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ABSTRACT 
Safety authorities and fuel designers, as well as nuclear research centers rely heavily on fuel 
performance codes for predicting the behaviour and life-time of fuel rods. The simulation 
tools are developed and validated on the basis of experimental results, some of which is in the 
public domain such as the International Fuel Performance Experiments database of the 
OECD/NEA and IAEA. Publicly available data constitute an excellent basis for assessing 
codes themselves, but also to compare codes that are being developed by independent teams. 
The present report summarises the advantages for the TRANSURANUS code by taking part 
in previous benchmarks organised by the IAEA, and outlines the preliminary results along 
with the perspectives of our participation in the current coordinated research project FUMEX-
III. 
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1. Introduction 
The TRANSURANUS fuel performance code [1-3] is a key instrument for fuel performance 
modelling that is used by various research centres, universities, nuclear safety authorities and 
industrial partners. Since its inception, the development as well as the verification of the code 
is carried out following rigorous quality procedures, and is organised in three steps. The first 
step consists of verifying the mechanical–mathematical framework. To this end, the models in 
the code are compared with exact solutions, which are available in many special cases 
(analytical verification), and several solution techniques are tested, which are applied in order 
to optimise the numerical analysis [4-9]. During the second step, extensive verification of 
separate models incorporated in the fuel performance code is performed on the basis of 
separate-effect data. Finally, in the third and last step the verification is completed by code-to-
code evaluations as well as comparison with experiments in the frame of international 
benchmarks organised by the IAEA. 
 
In a previous paper, the verification of the TRANSURANUS code was reviewed [10]. In the 
second section of the present paper we examine in more detail the contributions of the 
FUMEX-I and II benchmarks, organised in the past by the IAEA, to the development and 
validation of the TRANSURANUS code. The third section deals with the current results 
obtained so far in the latest benchmark FUMEX-III organised by the IAEA. In the fourth and 
last section perspectives for further development and verification, which is being carried out 
in collaboration with several other users of the TRANSURANUS code, will be presented. 

2. Main benefits from D-COM, FUMEX-I and FUMEX-II 

2.1 Benefits from D-COM 

The first benchmark organised and sponsored by the IAEA in the form of a co-ordinated 
research programme for "The Development of Computer Models for Fuel Element Behaviour 
in Water Reactors" (D-COM) was conducted in the mid 1980s with the aim of investigating 
the ability of fuel performance codes to predict fission gas release. The case to be calculated 
consisted of three mini-rods with a maximum burnup of 32 MWd/kgHM. A total of sixteen 
codes were involved in the D-COM exercise. Blind predictions were compared with the 
experimental data at an OECD-NEA-CSNI/IAEA Specialists' Meeting [11]. On this occasion 
only a few codes correctly predicted that most of the gas release occurred during the bump 
test in two rods. The URANUS [12] code, the forerunner of the TRANSURANUS code, 
underpredicted the percentage of fission gas release released in the bump test as did most of 
the other codes [13]. Following this blind prediction, the percentages of gas released were 
recalculated by means of improved code versions at presented at another IAEA Specialist's 
meeting [14]. At this meeting the URGAS model [15] for gas release under steady state and 
transient conditions was presented for the first time and good agreement with the 
experimental release data was obtained. 

2.2 Benefits from FUMEX-I 

The second benchmark for fuel performance codes organised by the IAEA was called Fuel 
Modelling at Extended burnup (FUMEX) and took place from 1992 to 1996 [16]. It involved 
15 countries and 19 codes. The participants were required to perform blind predictions based 
on irradiation histories that were provided by the OECD Halden Reactor Project for ten fuel 
rods from six experiments with a burnup range up to 50 MWd/kgHM. The cases addressed 
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fuel thermal performance, fission gas release at high burnup and to a limited extent pellet 
cladding mechanical interaction. The preliminary results obtained by means of the 
TRANSURANUS code [17] were obtained without specific models for the HBWR 
conditions. Despite this shortcoming, the results were overall satisfactory, even though there 
were indications of overpredicted fuel swelling causing too early gap closure, while there was 
an underprediction of the gap conductance under contact conditions for high burnup.  
 
