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ABSTRACT 

One of the most important areas of research concerning a hypothetical severe accident 
in a light water reactor (LWR) is determining the source term, i.e. quantifying the nature, 
release kinetics and global released fraction of the fission products (FP) and other radioactive 
materials. In line with the former VERCORS program and in order to better estimate the 
source term, the new VERDON laboratory has recently been implemented at the CEA 
Cadarache Centre in the LECA-STAR facility. This paper enlightens the capability of this 
new device to perform FP release measurements during experimental thermal-hydraulic 
sequences representative of a LWR severe accident. We present the validation of the 
VERDON equipments in terms of FP release measurements. This was performed by 
duplicating the first stage of the thermal-hydraulic sequence of VERCORS-RT6 test to the 
first VERDON test: same high burn-up UO2 fuel and same cladding oxidation conditions. The 
measured FP released fractions for the two tests are consistent, highlighting the excellent 
continuity between the two VERDON and VERCORS devices.  

1 INTRODUCTION 

One of the most important areas of research concerning a hypothetical severe accident 
in a light water reactor (LWR), on both a French and an international level, is determining the 
source term, i.e. quantifying the nature, release kinetics and global released fraction of the 
fission products (FP) and other radioactive materials. This is in great part due to the 
consequences of the Three Mile Island (1979), Chernobyl (1986) and more recently 
Fukushima (2011) accidents. In the course of this type of scenario, the chain of events can 
effectively result in primary coolant boiling and draining, meaning that it is no longer cooling 
the core. One direct result is the fuel melting and the release of FP and/or activation products 
(from structural elements and control rods) into the containment building. If there is a further 
failure in a containment barrier, the FP and activation products can leak out of the reactor 
building and be released into the environment.  

 A large number of research programmes have thus been undertaken on this subject in 
various countries. In line with this approach, IRSN (France) has been the driving force and 
has coordinated programmes specifically focusing on determining the source term, with 
particular efforts devoted to understanding the mechanisms leading to FP release, since only a 
very complete knowledge of the phenomena governing the behaviour of FP and activation 
products under such constraints will make possible to define the actions that need to be 
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planned (and/or performed) to minimise emissions and optimise the protection of both the 
people and the environment. Within this frame, the HEVA [1]/VERCORS [2]-[4] 
programmes were financed jointly by IRSN and EDF and conducted by the CEA. 

 The aim of these semi-analytical experiments was to quantify the released fractions 
and release kinetics of FP from irradiated nuclear ceramics (mostly UO2 and some MOX), 
quantify the type of gases and aerosols emitted (particle size analysis and chemical 
composition) and understand how the fuel degrades. These experimental sequences are 
commonly considered to be complementary to the PHEBUS FP [5] integral tests and 
comparable with certain tests carried out abroad: HI/VI [6] in the United States, VEGA [7]-
[8] in Japan or the programme conducted at the CRL in Canada [9]. 

 However, uncertainties still remain in some fields, like semi-volatile fission products 
releases, which can contribute to modify the assessment of risks for populations and the 
environment. As a consequence, it has been decided to build a co-operative research 
programme between teams involved in severe accident phenomenology all over the world 
(CEA, IRSN, EDF, European Commission, US-NRC, PSI, GdF/Suez/Tractebel, AECL, 
KAERI), based on separate-effect and semi-integral experiments and called “International 
Source Term Program (ISTP)”. The results of these experiments would allow improving 
models used for Source Term evaluation studies. Four main R&D research axes have been 
included in this programme: iodine study, study of the boron carbide effect, study of the air 
effect on fuel behaviour and study of the fission product release from the fuel. As far as the 
source term quantification is concerned, four tests are considered within the framework of the 
ISTP. They are devoted to FP release from high burn up UO2 fuel, MOX fuels and air ingress 
scenario. They will be performed in the new VERDON laboratory recently implemented at 
the CEA Cadarache Centre in the LECA-STAR facility [10]-[11]. 

 The present paper deals with the performances of this new device, both in terms of 
experimental equipments (experimental loop and furnace) and FP release results. In part 2, the 
general configuration of the VERDON loop dedicated to FP release studies is presented. The 
performances of the furnace were evaluated. A blank test in similar conditions than those of 
the first VERDON test (VERDON-1) was performed to validate the global thermal-hydraulic 
process of the VERDON loop in FP release configuration. Finally, in part 3, we present the 
validation of the VERDON device in terms of FP release measurements. This was performed 
by duplicating the first stage of the thermal-hydraulic sequence of VERCORS-RT6 test to the 
first VERDON test: same high burn-up UO2 fuel and same cladding oxidation conditions.  

