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1. Introduction 

The TRANSURANUS code is a computer program 
for the thermal and mechanical analysis of fuel rods 
in nuclear reactors [1,2]. An actual overview of the 
whole TRANSURANUS project can be found in [3]. 
Intensive work has been performed for verification of 
fuel centre temperatures calculated with standard 
options of TRANSURANUS, as they would be used 
in blind predictions [4]. The main part of the verifica-
tion has been based on in-pile temperature meas-
urements from the OECD Halden Reactor Project. 
The International Fuel Performance Experiments 
Database (IFPE) [5] is used as complementary 
source of valuable experimental data.  

Our previous analyses of IFPE data covered ir-
radiations of fuel for Russian-type WWER reactors 
(experiment Sofit 1.1 [4,6]). In this work we report 
on a further analysis regarding UO2 fuel for West-
ern-type reactors:  
• Fuel centre temperatures measured in the ex-

periments Contact 1 and Contact 2 (in-pile tests 
of 2 rods performed at the SILOE reactor in 
Grenoble, France, closely simulating commer-
cial PWR conditions); 

• Fission gas release data derived from post-
irradiation examinations of 9 fuel rods belong-
ing to the High-Burnup Effects Programme, 

task 3 (HBEP3). 
The results allow for a comparison of predictions 
by TRANSURANUS for the mentioned Western-
type fuels with those done previously for Russian-
type WWER fuel [6]. The comparison has been 
extended to include fuel centre temperatures as 
well as fission gas release.  

The present version of TRANSURANUS in-
cludes a model that calculates the production of 
Helium. The amount of produced Helium is com-
pared to the measured and to the calculated re-
lease of the fission gases Xenon and Krypton.  

 
 

2. Standard Models and Options 

The latest version of TRANSURANUS (v1m1j03) 
has been used in this work. Standard options for 
UO2 fuels have been applied. They include a cor-
relation for the thermal conductivity of UO2 that 
takes into account local temperature, local burnup 
and local porosity. Details can be found in [4].  

For most of the fuels analyzed the prediction of 
densification is difficult since experimental data on 
in-pile densification and micro-structural details are 
often lacking. In principle densification depends on 
numerous parameters, including temperature, bur-
nup, density, pore size distribution, grain size, etc. 
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Figure 1.  Measured and calculated fuel centre temperatures as function of irradiation time for the 

experiments Contact 1 and Contact 2 
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Proper predictions call for very complex models 
requiring long computing times. Because of lacking 
data, however, the model parameters are poorly 
characterised. Therefore, many fuel performance 
codes make use of simpler but faster models. In 
line with this, TRANSURANUS uses a simple em-
pirical approach that was derived from data pub-
lished in [7]. The maximum densification is deter-
mined from the relation (1): 

0
23.2 P
d

P =∆  (1) 

where: 
∆P - sinterable porosity; 
P0 - fabrication porosity and 

d the mean linear intercept 
(diametric) grain size, [µm].  

Fuel swelling is calculated 
with a model implemented by 
Lassmann based on the origi-
nal MATPRO swelling correla-
tion [8]. For the WWER-type 
fuel in Sofit 1.1, a different spe-
cific linear swelling rate (0.9% 
per 10 MWd/kgU) is applied [9].  

The standard options of 
TRANSURANUS use a 
straight-forward model for diffu-
sion of fission products to the 
grain boundaries, combined 
with a grain boundary satura-
tion model [10,11]. 

 
 

3. Results and 
Discussion: Fuel 
Centre Temperatures 

Fuel centre temperatures are 
analyzed from the irradiation 
experiments Contact 1 and 
Contact 2. They contained 
short rods of UO2 pellets with 
Zy-4 cladding in a typical PWR 
17×17 design and were instru-
mented with centreline thermo-
couples. The rods were oper-
ated under near constant pow-
ers for the majority of their 
lives. The mean power level of 
Contact 1 was higher than that 
of Contact 2.  

The evolution of fuel centre 
temperatures is shown in Fig-
ure1. The figure indicates that 
the irradiation history given in 
the IFPE is strongly condensed. 
There is good agreement be-
tween measured values and 
those calculated with the 

TRANSURANUS code, as illustrated in Figure 2. 
This figure also contains the data analyzed previ-
ously from the WWER fuel experiment Sofit 1.1 [6] 
and shows a consistent behaviour for the two fuel 
rod types mainly differing in pellet geometry and 
cladding material. Note that the two experiments 
were run independently and under different irradia-
tion conditions. A detailed check of linear rating 
and calculated temperatures suggests that the 
points marked as “outliers” (Figure 2) be related to 
errors in temperature measurements.  

