.2.1).  

 

Potentially post-crises heat transfer has to be taken into account during the RIA transient (see 

subsection 2.2.2). If DNB occurs (as expected in the upcoming CABRI test series), 

TRANSURANUS will be only capable to model the clad-to-coolant heat transfer before 

DNB, not the post-critical-heat-flux heat transfer [120]. Therefore, in this case the coolant 

temperature mentioned above represents the clad outer temperature. Alternatively, the clad-to-

coolant heat transfer coefficient can be provided time-dependently in the TRANSURANUS 

input (see also the below passage “Model options”). Both thermal hydraulics boundary 

conditions have to be determined before, e.g. carrying out calculations with a thermal 

hydraulics system code validated for RIA conditions. According to the benchmark case #3 the 

provided clad outer temperature was calculated by IRSN with its fuel performance code 

SCANAIR [25]. In the future the lack of a full thermal hydraulics model in TRANSURANUS 

can be compensated by coupling TRANSURANUS to a code containing a thermal hydraulics 

model validated for RIA conditions (see section 3.1, chapter 5 and chapter 6).  

 

It is obvious that the linear heat rate will change much more rapidly in a RIA transient than 

during the pre-irradiation in a power reactor (cf. Figure 12). Thence this kind of data are 

measured with high frequency in research reactors (e.g. the linear heat rate 1002 times over a 

period of 2.001 s for the benchmark case #1 (cf. Table 5)). Therefore, the amount of data, 

which has to be provided in the TRANSURANUS input, is (much) larger compared to the 

pre-irradiation in the power reactor.  
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Figure 12: Node linear heat rate over time (benchmark case #1). Left, during pre-irradiation 

in the power reactor [25]; right, during RIA test CIP0-1 in the research reactor 

CABRI (extracted from TRANSURANUS (HZDR) results).  

 

Model options  

A few model options have to be changed because some selected correlations are either limited 

to normal operation conditions or to specific geometries. As for the characteristics of the fuel 

rod design the TRANSURANUS restart file has to be modified. For example, another set of 

clad properties were selected for transient conditions. This affects the modelling of creep 

anisotropy coefficients, creep strain, burst stress and crystallographic phase. However, the 

applied correlations are validated for LOCA, hence in the future clad properties for RIA 

should be implemented in TRANSURANUS (see subsection 2.3.5). Additionally, the 

cladding corrosion model was modified. According to benchmark case #1 this included also a 

coolant change from water to sodium (cf. Table 7). Furthermore, the change in coolant 

channel geometry has to be taken into account (quadratic configuration vs. annular flow 

channel). The average plenum temperature has to be calculated by the high temperature 

approach instead of the low temperature approach chosen for the pre-irradiation. According to 

the benchmark case #3 the clad outer temperature was given in the benchmark specification 

[25], pre-calculated by the code SCANAIR [93]. Therefore, the model assuming infinite clad-

to-coolant heat transfer was selected.  
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3.3 Analysis of TRANSURANUS results  

 

3.3.1 Spectrum of fuel performance codes 

 

Results were provided by 17 organizations from 14 countries (cf. Table 8). A wide spectrum 

of fuel performance codes capable to simulate transient conditions was applied for this task: 

FALCON [62], FEMAXI [114], FRAPTRAN [69], RANNS [126], RAPTA [133], SCANAIR 

[93], TESPAROD [96] and TRANSURANUS [60]. Among all codes FRAPTRAN and in 

particular SCANAIR represent the fuel performance codes with the most comprehensive 

validation on experimental data for RIA. In SCANAIR, the mechanical properties of the 

cladding were validated on the PROMETRA experimental program [134], the modelling of 

heat transfer between cladding and coolant on the PATRICIA experiments [55] (see 

subsection 2.2.2), and the PCMI models on the twelve integral tests REP-Na in the CABRI 

reactor [15] and on integral tests conducted in NSRR [16] (see subsection 1.1). Thence the 

modelling in TRANSURANUS could be compared to well validated and state-of-the-art RIA 

models in this benchmark. In contrast, the Russian code RAPTA was mainly validated on 

RIA tests performed on VVER annular fuel pellets where the central hole provides additional 

free volume for fuel expansion in RIA [3]. This might lead to weaker PCMI (see subsection 

2.2.1), i.e. no PCMI cladding failure was observed in RIA tests on VVER fuel. Thence it is 

questionable whether RAPTA is sufficiently validated for the description of pellet-clad 

contact for solid pellets. It should be noted that an increased number of VVER fuel assemblies 

feature solid pellets instead of annular pellets [135].  

 

HZDR participated from the beginning of the benchmark. Before the first benchmark meeting 

each participating institution did not know the results of the other participants. This allowed 

real blind TRANSURANUS calculations without any information about results of other 

benchmark participants. The other participating TRANSURANUS users TÜV NORD EnSys 

Hannover GmbH & Co. KG in Germany, Nuclear Research Institute Řež plc (NRI) in Czech 

Republic and UNIPI in Italy provided their results in a later stage of the benchmark. In 

addition to these results HZDR provided a filled questionnaire summarizing the 

TRANSURANUS code features and together with JRC-ITU both short and long 

TRANSURANUS code description for the OECD benchmark report [24, 25].  
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Table 8 – Codes applied by participants in OECD RIA Fuel Codes Benchmark [24] 
 

Contributor Country 
Computer Code 

Pre-irradiation RIA transient 

BOCHVAR Russia RAPTA 5.2 RAPTA 5.2 

CIEMAT Spain 
FRAPCON 3.4a SCANAIR 7.1 

FRAPCON 3.4a FRAPTRAN 1.4 

GRS Germany FRAPCON 3.3 TESPAROD 

HZDR Germany TRANSURANUS TRANSURANUS 

IRSN France FRAPCON 3.4a SCANAIR 7.2 

JAEA Japan FEMAXI RANNS 

JNES Japan FEMAXI FEMAXI/TRACE 

KINS South Korea FRAPCON 3.4 FRAPTRAN 1.4/TRACE 

MTA EK6 Hungary FUROM FRAPTRAN 1.3/TRABCO 

NRC United States FRAPCON 3.4a FRAPTRAN 1.4 

NRI Czech Republic 
TRANSURANUS FRAPTRAN 1.4 

TRANSURANUS TRANSURANUS 

PSI Switzerland FALCON-PSI FALCON-PSI 

SSM Sweden 
FRAPCON 3.3 SCANAIR 3.2 

FRAPCON 3.3 SCANAIR 7.1 

TRACTEBEL Belgium FRAPCON 3.4a FRAPTRAN 1.4 

TÜV NORD Germany TRANSURANUS TRANSURANUS 

UNIPI7 Italy TRANSURANUS TRANSURANUS/RELAP5 

VTT Finland ENIGMA SCANAIR 6.6 

 

 

3.3.2 Use of input data (comparison to other fuel performance codes)  

 

Linear heat rate  

The time-dependent linear heat rate was provided in the benchmark specification [25]. 

Therefore, identical code results were expected for the injected energy. Nevertheless, the 

lower bound and upper bound of all predictions differ around 10 cal/g in the case #1 (cf. 

Figure 13). For all benchmark cases simulated by HZDR, the injected energy calculated by 

                                                           
6 Marked as EK in the figures of the OECD RIA Fuel Codes Benchmark 
7 Marked as PISA in the figures of the OECD RIA Fuel Codes Benchmark 
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TRANSURANUS (HZDR) is in very good agreement with SCANAIR (IRSN), see Figure 13 

for case #1. This is important because small derivations in injected energy can be sensitive to 

important fuel parameters, e.g. fuel enthalpy and fuel temperature.  

 
Figure 13: Energy deposited over time in the whole rodlet (benchmark case #1) [25]  

 

Clad temperature  

For case #3 the clad outer temperature was given in the benchmark specification [25]. Thence 

very good agreement in this parameter could be observed (with exception of the results from 

JNES and UNIPI). Nevertheless, differences in clad inner temperature (impact on e.g. fuel 

temperature and fuel enthalpy) may still occur because of different clad tube representation. 

Some fuel performance codes like FRAPTRAN (cf. Table 3) and TESPAROD (cf. Table 4) 

model the clad tube only as thin shell. This approach assumes constant/uniform temperature, 

stress, strain and material properties over the clad thickness (see subsection 2.3.3). However, 

the clad temperature can differ considerably over the clad thickness during RIA (cf. Figure 7).  

 

Initial conditions (e.g. gap width)  

Ideally, fuel rod parameters during pre-irradiation and during the RIA transient are 

determined by the same fuel performance code (e.g. FEMAXI, FALCON and 

TRANSURANUS). As an alternative, a steady-state fuel performance code (e.g. FRAPCON) 

and a transient fuel performance code (e.g. SCANAIR and FRAPTRAN) can be applied in 

series (see section 3.2). As the number of calculated variables can be (very) high in fuel 

performance codes (e.g. in case of TRANSURANUS), it might not be possible to transfer all 
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of them between the steady-state code and the transient code for the characterization of the 

initial conditions of the RIA transient.  

 

If the initial conditions are not identical, differences between both simulation methodologies 

can occur easily in the results of the RIA transient. For example, the (initial) gap width is 

sensitive to the local temperature (cf. Figure 14). Hence, (initial) differences in gap width 

influence the heat transport out of the pellet, and can strongly influence the fuel behaviour 

during the late phase during RIA, even more under post crisis conditions (cf. Figure 4 and see 

subsection 2.2.2). In the early phase of RIA, initial differences in gap width may not have a 

large impact on the fuel behaviour with regard to PCMI because gap closure takes place at the 

same time of energy injection (depending on the burn-up conditions and the characteristics of 

the power pulse).  

 
Figure 14:  Gap width over time at peak power node (benchmark case #3) [25]  

 

 

3.3.3 Thermal behaviour (comparison to other fuel performance codes)  

 

For the work presented in chapters 5 and 6 a good prediction of the thermal behaviour in 

TRANSURANUS is essential because fuel temperature and clad temperature are transferred 

back to the reactor dynamics code DYN3D in the two-way coupling approach (see chapter 6). 

The fuel temperature affects directly the neutron kinetics through the Doppler temperature. 
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The clad temperature affects the thermal hydraulics through clad-to-coolant heat transfer in 

DYN3D.  

 

Rodlet enthalpy  

The evolution of the rodlet enthalpy is a key parameter for comparison because it is affected 

considerably by the injected energy (cf. Figure 13), the power density profile / the heat release 

distribution, the fuel thermal conductivity, the heat transfer in the gap and the clad-to-coolant 

heat transfer. The impact of the power density profile, fuel thermal conductivity and heat 

transfer in the gap can be seen in the analysis with the coupled code system DYN3D-

TRANSURANUS presented in chapter 6 and in Ref. [10].  

 

In the three simulated benchmark cases, the rodlet enthalpy of TRANSURANUS (HZDR) 

agrees well in maximum value and shape to almost all other codes. Figure 15 illustrates the 

situation for case #3 with prescribed clad outer temperatures, i.e. excluding the differences 

caused by clad-to-coolant heat transfer modelling. However, for TRANSURANUS (HZDR) 

the enthalpy decreases more rapidly than for SCANAIR (IRSN). One main reason can be the 

gap width (cf. Figure 14) being a sensitive parameter with regard to the heat transfer in the 

fuel rod. A larger gap width entails a decrease in the gap heat transfer coefficient, hence a 

slower reduction in rodlet enthalpy.  

 

 

Figure 15:  Variation of enthalpy over time in the whole rodlet with respect to initial 

conditions of the transient (benchmark case #3). Left, results provided by all 

participants of the benchmark; right, selected results from the left side. [25]  

 

Fuel temperature  

Other reasons for the differences in benchmark case #3 (Figure 15) can be the power density 

profile and the fuel thermal conductivity. To understand the impact, the temperature profile 
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and its time evolution should be discussed. At the beginning of a RIA transient, high burn-up 

fuel is heated almost adiabatically according to the radial power density profile [3]. This leads 

to a temperature profile peaked in the pellet periphery [3]. The maximum fuel temperature of 

the whole transient occurs at the time of energy injection, meaning at the beginning of the 

RIA transient (cf. Figure 16). TRANSURANUS (HZDR) predicted a 50 K higher maximum 

fuel temperature compared to SCANAIR (IRSN) at the beginning, before the maximum fuel 

temperature decreases in the course of the transient (cf. Figure 16). This results from a higher 

maximum rodlet enthalpy in TRANSURANUS at the beginning (cf. Figure 15). However, 

this difference is still in the range of the uncertainty of fuel performance codes. At the same 

time the radial location of the maximum temperature is almost identical between 

TRANSURANUS (HZDR) and SCANAIR (IRSN) in Figure 17, meaning the modelling of 

the power density profile is similar in both codes. In the course of the RIA transient this 

location moves towards the fuel pellet centre (cf. Figure 17). This is influenced strongly by 

the fuel thermal conductivity. The location of maximum fuel temperature calculated by 

TRANSURANUS (HZDR) is in good agreement with SCANAIR (CIEMAT-S). SCANAIR 

(IRSN) predicts a slightly slower shifting of this maximum toward the pellet centre over the 

time. Nevertheless, only TESPAROD (GRS) shows a better agreement in the radial location 

predicted by SCANAIR (IRSN) than TRANSURANUS (HZDR). If the radial peak 

temperature stays longer in the outer part of the pellet, the average distance to the gap and the 

cladding is shorter and a steeper decrease in average fuel temperature and average fuel 

enthalpy can be expected from this. However, it is the opposite in Figure 15, potentially due 

to a higher impact of the gap width (cf. Figure 14) and (maybe) a lower fuel thermal 

conductivity.  

 

 

Figure 16:  Fuel maximum temperature over time at peak power node (benchmark case #3). 

Left, results provided by all participants of the benchmark; right, selected results 

from the left side. [25]  
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Figure 17:  Radial location of the maximum of the fuel temperature over time at peak power 

node defined as distance from the centre of the pellet (benchmark case #3). Left, 

results provided by all participants of the benchmark; right, selected results from 

the left side. [25]  

 

Clad outer temperature  

The clad outer temperature as a function of time was provided in the benchmark specification 

for case #3. For the other cases the clad outer temperature depends on the modelling of the 

clad-to-coolant heat transfer in the used codes. Larger discrepancies were expected at least 

beyond DNB due to different modelling in the codes, e.g. in critical heat flux, critical 

temperature and clad-to-coolant heat transfer coefficients in the heat transfer regimes for 

transition, film boiling and rewetting (see subsection 2.2.2). This is caused by two main 

reasons: On the one hand, thermal hydraulic models in fuel performance codes and thermal 

hydraulics system codes (e.g. RELAP5 [124] was applied by UNIPI to calculate the thermal 

hydraulics conditions for TRANSURANUS) might not always take into account high kinetics 

effects occurring under RIA (cf. Figure 6). On the other hand, the thermal hydraulic models 

and codes are difficult to validate on RIA experiments representative for BWR and PWR 

conditions because of lack in experimental data. For example, the thermal hydraulics model in 

DYN3D [94] was validated on NSRR and IGR tests (see section 1.1).  

 

For the case #2, assuming inhibition of boiling, differences larger than 500 K occurred 

already in maximum clad outer temperature (cf. Figure 18). Nevertheless, the clad outer 

temperatures of TRANSURANUS (HZDR) and SCANAIR (IRSN) differ less than 50 K over 

the whole time range. Unexpected differences among all codes were also observed in the case 

#1 performed in sodium (between lower and upper bound) where the maximum outer clad 

temperatures differ by more than ~350 K. Thence, the differences in this parameter are not 

limited to the coolant water.  
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Because the thermal hydraulics conditions can have a large impact on the fuel rod behaviour 

in the late phase of a RIA transient (cf. Figure 4) the modelling of clad-to-coolant heat 

transfer should be improved in both a) fuel performance codes (including transient thermal 

hydraulics modelling) and b) computer codes providing thermal hydraulics conditions to fuel 

performance codes (not including transient thermal hydraulics modelling). However, several 

institutions may not have access to data of thermal hydraulics experiments carried out for 

RIA, e.g. the out-of-pile PATRICIA experiments in France (see subsection 2.2.2).  

 

 

Figure 18:  Clad outer temperature over time at peak power node (benchmark case #2). Left, 

results provided by all participants of the benchmark; right, selected results from 

the left side. [25]  

 

 

3.3.4 Mechanical behaviour (comparison to other fuel performance codes)  

 

Because of the obvious strong coupling between thermal and mechanical fuel rod behaviour, 

the TRANSURANUS capabilities to accurately model the mechanical behaviour during RIA 

are discussed in more detail.  

 

Gap width 

For case #3, the gap width predicted by TRANSURANUS (HZDR) shows the best agreement 

(among all participating codes) to SCANAIR (IRSN) and SCANAIR (CIEMAT-S). More 

precisely, this means the shape of the curve, the rapid increase after energy injection and the 

rapid decrease at the same time of quenching (cf. Figure 14). Note that, in spite of provided 

clad outer temperatures, SCANAIR (IRSN) determined a gap width of more than one order of 

magnitude higher than all other participating codes. As the gap width has a sensitive impact 
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on the heat transfer, the difference in gap width can have a larger feedback on the thermal fuel 

rod behaviour (see chapter 6 and subsection 3.3.3).  

 

Outer fuel radius and inner clad radius 

Both inner clad and outer fuel radius should be studied to analyse the differences in gap 

width. In case #3, the outer fuel radius will agree well between TRANSURANUS (HZDR) 

and SCANAIR (IRSN), if the initial radius at time 0 s (meaning at the beginning of the 

transient) takes on identical values (cf. Figure 19). Nevertheless, SCANAIR (IRSN) 

calculated still slightly greater values, presumably because the fuel gaseous swelling model in 

TRANSURANUS is developed for steady-state conditions (cf. Table 3 and see subsection 

2.3.5). In case #1 TRANSURANUS (HZDR) underestimated more the outer fuel radius 

calculated by SCANAIR (IRSN) as might be expected from the case #3 (cf. Ref. [25]). At the 

same time the injected energy in the rodlet took on lower values for case #1 [25], hence the 

difference in the fuel gaseous swelling model cannot be the only reason for the discrepancy in 

the outer fuel radius. In contrary to case #3 the gap did not re-open in the TRANSURANUS 

(HZDR) calculation for case #1 until the end time of 2 s (in consistent to SCANAIR (IRSN)). 

Therefore, the outer fuel radius was influenced additionally by the cladding behaviour, 

whereas TRANSURANUS does not contain clad properties validated for RIA (see subsection 

2.3.5).  

 

For case #3, quantity and evolution of the inner clad radius calculated by TRANSURANUS 

(HZDR) are closest to the (systematically higher) values of SCANAIR (IRSN) and 

SCANAIR (CIEMAT-S), cf. Figure 20. These differences are larger than for the outer fuel 

radius (cf. Figure 19). The situation is similar for the inner clad radius in case #1, underlining 

the need for RIA-specific clad properties to be implemented in TRANSURANUS (see 

subsection 2.3.5).  
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Figure 19:  Outer fuel radius over time at peak power node (benchmark case #3). Left, results 

provided by all participants of the benchmark; right, selected results from the left 

side. [25]  

 

 

Figure 20:  Inner clad radius over time at peak power node (benchmark case #3). Left, results 

provided by all participants of the benchmark; right, selected results from the left 

side. [25]  

 

Outer clad permanent hoop strain 

Several previous Figures in this chapter refer to the power peak node. Nevertheless many 

parameters vary along the test rodlet length, i.e. due to the axial power profile in the CABRI 

reactor [25]. The post-RIA outer clad permanent hoop strain represents one of the varying 

parameters. For this parameter good agreement can be seen between the experimental data 

and TRANSURANUS (HZDR) in the middle region of the test rodlet in case #1 (cf. Figure 

21). However, TRANSURANUS (HZDR) overestimated considerably the clad permanent 

hoop strain profile at both the bottom of the rodlet and the top of the rodlet. This might be 

caused by the applied clad properties in TRANSURANUS. The implementation of clad 

properties for RIA is planned in the future (see subsection 2.3.5). Thence the best choice was 

to select material properties in TRANSURANUS for internal pressure loading under LOCA 

conditions [26]. In general, internal pressure loading refers to plane-strain tension conditions 
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with hoop strain of 𝜀1 ≠ 0 and axial strain of 𝜀2 = 0 assuming isotropic plasticity [13] (cf. 