Two main improvements were carried out on the basis of these observations. In order to cope 
with the observed discrepancies at high burnup, an improved version of the model for radial 
power prediction in the TRANSURANUS code (TUBRNP) was developed [18] and 
subsequently also implemented in the FRAPCON code [19]. A second improvement was in 
the form of a model for the Xe depletion observed in the high burnup structure [20], and a 
modification of the remaining gap size due to surface roughness filling. The resulting gap 
conductance, temperature and swelling predictions were improved so that the final results for 
temperature and fission gas release fractions were satisfactory [21], whereas the mechanical 
behaviour was not analysed in great detail. 
 
After the FUMEX exercise, also an extended version of the TRANSURANUS burnup model 
(TUBRNP) has been developed for heavy water reactor conditions [22]. 
 
Another major consequence of FUMEX, was that the TRANSURANUS code has been 
transferred to several Eastern European countries [16] that were establishing independent 
nuclear regulatory authorities. In addition the NEA/IAEA International Fuel Performance 
Experiments data base (IFPE), containing experimental datasets about 1445 rods/samples 
from various sources encompassing BWR, AGR, PHWR, PWR, and VVER reactor systems 
[23], has been established. In the latest review about the verification of TRANSURANUS on 
the basis of experimental data [10], it has been clearly established how important this database 
is in addition to the data from the Halden Reactor Project. 

2.3 Benefits from FUMEX-II 

FUMEX-II was the third evaluation organized by the IAEA for LWR fuel behaviour codes 
[24] from 2002 until 2005, and relied entirely on data from the IFPE database. Accordingly, 
none of the cases were blind or unknown to any of the participants. The focus of FUMEX-II 
was on high burnup UO2 fuel behaviour (thermal performance, fission gas release and pellet-
cladding interaction). The 19 participants were required to simulate 27 cases, including a few 
so-called "nominal" cases, i.e. simplified histories specifically designed to test the capabilities 
of the codes at burnup levels up to 100 MWd/kgHM for which experimental data are very 
scarce in the open literature.  
 
ITU participated to the FUMEX-II benchmark in collaboration with other TRANSURANUS 
users from Bulgaria, Romania and Switzerland [25]. Two simulations were performed 
consistently for each case. The first corresponds to the standard code version with default 
models and input parameters as used before FUMEX-II. The second represents the analysis 
with an improved code version as a result of FUMEX-II. This version includes two 
improvements. The first improvement consisted of accounting for grain boundary sweeping 
during grain growth in the fission gas release model. The second improvement was that 
increased cracking observed in high burnup fuel during power ramps has been accounted for. 
 
In general, one could conclude that the improved TRANSURANUS fuel performance code is 
mature and can deal with fuel behaviour up to high burnup; that no numerical problems arose 
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in the simulations of the LWR fuel behaviour up to 100 MWd/kgHM; and that the inclusion 
of grain boundary sweeping and extended cracking significantly improved the predicted FGR 
results under high power conditions. Nevertheless, it also appeared that there was still room 
for improvement in different aspects of the code. 
 
For steady-state conditions satisfactory fission gas release predictions were obtained that are 
in agreement with earlier comparisons with experimental data [26,27]. However, the 
TRANSURANUS code could not describe the kinetics of release bursts observed during some 
rapid power variations, in particular during power drops. Furthermore, a moderate but 
systematic under-prediction of the fractional release in ramp tests was observed. A similar 
under-prediction of the measured fission gas release had been observed in the analysis of the 
PWR fuel rods of the international research project Super-Ramp [28], which is also part of the 
International Fuel Performance Experiments (IFPE) database of the OECD/NEA [23]. Hence, 
data of both projects FUMEX-II and Super-Ramp were used for developing a complementary 
component of fission gas release that should be invoked only in the event of rapid power 
variations [29]. An independent team at the University of Pisa subsequently verified the effect 
of the new transient release model on the basis of a separate data set from the Inter-Ramp 
project [30]. This will be presented below in the frame of FUMEX-III. 
 
A second topic of interest was the development of a more elaborate model for the high burnup 
structure (HBS) in the TRANSURANUS code: (1) the dependence of the formation of the 
HBS on the initial microstructure and (2) the capability of the HBS for retaining fission gas, 
as well as the completion of the sensitivity analysis to take into account some experimental 
uncertainties. More recent observations [31], however, indicated that the HBS porosity is not 
interconnected, and that release from the HBS is too small to explain the increase of overall 
FGR measured during post irradiation examination on commercial fuel rods. Furthermore, it 
has been observed that the gas stored in the HBS porosity may not contribute significantly to 
the fuel dispersal at least in a sudden increase of the local temperature, e.g. during the first 
instants of a reactivity initiated accident or RIA [32-34], while it is still unknown whether it 
can contribute to the fuel dispersal during the cooling down when fuel micro-cracks form due 
to thermal stress relaxation. As a result this subject has received less attention. 
 