As in previous verification analyses (cf. [4] and 
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Figure 2.  Comparison of measured and calculated fuel centre 

temperatures for three irradiation experiments in the IFPE, 
covering both Western-type and WWER-type fuel 
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Figure 3.  Comparison of calculated and measured fuel centre 

temperatures for UO2-WWER fuel rods in different irradiation 
conditions: Sofit 1.1 experiment, compared to irradiations at 
the OECD Halden reactor [4] 
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Figure 3), the vast majority of calculated fuel cen-
tre temperatures deviates less than 10 % from the 
measured values. No overall bias can be seen. For 
the data of this work (Figure 2), the mean square 
deviation of the differences between measured 
and calculated fuel centre temperatures amounts 
to 9.6%. It is considerably higher than the value of 
4.4% obtained for the previously analyzed data 
(Figure 3). One possible reason is the condensa-
tion of irradiation histories for the Contact 1 and 
Contact 2 experiments. 

Only a small number of data points from the 
original in-pile measurements are preserved. As 
shown in [4], less drastic condensation methods 
[12,13] generate a much higher number of pairs of 
measured and calculated data and thus allow for a 
better derivation of statistical indicators (e.g. bias 
and standard deviation). Because modern fuel per-
formance codes are able to handle much shorter 
time intervals as well as power slopes, the applied 
condensation should be re-considered. Moreover, 
modelling of fission gas release is dominated by 
non-linear processes that can not be simply aver-
aged. The calculated fission gas release is hence 
sensitive to power variations in short time intervals, 
and a strong condensation causes additional un-
certainties.  

 
 

4. Fission Gas Release 

A first systematic analysis of IFPE fission gas re-
lease data, using standard options of the 
TRANSURANUS code, covers the Sofit 1.1 ex-
periment (1 rod, calculated pre-
viously [6]) and 9 rods from the 
High-Burnup Effects Pro-
gramme, task 3 (HBEP3). 
HBEP3 was an international 
programme for obtaining well-
characterised data on fission 
gas release for typical LWR fuel 
irradiated to high burnup levels. 
The HBEP3 rods analyzed in 
this work were irradiated in the 
BR3 reactor in Mol/Belgium. Six 
rods (20-25) were manufac-
tured by Belgonucleaire and 
operated at high power rates. 
The 3 remaining rods (26-28, 
supplied by Westinghouse 
Electric) were irradiated at con-
siderably lower power. 

For the HBEP3 rods, Figure 
4 summarizes all predictions of 
fission gas release (ratio of the 
released versus produced 
amounts of Xe and Kr). It com-
pares them with the experimen-
tal values from post irradiation 

examinations (PIE) as compiled in the IFPE data-
base [5]. The overall agreement is very encourag-
ing. For HBEP3 rods 20 and 21 – both showing 
release above 3% - the agreement is very good. 
No errors are given in the IFPE database. Never-
theless, based on the Sofit experiments, we have 
marked a very rough error estimate of ±10%.  

For two selected rods of HBEP3 (rods 20 and 
22) Figure 5a-b show the calculated maximum fuel 
temperatures and the empirical (“Halden”) thresh-
old for fission gas release. These figures illustrate 
that – if the maximum fuel temperatures exceed 
the empirical threshold – the expected threshold 
behaviour is reproduced well. When the fuel tem-
perature crosses the empirical threshold the fission 
gas release rises and soon exceeds the 1% line 
(point A). A sudden drop of the power and related 
fuel temperature causes a visible decrease of the 
fractional release (point B). The remaining ana-
lyzed rods of HBEP3 have an analogous behav-
iour. 

The fuel rod 12 of the experiment Sofit 1.1 was 
operated at very high power (up to 46 kW/m). For 
fission gas release, an experimental result of 
(8±1)% is given in the IFPE (Figure 5c). Due to the 
low initial fill gas pressure (0.1 MPa He) the rod 
should be subject to considerable thermal feed-
back and it is very difficult to predict its behaviour. 
The standard options of TRANSURANUS lead to a 
strong over-estimation of fission gas release.  