Table 9). However, especially case #1 is distinguished by PCMI (see subsection 2.2.1). The 

reason is the performing in sodium, hence without onset of film boiling in the late phase. If 

PCMI with perfect fuel-cladding bonding occurs as loading, the stress state will be 

characterized by equal-biaxial tension referring to 𝜀2 = 𝜀1 (cf. Table 9). As conclusion the 

clad permanent hoop strain was simulated assuming internal pressure loading instead of 

equal-biaxial tension, hence TRANSURANUS (HZDR) had to calculate too high values for 

the strain in the direction of ε1 because 𝜀2 = 0 instead of 𝜀2 = 𝜀1.  

 

Table 9 – States of stress relevant to the mechanical testing for RIA (assuming isotropic 

plasticity) [13]  
 

State of stress Strain Stress 

Uniaxial tension 

 

 

Plane-strain tension 

  

Equal-biaxial tension 
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Figure 21:  Outer clad permanent hoop strain at the end of the transient as a function of height 

with respect to the bottom of fissile column (benchmark case #1). Left, 

experimental data and results provided by all participants of the benchmark; right, 

experimental data and selected results from the left side. [25]  

 

The explanation for the overestimation in Figure 21 is confirmed by the clad permanent hoop 

strain calculated for case #2. More precisely, the cladding of this case is mostly forced by 

internal pressure loading due to onset of film boiling (see subsection 2.2.2). Thence the clad is 

forced by plane-strain tension as stress state (cf. Table 9). Material properties exist in 

TRANSURANUS for this kind of loading (validated for LOCA conditions), and were taken 

for this benchmark case. Therefore, TRANSURANUS (HZDR) determined a clad permanent 

hoop strain profile close to the one of SCANAIR (IRSN) for case #2, but underestimated it 

slightly (cf. Figure 22). One reason for this difference to SCANAIR might be the lack of a 

transient fission gas release model in TRANSURANUS (cf. Table 3). This can lead to a lower 

internal pressure loading than in SCANAIR (IRSN). A second reason might be again the 

applied clad properties in TRANSURANUS validated for internal pressure loading, but for 

the conditions occurring during LOCA (see subsection 2.3.5). More precisely, the flow 

behaviour of cladding depends on strain, strain rate and stress rate [13]. Nevertheless, the 

results of TRANSURANUS (HZDR) closely match the one of SCANAIR (IRSN) in Figure 

22, compared to the results of the other benchmark participants.  
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Figure 22:  Outer clad permanent hoop strain at the end of the transient as a function of height 

with respect to the bottom of fissile column (benchmark case #2). Left, results 

provided by all participants of the benchmark; right, selected results from the left 

side. [25]  

 

Total axial cladding elongation 

The total axial clad elongation in the case #1 (caused by PCMI meaning stress state equal-

biaxial tension, cf. Table 9) was underestimated by TRANSURANUS (HZDR). More 

precisely, TRANSURANUS (HZDR) determined around half of the online measured values 

(cf. Figure 23). In contrary, SCANAIR (IRSN) predicted values close to the experimental 

data. According to the case #2 the total axial clad elongation (mostly caused by internal 

pressure loading meaning stress state plane-strain tension) was also underestimated by 

TRANSURANUS (HZDR). Furthermore, this underestimation in case #2 was more 

pronounced than for the clad permanent hoop strain.  

 

Referring to Table 9 the underestimations in total axial cladding elongation can be explained 

by the thin shell theory (see subsection 2.3.3) and Levy-Mises theory [136] of plasticity in 

isotropic models. Analysing it theoretically on behalf of this theories, the ratio of plastic axial 

strain to plastic hoop strain amounts the value zero for plane-strain tension (internal pressure 

loading during opened gap conditions) and the value one for equal-biaxial tension (PCMI 

with perfect bonding during closed gap conditions) [13]. As already mentioned the transient 

clad properties in TRANSURANUS are limited to plane-strain tension, hence the ratio is 

always – considered theoretically – zero (meaning plastic axial strain equal zero). Therefore, 

the axial strain component was underestimated by TRANSURANUS for PCMI conditions. 

Because case #2 is characterized by both stress states (gap re-opening at 1.5 s [25]), there was 

observed also an underestimation in case #2.  
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If clad properties for RIA were implemented in TRANSURANUS, gap re-opening should be 

taken into account. On the one side, this means TRANSURANUS should be capable to model 

two different stress states during the devolution of one RIA transient (see previous 

paragraph). On the other side, this gap re-opening indirectly influences the internal pressure 

loading. More precisely, gap re-opening allows transient fission gas release/burst release into 

the free volume [137].  

 

 

Figure 23:  Total axial clad elongation containing thermal, elastic and plastic components 

with respect to cold state conditions over time (benchmark case #1). Left, 

experimental data and results provided by all participants of the benchmark; right, 

experimental data and selected results from the left side. [25]  

 

 

3.4 Summary and recommendations for future work 

 

As so far only a limited number of RIA tests were performed on highly irradiated fuel rods. 

Thence, the participation in the OECD RIA Fuel Codes Benchmark (2011/2012) represented 

a good opportunity to evaluate the performance of the RIA version of TRANSURANUS that 

is still under development. RIA tests more representative for PWR conditions will be 

performed in the OECD CABRI Water Loop Project in the future.  

 

According to the benchmark the TRANSURANUS results showed a very good agreement in 

injected energy, variation of enthalpy, central fuel temperature, maximum fuel temperature 

and location of the maximum fuel temperature. An accurate prediction of the thermal fuel rod 

behaviour during RIA is essential for successful replacement of a simplified fuel behaviour 

model in a reactor dynamics code through a two-way coupling to a state-of-the-art fuel 

performance code. At the end this will allow great degree in detail in online fuel behaviour 
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modelling in this coupled code system (see chapter 6). Furthermore, TRANSURANUS 

possesses a stable numerical behaviour which is an important requirement for simulating very 

narrow but high power pulses occurring in RIA.  

 

Nevertheless, the modelling of the mechanical behaviour for RIA conditions should be 

improved in TRANSURANUS. While axial elongations of fuel stack and cladding were 

underestimated, TRANSURANUS showed a better agreement for the stress state plane-strain 

tension (typical for internal pressure loading). This is caused by a lack of clad properties for 

the stress state equal-biaxial tension (typical for highly irradiated fuel rods in the early RIA 

phase). Therefore, the applied clad properties are validated on internal pressure loading, even 

only validated for LOCA conditions. Furthermore, TRANSURANUS does not contain a 

transient fission gas release model what might lead to lower internal pressure loading.  

 

A transient fission gas release model and a more detailed plenum temperature model for 

TRANSURANUS are currently under development. The gaseous swelling model has to be 

extended to the more rapid conditions under RIA. Finally, clad properties including a failure 

criterion should be implemented in the RIA version of TRANSURANUS (see subsection 

2.3.5). Regarding computer programmes providing the thermal hydraulics conditions to 

TRANSURANUS, their thermal hydraulics modelling should be improved further. In parallel 

to this development work, TRANSURANUS can be further evaluated when it will be applied 

in upcoming international benchmarks. This can give valuable information for defining future 

development tasks.   
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4 Improved modelling of high burnup structure in the TRANSURANUS 

code 

 

Over the last few decades there has been a tendency to increase the discharge burn-up of 

nuclear fuels. After extended residence times in a reactor, the nuclear fuel develops a so-

called HBS that is characterised by the depletion of fission gas in the fuel matrix and the 

development of micron-sized porosity surrounded by sub-micron-sized grains [27, 33] (see 

section 2.1). The HBS is of special interest because it may limit the productive life of fuel [31, 

35] and has an important potential effect on fuel behaviour during DBA such as RIA. The 

RIA stress state and the related cladding response depend strongly on the fuel burn-up [13]. 

For example, PCMI becomes more important with higher burn-up [24] as the fission gas filled 

pores in the HBS extend rapidly due to a sharp temperature increase and peaked radial 

temperature profile at the fuel periphery during a RIA.  

 

It is important to properly account for the increase of the discharge burn-up of commercial 

nuclear fuel in fuel performance codes like TRANSURANUS [60], which is used in the EU 

by research organisations, safety authorities and industry. Despite the many publications 

about the HBS made until now, there are still open questions about its formation mechanisms 

[39], as well as its consequences on the fuel behaviour such as fission gas release [138], e.g., 

during DBA (cf. Figure 2). More precisely, there remains uncertainty about the exact 

conditions under which the HBS forms [27, 28]. Ref. [27] was cited in different models that 

describe the HBS formation at an engineering level, i.e., in fuel performance codes, as a 

function of the local burn-up alone. The scatter in local burn-up values at which the HBS 

starts to form is expected to be affected by the local temperature [139], since defect annealing 

is supposed to inhibit HBS formation. In line with this idea, Khvostov et al. [140, 141] 

recently proposed a model for describing both the formation, development and behaviour 

(fission gas release and swelling) of the HBS in a fuel performance code as a function of the 

so-called ‘effective burn-up’. The latter was defined as a temperature dependent burn-up 

value, considering that when the local temperature exceeds a given threshold, there is no 

further accumulation of defects that could contribute to the HBS formation, hence there is no 

further increase in the effective local burn-up value that is used in a HBS model. 

Nevertheless, as will be pointed out in this chapter, the predicted upper threshold temperature 

of 800 °C is in disagreement with the experimental temperature threshold of Kinoshita et al. 

[142], and can be overcome by the model presented in this chapter.  
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In this chapter, the experimental data of high burn-up fuel in the section 4.1 (not measured in 

the frame of this work) are complemented by a multi-physics simulation. More precisely, the 

fission product behaviour was simulated by means of a sub module of TRANSURANUS fuel 

performance code. Based on the in-pile temperature measurements and radial Xe profiles 

obtained from post-irradiation examinations, a model could be created for fuel performance 

codes to assess the threshold burn-up and temperature for the formation of the HBS on the 

basis of the Xe depletion, as described in the section 4.2. The subsequent section 4.3 discusses 

the effect of parameters such as the temperature and Xe yield on this threshold burn-up. In the 

last section 4.4, we summarise our findings and suggest refinements to future experiments and 

to modelling of the HBS formation. This chapter 4 is taken from Ref. [20].  

 

 

4.1 Experimental data of high burn-up fuel (High Burnup Rim Project) 

 

In the frame of the HBRP8, the formation of the HBS was studied in greater detail for a better 

understanding of the threshold conditions and the processes and mechanisms involved. The 

experiment also allowed the investigation of physical and chemical properties of the fuel after 

restructuring. Given the large gradients of radial burn-up and temperature distributions in fuel 

rods [39], the fuel was fabricated in discs that were separated by molybdenum discs from each 

other in the stack. The UO2 discs of diameter 5 mm, thickness 1 mm, 235U enrichment 25.8 

wt.% and fabricated grain size of 9.7 μm were irradiated in a gas flow rig in the Halden 

Boiling Water Reactor. The test rig contained four rods each comprising four fuel stacks. The 

fuel stacks of each rod were irradiated to different final burn-ups under temperatures nearly 

identical and constant over time [142]. The fuel temperature was held nearly constant over the 

irradiation and was controlled by a change in fill gas composition (He/Ar ratio). The achieved 

burn-up, measured by chemical and γ-spectroscopy analyses, and calculated average disc 

temperature (based on thermocouples) of each fuel stack are summarised in Figure 24 and in 

Table 10 for all fuel stacks. The UO2 discs containing no Gd or additives are subject of this 

chapter.  

                                                           
8 HBRP was initiated by CRIEPI, TEPCO and JRC-ITU, and was co-sponsored by CRIEPI, Japanese utilities, 

Mitsubishi Heavy Industries, Nippon Nuclear Fuel Development Corporation, Nuclear Fuel Industries, 

Electricite de France, ABB Atom AB, Swedish Nuclear Power Inspectorate and Swedish utilities, Electric Power 

Research Institute of USA, IFE of Norway, and was carried out in co-operation with IFE and JRC-ITU 

Karlsruhe.  
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Figure 24:  Burn-up and average irradiation temperature of the 16 stacks of HBRP. The 

extremes represent the temperature difference between the surface and the centre 

of the discs, obtained by a finite element calculation [142]  

 

Table 10 – Burn-up and calculated temperature at end of life (EOL) reached for the 16 stacks 

[142] 
 

 Rod 1 Rod 2 Rod 3 Rod 4 

Stack 1 

Burn-up [MWd/kgU] 

U1~U2 [°C] 

U3~U4 [°C] 

Average Temp. [°C] 

S11 

96 

666~604 

459~408 

530 

S21 

91 

877~832 

693~643 

760 

S31 

90 

1175~1118 

996~949 

1060 

S41 

92 

1460~1378 

1227~1182 

1310 

Stack 2 

Burn-up [MWd/kgU] 

U1~U2 [°C] 

U3~U4 [°C] 

Average Temp. [°C] 

S12 

82 

609~565 

446~401 

510 

S22 

73 

811~776 

664~626 

720 

S32 

75 

1089~1043 

942~905 

1000 

S42 

75 

1365~1294 

1167~1131 

1240 

Stack 3 

Burn-up [MWd/kgU] 

U1~U2 [°C] 

U3~U4 [°C] 

Average Temp. [°C] 

S13 

55 

512~488 

414~382 

450 

S23 

51 

728~702 

625~599 

660 

S33 

51 

951~917 

845~820 

880 

S43 

51 

1183~1134 

1053~1029 

1100 

Stack 4 

Burn-up [MWd/kgU] 

U1~U2 [°C] 

U3~U4 [°C] 

Average Temp. [°C] 

S14 

34 

425~414 

380~360 

400 

S24 

34 

647~631 

590~574 

610 

S34 

33 

808~788 

750~734 

770 

S44 

34 

995~969 

935~920 

950 
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4.2 Temperature dependent modelling of the Xe depletion 

 

4.2.1 New standalone Xe depletion model 

 

In the TRANSURANUS fuel performance code, the formation of the HBS is simulated as 

part of the TUBRNP model [27], which describes the evolution of the major fuel constituents. 

As far as Xe is concerned, a rate equation is implemented, assuming the depletion from the 

fuel matrix to be dependent on the local burn-up [27]:  

 
𝑑𝑋𝑒

𝑑𝑏𝑢
= −𝑎 ∗ 𝑋𝑒 + 𝑐̇𝑋𝑒 (10) 

where 𝑋𝑒 is the local xenon concentration, 𝑐̇𝑋𝑒 is the xenon creation rate and 𝑎 is a fitting 

constant. An integration of this equation [27] yields to:  

 𝑋𝑒(𝑏𝑢) = 𝑐̇𝑋𝑒 [
1

𝑎
+ (𝑏𝑢0 −

1

𝑎
) 𝑒−𝑎(𝑏𝑢−𝑏𝑢0)] (11) 

For the onset of the depletion mechanism, TUBRNP applies a local threshold burn-up (𝑏𝑢0) 

between 60 and 75 GWd/tU. After fitting to experimental data, the above equation leads for 

an infinite local burn-up to an asymptotic Xe concentration of 0.25 wt.%. Depending on 𝑐̇𝑋𝑒 

the fitting constant 𝑎 in the TUBRNP model was calculated to be 7.0 x 10-5 t/(MWd).  

 

According to a recent review of Baron et al. [39], the HBS transformation mainly depends on 

the local burn-up, while secondary effects arise from local temperature, instantaneous fission 

density, local density of fission products, initial grain size, local fuel constraint, initial 

additives and local oxygen potential. The influence of the restraint pressure has been 

separately studied by Une et al. [143] comparing discs irradiated without any restraint 

pressure in the JRR-3 test reactor to Halden Boiling Water Reactor pellets with large PCI 

restraint. The study found no significant influence of the restraint pressure on the Xe 

depletion. In this context the chosen HBRP discs represent an appropriate database (similar 

initial grain size, no initial additives) that allows the influence of the fuel temperature on the 

onset of the Xe depletion to be studied over a wider range of burn-up values and 

temperatures.  
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In order to account for the effect of the temperature on the restructuring, an approach has been 

proposed by Khvostov et al. [140, 141], expressing the restructuring based on the 

Kolmogorov-Johnson-Mehl-Avrami (KJMA) [144-147] generic correlation in dependence of 

the effective burn-up. His approach was inspired by that of Kinoshita [148], who also 

suggested the KJMA correlation, although he formulated it in dependence of the burn-up:  

 𝜀𝑠 = 1 − 𝑒𝑥𝑝 [−𝑘𝑑 (
𝑏𝑢𝑒𝑓𝑓(𝑡)

𝑏𝑢𝑒𝑓𝑓0
)

3

] (12) 

where 𝜀𝑠 is volumetric ratio of the restructured domain, 𝑘𝑑 is the factor taking into account 

the effects of the initial fuel structure (𝑘𝑑 = 1.0 for normal fuel or 𝑘𝑑 ≈ 0.5 for large-grained 

fuel [140]), 𝑏𝑢𝑒𝑓𝑓 is the effective burn-up, 𝑏𝑢𝑒𝑓𝑓0 is a reference value of the effective burn-up 

(𝑏𝑢𝑒𝑓𝑓0 = 7.3% FIMA [140]). The increment of the effective burn-up 𝑏𝑢𝑒𝑓𝑓 is defined as 

[140]:  

 ∆𝑏𝑢𝑒𝑓𝑓 = {

∆𝑏𝑢, 𝑇 ≤ 𝑇1

𝑓(𝑇) ∗ ∆𝑏𝑢, 𝑇1 < 𝑇 < 𝑇2

0, 𝑇 ≥ 𝑇2

 (13) 

where 𝑇 is the local fuel temperature expressed in °𝐶, ∆𝑏𝑢 is the considered burn-up 

increment and 𝑓(𝑇) is a factor specifying the temperature influence in the range of partial 

defect healing in Khvostov’s model:  

 𝑓(𝑇) =
𝑇2 − 𝑇

𝑇2 − 𝑇1
 (14) 

𝑇2 marks the temperature limit for complete healing of defects, and 𝑇1 is the onset-

temperature for partial healing. In Ref. [140], these limits were set to 𝑇1 = 380°𝐶 and 𝑇2 =

800°𝐶.  

 

The temperature thresholds of Khostov et al. are fairly low with respect to the temperatures 

for point defect annealing in UO2 obtained from differential scanning calorimetry that 

indicates defect annealing until temperatures around 1300 K [149]. One also notices a clear 

discrepancy between the value of 𝑇2 and the threshold temperature of 1100 °C from HBRP 

[142]. In view of this and because of the limited number of temperature levels considered in 

HBRP (see Figure 24), the definition of the effective burn-up was further simplified in this 
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paper by applying a ‘Heaviside step function’ without any temperature transition zone in the 

factor 𝑓(𝑇) in Eq. (13):  

 𝑓(𝑇) = {
0, 𝑇 > 𝑇𝑡ℎ𝑟𝑒𝑠

1, 𝑇 ≤ 𝑇𝑡ℎ𝑟𝑒𝑠
 (15) 

where 𝑇𝑡ℎ𝑟𝑒𝑠 is the temperature threshold in °𝐶 and 𝑇 is the local fuel temperature in °𝐶.  