A third topic was revealed by the analysis of the radial profiles of Pu, Nd, Xe and Cs obtained 
by means of electron probe microanalysis (EPMA). The comparison of the predictions made 
by the TUBRNP model of TRANSURANUS with the EPMA data underlined that apart from 
a normalisation issue noticed in the High Burnup Effects Program case, the radial profiles 
could be well reproduced. There was, however, room for improvement in the absolute radial 
profiles of Pu at burnup levels of the order of 100 MWd/kgHM, even though this has a 
negligible impact on the radial power density. In response to this observation the TUBRNP 
model has been improved [35,36]. The validation range of the model in the TRANSURANUS 
fuel performance code for calculating the radial power density and burnup in UO2 fuel has 
been extended from 64 MWd/kgHM up to 102 MWd/kgHM. The extension covers the 
inclusion of new isotopes in order to account for the production of 238Pu. The corresponding 
one-group cross-sections, used in the ordinary differential equations describing the evolution 
of the various isotopes, rely on results obtained with ALEPH, a new Monte Carlo burn-up 
code. The experimental verification was based on EPMA data and on secondary ion mass 
spectrometry (SIMS) as well as radiochemical data of fuel irradiated in commercial power 
plants. 
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From FUMEX-II it was also concluded that there was a need to pay more attention to the 
mechanical analysis and to loss of coolant accidents (LOCA). Indeed, the evaluation of 
cladding deformation in only two cases did not enable drawing definite conclusions, and the 
LOCA case had not been simulated by of the TRANSURANUS code [25]. Since then the 
application range of the TRANSURANUS code has been extended [3,37] to LOCA 
conditions. Thanks to a clearly defined mechanical and mathematical framework as well as a 
consistent modelling, the TRANSURANUS fuel performance code has been able to cope with 
normal, off-normal and accidental operating conditions right from the beginning in 1973. It 
has a materials data bank for oxide, mixed oxide, carbide, and nitride fuels, Zircaloy and steel 
claddings, and different coolants. Options for a probabilistic analysis are also involved in 
order to provide for the possibility of a statistics-based evaluation. Despite the fact that the 
numerical solution techniques enable handling of non-steady-state conditions, and as such 
provide an ideal framework for a code to handle all conditions, some of the phenomena 
important for design basis accidents (DBA) were not incorporated. 
As a first step towards this goal, a project was launched in order to extend the 
TRANSURANUS code capabilities to LOCA conditions [38]. This project focused on the 
simulation of the Zr1%Nb cladding performance under LOCA conditions and had two main 
objectives: (1) the compilation of a new database containing VVER-specific experiments to 
provide an appropriate background for model development and code validation [39] and (2) 
the improvement of the TRANSURANUS fuel performance code via the incorporation of 
newly developed correlations for off-normal conditions. Extensive code validation 
computations and the applications in the safety analyses of VVERs were also carried out in 
the project. In parallel to this project, similar models for Western type PWRs have been 
implemented and tested as well [40]. 
 
Finally, the FUMEX-II co-ordinated research project enabled the extension of validation 
database of the TRANSURANUS code, both in terms of burnup range and in number of 
cases. It also enabled an excellent collaboration between various TRANSURANUS users, not 
only reducing some of the burden of preparing the input files, but more importantly to have an 
independent verification among different users. This is meant to be continued in the frame of 
FUMEX-III, since the user network has been extended even more. 

3. Status of the FUMEX-III project for TRANSURANUS 

3.1 The priority cases and the planning of the work 

Based on the success of the previous benchmarks, approximately 30 participants have 
enrolled for the new exercise that started in December 2008. As a result the range of interest 
has been extended to cover various reactor types (CANDU, PWR and BWR, WWER) as well 
as various topics (MOX, PCMI/PCI, LOCA, RIA, Load follow, transients, Gd-doped fuel, 
normal operation), but each topic for each reactor type will only be dealt with by a subgroup 
of interested participants. These subgroups will focus on a specific number of priority cases 
that are presented by Dr. Killeen at this conference. 
 