Applying a non-standard relocation model 
(GAPCON [1,14]) results in earlier closure of the 
gap and considerably lower fission gas release 
(dashed lines in Figure 5c). However, previous 
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Figure 4. Comparison of measured and calculated fission gas release 

(ratios between released and produced fission gas) for the 
HBEP3 experiments analyzed in this work 
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calculations had shown that this 
option over-estimates the fuel 
temperatures measured in the 
instrumented rods of Sofit 1.1 
at begin-of-life. Relocation of 
WWER type fuel at high tem-
peratures thus needs further 
consideration. Adjustment of 
details of fission gas behaviour 
in the fuel – for example an in-
crease of the saturation con-
centration for fission gas at the 
grain boundaries - has a similar 
influence on both temperature 
and fission gas release. Hence, 
so far no further conclusions 
can be drawn from the analysis 
of this singular experiment.  

The fission gas release at 
low temperatures (athermal 
release) is modelled by a sim-
ple linear dependence on the 
local burnup [15]. Athermal re-
lease is assumed to be inde-
pendent on fuel temperatures. 
Experimental data [6] show that 
for high local burnup, the re-
lease is enhanced also at low 
temperatures. A possible ex-
planation of the enhanced re-
lease is the formation of the 
High-Burnup Structure (HBS). 
The experimental data given for 
HBEP3 rods 26-28 belong to a 
transition area where the 
measured release starts to lie 
above that predicted by the 
simple athermal mechanism 
(Figure 6).  

The transition to the HBS as 
well as the behaviour of the 
fission gas in the HBS is still 
subject of research. In 
TRANSURANUS a simple 
model is available that as-
sumes an enhanced release of 
the fission gas into the HBS for 
a local burnup above 60 
MWd/kgHM. The gas is first 
retained in the HBS. It is as-
sumed to be released to the 
free volume as soon as the lo-
cal burnup exceeds a second 
empirical threshold (so far ad-
justed to 85 MWd/kgHM). Evi-
dently, more experimental data 
are needed for either support-
ing the empirical threshold or 
for developing alternative ex-
planations of the enhancement 
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Figure 5.  (a), (b): Comparison of measured fission gas release (IFPE) to 
that calculated by TRANSURANUS; the calculated fuel centre 
temperatures are also shown. Special points: a) crossing of 
the 1% level of fission gas release, soon after the fuel centre 
temperature exceeds the empirical threshold, b) visible 
decrease of calculated fission gas release after sudden drop 
of fuel centre temperature c): Comparison of measured fission 
gas release (IFPE) to that calculated by TRANSURANUS for the 
high-temperature irradiation of Sofit 1.1, rod 12; the calculated 
fuel centre temperatures are also shown; the dashed lines 
mark the results for application of a non-standard relocation 
model (see text for details) 
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of fission gas release at low 
temperatures. For example, 
one could consider the role of 
open porosity resulting from the 
fabrication process [16].  

 
 

5. Production of He 

In any irradiation of nuclear 
fuel, Helium is produced and 
released in addition to the fis-
sion gases. Helium mainly 
arises from alpha decay of acti-
nides. A small fraction is gen-
erated by ternary fission (0.2-
0.3% per U or Pu fission event 
[17]). The present version of 
TRANSURANUS includes a 
calculation of the amount of 4He 
produced from alpha decay of 
238Pu, 242Cm, and 244Cm, during 
irradiation as well as shutdown 
periods. It does not treat the 
release of He and will be de-
scribed in a separate publica-
tion.  

The contribution of Helium 
(relative to the fission gases Xe 
and Kr) is very case-
dependent, as it strongly varies 
with the initial isotopic composi-
tion of the fuel and the irradia-
tion history. For UO2 fuel, the 
relative contribution of Helium 
decreases when the enrich-
ment in 235U increases. For 
cases with same initial isotopic 
composition, the contribution of 
Helium increases when the 
mean power level decreases.  

In the HBEP3 experiments, 
the fraction of fission gas re-
lease reported is based on the 
measured amounts of Xe and 
Kr alone. Helium is not included 
in the estimation of the frac-
tional release [5]. Nevertheless 
the amount of produced He is 
calculated in this report and 
given as indication on its impor-
tance, compared to the fission 
gases Xe and Kr.  