 

Khvostov et al. introduced the idea of applying the effective burn-up in order to explain both 

the experimental scatter in the matrix Xe concentration as function of the local burn-up by the 

local fuel temperature, and the influence of the temperature on the high burn-up restructuring. 

To that end, they compared the effective burn-up and its temperature thresholds 𝑇1 and 𝑇2 to 

the experimental data used earlier for deriving Eq. (11) [27], experimental data of standard 

LWR high burn-up fuel [19], a few experimental points from discs of the HBRP [142], 

experimental data about the influence of grain size on Xe matrix depletion in HBS [150] and 

specific fuel porosity in the pellet rim-zone [151]. However, the value of 800 °C for 𝑇2 is in 

disagreement with the temperature threshold of 1100 °C from HBRP [142].  

 

 

4.2.2 Implementation of the Xe depletion model in TRANSURANUS 

 

For a quantitative analysis of the influence of the fuel temperature on Xe depletion, the 

TRANSURANUS fuel performance code was reduced to a ‘point version’ that is run 

separately for each location in radial and axial direction. The local values of burn-up and fuel 

temperature are input as a function of time. The model thus accounts for the creation of the 

fission products and actinides via TUBRNP (adapted to the experimental conditions of the 

HBRP), and the matrix Xe depletion in the HBS described above. The TRANSURANUS 

‘point version’ was integrated in a fitting environment that allows analysis of the matrix Xe 

depletion and its dependence on the temperature thresholds in Eqs. (14) and (15).  

 

The best-fit parameters were found iteratively by minimization of the merit function 𝜒2:  

 𝜒2(𝑎) = ∑ [
𝑦𝑘 − 𝑦(𝑥𝑘, 𝑎)

𝜎𝑘
]

2𝑁

𝑘=1

 (16) 



Improved modelling of high burnup structure in the TRANSURANUS code 

 

72 
 

where 𝑁 is the number of data points, 𝑥𝑘 and 𝑦𝑘 define the data point with index 𝑘, 𝜎𝑘 is the 

related experimental uncertainty (e.g., the standard deviation), and 𝑎 summarises all fitted 

parameters of the correlation 𝑦(𝑥𝑘, 𝑎). In the present work we thus obtain a nonlinear model 

with two unknown parameters arising from the Xe depletion model: the effective burn-up 

threshold 𝑏𝑢𝑒𝑓𝑓0 and the temperature threshold 𝑇𝑡ℎ𝑟𝑒𝑠 (as part of the definition of the 

effective burn-up). For the fitting procedure, the Levenberg–Marquardt method [152] was 

used.  

 

 

4.3 Results of the sensitivity analysis 

 

4.3.1 Impact of threshold burn-up 

 

The experimental data used to infer the dependence of the retained Xe on the local burn-up 

according to Eqs. (10) and (11) came from fuel samples from different reactors, vendors and 

fuel designs [27]. This variety of conditions was assumed to cause the scatter in measured Xe 

concentration. A pronounced scatter occurs at the beginning of depletion and makes it 

difficult to find a precise value for the threshold burn-up.  

 

Figure 25 shows the Xe concentrations measured in the HBRP discs as a function of the local 

burn-up. The data of Figure 25 can be satisfactorily described by the existing Xe depletion 

model [27], apart from the fact that the threshold burn-up (𝑏𝑢0) is considerably lower – 

between 45 and 60 GWd/tU, and that the Xe yield is overestimated. It should be noted that for 

some discs in the restructured zone the measured fuel fragments could not be attributed to 

their original radial locations during the irradiation, as the discs had broken into pieces or 

disintegrated to powder. Moreover, the discs with high burn-up and high temperatures showed 

partial fragmentation, and in such cases a radially averaged burn-up was used. This approach 

is justified because the measured radial Nd profiles across the discs are nearly flat and are 

directly linked to the radial burn-up profiles (e.g., for a disc of the fuel stack S13 with an 

average disc burn-up of 55 GWd/tU: the ratio of the local burn-up over the average disc burn-

up is 0.93 in the centre and 1.15 in the periphery), implying a very small radial gradient of the 

fission rate density (power profile). Conversely, the standard fuel rod geometry in previously 

analysed datasets leads to a considerable radial gradient of the fission rate density in the rim 

zone (e.g., for a PWR fuel pellet with an 235U enrichment of 4.1 wt.% and average pellet burn-
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up 50 GWd/tU: the ratio of the local burn-up over the average pellet burn-up is 0.90 in the 

centre and 2.05 in the periphery), implying a larger uncertainty of the local burn-up and of the 

Xe content [39].  

 

 

Figure 25:  Comparison between predicted and measured local xenon concentrations as a 

function of the local burn-up for data from HBRP. The prediction is based on the 

depletion model in Ref. [27] with the threshold burn-up varied between 40 and 70 

GWd/tU in steps of 10 GWd/tU. Rod numbering corresponds to the numbering in 

Figure 24.  

 

A preliminary analysis of HBS formation in heavy water reactor (HWR) UO2 fuel by Walker 

et al. [28] confirms that the restructuring appears at a local burn-up above 70 GWd/tU and 

requires a local temperature below 1200 °C, i.e., in line with the temperature threshold of 

1100 °C found from the HBRP discs [142]. However, Une et al. [143] reported burn-up 

thresholds similar to those revealed in Figure 25. They were derived from discs with 

enrichments of 10.0 and 19.8 wt.% 235U, irradiated in the JRR-3 test reactor in Japan. There is 

thus a difference between the burn-up threshold for Xe depletion found by Lassmann et al. 

[27] (60–75 GWd/tU), and the range seen from the HBRP data in Figure 24 (45–70 GWd/tU), 

as well as for the onset of depletion around 51 GWd/t reported by Une et al. [143].  
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4.3.2 Impact of threshold temperature 

 

Regarding the influence of the fuel temperature on the threshold burn-up for the HBS 

formation, only rough quantitative estimates are available so far. Spino et al. [29] mentioned a 

temperature threshold around 1200 °C. No HBS formation was seen above this temperature, 

and the threshold should also affect the Xe depletion. We have therefore refined the 

quantitative analysis of the temperature threshold for HBS formation, by applying the 

TRANSURANUS ‘point version’ described in subsection 4.2.2 to the experimental conditions 

of the HBRP.  

 

As a first step in the sensitivity analysis, the (fixed) temperature thresholds 𝑇1 and 𝑇2 as 

suggested by Khvostov et al. [140] were tested in combination with various fixed values for 

the effective burn-up threshold (Table 11). The parameter 𝑎 in Eqs. (10) and (11) was also 

fixed because, together with the Xe creation rate 𝑐̇𝑋𝑒, it defines the asymptotic value of Xe 

[27]. The resulting values of the merit function 𝜒2 (Eq. (16)) are compiled in Table 11, 

assuming a standard deviation 𝜎𝑘 of 10% for all Xe measurements of the HBRP.  

 

Table 11 – Values of the merit function 𝜒2 for temperature values given in Ref. [140] 
 

𝒃𝒖𝒆𝒇𝒇𝟎 

[GWd/tU] 

𝑻𝟏 

[°C] 

𝑻𝟐 

[°C] 

𝝌𝟐 

[-] 

40.00 380 800 7784 

50.00 380 800 7838 

60.00 380 800 10903 

 

In the next step, the above described new Xe depletion model was used to minimize the merit 

function by fitting the temperature threshold together with the effective burn-up threshold – 

again applying a fixed constant 𝑎. For the temperature factor 𝑓(𝑇) a Heaviside step function 

was applied (Eq. (15)) instead of the linear function in Ref. [140]. The standard deviation 𝜎𝑘 

was again set to 10% of the measured value for each datapoint. The resulting fitted parameters 

(Table 12) lead to a considerable improvement of the merit function (i.e., reduction). The 

error band 𝜎𝑠𝑡𝑎𝑛𝑑 given for each fitted parameter is related to a 68% confidence interval.  
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Table 12 – Values of the fitted parameters 𝑏𝑢𝑒𝑓𝑓0 and 𝑇𝑡ℎ𝑟𝑒𝑠 with 68% confidence intervals. 
 

𝒃𝒖𝒆𝒇𝒇𝟎 

[GWd/tU] 

𝝈𝒔𝒕𝒂𝒏𝒅(𝒃𝒖𝒆𝒇𝒇𝟎) 

[GWd/tU] 

𝑻𝒕𝒉𝒓𝒆𝒔 

[°C] 

𝝈𝒔𝒕𝒂𝒏𝒅(𝑻𝒕𝒉𝒓𝒆𝒔) 

[°C] 

𝝌𝟐 

[-] 

49.22 ±0.21 1049 ±17 535 

 

The fitted temperature threshold is in good agreement with the range (1100 ± 100)°C derived 

from the experiment [142]. It is also consistent with Walker’s work [28], which pointed out 

that the HBS may form in a pellet up to a local fuel temperature of 1200 °C – albeit for 

average cross-sectional burn-up values between 70 and 80 GWd/tU.  

 

The fitted effective burn-up threshold lies in the experimentally observed range (cf. Figure 24 

and Figure 25). According to Ref. [142], restructuring in the HBRP discs starts at local burn-

up between 51 and 55 GWd/tU and is in agreement with the observations of Une et al. [143] 

on other discs. Because in most of the discs the above fitted temperature threshold was not 

exceeded, the burn-up values in Figure 25 (x-axis) would hardly be modified when 

transforming them to the effective burn-up, and the threshold values for burn-up and effective 

burn-up are very similar. It is obvious that the effective burn-up defined in Eq. (13) will only 

affect (improve) the modelling of HBS formation for local temperatures higher than 

approximately 1100 °C.  

 

Attention is drawn to the scarcity of available Xe measurements in the ‘sensitive’ region of 

the burn-up and temperature threshold (cf. Figure 24). Therefore, the effective burn-up was 

formulated as a Heaviside step function of the local temperature. However, the high burn-up 

restructuring and the Xe matrix depletion are characterized by a transition zone that should 

eventually lead to a small temperature impact persisting below 1100 °C, for which more 

experimental data are required.  

 

 

4.3.3 Impact of Xe yield 

 

The experimental uncertainty of the EPMA signal and the temperature impact on the HBS 

cannot fully explain the onset of Xe depletion at different burn-ups in Figure 25. A closer 

analysis of the low burn-up range in this figure reveals a different average value of the slope 

of the Xe production before the onset of depletion, i.e., when fission products only 
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accumulate in the matrix (at low temperature). This over prediction points to the need to 

analyse the influence of the Xe creation rate itself. This idea is corroborated by the 

observation that the above mentioned highly enriched disc irradiations induce local variations 

in the neutron spectrum, which in turn affect the fission product yields.  

 

In order to assess the effect of the Xe yield, the original value used in TUBRNP for a fuel rod 

in the Halden Boiling Water Reactor (not adapted to HBRP, hence differing from the value 

used for Table 12) was decreased by a constant factor. The results are summarized in Table 

13, showing that on the one side the temperature threshold is almost constant; on the other 

side the (effective) burn-up is sensitive to the Xe yield. A 20% reduction of the Xe yield for 

fitting of the Xe data in the HBRP discs leads to local (effective) burn-up threshold values 

that are in line with those reported in the open literature for LWR fuel rods.  

 

Table 13 – Values of the fitted parameters 𝑏𝑢𝑒𝑓𝑓0 and 𝑇𝑡ℎ𝑟𝑒𝑠 with their standard errors 

(dependence on Xe creation rate).  
 

Xe yield 

[%] 

𝒃𝒖𝒆𝒇𝒇𝟎 

[GWd/tU] 

𝝈𝒔𝒕𝒂𝒏𝒅(𝒃𝒖𝒆𝒇𝒇𝟎) 

[GWd/tU] 

𝑻𝒕𝒉𝒓𝒆𝒔 

[°C] 

𝝈𝒔𝒕𝒂𝒏𝒅(𝑻𝒕𝒉𝒓𝒆𝒔) 

[°C] 

𝝌𝟐 

[-] 

100 48.45 ±0.22 1067 ±71 552 

90 57.13 ±0.34 1067 ±53 661 

80 62.95 ±0.38 1072 ±46 411 

 

 

4.4 Summary and recommendations for future work 

 

In this chapter experimental data from HBRP (not measured in the frame of this work) are 

presented providing a basis for a sensitivity study aimed at characterizing the burn-up 

threshold and temperature limit as main parameters controlling the formation and extension of 

the HBS observed in nuclear fuels. In HBRP, discs of UO2 enriched to 25.8% 235U were 

irradiated in the Halden Boiling Water Reactor at nearly constant and uniform temperatures 

between 400 and 1310 °C up to burn-up levels ranging from 35 to 100 GWd/tU, and 

subjected to extensive PIE. The results presented here focus on measurements of retained Xe 

by EPMA.  
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The experimental study is complemented by a multi-physics analysis. The Xe measurements 

have been re-analysed on the basis of the model for Xe depletion of Lassmann et al. [27] the 

TRANSURANUS code, which only considers the local burn-up value as a threshold 

parameter, and by means of the model of Khvostov et al. [140, 141], that uses the effective 

burn-up. Comparing both models with the EPMA data presented in this study revealed that 

the temperature levels applied in the model of Khvostov et al. are in disagreement with 

experimental observations, whereas the model of Lassmann et al. [27] was successfully 

extended to account for both temperature and burn-up following the idea of Khvostov [140, 

141]. More precisely, the effect of both parameters was introduced in this model by means of 

a Heaviside step function. The fitting of the model on the basis of the HBRP data showed that 

the HBS forms at a local burn-up level exceeding 49 ± 0.2 GWd/tU and at temperatures below 

1049 ± 17 °C. The temperature threshold is in agreement with the value reported in the open 

literature [28]. The local burn-up value is consistent with the observations of Une et al. [143] 

on highly enriched UO2 discs, but is in disagreement with those on the basis of commercial 

fuel rods, according to which the HBS forms at local burn-up levels between 70 and 80 

GWd/tU [28]. These differences cannot be attributed to experimental uncertainties alone.  

 

Since HBS formation occurs gradually, it is expected that instead of applying Heaviside step 

functions for the burn-up and temperature levels, transition functions based on the KJMA 

approach could provide a refinement of the models for HBS formation implemented in fuel 

performance codes. Nevertheless, this would require more accurate experimental data from 

discs irradiated under conditions close to the transition.  
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5 Development of the general TRANSURANUS coupling interface 

 

More than two decades ago TRANSURANUS was coupled to the European Accident Code 

EAC-2 for LMFBR [116] (see section 2.5). Nevertheless, at the beginning of this work no full 

two-way coupling approach has so far been reported in the open literature for calculating a 

whole LWR core online with detailed and well validated fuel behaviour correlations. 

TRANSURANUS is well suited for the requirements for a successful coupling also in case of 

challenging transient conditions: high numerical stability, numerical robustness, low 

computation time, applicable time scales from milliseconds to years in the same simulation, 

and the feasibility to simulate complex fuel behaviour scenarios and irradiation experiments 

(see chapter 3). Thence recently, the coupling of various thermal hydraulics codes and reactor 

dynamics codes containing simplified fuel behaviour models to TRANSURANUS has been 

discussed e.g. by Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) for its thermal 

hydraulics system code ATHLET [153], by Karlsruhe Institute of Technology (KIT) for its 

sub-channel thermal hydraulics code KTF [154], and by Helmholtz-Zentrum Dresden-

Rossendorf (HZDR) for its reactor dynamics code DYN3D (cf. Figure 2). Each of these 

planned couplings is based on TRANSURANUS as underlying fuel performance engine in 

the coupled code system (cf. Figure 26).  

 

 

Figure 26:  Main principle of the general TRANSURANUS coupling interface, whereas one 

fuel rod is calculated per call of the interface.  
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On this basis and in close cooperation between HZDR and the TRANSURANUS developers 

group at JRC-ITU, it was decided to develop a general TRANSURANUS coupling interface 

and to implement modifications in the TRANSURANUS code that could be generally used 

for future code couplings. For example, DYN3D should be easily replaceable by any other 

code in the coupled code system DYN3D-TRANSURANUS (cf. Figure 26). The behaviour of 

one fuel rod is calculated per call of the coupling interface. Both integral parts (in Figure 26) 

are often named together as “general TRANSURANUS coupling interface” in this thesis. The 

sections 5.1 and 5.2 are (partly) taken from Ref. [10, 120].  

 

 

5.1 Main features 

 

5.1.1 One-way and two-way coupling 

 

State-of-the-art safety analyses are still often performed by means of step-by-step standalone 

simulations using a reactor dynamics code/thermal hydraulics code for calculation and 

providing time-dependent boundary conditions to the fuel performance code and then 

performing offline the fuel behaviour analysis (see section 2.4). The objective of the 

developed one-way and two-way coupling approaches was to create a closer connection 

between neutron kinetics and thermal hydraulics codes on the one hand and fuel performance 

codes on the other hand. The coupled neutronics/thermal hydraulics code provides process 

time, time-dependent rod power and thermal hydraulics conditions to TRANSURANUS, 

which in turn transfers user selected parameters (e.g. fuel temperature) back in case of the 

two-way coupling approach (cf. Figure 29 and Figure 30). This means that TRANSURANUS 

replaces the call of the simplified fuel behaviour model in the coupled neutronics/thermal 

hydraulics code, and is part of the iteration process in each time step.  

 

For the one-way coupling, TRANSURANUS has no impact on the simulation carried out by 

the code it is coupled to. Nevertheless, thence the main advantage of the one-way coupling is 

the automatic data transfer between the two codes. In case of the two-way coupling, 

TRANSURANUS obviously influences the entire simulation. For example, a transfer of the 

fuel temperature to a reactor dynamics code has direct feedback on the Doppler reactivity 

effect simulated by the neutronics. Both approaches can be implemented by means of the 

general TRANSURANUS coupling interface.  
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5.1.2 Flexibility in time-step length and numerical stability 

 

One-way coupling can be performed by subsequent calling of TRANSURANUS by the 

leading code without iteration steps. Two-way coupling can also be performed by a simple 

explicit calling of TRANSURANUS without iterations, providing the updated coupling 

parameters for the next time-step, or can be accomplished by an iterative call of both codes 

for each time-step. In the first case, the time-steps must be chosen sufficiently small, while in 

the second case a truncation criterion for the interruption of the iteration has to be defined.  

 

Depending on the TRANSURANUS time-step criteria (e.g. for creep strain or fuel 

temperature), intermediate time-steps are – if necessary – automatically introduced by 

TRANSURANUS in the time-step interval provided to TRANSURANUS for the fuel 

behaviour calculation (not affecting the time-step control algorithm of the code coupled to 

TRANSURANUS). For this purpose, transferred quantities such as rod power and thermal 

hydraulics conditions are linearly interpolated between beginning and end of given time-step. 

In this way, the code calling TRANSURANUS can use its own time-step control algorithm. 

The TRANSURANUS time-step determination was restructured for the coupling, but doesn’t 

affect the results. Furthermore, the wide range of existing time-step criteria results in a stable 

numerical convergence of TRANSURANUS.  

 

 

5.1.3 Freely selectable level of detail in fuel behaviour modelling 

 

The TRANSURANUS input provides the capability to select the level of detail in fuel 

behaviour modelling, for example from complete thermal-mechanical analysis to thermal 

analysis with given heat transfer coefficient in the gap, from taking into account axial friction 

forces to neglecting them, from calculated heat transfer coefficient in the gap/between 

cladding and coolant to given heat transfer coefficient, or from radial distribution of the 

power density form factor to flat distribution, etc. as will be illustrated further (see chapter 6). 

The level of detail can be adapted in a coupled code system via the TRANSURANUS input. 