Also the number of TRANSURANUS users has increased, and as a result the number of 
FUMEX-III participants using the code as listed in Table 1. In the following sections, we will 
briefly review the main results obtained so far.  
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Table 1: List of FUMEX-III participants using the TRANSURANUS code. 
Organisation Country Participant Interest 

ENEA Italy F Vettraino MOX, Advanced very high burnup 
Pitesti Romania G Horhoianu CANDU, Transient LOCA 

INRNE Bulgaria S Boneva High burnup, Transients Advanced 
TÜV-SÜD 

Industrie GmbH  
Germany W Besenböck High burnup, transients (PCMI, FGR) 

ITU Germany P Van Uffelen All aspects 
Politecnico di 

Milano 
Italy L Luzzi PCMI, transient mechanical interaction 

University of 
Pisa 

Italy A Del Nevo LOCA, RIA 

 
The TRANSURANUS code is involved in many items of the FUMEX-III project. At ITU the 
FUMEX-III project has been split up in three different steps: 
 

1. During the first step several cases that have been carried out in the past with previous 
versions of the TRANSURANUS code will be simulated with the newest version of 
the code, and a single report for high burnup, WWER and MOX fuels will be 
compiled. New cases will be added to the verification database for normal operation. 
The LOCA tests and the separate effect tests carried out at AEKI will be simulated 

2. In a second step, ITU plans to pay more attention to the simulation of transient tests, 
PCMI and PCI tests. A new fuel swelling model and a new numerical technique for 
assessing swelling will be evaluated 

3. In a third and last step, ITU will be evaluating the RIA cases involved in the FUMEX-
III benchmark 

 
For the sake of conciseness, the present paper will focus on the computations that have been 
carried out at ITU since the beginning of the co-ordinated research project. Work that has 
been carried out by other users of the TRANSURANUS code, such as the simulation of the 
ramped fuel rods in the MIR reactor as well as the gadolinium containing UO2 fuel rods of the 
GAIN program by Dr. Boneva from INRNE [41], will be reported separately. 

3.2 The simulation of MOX fuel 

One of the priority cases of FUMEX-III for MOX fuel is the BD8 rod from the PRIMO 
program. The simulation of this rod was part of the OECD-NEA benchmark for MOX fuel 
performance calculations [42]. The fuel rod was manufactured at BN using the MIMAS 
process, base irradiated in the BR3 reactor at SCK-CEN, and finally submitted to a ramp test 
in the OSIRIS reactor. The base irradiation history and the power history during the 
subsequent ramp are depicted in Figure 1. The resulting central temperatures obtained by 
means of the TRANSURANUS code are depicted in Figure 2.  
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(a) (b) 

Figure 1: Irradiation history of the rod BD8 from the PRIMO program (a) during base 
irradiation in the BR3 reactor and (b) during the ramp test in the OSIRIS reactor. 
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(a) (b) 
Figure 2: Computed central temperature of the rod BD8 from the PRIMO program by means 

of the TRANSURANUS code (a) during base irradiation in the BR3 reactor and (b) 
during the ramp test in the OSIRIS reactor. 

 
As presented in the previous section, one of the consequences of FUMEX-II was the 
development of a complementary component of fission gas release that should be invoked 
only in the event of rapid power variations. The benefits of this model have been verified in 
the simulation of the PRIMO case as shown in Figure 3. Thanks to the new component of 
release, the predicted fraction of release gases at the end the ramp test matches the 
experimental value very well at approximately 11%, although the impact on the predicted 
temperatures remains negligible. Despite this excellent result, the less successful simulation of 
other MOX fuel rods available from the IFPE database have triggered a deeper analysis and 
the development of a specific model for fission gas release in MOX fuel [43,44]. 
 



 8 

0

0.005

0.010

0.015

0.020

0 6000 12000 18000

incl. ramp release
excl. ramp release

experiment

                             Time (h)                       

Fi
ss

io
n 

G
as

 R
el

ea
se

 (/
)

PRIMO/BD8 - Base Irradiation

0

0.05

0.10

0.15

0 20 40 60

incl. ramp release
excl. ramp release

experiment (PIE)

                             Time (h)                       

Fi
ss

io
n 

G
as

 R
el

ea
se

 (/
)

PRIMO/BD8 - Ramp Test

(a) (b) 
Figure 3: Computed fractional fission gas release in the rod BD8 from the PRIMO program 

by means of the TRANSURANUS code (a) during base irradiation in the BR3 
reactor and (b) during the ramp test in the OSIRIS reactor. 