For the analyzed rods, Ta-
ble 1 lists the calculated values 
of produced and released fis-
sion gas (sum of Xe and Kr), 
together with the calculated 
amount of produced He. For 
estimating the maximum possi-
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Figure 6.  Comparison of measured and calculated athermal fission gas 

release for the HBE3 rods 26-28, operated at low power; the 
dashed lines mark the simple enhancement by release from 
the HBS 
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ble contributions of He to the total gas release, the 
ratio of the produced He to the produced fission 
gas (Xe+Kr) should be compared to the fractional 
fission gas release of Xe and Kr. For the rods op-
erated at high power (HBEP3, 20-25) any possible 
contribution of He is within experimental errors. For 
the Sofit 1.1 experiment it is negligible.  

The situation is different for the low-level re-
lease seen in rods 26-28, operated at low power. 
The amount of produced Helium is comparable to 
the released amount of fission gas. Hence, any 
uncertainty in the experimental determination of 
the main components of the pin gas (Xe, Kr, He) 
during PIE would have to be taken into account 
when comparing the calculated values with those 
of the IFPE.  

 
 

6. Summary and Conclusions 

The present work has continued the analysis of 
fuel centre temperatures and fission gas release, 
calculated with standard options of the 
TRANSURANUS code. The calculations are com-
pared to experimental data from the International 
Fuel Performance Experiments (IFPE) database.  

As found previously [4], the experimentally ob-
tained fuel centre temperatures are well predicted 
by the TRANSURANUS code, within an accuracy 
of 10%. No general bias is seen. The mean 
square difference between measured and calcu-
lated fuel centre temperatures is below 10% and 
of the same order as the experimental uncertain-
ties, in particular the power calibrations and 
thermocouple calibrations. The spread is consis-
tent for the different fuels (for Western as well as 
for WWER reactors), irradiated under different 
conditions.  

The comparison of measured and calculated 
fission gas release data is satisfactory. The sys-
tematic over-prediction for rods where the meas-
ured fission gas release is below 3% is concluded 
to arise from: 
1. Simplicity of the applied diffusion and release 

mechanism incl. uncertainty of the thermal dif-
fusion coefficients; 

2. Simplification of the irradiation histories by 
strong condensation. 

In the case of rod 12 in Sofit 1.1 three possible 
explanations have been discussed for the overes-
timated fission gas release fraction (relocation, 
grain boundary saturation, and linear heat rate). 
No definite conclusion can be drawn because of 
lack of information. Moreover, more simulations of 
fission gas release at very high temperatures are 
needed to confirm the result.  

As far as fission gas release at low tempera-
tures is concerned, more experimental data are 
needed for either quantifying the empirical thresh-
old of enhanced release from the HBS, or for de-

veloping alternative explanations of the enhance-
ment of fission gas release at low temperatures.  

The generated amount of Helium is very low for 
all analyzed irradiation experiments. Hence, it can 
play a role only for the low-temperature irradia-
tions, where the amount of the produced Helium is 
comparable to the measured athermal fission gas 
release.  

Because of the anticipated sensitivity of fission 
gas release to details of the irradiation history we 
recommend to apply a less drastic condensation 
method when preparing future data for the IFPE 
database.  
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Table 1.  Amounts of produced and released fission gas calculated by TRANSURANUS, compared with the 
amounts of produced He 

Rod ID Xe+Kr 
produced, 

 
[µmol] 

Xe+Kr 
released, 

 
[µmol] 

He produced,
 
 

[µmol] 

Fractional fission gas 
release  
Xe+Kr, 

[%] 

Ratio of He 
produced to Xe+Kr  

produced, 
[%] 

 A B C Ratio B/A Ratio C/A 

Sofit 1.1, 12 6110 1446 0.057 23.70 9.3·10-4 

HBEP3, 20 24400 903 11.4 3.70 0.047 

HBEP3, 21 24360 726 11.1 2.98 0.046 

HBEP3, 22 31890 819 41.9 2.57 0.131 

HBEP3, 23 33210 1160 46.7 3.50 0.141 

HBEP3, 24 32090 836 42.9 2.60 0.134 

HBEP3, 25 32870 965 44.5 2.93 0.135 

HBEP3, 26 29600 198 86.0 0.67 0.291 

HBEP3, 27 25500 95.8 67.6 0.38 0.265 

HBEP3, 28 24900 77.0 64.7 0.31 0.260 

 
 