This gives the opportunity to neglect phenomena with low impact on the simulation and to 

save computational costs on a case-by-case basis.  
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5.1.4 Pre- and post-calculations with TRANSURANUS standalone 

 

To ensure a realistic fuel behaviour modelling, the whole irradiation history has always to be 

given to TRANSURANUS. Under realistic conditions, at least several fuel assemblies in the 

reactor core are pre-irradiated due to reactor operation in previous fuel cycles. If the code 

coupled to TRANSURANUS doesn’t determinate the pre-irradiation, the general 

TRANSURANUS coupling interface will be able to handle this issue through 

TRANSURANUS standalone producing a binary file for each fuel rod containing the status at 

the end of the pre-irradiation. Then these so-called “TRANSURANUS restart files” are 

provided to the coupled code system before performing the transient calculation. This allows 

even the modelling of complex irradiation experiments consisting of pre-irradiation in a 

power reactor, re-fabrication in hot cells and subsequent testing under DBA conditions in a 

research reactor (cf. Figure 9). At the end of the code system simulation, further analysis can 

be carried out with TRANSURANUS standalone for continued irradiation.  

 

 

5.1.5 Automatic switch from steady-state to transient conditions  

 

Some of the TRANSURANUS models need an input parameter to indicate the reactor state 

during the simulation with the coupled code system. For example, cladding material 

properties modelling in TRANSURANUS has to be changed from normal operation to DBA 

conditions. In addition to the LOCA specific section in the TRANSURANUS input, an 

additional small separate coupling input file is used for each fuel rod in the general interface. 

The user can select the kind of model modifications in this input because fuel rod behaviour 

models often depend on reactor design, cladding material or fuel composition. Furthermore, 

any variable of the TRANSURANUS restart file can be adapted in this input if required. 

Altogether, this additional input allows a code system simulation without interruption for 

switching the TRANSURANUS models.  

 

 

5.1.6 Parallelization 

 

Although the coupling approach DYN3D-TRANSURANUS applied at assembly level for a 

full core requires computation times already acceptable for industrial applications (cf. Table 
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19), the general coupling interface was designed to be prepared for parallelization. One main 

principle of the coupling shown in Figure 26 is the calculation of one fuel rod per call of the 

general TRANSURANUS coupling interface, hence in each iteration step the fuel rods are 

treated sequentially one by one. Normally, there should be no interaction between the fuel 

behaviour calculations of different rods in the same iteration step, at least e.g. if the 

architecture of the thermal hydraulics coupled code bases on 1D vertical and hence parallel 

cooling channels. The implementation of the capability for parallelization is a future task 

enabling a significant reduction in computation costs per simulation.  

 

 

5.1.7 Further features 

 

Using the general TRANSURANUS coupling interface, a coupling at pin level, at assembly 

level as well as a mixture of both can be carried out. Each coupled fuel rod is identified 

through fuel assembly number and fuel rod number. This specification defines the name of 

the folder existing for each coupled fuel rod. At the beginning of the simulation each folder 

contains a TRANSURANUS input file. In case of a pre-irradiated fuel rod the folder contains 

also a restart file and output files from a pre-calculation with TRANSURANUS (see 

subsection 5.1.4). If necessary, it even comprises a small additional coupling input for the 

automatic switch, e.g. from steady-state to transient conditions (see subsection 5.1.5). During 

the simulation all normal TRANSURANUS output files including a restart file will be written 

to each fuel rod folder, if convergence is reached in the actual time-step of the coupled code 

system. The content of output files can be controlled by the TRANSURANUS input as usual. 

Finally, the standard TRANSURANUS post-processing tools can be applied to the output 

files.  

 

As the synchronization of TRANSURANUS code versions is required for reducing and 

simplifying software maintenance, a new input variable and a few new control variables were 

introduced in the source code, allowing the use of identical software in both standalone as 

well as in coupled mode (see subsection 5.3.1).  
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5.2 Applicability for various scenarios 

 

The general TRANSURANUS coupling interface together with the modified 

TRANSURANUS version can be used for the simulation of several scenarios in various 

reactor designs:  

 

• Different fuel compositions and cladding materials for the reactor types BWR, PWR, 

VVER, HWR, and FR with sodium as well as lead(-bismuth) coolant [155-157],  

• Normal operation, operational transients and DBA like LOCA [26, 158],  

• Time scales from milliseconds/seconds (e.g. RIA) over seconds/minutes (e.g. LOCA) 

to years (e.g. normal operation or latterly also dry fuel storage) in the same simulation 

run.  

 

In addition, many of the phenomena modelled by TRANSURANUS can be switched off to 

simplify the analysis and to save computational costs. For instance, a complete thermal-

mechanical analysis can be reduced to a thermal analysis with given heat transfer coefficient 

in the gap. As a result, the TRANSURANUS code itself offers a good base for a wide 

application range of the general coupling interface.  

 

The version of TRANSURANUS for RIA simulations is still under development and its 

performance is evaluated, e.g. by participation in international benchmarks organized for 

instance by OECD/NEA [24, 25] (see chapter 3) or IAEA [57]. In the RIA Fuel Codes 

Benchmark of the OECD/NEA, TRANSURANUS already showed a good agreement in 

injected energy, variation of enthalpy, central fuel temperature, maximum fuel temperature 

and location of the maximum fuel temperature, in comparison to codes like SCANAIR [93], 

which is well validated for RIA. As for the current coupling stage of DYN3D-

TRANSURANUS only an accurate determination of the transferred fuel temperature, its 

radial distribution and its influence on the clad temperature is necessary (cf. Figure 30), and 

thence fulfilled.  
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5.3 General guidelines for applications 

 

5.3.1 TRANSURANUS input 

 

For coupling purposes, the standard TRANSURANUS version maintained by the JRC-ITU 

includes the new input variable ICOUPL (beginning from version v1m1j12, April 2012):  

 

• ICOUPL = 0: TRANSURANUS is applied in standalone mode.  

• ICOUPL = 1: TRANSURANUS is applied as part of a coupled code system.  

 

Both the modified TRANSURANUS version (also applicable in standalone mode, see 

subsection 5.1.7) and the general TRANSURANUS coupling interface applies this control 

variable ICOUPL. However, today this new input variable doesn’t control anything in the 

standard TRANSURANUS version of JRC-ITU because the implementations done in the 

frame of this coupling work will be integrated in the standard version in a later stage. 

Furthermore, TRANSURANUS will automatically set the value of ICOUPL to zero, if an 

input of a previous code version is read in (downward compatibility).  

 

The first part of the TRANSURANUS input can be prepared as in the case for the standalone 

mode. More precisely, fuel rod design specifications given in reports/documents and model 

options based on former experiences (e.g. due to participation in international benchmarks 

organized by IAEA [57] and OECD/NEA [24, 25]). The model options may differ slightly 

compared to the standalone mode, e.g. ICOUPL (see above) and IALPHA defining the 

determination of the clad-to-coolant heat transfer coefficient. Furthermore, if the standard 

equidistant radial discretisation in TRANSURANUS isn’t compatible to the discretisation 

applied in the code coupled to TRANSURANUS, the fuel rod will be discretised with the help 

of manually calculated values. Normally the cladding modelling isn’t affected by different 

radial discretisations due to the thin shell approach (see subsection 2.3.3) applied by many 

reactor dynamics codes, thermal hydraulics system codes and sub-channel thermal hydraulics 

codes. To take into account high temperature gradients along the cladding thickness (cf. 

Figure 7) and separate processes on the inner and outer cladding surface (see subsection 

2.3.3), the cladding should be represented at minimum with two coarse zones in 

TRANSURANUS. The second input part (named as macro input part) containing time 

dependent linear heat rate, fast neutron flux and thermal hydraulics conditions (e.g. coolant 
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pressure, coolant temperature, coolant flow rate) hasn’t to be provided. During the simulation 

these parameters are transferred directly from the code coupled to TRANSURANUS [120].  

 

For pre-irradiated fuel rods the whole pre-irradiation history has always to be given to 

TRANSURANUS [120] (see section 3.2). If the code coupled to TRANSURANUS doesn’t 

take into account the whole irradiation history, the general TRANSURANUS coupling 

interface is designed to handle this issue through pre-calculations with TRANSURANUS 

standalone (see subsection 5.1.4). The macro input part has to be set for this standalone 

calculation.  

 

 

5.3.2 Modifications in the code coupled to TRANSURANUS 

 

The code coupled to TRANSURANUS has to be prepared for the “docking” to the general 

TRANSURANUS coupling interface. For example, several modification steps were 

conducted in case of DYN3D (see chapter 6). All modifications were carried out under the 

restriction that no variable of TRANSURANUS and its general coupling interface would be 

used in DYN3D as well as vice versa. Only the transfer variables of the interface call are 

applied in both parts (cf. Figure 26), whereas these variables were declared two times in the 

code system, once in DYN3D as well as once in the general TRANSURANUS coupling 

interface and TRANSURANUS. The following modification steps in DYN3D embed many 

small details and have to be repeated at least partly in codes planned to couple to 

TRANSURANUS:  

 

1) New input variable: Implementation of a new input option to select either the standard 

simplified fuel behaviour model of the code coupled to TRANSURANUS, the one-

way coupling approach not affecting the results of the code coupled to 

TRANSURANUS or the two-way coupling approach affecting the results of the 

coupled code system. Depending on the coupled code this input variable will define 

the fuel behaviour modelling either core-wide, at assembly level or at pin level.  

2) Restructuring of the source code: The fuel behaviour of a complete fuel rod is 

simulated at once per execution of a 1.5 dimensional fuel performance code, enabling 

to take into account friction forces (i.e. important for PCMI and hence fuel stack 
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elongation) and inner rod pressure (i.e. important for ballooning). On the other side 

several reactor dynamics codes and thermal hydraulics codes calculate node by node 

at least parts of the thermal hydraulics due to highly limited random access memory in 

the past. For example, before the coupling development started the DYN3D code 

structure contained a large loop calculating node by node the metal water reaction, the 

fuel behaviour with known heat flux density, the heat transfer regime and the heat flux 

density with known clad temperature for the considered coolant channel (cf. Figure 27 

on the left). To determine the fuel behaviour of a complete rod, i.e. consider all axial 

nodes at once to allow coupling to TRANSURANUS, this loop was split in three loops 

(cf. Figure 27 on the right). At the same time several variables weren’t declared node 

dependent but their values needed to be stored nodewise for calculating the heat 

transfer regime and the heat flux density in the loop after fuel behaviour 

determination. Thence larger modifications of the DYN3D code structure were 

necessary for the coupling to TRANSURANUS.  

3) Specification of transferred data arrays: Regarding the call of the general coupling 

interface through the coupled code, an unambiguous definition of the transferred data 

variables including their dimensions and units is important for both one-way approach 

(cf. Figure 29) and two-way approach (cf. Figure 30). Normally the data provided by 

the thermal hydraulics system codes, sub-channel thermal hydraulics codes or reactor 

dynamics codes represent the variables of the TRANSURANUS macro input part (see 

subsection 5.3.1). Vice versa the fuel performance code can transfer back e.g. fuel 

temperature for the neutronics and/or clad temperature for the thermal hydraulics (only 

in the two-way approach). According to both directions the list of transferred data 

variables can be extended, e.g. to take into account the fuel rod geometry calculated by 

TRANSURANUS in the coupled code system. Furthermore, the transferred data 

variables were assembled in data arrays, sorted by type of variable and direction. 

These data arrays were only adopted in DYN3D and the general TRANSURANUS 

coupling interface (not in TRANSURANUS).  

4) Embedding of interface call: The source code part simulating the fuel rod behaviour 

based on simplified modelling (cf. Figure 27 on the right, middle loop over axial 

nodes) should be replaced by a new subroutine call. Its task is the control of degree of 

detail in fuel behaviour modelling, hence the call of the fuel behaviour model and/or 
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the coupled fuel performance code depending on the newly introduced input variable 

(cf. Point 1). Possible artificial reflector nodes in reactor dynamics codes should still 

be handled by the simplified model. It might be difficult to integrate them into the 

analysis performed by the coupled fuel performance code. In addition the impact of 

detailed modelling should be negligible, i.e. due to no appearance of burn-up effects. 

Finally, if the code part embedding the fuel behaviour modelling is separated for 

steady-state and transient conditions (as the thermal hydraulics in DYN3D), two calls 

referring to the coupling interface will be introduced.  

 

 

Figure 27:  Local restructuring of DYN3D to allow determination of the whole fuel 

rod behaviour at once (i: count variable; n: total number of axial nodes in 

the coolant channel). Left, previous local DYN3D code structure; right, 

new local DYN3D code structure after restructuring.  
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5) Definition/Set of transferred control variables in the source code: Several control 

variables are transferred to the general coupling interface beside the data arrays (cf. 

Point 3). For example fuel assembly number, fuel rod number, status of the iteration 

process and writing/updating of output files are controlled by them to guarantee 

successful working including high flexibility. The values of these control variables are 

set in the source code, partly close to the call of the general coupling interface. Further 

control variables, which are not transferred to the general coupling interface, may be 

implemented in the source code additionally. For example, one control variable in 

DYN3D ensures that the coupling can be only applied to the two neutron energy 

groups version of DYN3D in this development stage.  

 

 

5.3.3 Maintenance of the code system 

 

On the one side the TRANSURANUS code and the general TRANSURANUS coupling 

interface have to be maintained, on the other side the code coupled to the fuel performance 

code needs maintenance, too (cf. Figure 26). All code system parts are developed permanently 

and separately and are applied by several institutions. These maintenance needs will increase, 

if once the modified TRANSURANUS version is integrated in the standard version at JRC-

ITU (see subsection 5.1.7) and the belonging general coupling interface is released to the 

TRANSURANUS user group. For example, if TRANSURANUS has to provide a variable 

parameter to a coupled code which wasn’t yet foreseen. Thence the fuel performance code has 

to be extended/be modified. Another example represents the integration of a confidential 

TRANSURANUS version in a coupled code system, i.e. embedding the 80% methodology 

[128].  

 

For limiting the maintenance, the new coupling interface should be released to users for the 

first time, when the general coupling interface will be parallelized enabling fuel behaviour 

determination of several fuel rods at the same time (see subsection 5.1.6). Furthermore, before 

it is provided to a larger number of users the interface should be tested and improved with the 

coupling to a second code (besides DYN3D). This should ensure that most of the control 

variables of the interface call haven’t to be modified, hence guaranteeing and preserving the 

generality itself. Of course it is difficult to fix the transferred data arrays in dimensions and 

containing variables (see subsection 5.3.2, Point 3). To limit further the maintenance work, no 
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variable of the code coupled to TRANSURANUS should reside in the fuel performance code 

and its general coupling interface as well as vice versa (like for DYN3D-TRANSURANUS).  

 

According to confidential TRANSURANUS versions, for the coupling the TRANSURANUS 

source code was modified in subroutines normally not touched by other code developments. 

Thence for the coupling modified TRANSURANUS subroutines can be integrated with low 

effort in special versions.  

 

 

5.4 Summary and recommendations for future work  

 

Most of the reactor dynamics, thermal hydraulics system, sub-channel thermal hydraulics, 

CFD codes and their code systems contain a simplified fuel behaviour modelling and/or set-

up of fuel rod parameters (e.g. heat transfer coefficient in the gap and power density profile) 

pre-calculated by a fuel rod performance code and provided as input tables [91] (see section 

2.5). Thence recently a worldwide trend occurred to replace simplified fuel behaviour models 

by coupling to fuel performance codes.  

 

A coupling of two computer codes requires modifications in two source codes and moreover 

development of a coupling interface (i.e. organizing the data transfer), hence experts of both 

codes are needed. Therefore, a general TRANSURANUS coupling interface together with 

modifications in TRANSURANUS was developed, limiting this development work almost 

completely to modifications in the code coupled to the fuel performance code (see subsection 

5.3.2). To ensure this the general coupling interface provides many features, e.g. one-way and 

two-way coupling, flexibility in time-step length, coupling at pin level or assembly level, and 

automatic switch from steady-state to transient conditions (see section 5.1). Furthermore, this 

computer tool can be applied to several scenarios in various reactor designs including 

different fuel compositions (see section 5.2). Because the generalized character of the 

developed interface limits work and costs, the replacement of simplified fuel behaviour 

models in neutronics and thermal hydraulics codes becomes more attractive.  

 

The feedback on neutron kinetics and thermal hydraulics from great degree in detail in online 

fuel behaviour modelling isn’t reported so far in the open literature for calculating a full LWR 

core [120]. Thence the assumed feedback has to be analysed, e.g. on the new coupled code 
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system DYN3D-TRANSURANUS (see chapter 6). This coupled code system can be applied 

to RIA scenarios. A future coupling with a thermal hydraulics system code is moreover of 

interest, i.e. for the analysis of LOCA scenarios, but also for complex RIA scenarios like 

anticipated transient without scram (ATWS) or boron dilution transients. The analysis of a 

boron dilution scenario is presented in chapter 6 of this work. However, the boundary 

conditions at the reactor pressure vessel inlet are provided as input in this analysis. The 

development of a coupling between the thermal hydraulics code RELAP and 

TRANSURANUS was proposed in the frame of the international benchmark on fuel 

modelling in accident conditions (FUMAC), organized by IAEA.   



Application of the new code system DYN3D-TRANSURANUS for RIA 

 

91 
 

6 Application of the new code system DYN3D-TRANSURANUS for RIA 

 

Most of the reactor dynamics, thermal hydraulics system, sub-channel thermal hydraulics and 

CFD codes contain a simplified fuel behaviour and/or set-up of fuel rod parameters (e.g. heat 

transfer coefficient in the gap and power density profile) pre-calculated by a fuel rod 

performance code and provided as input tables [91]. The same holds for coupled code systems 

consisting of these codes. Therefore, traditionally licensing calculations concerning fuel rod 

performance are done in a conservative manner [10] (see subsection 2.4.1).  

 

The overall interaction between neutron kinetics, thermal hydraulics and detailed fuel 

behaviour modelling has been rarely analysed in the open literature so far (see subsection 

2.5). Thence, one trend in advanced safety analysis is to quantify the benefit resulting from 

replacement of simplified fuel behaviour models by a two-way coupling approach to a fuel 

performance code. Such a two-way coupling approach allows detailed fuel behaviour 

modelling coupled online with neutron kinetics and/or thermal hydraulics. One of the first full 

online two-way couplings to a fuel performance code for a whole LWR core was developed 

in the frame of this thesis [10, 115, 120, 159]. This new coupled code system DYN3D-

TRANSURANUS is described in this chapter (cf. Figure 2). Furthermore, DYN3D-

TRANSURANUS results are presented for two RIA scenarios: Firstly, a CR ejection event 

and secondly a boron dilution transient as extreme RIA scenario. This chapter is taken from 

Ref. [10, 159].  

 

 

6.1 Description of the new code system DYN3D-TRANSURANUS 

 

The reactor dynamics code DYN3D consists of the 3D neutron kinetics core model and its 

own thermal hydraulics model [88]. Taking benefit from the decreased costs of computational 

power, DYN3D was coupled to thermal hydraulics system codes [106, 160], sub-channel 

thermal hydraulics code and CFD codes [103] in the last two decades (cf. Figure 28). These 

coupled code systems allow greater detail in thermal hydraulics modelling (i.e. high 

resolution of local fluid phenomena) and extension of the capability range (i.e. for simulations 

including also the secondary circuit of a PWR).  
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Figure 28:  Coupling approaches with the reactor dynamics code DYN3D  

 

 

Nevertheless, all coupling approaches contain a simplified fuel behaviour modelling so far. 