3.3 The simulation of Super Ramp cases 

One of the observations emerging from FUMEX-II was the need to extend the code 
benchmarking in terms of mechanical interaction. Among the priority cases of FUMEX-III for 
studying the mechanical interaction several rods from the Studsvik Super-Ramp project [23] 
have been selected. This international research project investigated the failure propensity of 
typical LWR fuel in the form of test rods when subjected to power ramps, after base 
irradiation to moderate burn-up (28-45 MWd/kgHM). In total 28 individual PWR rods and 16 
BWR rods were subjected to a power ramp. In this work, which has been carried out in close 
collaboration with our colleagues from POLIMI [45,46], reference is made to the PWR 
subprogram of the Super Ramp project. This subprogram consisted of 6 groups of UO2 fuel 
rods encapsulated in Zircaloy-4 with variations in design, material parameters and operative 
conditions: 19 rods (PK), manufactured by Kraftwerk Union AG/Combustion Engineering 
(KWU/CE), were base irradiated in the power reactor KWO at Obrigheim (Germany), while 9 
rods (PW) supplied by Westinghouse (W) were base irradiated in the reactor BR-3 at Mol 
(Belgium). All rods were subsequently ramp tested in the research reactor R2 at Studsvik 
(Sweden). A total of 18 rods of Super-Ramp with their power histories has been simulated 
with the exception of those containing Gadolinia (PK4 group): 

• PK1-1, PK1-2, PK1-3, PK1-4 and PK1-S with standard initial grain size (6 µm) and a 
rod average burn-up of 33-36 MWd/kgHM; 

• PK2-1, PK2-2, PK2-3, PK2-4 and PK2-S with standard initial grain size (5.5 µm) and 
a rod average burn-up of 41-45 MWd/kgHM; 

• PK6-1, PK6-2, PK6-3 and PK6-4 with a large initial grain size (22 µm) and a rod 
average burn-up of 34-37 MWd/kgHM; 

• PW3-4 and PW3-S with standard initial grain size (10.5 µm) and a rod average burn-
up of 28-31 MWd/kgHM; 

• PW5-3 and PW5-4 with an annular pellet form, a large initial grain size (16.9 µm) and 
a rod average burn-up of 32-33 MWd/kgHM. 

 
For the Super-Ramp cases all input data are identical to those used in Ref.[28]. It is important 
to note the limited range of rod average burn-up in this analysis: between 30 and 45 
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MWd/kgHM. In all calculations we therefore assumed that the HBS does not release any 
fission gas. 
 
When comparing the predicted with measured fractions of fission gas release in all Super 
Ramp rods, there is an overall improvement thanks to the new transient fission gas release 
model, as shown in Figure 4. 
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Figure 4: Comparison of fractional fission gas release measured in irradiation experiments (E) 

with calculated values (C), for a) the default TU model and b) the refined ITU ramp 
release model based on that of Koo et al. [47]. 

 
With respect to failure predictions, the TRANSURANUS standard version predicts in a 
correct way the failure behaviour of 11/18 rods in the Super-Ramp project [45]. When 
considering only the priority cases of FUMEX-III (PK6 and PW3), the code predicts 6 
failures whereas experimentally only 4 rods failed.  
 
Comparison of cladding creep, elongation and fuel grain size measured in PIE with calculated 
values for Super-Ramp cases are shown in Figure 5. Experimental values of cladding creep-
down and elongation are under-predicted by the code in all analyzed Super-Ramp cases. Such 
discrepancies with PIE data require clarification. Nevertheless, it is worth noting that PIE 
creep values were achieved by means of a non-accurate measurement [48]. Reasonable 
predictions of the fuel grain growth were found: all results, except for one case (PK2-4 rod), 
are within the band of ±50%. Discrepancies may also be due to the non corresponding 
distance from rod bottom between measurement and TRANSURANUS axial slice height.  
 
On the basis of these preliminary results for Super Ramp, the development of a new gaseous 
swelling model has been launched at POLIMI. Nevertheless, a more systematic and enlarged 
sensitivity study is also required, whereby the following model options will be tested: 

• The new ramp release model. 
• The new gaseous swelling model. 
• The model for pellet-cladding interaction and stress corrosion cracking (PCI/SCC). 
• The non-slip conditions (URFRIC model). 
• The new creep properties for the high burn-up structure. 
• The model for central void formation and densification. 
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The impact of these models should be assessed on the relevant experimental data available, 
namely on-line measurements of internal gas pressure and cladding elongation as well as end-
of-life measurements of fission gas release, grain size, clad diameter, rod free volume, clad 
failure, etc.. 
 