For example, the internal DYN3D fuel rod model [94] is embedded in the DYN3D thermal 

hydraulics part and belongs also to the category of simplified fuel behaviour models (see 

subsection 2.4.3 and cf. Table 4). More precisely, it takes into account the thermo-mechanical 

interaction between fuel and cladding after gap closure in a simplified way. Neither fission 

gas release nor the HBS phenomena are explicitly taken into account [94]. The DYN3D 

thermal hydraulics model comprises a full heat transfer regime map ranging from one-phase 

convection to post-CHF film boiling or dispersed flow conditions. In contrast, the thermal 

hydraulics model in the fuel performance code TRANSURANUS covers the phases for 

normal operating conditions only. The thermal hydraulics conditions have to be provided as 

input to TRANSURANUS for accident simulations.  

 

According to the different degree in detail in fuel behaviour modelling in both models, its 

influence on the heat transfer conduction solution is analysed in Ref. [10] (see subsection 

6.4.2): “For all burn-up levels DYN3D-TRANSURANUS [(fuel behaviour was modelled by 

TRANSURANUS)] systematically calculated higher maximum values for the node centreline 

fuel temperature (max. difference of 180.7 K) compared to DYN3D standalone [(fuel 

behaviour was modelled by the internal DYN3D fuel rod model)]. These differences were 

analysed with respect to the influence of the modelling of fuel thermal conductivity, radial 
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power density profile and heat transfer in the gap. For the individual impact of these three 

components of simplified modelling in DYN3D the following main trends were observed: 

The simulated fuel centreline temperature decreased due to the simplified fuel thermal 

conductivity, decreased due to the simplified heat transfer in the gap, and increased due to the 

simplified power density profile. It is important to note that the temperature differences could 

be completely explained by a combination of the three factors.”  

 

Both the one-way and the two-way approaches of the general TRANSURANUS coupling 

interface (see chapter 5) are applied to DYN3D-TRANSURANUS [10]. DYN3D provides the 

reference time step (Δt), time-dependent linear heat rate of the rod (LHR) and thermal 

hydraulics conditions like heat transfer coefficient between clad to coolant (αclad,sf), coolant 

temperature (Tcool) and coolant pressure (pcool) to TRANSURANUS (cf. Figure 29 and Figure 

30). For the two-way coupling, TRANSURANUS replaces the call of the simplified DYN3D 

fuel behaviour model, and is part of the iteration process in each time-step in DYN3D. 

Thence, TRANSURANUS in turn transfers parameters like radial fuel temperature 

distributions (Tfuel) and clad surface temperature (Tclad,sf) back to DYN3D. It is worth noting 

that TRANSURANUS takes into account gamma heating in both the cladding and coolant, 

hence the gamma heatings are also considered in the call of TRANSURANUS in the one-way 

coupling and two-way coupling. Tfuel affects directly the neutron kinetics through the Doppler 

temperature, and Tclad,sf the thermal hydraulics through clad-to-coolant heat transfer in 

DYN3D. This set of transferred parameters can be easily extended, e.g. to include the fuel rod 

geometry from TRANSURANUS in DYN3D in the future. It should be pointed out that the 

coupling was developed at fuel assembly level due to the DYN3D thermal hydraulics 

architecture, based on 1D vertical cooling channels which represents one or more fuel 

assemblies each (one fuel assembly in the calculations presented in this chapter). This means 

that, identical to DYN3D, one representative/average fuel rod is calculated in the coupled 

code system for each 1D vertical cooling channel. Although DYN3D and TRANSURANUS 

are best estimate codes, every user is free to choose conservative input data and to implement 

conservative models in the codes.  
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Figure 29: Data transfer between DYN3D and TRANSURANUS via the general 

TRANSURANUS coupling interface for one-way coupling (prospective in 

combination with the thermal hydraulics system code ATHLET) [10]. As shown, 

a later planned extension to DYN3D-ATHLET-TRANSURANUS was already 

taken into account, e.g. applicable to ATWS in the future (Gin: coolant mass flow 

density at the core inlet; Gout: coolant mass flow density at the core outlet; hin: 

coolant specific enthalpy at the core inlet; hout: coolant specific enthalpy at the 

core outlet; pin: coolant pressure at the core inlet; pout: coolant pressure at the core 

outlet).  

 

 
 

Figure 30: Data transfer between DYN3D and TRANSURANUS via the general 

TRANSURANUS coupling interface for two-way coupling (prospective in 

combination with the thermal hydraulics system code ATHLET) [10]. As shown, 

a later planned extension to DYN3D-ATHLET-TRANSURANUS was already 

taken into account, e.g. applicable to ATWS in the future (Gin: coolant mass flow 

density at the core inlet; Gout: coolant mass flow density at the core outlet; hin: 

coolant specific enthalpy at the core inlet; hout: coolant specific enthalpy at the 

core outlet; pin: coolant pressure at the core inlet; pout: coolant pressure at the core 

outlet).  
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6.2 Variants of the code system differing in detail of fuel behaviour modelling 

 

The TRANSURANUS input provides the capability to reduce the level of detail in fuel 

behaviour modelling, for example from complete thermal-mechanical analysis to thermal 

analysis with given heat transfer coefficient in the gap (see subsection 5.1.3). Furthermore, 

the clear and well defined structure of the TRANSURANUS code allows easily the 

introduction of new correlations for material properties of fuel, cladding and/or coolant, e.g. 

thermal conductivity, heat of melting, density and elasticity constant. The so-called realistic 

variant is applied for the scenarios in this chapter. This variant is based on the 

TRANSURANUS inputs generated in the frame of the OECD RIA Fuel Codes Benchmark 

for highly irradiated fuel rods (see chapter 3), which gave good and reliable results for the 

parameter transferred back from TRANSURANUS to DYN3D (cf. Figure 30). As in the 

OECD benchmark the material properties content of the standard TRANSURANUS version 

of JRC-ITU were applied also in this realistic version of the coupled code system.  

 

For analysing differences between DYN3D and the two-way approach of DYN3D-

TRANSURANUS, the level of detail in fuel behaviour modelling was reduced from the 

realistic one in order to align to DYN3D in different ways. Beside the realistic one these 

modified versions (named as variants I, II, III and IV) are additionally applied in subsections 

6.4.1 and 6.4.2 for the control rod (CR) ejection event.  

 

Variant I (fuel thermal conductivity)  

DYN3D comprises its own transient fuel behaviour model, which was developed and 

validated for fresh and low burn-up fuel [94]. The TRANSURANUS correlation is well 

validated up to high burn-ups, i.e. the fuel thermal conductivity depends besides of 

temperature on porosity, Gd concentration and burn-up. For aligning and analysis of the 

impact, the DYN3D fuel thermal conductivity correlation was applied in the 

TRANSURANUS code.  

 

Variant II (power density profile)  

The power density profile over the fuel pellet radius can be given as input to DYN3D. In this 

case, pre-calculations by a fuel performance or a neutron transport code such as the Monte 

Carlo code MCNP [161] have to be performed. Thence, a flat power density profile is usually 

used as standard in DYN3D. In contrary, TRANSURANUS contains several approaches for 
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calculating the radial power density form factor. The standard TUBRNP model [27] is used in 

this work. For investigating the influence of the radial form factor, a flat profile was set in the 

TRANSURANUS input in variant II.  

 

Variant III (heat transfer in the gap) 

For each fuel rod, the heat transfer coefficient in the gap is provided in the DYN3D input for 

its own fuel behaviour model. Alternatively, the change of the heat transfer coefficient in the 

gap during a transient can be calculated by DYN3D in a simplified way. In the realistic 

version of the code system, the URGAP model in TRANSURANUS was chosen taking into 

account gas bonding, thermal conductivity of mixture according to Lindsay and Bromley, and 

accommodation coefficients [162]. The modelling of the heat transfer in the gap is sensitive. 

Only advanced fuel performance codes can consider the heat transfer in the gap in an accurate 

manner. For analysing the impact of the heat transfer coefficient in the gap, the corresponding 

TRANSURANUS input was set to the DYN3D input value. In this mode, TRANSURANUS 

carried out a thermal analysis only.  

 

Variant IV (combination of variants I, II, III) 

An aligning was introduced for fuel thermal conductivity, power density profile and heat 

transfer coefficient in the gap.  

 

 

6.3 Specification of simulated RIA scenarios for German PWR 

 

Two RIA scenarios were calculated: Firstly, a CR ejection event (see subsection 6.4.2) and 

secondly a boron dilution transient as extreme RIA scenario (see subsection 6.4.3). The 

differences between DYN3D standalone and the two-way coupling approach of DYN3D-

TRANSURANUS are analysed in the first scenario. For this purpose, several variants of the 

code system differing in level of detail in fuel behaviour modelliung were used. In addition, 

the differences between one-way and two-way coupling approach are discussed in the second 

scenario. According to both scenarios, a German PWR Konvoi design characterized by 

thermal power of 3750 MW, four loops and 193 fuel assemblies of the type 18x18-24 was 

selected. The core map is shown in Ref. [163] and refers to a generic input distinguished by 

low leakage core loading pattern with UO2, Gd doped UO2 and MOX fuel at begin of cycle at 

Xe equilibrium. Neutron kinetics as well as thermal hydraulics were modelled 1:1 for all 193 
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fuel assemblies, and both in DYN3D and in DYN3D-TRANSURANUS one representative 

fuel rod of each fuel assembly was used. The internal DYN3D fuel behaviour model provides 

only fuel correlations for UO2, Gd and MOX correlations have not yet been implemented. A 

two group neutronic cross section library, generated by the lattice code HELIOS [86], was 

used to calculate the macroscopic cross sections taking into account burn-up state, poisoning, 

thermal hydraulics feedback and fuel assembly reshuffling.  

 

In this reactor design, a number of 61 CRs regulate the reactor power; each CR combines 24 

CR fingers, which fit into the 24 guide tubes in the 18x18-24 assembly type. The CRs are 

assigned either in the one CR bank L or the six CR banks D. The CR banks D are used for the 

control of reactivity in operation including fast operational transients. In analogy, the CR 

bank L is designed to supply the necessary shut down reactivity for a scram, to handle the 

control of the axial power density distribution over the core, and to support the CR bank D in 

case of a fast operational power transient.  

 

For analysing the pure effect resulting from a two-way coupling approach in comparison with 

DYN3D standalone (with its internal UO2 fuel behaviour model) and with one-way coupling 

approach (with its internal UO2 fuel behaviour model), only UO2 fuel properties correlations 

were activated in TRANSURANUS in the coupled calculations. Otherwise this effect would 

be additionally influenced by the in DYN3D not modelled fuel compositions Gd doped UO2 

and MOX.  

 

 

6.3.1 Control rod ejection 

 

For hot full power (HFP) conditions, all CRs in a German type PWR are practically out of 

core or inserted only partially. Thence the effect of a reactivity insertion due to a CR ejection 

is limited under HFP conditions. According to reactor operation rules, four CR banks D can 

be inserted fully in the power range between HZP and 30% of nominal reactor power. 

Thence, a typical ejection of one CR (core position N11 in Figure 32 and Figure 33) 

belonging to one of the four CR banks D was calculated starting from HZP as well as from 

power level 30% of nominal. The ejection time was set conservatively to 0.1 s [7], whereas 

the real ejection time is affected by the severity of the CR mechanical failure and coolant 

pressure [3]. The activation of the scram signal isn’t considered during the simulations. Film 
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boiling did not occur during this scenario. The time 0.1 s corresponds to the onset of the CR 

ejection in all figures regarding this scenario.  

 

 

6.3.2 Boron dilution transient 

 

The background of this scenario is the following. In the initial state, all CR are fully inserted 

into the core excluding the most effective CR, which is fully withdrawn assuming a single 

failure for the boron dilution transient. If a steam generator tube leaks and the secondary side 

pressure is higher than in the primary circuit (e.g. during an outage), unborated feed water 

will enter the affected primary loop forming a slug of - conservatively - unborated coolant in 

the affected loop. A slug volume of 36 m3 is considered for this scenario. This volume 

represents the maximum volume of a slug that can be accumulated in the selected scenario. 

Assuming that the reactor operator doesn’t recognize the leakage and starts up as first main 

coolant pump the one in the affected circuit after the outage, the slug of unborated coolant 

will move towards the downcomer and the lower plenum of the reactor pressure vessel. There 

it mixes with the highly borated coolant. As a result, under-borated coolant with a 

heterogeneous boron concentration pattern at 30 bar and 192 °C is considered to be 

introduced in this scenario into the core, leading immediately to excess reactivity insertion 

values of around 2$ in this case [164]. The ultimate core power rise initiated by this reactivity 

insertion is limited by the Doppler reactivity feedback. Secondary core power peaks can occur 

during the movement of the under-borated moderator front through the core (cf. Figure 37 (a) 

and (b)). The first power peak is cut off in Figure 37 (b) to zoom into the details of the 

secondary power peaks.  

 

The coolant mixing after entrance of the unborated coolant into the downcomer is a highly 

complex fluid dynamics process. Thence, it cannot be modelled by the DYN3D thermal 

hydraulics model that is restricted to the reactor core. Therefore boric acid concentrations as a 

function over time, measured in the experimental facility Rossendorf Coolant Mixing model 

(ROCOM) [165], were provided as input to DYN3D for the boron concentration at the inlet of 

each vertical cooling channel. Alternatively, the mixing of boric acid concentration and 

coolant temperature can be calculated by a fast-running coolant mixing model named as semi-

analytical perturbation reconstruction model (SAPR) coupled to DYN3D [164]. In reality, 

back flow would appear into the three loops with switched off main coolant pumps. This 
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effect is inherently considered in the provided boron input to DYN3D as far it also occurred 

during the corresponding ROCOM experiments. The beginning time (0 s) corresponds to the 

main coolant pump start in all figures regarding this scenario.  

 

6.4 Results and discussion 

 

6.4.1 Pre-calculations for critical boron concentration 

 

The results from DYN3D, the code system with fully realistic modelling and its variants 

containing simplifications in modelling (see section 6.2) differ in critical boron concentration. 

This is caused by different fuel temperature levels due to varying degree in fuel behaviour 

modelling and/or different modelling in DYN3D and TRANSURANUS. Thence for the 

scenario CR ejection, the critical initial state of the reactor and the corresponding critical 

boron concentration had to be pre-calculated in separate runs. If the fuel assembly was 

irradiated in a previous cycle, the pre-irradiation would be calculated with TRANSURANUS 

standalone for the input of DYN3D-TRANSURANUS. In that case typical time-dependent 

rod power and thermal hydraulics conditions were assumed.  

 

For HZP, fuel temperatures are low and thence differences are (almost) not visible in the 

calculated critical boron concentration (cf. Table 14). In contrast differences occur for 30% of 

nominal reactor power. A priori it is clear that the value from the one-way coupling approach 

must be identical to DYN3D, as it can be seen from Figure 29. As it can be seen from Table 

14, the variant IV of the two-way coupling approach provides the critical boron concentration 

value closest to the DYN3D standalone result. That means that the differences between 

DYN3D standalone and the realistic two-way coupling approach are indeed caused by the 

simplifying assumptions implied in variants I, II and III concerning fuel thermal conductivity, 

radial power density profile in the fuel pellet and heat transfer in the gap.  
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Table 14 – Critical boron concentration of the initial reactor state for CR ejection transient 
 

Code (system) 

Critical boron concentration [ppm] 

HZP 
30% of nominal 

reactor power 

 

DYN3D standalone 

 

1608.92 1225.27 

Two-way coupling approach 

DYN3D-TRANSURANUS 

(realistic) 

1608.87 1198.98 

Two-way coupling approach 

DYN3D-TRANSURANUS 

(variant I) 

1608.87 1219.59 

Two-way coupling approach 

DYN3D-TRANSURANUS 

(variant II) 

1608.87 1163.93 

Two-way coupling approach 

DYN3D-TRANSURANUS 

(variant III) 

1608.87 1212.38 

Two-way coupling approach 

DYN3D-TRANSURANUS 

(variant IV) 

1608.87 1223.68 

 

 

6.4.2 Comparison of DYN3D standalone and two-way coupling approach 

 

6.4.2.1 Analysis of differences in global and local parameters 

 

Global parameters  

For the CR ejection transient, the maximum total nuclear power in the peak is almost identical 

between the two-way approach of DYN3D-TRANSURANUS (1839 MW) and DYN3D 

standalone (1835 MW), cf. Figure 31 (left). In the coupled system the power decreases 

slightly steeper after reaching the maximum value. After 20 s the value of DYN3D standalone 

is 47 MW higher. No onset of DNB occurred locally. Furthermore, the global average fuel 

temperature is shown in Figure 31 (right). A difference of 43 K between both results can be 

seen from the beginning. The difference increases slightly over the time (max. increase of 1.4 

K). Obviously, for moderate RIA cases the difference in global average fuel temperature 

depends strongly on the initial state of the fuel rod, and less on the modelling of the change in 

e.g. heat transfer in the gap and fuel conductivity during the transient with fixed burn-up. This 

fact is important because the core loading contains fuel from zero burn-up up to high burn-up. 
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The TRANSURANUS code and thence also DYN3D-TRANSURANUS simulate the initial 

fuel state in greater detail because they take into account the whole pre-irradiation history 

beginning at zero burn-up. In addition, TRANSURANUS takes the thermal conductivity of 

high burn-up fuel with HBS porosity into account while DYN3D is only validated until 

medium burn-ups.  

 

   

Figure 31: Total nuclear power over time (left) and global average fuel temperature over time 

(right) for CR ejection at 30% of nominal reactor power.  