0

20

40

60

80

100

0 20 40 60 80 100

0 2 4 6 8 10

0

2

4

6

8

10
mm

Cladding creep down
Cladding elongation

- 50%

+ 50%

Measured cladding creep down (μm) and elongation (mm)

C
al

cu
la

te
d 

cl
ad

di
ng

 c
re

ep
 d

ow
n 

(μ
m

) a
nd

 e
lo

ng
at

io
n 

(m
m

)

 

0

10

20

30

40

0 10 20 30 40

Pellet centre
Pellet periphery

- 50%

+ 50%

Measured fuel grain size (μm)

C
al

cu
la

te
d 

fu
el

 g
ra

in
 s

iz
e 

(μ
m

)

Figure 5. Comparison of cladding creep down and elongation (a) and fuel grain size (b) 
measured in the Super-Ramp PIE with TRANSURANUS calculated values. 

3.4 The simulation of Rod 809 from IFA 535.5 

In order to assess transient fission gas release, Rod 809 in IFA-535.5 has been identified as a 
priority case in FUMEX-III. This rod was irradiated and ramp tested at 55 MWd/kgHM in the 
Halden HWR. In comparison with the other tests presented in the next section, these 
experiments contain on-line measurements of internal gas pressure. For the simulation of Rod 
809 in IFA-535.5, the same modification for the re-instrumentation (e.g. modification of free 
volume and gas composition due to pressure transducer installation) was applied as reported 
previously [49]. 
 
The comparison of the computed and measured fission gas release fraction for rod 9 is shown 
in Figure 6. Thanks to the on-line pressure measurements during the ramp test, an assessment 
of the new ramp release model could be made.  The figure confirms previous results [29], 
namely that the ramp release model has improved the FGR predictions, both in terms of the 
end-of-life integral value, as well as the kinetics of the release during abrupt power variations. 

 

b) a) μm 
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Figure 6: Comparison of fractional fission gas release measured during the re-irradiation of 
Rod 809 in IFA-535.5 with TRANSURANUS predictions, with the standard and 
new model for ramp release. 

3.5 The simulation of Inter Ramp cases 

Another priority case of the FUMEX-III projects deals with the simulation of the Studsvik 
BWR Inter-Ramp Project [50]. The simulations have been performed in the framework of an 
agreement between JRC-ITU and the University of Pisa [30]. The main objective was the 
independent assessment of the above-mentioned new transient fission gas release model of the 
TRANSURANUS code that was implemented at ITU. 

The dataset of the BWR Inter-Ramp Project is part of the IFPE database [23] and 
addresses the behavior of twenty standard-type unpressurised BWR fuel rods, including the 
base irradiation and the over-power ramping. Two different values of base irradiation burnup 
were adopted for the experimental database: about 10 and 20 MWd/kgU. 

Two types of sensitivity analyses have also been performed addressing the effect of the 
gap and clad thickness, based on the geometrical measures provided in the specifications of 
the experimental data and the influence of model options on results. The analyses performed 
enabled to conclude that on the one hand the current simulations of the BWR rods in the Inter-
Ramp project indicate that the new FGR model generally overestimates the FGR measured at 
end-of-life (Figure 7), whereas the former standard model underestimates and properly 
predicts the experimental data when the measured FGR are lower and larger than 5.5% 
respectively. On the other hand, when considering that predictions are acceptable when 
deviating less than a factor two from the measured values, the new FGR model improves the 
total number of correct predictions. This is in contrast with the results obtained during the 
simulation of the BWR and PWR rods presented in the previous sections, showing a net 
improvement of the predicted fission gas release fractions at end-of-life. 
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Figure 7. Comparison of computed and measured fractional fission gas release at end-of-life 
in BWR-Inter-Ramp experiments, showing also the effect of a modified gap size in the 
sensitivity study [30]. 
 
With respect to the analysis of the mechanical behaviour, the clad elongation predictions after 
base irradiation are in excellent agreement with the measured values, as indicated in Table 2. 
 
Table 2: Comparison of experimental cladding elongation values with those computed by 
means of the TRANSURANUS code after base irradiation [51]. 
BIRP No Rod No Rod Label Experiment 

(mm) 
Calculation 

(mm) 
13 HR2 0.73 0.97 
14 HR3 0.69 0.98 
15 HR4 1.09 1.13 

2 

16 HR5 1.06 1.14 
 
The predictions of clad failures, on the other hand, were rather underestimated, since only 8 
out of 20 rods were property predicted. This will require further verification. 
 