 

Local parameters  

For better understanding, these global differences were analysed in more detail on fuel 

assembly and node-wise level for the CR ejection transient. As known from other calculations 

[3], the magnitude of power increase represents a local parameter over the core, and thence 

the values of enthalpy insertion strongly differ among the fuel assemblies. The enthalpy 

increase is influenced by position in the core and burn-up of the fuel assembly, reactivity 

worth and insertion level of the ejected CR, and axial power distribution. In the calculated 

scenario, the ejected CR is located in a fresh fuel assembly, marked in Figure 32. As 

expected, the maximum fuel enthalpy increase occurs with 47.7 J/g in this fresh fuel 

assembly. While the neighbouring fuel assemblies in Figure 32 also show higher than average 

enthalpy increases, this effect decreases with distance from the ejected CR. To analyse the 

effect of the coupling in more detail, the relative difference Δ(Δh)rel between the maximum 

assembly-average fuel enthalpy increase simulated by DYN3D standalone on one hand and 

by DYN3D-TRANSURANUS on the other hand is quantified in Figure 33. The relative 

differences range between -156.8 % and 10.4 %, positive values meaning that DYN3D 

calculates a larger value than the coupled code system or vice versa.  
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Figure 32:  Maximum assembly-average fuel enthalpy increase Δh calculated by DYN3D-

TRANSURANUS for CR ejection at 30% of nominal reactor power (bordered 

fuel assembly represents the location of the ejected CR)  

 

 
 

Figure 33:  For CR ejection with no onset of DNB, relative difference Δ(Δh)rel in maximum 

assembly-average fuel enthalpy increase Δh between DYN3D and DYN3D-

TRANSURANUS at 30% of nominal reactor power (> 0%: value of DYN3D is 

larger; < 0%: value of DYN3D is lower; bordered fuel assembly represents the 

location of the ejected CR)  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

P 1.6 3.2 5.4 6.3 12.6 10.8 8.4

O 0.8 2.0 3.5 7.5 11.5 12.3 24.0 27.8 24.7 18.9 7.6 J/g

N 0.6 1.9 3.6 3.9 7.1 8.6 13.2 18.4 30.9 47.7 32.8 16.3 5.3 50.0

M 1.2 2.9 4.0 4.7 6.5 8.0 6.8 16.8 24.7 27.9 28.8 18.6 8.3 45.0

L 0.5 1.5 2.3 3.2 3.0 6.1 7.8 8.8 13.5 17.0 12.5 16.8 10.9 7.5 2.6 40.0

K 0.8 2.5 2.7 3.4 4.3 5.8 7.2 8.9 10.6 11.3 11.9 11.4 10.4 8.8 3.4 35.0

J 1.0 2.8 2.2 3.2 4.2 5.2 6.6 6.4 8.8 9.0 9.0 8.4 7.3 8.7 3.7 30.0

H 0.8 1.8 2.3 1.6 3.3 4.7 4.6 4.6 5.8 7.1 5.9 3.6 5.7 4.9 2.3 25.0

G 0.8 2.4 1.8 2.5 3.3 3.9 4.8 4.3 5.7 5.5 5.3 4.6 4.0 5.3 2.5 20.0

F 0.6 1.9 1.9 2.3 2.6 3.4 3.8 4.2 4.3 4.4 4.1 3.9 3.7 3.7 1.4 15.0

E 0.3 1.0 1.3 1.8 1.5 2.5 3.1 2.9 3.4 3.2 2.1 2.7 2.3 1.8 0.7 10.0

D 0.6 1.4 1.7 1.7 2.1 2.3 1.4 2.6 2.6 2.3 2.5 2.2 1.1 5.0

C 0.2 0.7 1.4 1.3 1.8 1.6 1.9 1.8 2.1 1.6 2.0 1.1 0.4 0.0

B 0.2 0.5 0.9 1.7 2.1 1.5 2.3 1.9 1.1 0.8 0.4

A 0.3 0.5 0.7 0.6 0.7 0.6 0.3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

P -85.0 -64.7 -106.2 -69.8 -148.8 -80.5 -111.2

O -98.2 -61.3 -26.7 -0.1 1.7 -22.9 0.8 -2.1 -38.0 -91.1 -155.4

N -83.8 -44.3 0.8 -0.5 -15.9 -36.6 -14.8 -42.1 -20.1 -3.9 -4.1 -78.0 -156.8 %

M -45.4 1.8 -6.2 -15.5 -4.0 -4.5 -20.4 -8.9 -11.0 -15.0 -17.4 -4.2 -90.8 20.0

L -43.9 -13.8 2.2 -4.8 -6.9 -23.7 -0.7 -6.6 -3.2 -38.9 -21.2 -26.6 -4.2 -36.0 -100.2 0.0

K -28.4 4.3 -6.3 0.8 -22.1 8.1 -17.0 2.4 -19.8 7.1 -31.4 -7.2 -18.8 -0.3 -66.8 -20.0

J -56.6 6.1 -15.5 2.1 3.1 -13.7 9.8 -0.7 9.6 -18.4 -1.0 -4.6 -34.1 2.8 -96.6 -40.0

H -20.6 -4.4 0.3 -3.8 -0.3 5.5 0.5 -21.6 -0.4 3.4 -3.9 -13.0 -8.5 -15.1 -49.3 -60.0

G -34.2 7.3 -12.1 4.6 5.6 -10.2 10.4 0.9 10.1 -14.3 1.7 -1.0 -25.5 4.1 -100.2 -80.0

F -19.5 6.6 -1.7 5.1 -10.6 10.3 -9.6 6.3 -11.5 8.9 -21.3 -0.5 -9.3 2.5 -44.3 -100.0

E -25.4 -5.6 6.8 -2.0 2.3 -11.9 6.2 1.3 5.1 -13.6 -2.7 -3.6 2.2 -16.8 -57.9 -120.0

D -19.5 7.1 3.6 2.8 5.6 5.6 -1.4 4.6 3.7 -6.2 -1.7 3.1 -41.8 -140.0

C -33.8 -15.8 7.4 7.4 -0.2 -9.8 2.7 -11.4 -2.7 4.8 4.0 -29.3 -63.6 -160.0

B -32.3 -18.1 -4.1 7.8 8.6 -1.5 7.9 6.4 -8.2 -30.0 -57.7

A -21.5 -16.4 -36.5 -16.0 -31.1 -19.6 -29.6



Application of the new code system DYN3D-TRANSURANUS for RIA 

 

103 
 

For all fuel assemblies with an enthalpy increase beyond 5J/g in Figure 32 and a relative 

difference of |Δ(Δh)rel| > 50 % in Figure 33, the values are shown in Table 15 in relation to the 

burn-up. The relative differences increase from fresh fuel to a burn-up of 40 MWd/kgHM. 

Beyond this burn-up threshold, the difference can rise sharply. Absolute relative differences 

of 50 % and more only occur for burn-up values higher than 40 MWd/kgHM, of 100 % and 

more for burn-up values higher than 55 MWd/kgHM. However, no conclusion can be drawn 

about the conservatism of the simplified intrinsic fuel behaviour model in DYN3D with 

respect to reactor safety because there are two contrarious trends. On the one side, a higher 

fuel enthalpy can lead to more distinct PCMI with the increased potential for fuel rod failure, 

or to higher temperatures inducing fuel melting. On the other side, a lower fuel enthalpy 

might be caused by higher heat transfer in the gap [24], which in turn leads to higher heat 

fluxes and might cause earlier DNB onset. This ambiguity points out the benefits of the 

coupled code system which can model the fuel behaviour in a great degree of detail until high 

burn-ups.  

 

Table 15 – Relative difference Δ(Δh)rel in maximum assembly-average fuel enthalpy increase 

Δh in relation to the fuel assembly burn-up for CR ejection transient 
 

Relative difference 

Δ(Δh)rel [%] 

Δh calculated by 

the code system [J/g] 

Burn-up 

[MWd/kgHM] 

-69.8 6.3 46.3 

-78.0 16.3 45.1 

-80.5 10.8 50.2 

-90.8 8.3 43.8 

-91.1 18.9 43.8 

-106.2 5.4 59.2 

-111.2 8.4 55.2 

-148.8 12.6 59.9 

-155.4 7.6 64.9 

-156.8 5.3 64.4 

 

For analysing the main parameters causing the differences in Δh, node-wise differences in 

maximum centreline fuel temperature were analysed with respect to the influence of the fuel 

thermal conductivity, radial power density profile in the fuel pellet and heat transfer in the 

gap. Contrary to the node average fuel enthalpy, the centreline fuel temperature also contains 

local information, i.e. the radial temperature distribution can be peaked at the periphery due to 
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adiabatic heating at the beginning of a CR ejection [24]. For all burn-up levels, DYN3D-

TRANSURANUS systematically calculates higher maximum values for the node centreline 

fuel temperature (max. difference of 180.7 K) compared to DYN3D standalone in case of a 

CR ejection (cf. Figure 34 (left) and Table 16). Larger differences are already observed for 

low burn-up fuel, although in the case of a CR ejection initiated from HZP conditions, the 

differences in Figure 34 (right) are negligible and are in the uncertainty range of a fuel 

performance code.  

 

 

Figure 34: Node-wise differences in maximum centreline fuel temperature over node burn-up 

for CR ejection without DNB. Differences are defined as two-way coupling 

approach DYN3D-TRANSURANUS (realistic) minus DYN3D. Left, at 30 % of 

nominal reactor power; right, at HZP conditions.  
 

Table 16 – Differences in maximum values of the node centreline fuel temperature for CR 

ejection transient (defined as DYN3D-TRANSURANUS minus DYN3D standalone) 
 

Code system 

Differences in max. values 

of node centreline fuel 

temperature [K] 

minimum maximum 

Two-way coupling approach 

DYN3D-TRANSURANUS 

(realistic) 

11.7 180.7 

Two-way coupling approach 

DYN3D-TRANSURANUS 

(variant I) 

-77.1 100.1 

Two-way coupling approach 

DYN3D-TRANSURANUS 

(variant II) 

14.4 580.0 

Two-way coupling approach 

DYN3D-TRANSURANUS 

(variant III) 

-11.8 119.6 

Two-way coupling approach 

DYN3D-TRANSURANUS 

(variant IV) 

-4.2 3.7 
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It should be pointed out that the differences in the calculated quantities could be minimized 

by adopting input values e.g. for the radial power density profile in the DYN3D internal fuel 

rod model, which is not the standard approach. In this case, pre-calculations by a fuel 

performance code like TRANSURANUS must be performed to obtain these values. However, 

the direct coupling is the more consistent way to achieve best estimate results.  

 

 

6.4.2.2 Impact of fuel thermal conductivity  

 

Firstly, the influence from different models for fuel thermal conductivity 𝜆𝑓𝑢𝑒𝑙 was analyzed. 

DYN3D describes 𝜆𝑓𝑢𝑒𝑙 [
𝑊

𝑚𝐾
] in a simplified approach as usual in thermal hydraulics system, 

sub-channel thermal hydraulics and reactor dynamics codes:  

 𝜆𝑓𝑢𝑒𝑙 =
3800

𝑇𝑓𝑢𝑒𝑙 + 130
+ 3400×10−17 ∙ 𝑇𝑓𝑢𝑒𝑙

4  (17) 

where 𝑇𝑓𝑢𝑒𝑙 is the local fuel temperature in 𝐾. In contrary, TRANSURANUS models the 

thermal conductivity 𝜆𝑓𝑢𝑒𝑙 [
𝑊

𝑚𝐾
] of LWR UO2 fuel in greater detail, i.e. also accounting for the 

burn-up degradation, Gd content and porosity [166]:  

 𝜆𝑓𝑢𝑒𝑙 = (
1

𝑎+𝑎1𝑏𝑢+𝑎2𝐺𝑑+𝑏1𝑏𝑢𝑇𝑝+𝑏2𝐺𝑑𝑇𝑝+𝑏𝑇𝑓𝑢𝑒𝑙
+

𝑐

𝑇𝑓𝑢𝑒𝑙
2 𝑒

𝑑
𝑇𝑓𝑢𝑒𝑙) (1 − 𝑃)2.5  (18) 

𝑇𝑓𝑢𝑒𝑙 is again the local fuel temperature in 𝐾, 𝑇𝑝 is the local absolute temperature defined as 

𝑇𝑝 = min (1923, 𝑇𝑓𝑢𝑒𝑙) in 𝐾, 𝑏𝑢 is the local burn-up in [
𝑀𝑊𝑑

𝑘𝑔𝑈
], 𝐺𝑑 is the local gadolinium 

concentration in 𝑤𝑡%, and 𝑃 is the local porosity. In particular, the porosity has an impact 

because of the restructured periphery in high burn-up fuel. The remaining parameters in eq. 

(18) are fitting constants [166].  
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(a) 

  

(b) 

  

(c) 

  

(d) 

  
 

Figure 35: Node-wise differences in maximum centreline fuel temperature over node burn-up 

for CR ejection at 30% of nominal reactor power for (a) variant I with identical 

fuel thermal conductivity, (b) variant II with identical power density profile, (c) 

variant III with identical heat transfer coefficient in gap, and (d) variant IV as 

combination of (a), (b) and (c). Left, difference defined as two-way coupling 

approach DYN3D-TRANSURANUS (variant I, II, III or IV) minus DYN3D 

(standalone); right, differences defined as two-way coupling approach DYN3D-

TRANSURANUS (variant I, II, III or IV) minus DYN3D-TRANSURANUS 

(realistic).  
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Eq. (17) was implemented in the code system as a first simplification, and will be referred to 

as variant I (see section 6.2). The variant I leads to node-wise differences in maximum 

centreline fuel temperature ranging between -244 K and 2 K (cf. Figure 35 (a) on the right). 

The differences up to 20 MWd/kgHM lie in the range of a fuel performance code uncertainty; 

beyond this burn-up value the DYN3D correlation leads to lower temperatures with 

increasing tendency up to 50 - 55 MWd/kgHM. This is mainly attributed to the so-called 

thermal conductivity degradation with increasing burn-up. At even higher burn-up, the 

differences decrease due to the lower injected energy in these nodes. On the one side the 

importance of the fuel thermal conductivity can be clearly seen, on the other side eq. (18) 

shows the complexity to provide all necessary information for integrating it into a thermal 

hydraulics system, sub-channel thermal hydraulics and reactor dynamics codes. For example, 

the porosity depends on densification, fission gas swelling and HBS porosity development. 

Nevertheless, the results in Figure 35 also show that the thermal conductivity cannot 

completely explain the differences.  

 

 

6.4.2.3 Impact of power density profile  

 

For increased burn-ups, the radial power density profile is not flat anymore [98]. The exact 

modelling of this phenomenon is important at least for fast reactivity transients because the 

high amount of injected energy during a few milliseconds can first result in a radial 

temperature profile peaked at the periphery [3, 24]. To analyse the influence on the 

differences in Figure 34 (left), DYN3D-TRANSURANUS was aligned to DYN3D imposing a 

flat profile in TRANSURANUS for all fuel rods, described in more detail as variant II in 

section 6.2. The differences with this modification lie between -9 K and 413 K compared to 

the realistic version of the code system (cf. Figure 35 (b) on the right). Above 30 MWd/kg 

HM the differences show a rapid increase to almost 200 K. Furthermore, a peak in the 

differences up to 413 K occurs between 50 - 55 MWd/kgHM. The fuel performance code 

uncertainty is much lower than the observed differences (cf. Figure 35 (b) on the right). As 

expected, the assumption of a flat profile in DYN3D represents a conservative approach for 

the centreline fuel temperature due to an overestimated power density factor in the centre.  

 

To simulate the radial power density profile in DYN3D as an appropriate function of burn-up 

and composition, two alternative approaches exist beside a coupling approach to a fuel 
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performance code. Firstly, the TRANSURANUS burn-up model (TUBRNP) [98] can be 

integrated as standalone model to a code like DYN3D. A second alternative represents the 

supply of form factors as input table. In this case, pre-calculations by a fuel performance code 

must be performed for different burn-up levels. Furthermore, the transferred form factors 

should account for the dependences on neutron flux spectra and fuel rod design (e.g. fuel 

composition). However, the direct coupling is again the more consistent way to achieve best 

estimate results.  

 

 

6.4.2.4 Impact of heat transfer in gap  

 

The value of the gap heat transfer coefficient is influenced by the gap width as well as the gas 

mixture depending on initial fill gas conditions and released fission gas. For the variant III 

described in section 6.2, the heat transfer coefficient in the gap in DYN3D-TRANSURANUS 

was set to the one of DYN3D standalone. Additional tests showed that neglecting the 

mechanic analysis has almost no effect on the differences in Figure 35 (c) in comparison with 

the influence resulting from the heat transfer coefficient in the gap. Most of the calculated 

maximum node centreline fuel temperatures (cf. Table 16) are higher (max. 120 K) in the 

realistic version of DYN3D-TRANSURANUS than in DYN3D. It seems that for the majority 

of considered fuel rods the heat transfer coefficient used in the DYN3D input is higher than in 

TRANSURANUS.  

 

Due to the complexity and sensitivity of the heat transfer in the gap, only fuel performance 

codes usually consider all its relevant parameters. In current state-of-the-art transient safety 

analysis with coupled code systems, the heat transfer coefficient in the gap is often provided 

as burn-up and/or linear heat rate dependent input table. For example, the AREVA core 

thermal hydraulics analysis code system COBRA-FLX [91] offers this as one option. Results 

of DYN3D-TRANSURANUS confirm the possibility of input tables for accurate simulations 

of CR ejection without onset of DNB. However, for the heat transfer coefficient a unique 

solution does not exist for a given linear heat rate (cf. Figure 36 (a) on the left). The node 

average fuel enthalpy is likely a better indicator for the heat transfer coefficient rather than the 

linear heat rate.  
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(a) 

  

(b) 

  

Figure 36:  Heat transfer coefficient (HTC) in gap as function of (a) node linear heat rate and 

(b) node average fuel enthalpy. Left, two-way coupling approach of DYN3D-

TRANSURANUS (realistic) for CR ejection with no onset of DNB initiated at 30 

% of nominal reactor power (slice with maximum linear heat rate of the fuel 

assembly containing the ejected CR, cf. Figure 32); right, TRANSURANUS 

standalone for CR ejection case #3 of OECD RIA Fuel Codes Benchmark with 

onset of DNB [24] (slice in the middle of the test rodlet).  

 

In a later stage of a RIA ballooning can occur due plasticity of the cladding material at high 

temperature after onset of DNB and/or fission gas release. This can lead to differences higher 

than the shown in Figure 35 (c) and will influence the above relation between fuel enthalpy 

and heat transfer coefficient. The heat transfer coefficient in Figure 36 on the right confirms 

this by a TRANSURANUS standalone simulation for case #3 of the OECD RIA Fuel Codes 

Benchmark with onset of DNB [24]. Case #3 represents the CIP3-1 experiment to be 

performed at the CABRI water loop facility characterized by PWR fuel closely burned up to 

75 MWd/kgHM (sectional average burn-up), initiated from HZP, injected energy at peak 

power node of 115 cal/g, coolant temperature of 280 °C, coolant pressure of 15.5 MPa (all 

planed values) and a hypothetical boundary condition assuming a flat axial power profile. 

Because the relationship also depends on heat regimes and their durations, the generation of 

an input table is very complex. Furthermore, if a feedback on neutronics and thermal 

hydraulics is considered from detailed fuel behaviour modelling, this may require a manual 

iteration process between the code system using such an input table and the generation of this 
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input table by a fuel performance code. Altogether, the direct coupling is again the more 

consistent way to achieve best estimate results.  

 

 

6.4.2.5 Impact of all three factors  

 

In variant IV all three previous influences were taken into account. By combining all three 

factors, negligible differences in maximum node centreline fuel temperature compared to 

DYN3D standalone (cf. Table 16 and Figure 35 (d) on the left) are observed, which indicates 

that they account for the differences brought about by the code coupling in the case under 

consideration.  

 

 

6.4.3 Comparison of one-way and two-way coupling approach 

 

6.4.3.1 Analysis of differences in feedback on neutron kinetics 

 

Global feedback: reactivity, thermal power and fuel temperature  

For the boron dilution transient, the evolutions of total reactivity over time are almost 

identical comparing the DYN3D-TRANSURANUS one-way approach (identical to DYN3D 

standalone for this parameter) and the DYN3D-TRANSURANUS two-way approach, cf. 

Figure 37 (a). The first rise in total reactivity reached peak values of 2.11 $ (one-way 

approach) and 2.07 $ (two-way approach), both greater than 1 $ meaning prompt criticality. 

The corresponding peak values of total nuclear power amounted 32,090 MW (one-way 

approach) and 32,144 MW (two-way approach). In the initial phase of the transient, the 

reactor is still sub-critical with zero power. Therefore, all temperatures, including the fuel 

temperatures, are more or less equal to the coolant temperature at the core inlet. So 

differences can’t be expected applying DYN3D-TRANSURANUS (two-way approach) and 

DYN3D, before under-borated coolant entered the core. When the reactor becomes critical 

and later super-critical, the power starts to rise very quickly and in parallel the fuel 

temperature increases. The delay, caused by heat transfer time constant, leads to the situation 

that the heat-up of the fuel immediately after reactivity insertion is practically adiabatic. This 

means that it isn’t affected by heat conduction in the fuel rod. If the adiabatic condition would 
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be fulfilled exactly, this should lead to identical results. Therefore, the difference in the first 

peak of total nuclear power amounted only 0.17 %, hence is negligible.  

 

(a) 

 

 

(b) 

 

 

(c) 

 

 

 

Figure 37: Total reactivity vs. time (a), total nuclear power zoomed in for showing 

differences vs. time (b) and global average fuel temperature vs. time (c) [values of 

the 1-way approach taken from the DYN3D part in the coupled code system]  
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Due to the upward movement of the boron dilution front in the core, secondary core power 

rises with smaller magnitudes occurred after the first peak (cf. Figure 37 (b)). For the first 

time, a difference in global average fuel temperature can be observed at 5.3 s. It increased 

over time between the one-way approach (values taken from the DYN3D part of the one-way 

coupling approach, hence identical to DYN3D standalone) and the two-way approach (cf. 