3.6 The simulation of separate effect burst tests 

Prior to the verification of fuel performance codes against integral data for design basis 
accidents like LOCA and RIA, separate effect studies are recommended. In line with this, the 
models for dealing with LOCA by means of the TRANSURANUS code have been verified on 
the basis of a large set of out-of-pile experiments that is also included in the FUMEX-III data 
set, albeit not as a priority case. 

From the large set of out-of-pile experiments, the analyses of cladding ballooning tests 
gave the core of the validation of the new models [38]. Altogether near 500 burst tests - 
representing a wide scope of LOCA conditions concerning pressurization rate, temperature 
increase rate and oxidation level - were simulated by means of the TRANSURANUS code. 
Irradiated and hydrided specimens were also investigated. The evaluation of the code 
predictions was based on the comparison of the measured and calculated times of burst, since 
it turned out to be the most appropriate parameter for qualification. The results are 
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summarised in Figure 8 for both the Zircaloy and the Zr1%Nb specimens. The comparisons 
indicate that the code predictions mach the experimental results fairly well for fast as well as 
slow pressurizations. 
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Figure 8: Comparison of calculated and measured time to cladding burst for Zircaloy-4 (left) 
and Zr1%Nb containing cladding specimens (right). 

3.7 The simulation of LOCA tests 

The first simulation of an integral LOCA test was carried out by our partners from TÜV in 
Hannover [52], and was in the frame of the benchmark organised by the OECD-NEA. It is 
now a priority case of FUMEX-III. It deals with the simulation of the second loading of the 
instrumented fuel assembly (IFA-650.2), wherein a fresh pressurized PWR rod was inserted 
in a high pressure loop of the reactor. The maximum cladding temperature and the 
temperature increase rate were 1050 °C and 5-7 °K/s, respectively. Fuel rod ballooning started 
at about 80 s after the initiation of the blow-down when the cladding temperature reached 800 
°C. The IFA-650.2 post calculation is based on thermo hydraulic boundary conditions 
calculated with the ATHLET code and data obtained from the experiment itself. As thermo-
hydraulic boundary condition the calculated outer cladding temperature was used as 
TRANSURANUS input. The values for plenum temperature, system pressure and linear heat 
generation were taken from the measurements. The average coolant outlet temperature was 
chosen as plenum temperature. The calculated burst time was 101 seconds after blow down 
start. In the experiment the rod failed 99 seconds after blow down start. The time of failure is 
therefore calculated with good accuracy (Figure 9a). 
 
Figure 9b shows the axial cladding deformation profiles calculated by TRANSURANUS and 
measured after the test. The results reveal that the rod internal pressure, the cladding 
circumferential deformation as well as the subsequent burst were calculated correctly.  In 
particular the calculation result shows a good compliance with the measured data in the upper 
part of the fuel stack and at the burst location. In the lower part the cladding deformation is 
underestimated. Since the inner pin pressure is not varying locally the greater deformation 
may be caused by a higher cladding temperature as assumed in the calculation. 
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Figure 9: Comparison of measured and computed parameters during the LOCA experiment in 
the second loading of IFA-650 in Halden: rod internal pressure and cladding hoop 
strain histories (a) and cladding deformation profile at end-of-life (b). 

 
The extension of the verification of LOCA tests was based on a series of experiments in the 
NRU reactor in Canada conducted in 1983 by the Pacific Northwest Laboratory (PNL). The 
tests were conducted in order to investigate 6 x 6 segments of full-length 17 x 17 PWR 
assemblies under LOCA conditions and to verify the NRC licensing requirements for 
cladding ballooning and flow blockage in the temperature range of 750 – 950 °C [53,54]. The 
pressure and temperature histories of the rods were measured on-line during the experiments. 
The recorded data of two tests, MT-4 and MT-6A, of the experimental series were involved in 
the IFPE database [23] and hence used for the validation of the TRANSURANUS code. The 
fuel rods in these two tests were pressurized to 4.62 MPa and 6.03 MPa, respectively. 
However, there were relevant uncertainties concerning the reference temperature of the 
pressure measurements. Furthermore, there were considerable differences between the 
temperatures of the individual rods of the assembly  due to heat losses through the shroud. 
The peak cladding temperatures were 885 °C and 954 °C in tests MT-4 and MT-6A, 
respectively. For the time history, it was assumed that steam-off occurred after 10 s and 
reflood began at 67 s (57 s after steam-off). All the instrumented rods burst between 52 and 
58 s (MT4) and between 58 and 64 s (MT6A) after steam-off. The transients were terminated 
by re-flooding the assemblies. The deformations of the rods measured in PIE were reported 
for MT-4. 
 