Figure 37 (c)). Despite the identical initial conditions, the fuel temperature increased slightly 

more for the two-way approach, reaching a maximum difference of 22 K (compared to 

maximum difference of 44 K during the CR ejection event in Ref. [10] (see subsection 

6.4.2)). As mentioned above an increase in difference was expected, because recently 

DYN3D-TRANSURANUS showed a pronounced influence of detailed modelling on the heat 

transfer in the fuel rod for the CR ejection simulations [10].  

 

Locally a large feedback on the thermal hydraulics could be observed in the boron dilution 

analysis, especially in those nodes where film boiling occurred (see subsubsection 6.4.3.2). 

The feedback on the thermal hydraulics affected slightly the global neutron kinetics, i.e. the 

peak in total reactivity around 11.7 s was slightly delayed in the two-way approach, mainly 

caused by the positive boron reactivity affected by the lower coolant density. However, the 

effect on the total reactivity and total nuclear power is limited, because film boiling was 

reached only in one node (best estimate ratio between CHF and actual heat flux) and in a few 

nodes (conservative ratio between CHF and actual heat flux).  

 

Local feedback: injected energy and increase of assembly-wise fuel enthalpy  

Nevertheless, the differences in global average fuel temperature can’t explain completely the 

total reactivity evolution, shown in Figure 37 (a). For example, after the first power rise the 

total reactivity decreased to -2.02 $ (one-way approach) and to -2.35 $ (two-way approach) in 

spite of identical global average fuel temperatures at that time. Furthermore, the total nuclear 

power was higher in the two-way approach during the further course of the transient (cf. 

Figure 37 (b)), in spite of a higher global average fuel temperature. Both observations can be 

explained by the dependence of the total reactivity on the moderator density.  

 

The moderator density was affected by local boundary conditions, which in turn led to local 

variations of the neutron kinetics. In the following, we will look at differences in local 

parameters like injected energy into the fuel in each node. Three main reasons can be 

identified for local dependencies: At first, the slug volume of unborated coolant is located in 
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one loop whose main coolant pump was started as first. Therefore, the distribution of the 

boron concentration over the core inlet plane is very heterogeneous and affected by complex 

turbulent mixing patterns. At second, the stuck CR conditions is responsible for the distortion 

of the regular power distribution in the core, and at third, the assembly-average burn-up is 

distributed heterogeneously over the core. They all contribute to an inhomogeneous injection 

of energy into the core (cf. Figure 38), hence the values of maximum enthalpy increase can 

strongly differ among fuel assemblies influencing locally the neutron kinetics (cf. Figure 39). 

For example, the maximum assembly-average fuel enthalpy rise occurred with 66.2 J/g in the 

fresh fuel assembly B6 (containing the stuck CR), followed by the neighboured fresh fuel 

assembly B7 with the second highest value in the calculated scenario. Furthermore, fuel 

enthalpy increases of up to more than 40 J/g could be seen for all average fuel assembly burn-

up levels up to 50 MWd/kgHM. At the same time, fuel assemblies with larger burn-ups were 

located in the outermost row of the core (except for the central fuel assembly H8 with 53.2 

MWd/kgHM).  

 

(a) 

  

(b) 

  
 

Figure 38: Node average injected energy vs. time. (a) For the node at the bottom of the fresh 

fuel assembly B6 (left) and for the 2nd lowest node of the same assembly (right). 

(b) For the node at the bottom of fuel assembly D5 with average assembly burn-

up of 31.7 MWd/kgHM (left) and for the node at the bottom of fuel assembly E6 

with average assembly burn-up of 50.0 MWd/kgHM (right).  
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Figure 39: Maximum assembly-average fuel enthalpy increase Δh calculated by DYN3D-

TRANSURANUS (two-way approach) [bordered fuel assembly contains the stuck 

CR]  

 

As depicted in Figure 38, the injected energy was affected by the degree in detail in online 

fuel behaviour modelling. For all cases shown in Figure 38, the two-way approach calculated 

higher injected energies. A closer look at Figure 38 reveals that after the first power rise at 4.7 

s the injected energy calculated in both approaches reached almost identical values in the 2nd 

lowest node of the fresh fuel assembly B6 (one-way approach: 268.2 J/g; two-way approach: 

267.5 J/g). Afterwards the injected energy increased continuously slightly more in the two-

way approach, following additional injected energy due to secondary power peaks of 96.9 J/g 

for the one-way approach and 121.8 J/g for the two-way approach. Thence, locally the 

neutron kinetics was influenced by the degree in detail in online fuel behaviour modelling. 

Due to its (strongly) coupling to the thermal hydraulics, this is discussed further in 

subsubsection 6.4.3.2.  

 

 

  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

P 11.8 16.0 17.3 15.1 15.4 10.9 6.5

O 10.3 24.8 30.6 31.9 37.2 22.3 33.9 21.6 16.2 10.9 3.8 J/g

N 10.1 20.8 46.5 38.1 36.5 22.9 28.0 17.3 22.6 20.4 22.3 8.2 3.5 70.0

M 24.6 46.6 41.1 40.2 33.4 36.3 21.9 27.4 18.0 20.6 19.1 20.2 9.1 60.0

L 11.7 30.7 39.3 40.0 34.9 41.7 41.7 35.5 35.2 26.7 17.5 20.5 17.9 12.2 4.3 50.0

K 15.6 33.7 37.4 33.7 42.2 37.0 42.0 34.4 37.7 28.5 28.5 18.7 19.9 15.7 7.0 40.0

J 17.8 42.3 24.8 39.5 44.9 42.7 41.0 37.3 37.7 39.2 38.8 29.3 15.2 26.4 9.5 30.0

H 16.2 25.5 35.0 28.9 40.9 37.7 38.0 27.4 37.0 33.2 36.6 21.0 23.1 15.6 9.4 20.0

G 17.2 41.9 25.2 40.1 45.6 43.3 41.2 37.0 36.9 38.0 38.6 30.2 16.4 29.7 11.3 10.0

F 15.2 32.5 37.3 34.3 42.9 37.0 42.5 32.2 35.3 27.2 28.7 20.6 23.6 19.3 8.9 0.0

E 11.2 29.4 37.1 40.8 35.0 42.6 41.3 33.0 32.3 25.3 17.8 23.0 22.5 16.6 6.1

D 23.2 41.8 39.9 40.1 34.0 37.3 19.8 23.3 15.5 19.7 20.5 25.2 12.7

C 9.6 19.9 42.5 40.6 44.0 25.0 24.7 12.6 16.0 16.0 20.6 9.4 4.7

B 10.0 25.9 39.7 66.2 59.7 19.6 22.9 12.1 10.7 9.2 3.9

A 16.3 25.1 21.4 12.6 8.9 5.8 3.7
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6.4.3.2 Analysis of differences in feedback on thermal hydraulics 

 

Local feedback: node average fuel enthalpy  

Firstly, the differences in maximum node average fuel enthalpy were analysed, because a 

faster decrease can promote the onset of film boiling and a slower decrease PCMI and fuel 

melting. In case of the boron dilution transient, for all local burn-up levels, the two-way 

approach of DYN3D-TRANSURANUS calculated values between 0.5 J/g lower and 22.3 J/g 

higher, compared to the one-way approach (cf. Figure 40 (a) on the left). This is in line with 

(larger) differences observed already for low burn-up levels in case of the CR ejection event 

in a PWR (see subsection 6.4.2) [10]. At higher burn-ups the maximum differences decreased 

in both boron dilution transient and CR ejection event due to smaller transient power levels. 

When plotting the results from the two-way coupling against those of the one-way coupling in 

Figure 40 (b) on the left, the cloud of points was shifted in the direction of the two-way 

approach values. This shift is slightly larger with increase in maximum node average fuel 

enthalpies. The maximum shift included differences greater than 10 %. The envelope in the 

direction to the one-way approach values could be found around the 45° line at which the 

differences vanish. Nevertheless, there are four points for which both methods gave similar 

results even though the maximum node average fuel enthalpy exceeds 250 J/g. The two points 

with the highest values belong to the two lowest nodes of the fuel assembly B6. Due to the 

position of the stuck CR in this fuel assembly (cf. Figure 39) and the high amount of fissile 

material, the injection of the under-borated coolant from the bottom of the core induces a 

maximum increase in enthalpy. The other two values belong to the neighbouring fresh fuel 

assembly B7. Differences didn’t occur for these nodes, because the maximum enthalpy value 

was reached during the first power rise with almost adiabatic fuel heat-up (see subsubsection 

6.4.3.1).  
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(a) 

  

(b) 

  
 

Figure 40: (a) Node-wise differences in maximum average fuel enthalpy as a function of the 

node burn-up. Differences are defined as the result of the two-way coupling 

approach minus the corresponding result of the one-way coupling approach of 

DYN3D-TRANSURANUS. (b) Maximum node average fuel enthalpy calculated 

by the two-way coupling approach versus the corresponding value of the one-way 

coupling approach. The ratio between the CHF and the actual heat flux, at which 

DNB is assumed, amounted to 1.0 (best estimate value) on the left and to 2.0 

(conservative value) on the right.  

 

The impact of more detailed fuel behaviour modelling on the evolution of node average fuel 

enthalpy was analysed to better understand the slightly higher increase in global average fuel 

temperature over time in Figure 37 (c) in the two-way approach. For the bottom node of fuel 

assembly B6 (core-wide with the second highest maximum node average fuel enthalpy), the 

evolution of the node average fuel enthalpy were very similar for both approaches (cf. Figure 

41 (a) on the left). The peak values amounted 298.2 J/g for the one-way approach and 298.6 

J/g for the two-way approach. However, beginning from 5.6 s the two-way approach of 

DYN3D-TRANSURANUS determined slightly higher values compared to the one-way 

approach. At the end of the calculation (13 s) the node average fuel enthalpies were almost 

identical. If the injected energy increases faster in the two-way approach (cf. Figure 38 (a) on 

the left), at the same time the node average fuel enthalpy will rise more compared to the one-

way approach (cf. Figure 41). However, the node average fuel enthalpy will also decrease 

slightly faster in the two-way approach (higher temperature gradient) meaning both 
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evolutions come closer together. Altogether all difference lay in the uncertainty range of fuel 

performance codes (cf. results of the OECD RIA Fuel Codes Benchmark in Ref. [24, 25]).  

 

(a) 

  

(b) 

  
 

Figure 41: Node average fuel enthalpy vs. time. (a) For the node at the bottom of the fresh 

fuel assembly B6 (left) and for the 2nd lowest node of the same assembly (right). 

(b) For the node at the bottom of fuel assembly D5 with average assembly burn-

up of 31.7 MWd/kgHM (left) and for the node at the bottom of fuel assembly E6 

with average assembly burn-up of 50.0 MWd/kgHM (right).  

 

Similar findings were expected for the fuel enthalpy of the 2nd lowest node of the same fuel 

assembly (core-wide with the highest maximum node average fuel enthalpy). The peak values 

are almost identical. Nevertheless, the average fuel enthalpy evolved completely different 

after 5 s (cf. Figure 41 (a) on the right). This couldn’t be explained only by the injected 

energy (cf. Figure 38 (a) on the right). This seems to be mainly caused by the onset of film 

boiling in this node in the two-way approach. The improved fuel behaviour modelling 

interacting with a thermal hydraulic model, which is able to describe post-CHF heat transfer, 

resulted in different fuel thermal conductivity and heat transfer coefficient in the gap. This 

leads to a higher heat flux directly after the first power rise in the two-way approach. Since it 

occurred in fresh fuel, the detailed modelling in radial pellet power density profile couldn’t be 

responsible. In the heat transfer regime of film boiling, the heat flux is significantly reduced, 

and the accumulated energy will be transferred to the coolant much slower. This effect 

explains the situation that the node average fuel enthalpy drops much slower than calculated 
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by the one-way approach (cf. Figure 41 (a) on the right). At the same time higher fuel 

enthalpies can promote PCMI and fuel melting. Thence altogether, the application of 

simplified fuel behaviour modelling and its associated influence should be analysed carefully, 

at least for conditions in the vicinity of film boiling.  

 

As mentioned before the internal DYN3D fuel behaviour model is validated only for fresh 

and low burn-up fuel [94]. Potentially larger differences compared to TRANSURANUS were 

therefore expected for fuel rods with medium and high burn-up values. This was observable at 

the bottom node of fuel assemblies D5 with an assembly average burn-up around 32 

MWd/kgHM and E6 with an assembly average burn-up around 50 MWd/kgHM. In these 

cases, maximum node average fuel enthalpies of 175.6 J/g (one-way approach) versus 188.7 

J/g (two-way approach) for assembly D5 and of 170.6 J/g (one-way approach) versus 183.5 

J/g (two-way approach) for assembly E6 were predicted. These peak values occurred at 8.1 s 

for assembly D5 and at 8.6 s for assembly E6, hence not during the first rise in total reactivity 

as for the two nodes of assembly B6. After this first rise the node average fuel enthalpy begun 

to increase for a second time, caused by the secondary rises in total reactivity (cf. Figure 41 

(b)). Further analysis of the differences is provided in the following (see “Local feedback: 

node clad surface temperature”).  

 

An additional set of calculations was accomplished performing a theoretical study in order to 

allow analysing nodes in which film boiling occurs in both approaches of the coupled system 

DYN3D-TRANSURANUS. For this purpose, the ratio between the CHF and the actual heat 

flux, at which DNB is assumed, was increased from 1.0 (best estimate value) to 2.0 

(conservative value). This value is an optional input parameter in DYN3D. The node-wise 

differences in maximum average fuel enthalpy as a function of burn-up are shown in Figure 

40 (a) on the right. In comparison to the best estimate results (cf. Figure 40 (a) on the left), 

larger changes in the differences between one-way and two-way approach could be seen. In 

particular, the two-way approach leads to film boiling in five nodes as summarised in Table 

17. For these nodes, the effect of detailed online fuel behaviour modelling on the thermal 

hydraulics (coupled to the neutron kinetics) in the two-way approach was strong. In some 

cases, values higher than 30 % for the maximum node average fuel enthalpy compared to the 

one-way approach were calculated (cf. Figure 40 (b) on the right and Table 17). As main 

conclusion, the maximum node average fuel enthalpy will be affected strongly if film boiling 

is initiated leading to a maximum after the first peak of total reactivity.  
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Table 17 – Maximum node average fuel enthalpy for nodes with film boiling (simulation with 

increased ratio between CHF and actual heat flux) 
 

Fuel assembly C6 B6 B7 

Node 2nd lowest bottom 2nd lowest bottom 2nd lowest 

Fuel enthalpy [J/g] for one-way 

approach 
192.4 298.2 313.3* 261.5 291.8* 

Fuel enthalpy [J/g] for two-way 

approach 
246.9* 414.1* 411.8* 355.3* 389.3* 

      *film boiling occurred  

 

The differences shown in Figure 38, Figure 40 and Figure 41 were expected to be able to be 

minimized by adopting appropriate input values for the radial power density profile and for 

the gap heat transfer coefficient, and by replacing the model for fuel thermal conductivity (see 

subsection 6.4.2) [10]. This would require pre-calculations by a fuel performance code like 

TRANSURANUS. Nonetheless, an accurate provision of the heat transfer coefficient in the 

gap as a correlation is challenging, due to its sensitivity and complex modelling in the case of 

gap closure and film boiling.  

 

Local feedback: node clad surface temperature  

A conclusion about the conservatism of reactor safety analysis cannot be drawn from the fuel 

enthalpy alone: A higher fuel enthalpy can lead to more distinct PCMI with the increased 

potential for fuel rod failure, or to higher fuel temperatures inducing fuel melting. A lower 

fuel enthalpy caused by a higher heat transfer in the gap can lead to higher heat fluxes and 

might cause earlier onset of film boiling. In turn this can result in an increase of clad surface 

temperatures. Following the fuel enthalpy analysis, the nodes can be separated in two 

categories for the study of node-wise differences in clad surface temperature shown in Figure 

42: those with only pre-CHF heat transfer and those with post-CHF heat transfer (e.g. film 

boiling) occurring in either only the two-way approach or in both approaches.  
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(a) 

  

(b) 

  
 

Figure 42: (a) Node-wise differences in maximum clad surface temperature as a function of 

the node burn-up. Differences are defined as the result of the two-way coupling 

approach minus the corresponding result of the one-way coupling approach of 

DYN3D-TRANSURANUS. (b) Maximum node clad surface temperature 

calculated by the two-way coupling approach versus the corresponding value of 

the one-way coupling approach. The ratio between the CHF and the actual heat 

flux, at which DNB is assumed, amounted to 1.0 (best estimate value) on the left 

and to 2.0 (conservative value) on the right.  

 

For the first category of nodes, the differences in maximum clad surface temperature varied 

between -30.0 K and 9.3 K for the best estimate calculation (cf. Figure 42 (a) on the left) and 

between -20.4 K and 18.5 K for the calculation containing the increased ratio for DNB (cf. 

Figure 42 (a) on the right). All clad surface temperatures belonging to this first category 

remained below 300 °C (cf. Figure 42 (b)). Furthermore, only small differences appeared in 

the evolution of clad surface temperature over time (cf. Figure 43 (a) on the left as well as 

Figure 43 (b) on the left and right).  
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(a) 

  

(b) 

  
 

Figure 43: Node clad surface temperature vs. time. (a) For the node at the bottom of the fresh 

fuel assembly B6 (left) and for the 2nd lowest node of the same assembly (right). 

(b) For the node at the bottom of fuel assembly D5 with average assembly burn-

up of 31.7 MWd/kgHM (left) and for the node at the bottom of fuel assembly E6 

with average assembly burn-up of 50.0 MWd/kgHM (right).  

 

There are only a limited number of nodes of the second category as can be seen in Figure 42. 

When applying the two-way approach, film boiling occurred in the 2nd lowest node in 

assembly B6 in the best estimate calculation (cf. Figure 42 (a) and (b) on the left) and in five 

nodes when applying a conservative CHF (cf. Figure 42 (a) and (b) on the right). For the best 

estimate calculation, the peak node clad surface temperature amounted to 280.4 °C (one-way 

approach) and to 742.6 °C (two-way approach), whereas post-CHF heat transfer didn’t occur 

in the one-way approach. For the conservative CHF, the corresponding peak node clad 

surface temperatures are summarized in Table 18. These results confirm that the peak node 

clad surface temperature, hence the thermal hydraulics, depends strongly on the degree in 

detail in online fuel behaviour modelling if heat transfer crisis (e.g. film boiling) occurs.  
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Table 18 – Maximum node clad surface temperature for nodes with film boiling (simulation 

with increased ratio between CHF and actual heat flux) 
 

Fuel assembly C6 B6 B7 

Node 2nd lowest bottom 2nd lowest bottom 2nd lowest 

Clad surface temperature [°C] 

for one-way approach 
282.9 300.1 743.9* 274.7 703.1* 

Clad surface temperature [°C] 

for two-way approach 
628.1* 925.0* 979.3* 815.8* 924.3* 

      *film boiling occurred  

 

Besides the peak value, the corresponding evolution of the node clad surface temperature was 

strongly affected by film boiling. This is illustrated for the 2nd lowest node of assembly B6 in 

the best estimate calculation in Figure 43 (a) on the right. In this case, the peak was reached at 

the first power rise in the one-way approach and during the film boiling phase in the two-way 

approach. Thence, the modelling of the heat transfer in the fuel rod influenced also heavily the 

node average fuel enthalpy (cf. Figure 41 (a) on the right). More precisely, the heat transfer 

coefficient in the gap was almost identical until 5.2 s (cf. Figure 44 (a) on the right). 