The results of the TRANSURANUS analyses are presented in Figure 10 and Figure 11, 
comparing the calculated and the measured pin pressures for MT-6A (after steam-off) and the 
cladding plastic hoop strains for MT-4. The measured rod pressure history could be 
reproduced fairly well and the calculated time of rod burst (59 s) is in the range of the 
observed failure times of different rods. The location and the extent of the ballooning of the 
representative rod in MT-4 were also calculated correctly (Figure 11), but the constraint of the 
spacer grids was not simulated. 
 
Beyond the deterministic simulations there were also Monte Carlo analyses carried out to 
study the effect of the uncertainties of the initial and boundary conditions. Assuming ±6% and 
±10% variations by means of a uniform distribution of the cladding temperature and the initial 
rod pressure, respectively, the calculated time of burst varied between 46 and 68 s in MT-6A. 
The histogram of the probability density function of the burst time on the basis of 5000 Monte 
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Carlo runs is also presented in Figure 10. An overlap between the calculated distribution and 
the experimental observation is obvious. It is therefore fair to conclude that when considering 
the experimental uncertainties the model predictions are in agreement with the measured 
values. 
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Figure 10: Comparison of measured and calculated rod internal pressures in the NRU LOCA 

test MT-6A and the probability density of calculated burst times. The range of 
experimental burst times (48 s – 68 s) is indicated by a uniform distribution.  
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Figure 11: Comparison of measured and calculated cladding strain profiles for a 

representative rod in the NRU LOCA test MT-4. 
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4. Preliminary conclusions and perspectives for TRANSURANUS within 
the frame of FUMEX-III 
The current paper reviews both direct and indirect benefits for the TRANSURANUS code by 
participation in the benchmarks D-COM, FUMEX and FUMEX-II organised by the IAEA for 
fuel performance codes in the past. More precisely as a main direct result of those 
benchmarks, model improvements have been developed and implemented (e.g. URGAS 
model, improved TUBRNP model for heavy water conditions, a model for Xe depletion in the 
HBS, a transient fission gas release model and inclusion of grain boundary sweeping). A 
second major advantage has been the continuous extension of the validation database, both in 
terms of number of cases, as well as in terms of its quality since some inconsistencies and 
errors were detected and removed. The main indirect benefit for the TRANSURANUS code 
consists of the establishment of an international user group after FUMEX, which has been 
growing ever since. 
 
Thanks to the increased number of participants for benchmarks of fuel performance codes 
organised by the IAEA as a whole, and of the TRANSURANUS users involved in particular, 
the code is involved in many issues. In order to tackle all issues, the FUMEX-III project has 
been split up in three different steps at ITU. During the first step, several cases that have been 
carried out in the past with previous versions of the TRANSURANUS code are being re-
simulated with the newest version of the code, and a single report for high burnup, WWER 
and MOX fuels will be compiled. At the same time, new cases are being added to the 
verification database for normal and accident operation such as the rods involved in the Inter 
Ramp project and those submitted to LOCA conditions in the NRU reactor (e.g. MT4 and 
MT6), which are all available from the IFPE database. The detailed results of all these priority 
cases will presented at the interim meeting for FUMEX-III planned in 2010. 
 
For the analysis of the complex irradiation histories, a new condensation program has been 
developed and made available to the FUMEX-III participants. An example application of this 
power condensation program has been made available for Rod 809 of IFA-535-5, which is 
also a priority case of FUMEX-III.  
 
In a second step, ITU plans to pay more attention to the simulation of transient tests, PCMI 
and PCI tests. More precisely, underestimation of the failure predictions in the Inter Ramp 
cases have triggered the re-assessment of the SPAKOR model for stress corrosion cracking 
and the cladding creep model. In parallel, a specific model for predicting fission gas release in 
MOX fuel is under development at POLIMI for the TRANSURANUS code. 
 
In the last step, ITU will start evaluating the RIA cases involved in the FUMEX-III 
benchmark, together with the colleagues from UNIPI and ENEA. At the same time, a new 
fuel swelling model as well as a new numerical technique for assessing swelling will be 
evaluated. This work is also planned in collaboration with colleagues from POLIMI. 
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