Afterwards the value of the two-way approach stayed at greater values mainly due to the 

higher fuel thermal expansion associated with the fuel enthalpy (cf. Figure 41 (a) on the 

right). However, the heat flux between fuel and cladding depends on both the heat transfer 

coefficient in the gap and the temperature difference between the outer fuel temperature and 

the clad inner surface temperature. For example, this temperature difference was very high 

during the first power rise and decreased afterwards in 2nd lowest node of assembly B6, 

especially in case of post-CHF conditions due to higher clad surface temperatures. 

Furthermore, the outer fuel temperature is also influenced by the fuel thermal conductivity, 

which is almost always higher in the DYN3D internal fuel behaviour model (see subsection 

6.4.2) [10]. This leads to a faster reduction in fuel enthalpy in the simplified fuel behaviour 

model.  
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(a) 

  

(b) 

  
 

Figure 44: Node heat transfer coefficient (HTC) in the gap vs. time. (a) For the node at the 

bottom of the fresh fuel assembly B6 (left) and for the 2nd lowest node of the same 

assembly (right). (b) For the node at the bottom of fuel assembly D5 with average 

assembly burn-up of 31.7 MWd/kgHM (left) and for the node at the bottom of 

fuel assembly E6 with average assembly burn-up of 50.0 MWd/kgHM (right).  

 

From the discussion above, it appears that for the second node category with occurrence of 

film boiling, the time at which the maximum clad surface temperature appeared and the time 

at which the maximum fuel enthalpy was predicted in that node did not match always. For the 

determined scenario and depending if post-CHF heat transfer occurs in the calculation, the 

peak node clad surface temperature will appear in the film boiling phase and not at the first 

power rise (cf. Figure 43). However, conclusion can’t be drawn about the location of the 

maximum node average fuel enthalpy in case of film boiling. The fuel enthalpy was strongly 

affected by the local amplitude of the first power rise, by the amount of injected energy 

during the secondary power rises and the heat transfer in the fuel rod.  

 

 

6.5 Computational costs 

 

The calculations were executed with one core of an eight-core Intel Xeon processor (1.8 

GHz). The different CPU times are summarized in Table 19. These include the time required 

to perform the transient calculation with inclusion of the time to search for starting conditions 
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defined by flux distribution and temperature distribution (values outside the parentheses), as 

well as the times for the transient calculation alone (values inside the parentheses). For the CR 

ejection transient initiated from 30 % of nominal reactor power (real time: 20 s), DYN3D-

TRANSURANUS (two-way approach) needed computation costs acceptable for industry 

applications [10]. The simulation of the pure transient needed 28.9 min, compared to 372.9 

min for searching the initial conditions for the transient. In contrast for the boron dilution 

transient initiated from sub-critical reactor conditions with zero power, the determination of 

the initial conditions took considerable more time in the two-way approach, compared to the 

simulation of the transient. This is caused by more iteration steps and/or more time for each 

iteration step, when we have a partial or full power state at the beginning of the transient. The 

boron dilution transient simulation (real time: 13 s) required longer CPU time in spite of both 

faster finding of the initial conditions and the shorter real time. This was triggered by the need 

of fixing small time step width of 0.001 s in the time interval between 4.65 s and 13 s process 

time in DYN3D, which was also applied in DYN3D-TRANSURANUS. This small DYN3D 

time step is requested to describe properly the neutron kinetics with an extreme power peak. 

Thence, TRANSURANUS was called by DYN3D more than 4.8 million times (i.e. more than 

25,000 times for the representative rod of each assembly) in the two-way approach during this 

transient calculation.  

 

Table 19 – Overview of computation times without parallelization [159] 
 

Code (system) 
CPU time [min] 

CR ejection transient [10] Boron dilution transient 

 

DYN3D standalone 

 

5.2 (4.9) 188.0 (187.9) 

One-way coupling approach 

DYN3D-TRANSURANUS 

(best estimate) 

26.8 (14.4) 752.8 (740.3) 

Two-way coupling approach 

DYN3D-TRANSURANUS 

(best estimate) 

401.8 (28.9) 1444.0 (1380.1) 

 

It was also interesting that the computational time of the two-way approach was only a factor 

of 7.7 greater compared to DYN3D standalone and a factor of 1.9 greater compared to the 

one-way approach regarding to the boron dilution transient. This attested also the fast 

numerical performance of both components DYN3D and TRANSURANUS, and can be 
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further improved in the future thanks to a parallelization [10] (see subsection 5.1.6). Finally, it 

should be underlined that the convergence of DYN3D-TRANSURANUS was stable, even 

during the rapid increase in total nuclear power as well as during post-CHF conditions leading 

to a very rapid change of the boundary conditions at the clad surface.  

 

 

6.6 Outlook on DYN3D-TRANSURANUS 

 

The presented RIA simulations for Gen-II and -III can be completed in the future. On the one 

side, analyses of the CR ejection transient or/and the boron dilution transient implying 

TRANSURANUS correlations for MOX fuel can be carried out, on the other side the 

application of the coupled code system can be extended to VVER type reactors. DYN3D is 

comprehensively validated for VVER type reactors. Furthermore, the set of scenarios 

analysed by DYN3D-TRANSURANUS can be further enlarged. A further potential 

application of the two-way approach of the code system DYN3D-TRANSURANUS 

represents the application to fuel cycle calculations. For this purpose, the computational tools 

currently rely on simplified fuel behaviour models and/or a set-up of fuel rod parameters. 

More precisely, power density profiles and heat transfer coefficients in the gap are pre-

calculated by e.g. a fuel rod performance code and provided as input tables. Nonetheless, an 

accurate provision of the heat transfer coefficient in the gap as a correlation is challenging due 

to its sensitivity and complex modelling in the case of gap closure. Therefore, a two-way 

coupling with a fuel performance code can improve the fuel cycle calculations and ultimately 

lead to a more efficient use of fuel. Another perspective can be the simulation of a whole 

nuclear power plant (i.e., including feedback from the secondary circuit of PWR), e.g., in case 

of ATWS or recriticality transients. For this, the next step would be the merging of the 

existing coupled code systems DYN3D-ATHLET and DYN3D-TRANSURANUS. Last one 

was designed from the beginning for this kind of extension.  

 

Neutronics and thermal hydraulics codes [167, 168] are being extended and applied to safety 

analysis for Gen-IV reactors, enforced by the ASTRID [169] and the MYRRHA [170] 

projects for example. Such codes as well as the corresponding coupled code systems often 

either include a simplified Gen-IV fuel behaviour approach or still apply the LWR fuel 

behaviour models. On the contrary, TRANSURANUS provides correlations for Gen-IV fuel 

compositions and cladding materials, e.g., for FR [157]. A DYN3D version based on a multi-
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group approach was developed, the thermal hydraulics model is going to be extended to other 

coolants than water (liquid metals, gases). Therefore, the coupling approach can be also 

adapted to the multi-group version of DYN3D for Gen-IV reactor designs with only small 

modifications.  

 

A final perspective represents the application of DYN3D–TRANSURANUS to the analysis of 

RIA experiments, e.g., in the CABRI reactor in France and in the NSRR in Japan. The 

feedback on the neutronics and thermal hydraulics from detailed fuel behaviour modelling can 

be studied more precisely. At the end this can lead to improved models and to more accurate 

pre- as well as post-calculations.  

 

 

6.7 Summary and recommendations for future work  

 

Traditionally, licensing calculations rely either on simplified fuel behaviour models with 

appropriate sets of conservative model and material parameters, that are integrated in neutron 

kinetics and thermal hydraulics system codes, or on separated subsequent analyses of the 

neutron kinetics and thermal hydraulics of the transient and a follow-up fuel rod performance 

analysis based on the results of the first analysis used as boundary conditions. These 

calculations, however, neglect the dynamic interaction between neutron kinetics and thermal 

hydraulics on the one side, and greater degree in detail in online fuel behaviour modelling on 

the other side.  

 

To investigate this potential feedback on neutron kinetics and thermal hydraulics in a RIA, a 

CR ejection initiated from 30 % of nominal reactor power in a PWR was first simulated with 

the code system DYN3D-TRANSURANUS [10, 120]. The feedback turned out to be almost 

negligible under transient conditions if the calculations begin from same initial conditions and 

film boiling doesn’t occur during the transient.  

 

As second scenario, a boron dilution transient in a PWR, initiated from sub-critical reactor 

conditions with zero power, was calculated with the one-way and two-way approaches of the 

code system DYN3D-TRANSURANUS in order to assess the impact of film boiling. A boron 

dilution transient represents a very challenging RIA scenario due to the initiation of a huge 

prompt power peak, on the one hand, and very quick changes in the thermal hydraulics 
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boundary conditions due to the possible heat transfer crisis occurrence at the fuel rod clad 

surface. According to our best estimate calculations, the feedback on the total nuclear power 

of the first power rise from detailed online fuel behaviour modelling is negligible because the 

heat transfers between cladding and coolant and inside the fuel rod aren’t affected (delay 

caused by heat transfer time constant). In the further course of the transient, the total reactivity 

and total nuclear power were influenced by the detailed fuel behaviour modelling: it led to a 

steeper increase in global average fuel temperature in the two-way approach. The injected 

energies and clad-to-coolant heat transfer were also affected, hence there was feedback on 

thermal hydraulics beside the feedback on neutron kinetics. As a result, the one-way approach 

didn’t predict film boiling at all, while the two-way approach determined film boiling in one 

node. To extend the analysis to the occurrence of film boiling in both coupling approaches, an 

additional set of calculations was performed. For this purpose, the ratio between CHF and 

actual heat flux, at which the switch to post-CHF heat transfer conditions is assumed, was 

conservatively increased by a factor of two. For the nodes with film boiling in both 

approaches, the two-way approach calculated still more than 30 % greater maximum node 

average fuel enthalpies and maximum node clad surface temperatures, compared to the one-

way approach. This implies that the one-way approach potentially produces non-conservative 

results with respect to safety assessment, and an advanced coupling between neutron kinetics, 

thermal hydraulics and detailed fuel rod behaviour modelling is beneficial for reliable safety 

analysis.  

 

Finally, typically for low leakage core loading pattern, the high burn-up fuel assemblies only 

underlay pre-CHF heat transfer in RIA scenarios. Thence, the impact from different degree in 

HBS modelling couldn’t be analysed. For this purpose, the general TRANSURANUS 

coupling interface can be adopted to a thermal hydraulics system code. For LOCA 

simulations, especially with high burn-up rods studied in the Halden reactor in Norway, this 

would give the opportunity to consider the specific issues associated with the high burnup 

structure that are included in greater degree in detail in fuel performance codes.  

 

  



Summary and conclusion 

 

128 
 

7 Summary and conclusion 

 

RIA belongs to the category of DBA; thence the reactor must be constructed to handle the 

consequences without environmental impact. Nuclear safety analysis has to demonstrate that 

the RIA safety criteria which limit the maximum increase in fuel enthalpy, the maximum fuel 

temperature, and the departure from nucleate boiling (DNB) / maximum clad surface 

temperature are ensured. Today’s safety analysis is based on reactor dynamics codes 

containing simplified fuel behaviour models applying a set of conservative initial and 

boundary conditions. Calculations with (a sub-channel thermal hydraulics code and) a fuel 

performance code complete the safety analysis. This work contributes to the three areas of 

fuel performance analysis in advanced RIA simulation, which reflect general trends in this 

field.  

 

Firstly, for advanced (RIA) safety analysis, fuel performance codes are still being extended to 

a wider range of application (e.g. capable for DBA like RIA). For example, the 

TRANSURANUS version for RIA is under development. Therefore, the performance of 

TRANSURANUS was evaluated by participation in the OECD RIA Fuel Codes Benchmark 

for highly irradiated rods, organized by the OECD/NEA Working Group on Fuel Safety 

(WGFS). In this regard the CABRI RIA test CIP0-1 with the coolant sodium was recalculated 

(benchmark case #1). In addition, the planed CABRI RIA test CIP3-1 with the coolant water 

was pre-calculated under the specific condition of both inhibition of boiling (benchmark case 

#2) and application of externally provided clad outer temperatures (benchmark case #3). The 

boundary condition of case #3 was determined by IRSN with its fuel performance code 

SCANAIR, containing well validated clad-to-coolant heat transfer correlations for RIA 

conditions. The TRANSURANUS results (HZDR) showed (very) good agreements in 

injected energy, variation of enthalpy, central fuel temperature, maximum fuel temperature 

and location of the maximum fuel temperature. Furthermore, TRANSURANUS shows a 

stable numerical behaviour which presents an important issue for (very) narrow and at the 

same time high power pulses occurring in RIA events. Nevertheless, TRANSURANUS 

underestimated the elongation of the fuel stack and the cladding. These might result from both 

a gaseous swelling model limited to normal and mild transients and the lack of clad properties 

for RIA conditions. According to more accurate simulations the development of a transient 

fission gas release model and the integration of a cladding failure model for RIA would be 

worthwhile for TRANSURANUS. Results of the other benchmark cases weren’t provided in 
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the frame of this work. On the one side the TRANSURANUS thermal hydraulics model is 

based on a simplified approach covering the phases before DNB only. Thence the simulation 

of the benchmark cases #4, #6 and #8 with boiling (no provision of clad outer temperatures in 

the benchmark specification) couldn’t be carried out with TRANSURANUS in standalone 

mode. On the other side numerical instabilities occurred under the specific condition 

inhibition of boiling for the NSRR capsuled RIA fuel tests performed in stagnant water 

(benchmark cases #5 and #7). They were caused by the thermal hydraulics modelling in 

TRANSURANUS.  

 

Secondly for advanced (RIA) safety analysis, steady-state and transient fuel performance 

codes are still being improved for a more accurate simulation (e.g. of high burn-up 

phenomena). Today the HBS occurrence after a few cycles is one issue of major interest, 

especially due to its important influence on the fuel behaviour during DBA. Despite the many 

publications about the HBS made until now, there are still open questions. To take into 

account more properly the impact of the HBS in RIA analysis the modelling of the Xe 

depletion was improved in TRANSURANUS allowing a more accurate simulation of gaseous 

swelling and fission gas release in the future. For this purpose, the influence of the burn-up 

and irradiation temperature on the Xe concentration in the HBS was investigated using a 

multi-physics approach. The temperature influence was modelled by means of the 

temperature dependent effective burn-up. The fitting of the model on the basis of HBRP data 

showed that the HBS forms at a local burn-up level exceeding 49 ± 0.2 MWd/kgU and at 

temperatures below 1049 ± 17 °C. Thence good agreement was found between the modelled 

temperature threshold of the effective burn-up and the experimental temperature threshold 

between un- and restructured fuel in the HBRP. Furthermore, the fitted effective burn-up 

threshold lies in the experimentally observed range. However, a systematic difference is 

observed between the onset burn-up derived from the Xe measurements in highly enriched 

discs such as those of HBRP and the corresponding values derived from irradiated LWR fuel 

rods and reported in the open literature.  

 

Thirdly for advanced (RIA) safety analysis in LWR, the benefit and potential were being 

analysed resulting from replacement of simplified fuel behaviour models in neutronics, 

thermal hydraulics and CFD codes by a full online two-way coupling approach to a fuel 

performance code. In today’s licensing approaches these codes are still coupled offline to fuel 

performance codes. Furthermore, at the beginning of this work no full two-way coupling 



Summary and conclusion 

 

130 
 

approach has so far been reported in the open literature for calculating a whole LWR core 

online with detailed and well validated fuel behaviour correlations. A general interface was 

developed to couple the TRANSURANUS fuel performance code with reactor dynamics 

codes, thermal hydraulics codes or CFD codes. Beside its generality, other features of this 

interface are the application at either fuel assembly or fuel rod level, one-way or two-way 

coupling, automatic switching from steady-state to transient conditions in TRANSURANUS 

(including update of the material properties etc.), writing of all TRANSURANUS output files 

and the possibility of manual pre- and post-calculations with TRANSURANUS in standalone 

mode. The TRANSURANUS code can be used in combination with this coupling interface in 

various scenarios: different fuel compositions and cladding materials for the reactor types 

BWR, PWR, VVER, HWR, and FR with sodium as well as lead(-bismuth) coolant; normal 

operation, operational transients and DBA like LOCA; time scales from milliseconds/seconds 

(e.g. RIA) over seconds/minutes (e.g. LOCA) to years (e.g. normal operation or latterly also 

dry fuel storage) in the same simulation run.  

 

As first application of the general TRANSURANUS coupling interface, the reactor dynamics 

code DYN3D was coupled at assembly level in order to describe the fuel behaviour in greater 

degree in detail. In the coupling, DYN3D provides process time, time-dependent rod power 

and thermal hydraulics conditions like heat transfer coefficient between clad to coolant, 

coolant temperature and coolant pressure to TRANSURANUS. For the two-way coupling, 

TRANSURANUS replaces the call of the simplified DYN3D fuel behaviour model, and is 

part of the iteration process in each time-step in DYN3D. Thence TRANSURANUS in turn 

transfers parameters like fuel temperature and clad temperature back to DYN3D. Results of 

the coupled code system were presented for two different RIA scenarios in a German PWR 

(Konvoi), initiated once by control rod ejection and secondly by boron dilution.  

 

According to the RIA scenario control rod ejection starting from 30% of nominal reactor 

power, it appeared that for all burn-up levels the two-way coupling approach systematically 

calculated higher maximum values for the node fuel enthalpy (max. difference of 46 J/g) and 

node centreline fuel temperature (max. difference of 180.7 K), compared to DYN3D 

standalone in best estimate calculations. These differences could be completely explained by 

the more detailed TRANSURANUS modelling of fuel thermal conductivity, radial power 

density profile and heat transfer in the gap. The modelling of the heat transfer in the gap is 

sensitive. Only advanced fuel performance codes can consider the heat transfer in the gap in 
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an accurate manner. Since in this scenario no DNB occurred and the fuel enthalpy increases 

were relatively small, the feedback on the thermal hydraulics and neutron kinetics in the two-

way approach calculations was very limited. Thence the difference in results between the one-

way and two-way coupling approach were negligible. The results of the one-way coupling 

approach were generated applying the code system DYN3D-TRANSURANUS, but can be 

also obtained by standalone simulations of DYN3D and TRANSURANUS step-by-step. 

According to the RIA scenario boron dilution transient, the feedback from detailed fuel 

behaviour modelling was found negligible on the neutron kinetics and thermal hydraulics 

during the first power rise. In a later phase of the transient, the node injected energy can differ 

25 J/g, even still around 20 J/g for nodes without film boiling. Furthermore, the thermal 

hydraulics can be affected strongly even in fresh fuel assemblies, where film boiling appeared 

in one node in the two-way approach in spite of no onset of film boiling in the one-way 

approach. For nodes with film boiling in both coupling approaches the two-way approach 

determined always higher maximum node average fuel enthalpies by about 100 J/g and higher 

maximum node clad surface temperatures by about 230 °C for the corresponding fresh fuel 

assemblies.  

 

The numerical performance for DYN3D-TRANSURANUS was proved to be fast and stable. 

The coupled code system can therefore improve the assessment of safety criteria, at a 

reasonable computational cost. Both the numerical performance and the analysed differences 

between the coupled code system and DYN3D standalone substantiate the worldwide trend to 

integrate online detailed fuel behaviour approaches in safety analysis. However, this is 

realized sometimes as “half” / not full two-way coupling approach in other coupled code 

systems. Furthermore, the performance of DYN3D-TRANSURANUS demonstrated the 

potential to apply the general TRANSURANUS coupling interface to other codes. For 

example, the development of a coupling approach between the thermal hydraulics system 

code RELAP and TRANSURANUS was proposed in the frame of the international 

benchmark FUMAC, organized by IAEA. Such coupled code system will allow the 

performance of a large break LOCA analysis with great degree in detail in online fuel 

behaviour modelling.   
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