2 VERDON LABORATORY 

2.1  VERDON loop in FP release configuration 

The VERDON laboratory, recently implemented at the CEA Cadarache Centre, is 
constituted of two high activity cells (C4 and C5) and a glove-box. The C4 cell is mostly 
devoted to the sample reception and to the pre/post test gamma scanning on a dedicated 
gamma spectrometry bench [10]. The C5 cell is dedicated to the realization of the thermal-
hydraulic sequence with two different experimental loops (one designed for FP release studies 
and the other one for FP release and transport studies) and to on-line gamma spectrometry 
measurements: they are performed thanks to three complementary on line gamma 
spectrometry stations (furnace sighting, filter sighting and maypack sighting on figure 1) in 
order to follow the FP release kinetics outside the fuel sample located in the furnace during 
the thermal-hydraulic sequence. All these equipments of the VERDON laboratory have 
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previously been described [10]-[11]. Therefore, we give here only a brief overview of the 
experimental loop dedicated to FP release studies (Figure 1). 
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Figure 1: VERDON C5 cell, furnace, experimental loop, glove-box and on-line gamma 

spectrometry sightings 

In this configuration, the experimental loop is mainly constituted of a furnace topped by 
an aerosol filter which function is to trap all the FP under aerosol form. At the end of the loop 
we find a May-Pack filter partly filled with zeolite (impregnated with silver) in order to trap 
potential molecular iodine and a condenser whose function is to recover the water steam of 
the experimental gases. Between the furnace and just before the condenser, each element of 
the circuit is heated at 150°C±20% in order to avoid any cold point leading to steam 
condensation along the circuit. Finally, two safety filters prevent any residual traces of aerosol 
FP from going out of the high activity cell and into the glove box where the fission and carrier 
gases are analyzed and stored.  

Inside the glove-box, gases analysis can be performed either on-line by a micro gas 
chromatograph (µGC) or sequentially by four sampling aliquots. All gases (injected, produced 
or released during the test) are directed to a 3m3 storage vessel. A last aliquot is dedicated to 
gas sampling from this vessel. 

The hydraulic process monitoring (injection of helium, water steam, hydrogen or air), is 
performed upstream by flow rate control of the gas injection and downstream by the outlet 
pressure control in the glove box. This monitoring mode guarantees the experimental 
conditions in terms of gas injection as well as a constant downstream pressure necessary to 
on-line µGC analysis in the glove box.  

The thermal process is performed thanks to the furnace, where the fuel sample is heated 
up and maintained under controlled gas atmosphere (neutral, oxidizing or reducing). 

Relocation can be observed thanks to the measurement from the on-line gamma 
spectrometry station focused on the fuel sample inside the furnace [10]. During an 
experimental sequence, the detection set is focused on the top slice of the fuel sample (pre-
defined by a gamma scan) and records the FP release kinetics by successive spectra 
acquisitions. By this way, this station can determine the fuel relocation by following the 
disappearance of a non-volatile FP, typically 140La. 

2.2 Evaluation of the VERDON furnace performances 

The VERDON furnace (based on induction technology) is the key element of the loop 
since it must guarantee the fuel sample heating up to temperature as high as 2600°C under 
controlled gas atmosphere (neutral, oxidizing or reducing). In order to evaluate the VERDON 
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furnace performances, commissioning tests without fuel sample were performed to validate 
the furnace temperature measurements giving the fuel sample temperature and to determine of 
the maximal operating temperature of the VERDON furnace.  

To evaluate the temperature at the center of the fuel sample located inside the 
VERDON furnace, we use thermocouples (TC) located inside the furnace insulators (HfO2 
and ZrO2) at the fuel sample level and a pyrometer, sighting under the crucible holding the 
fuel sample. The TC are used to monitor the power supply of the furnace at low temperature, 
up to 1000°C. At higher temperature (more than 1000°C), to evaluate the temperature at the 
center of the fuel sample and to monitor the power supply of the furnace, we use a pyrometer 
sighting under the crucible.  

A good linearity between the pyrometer and the thermocouples measurements was 
obtained over a wide range of temperature. Moreover, the relative difference of the pyrometer 
temperature with both the thermocouple temperature and the known fusion temperature of 
pure metals used for calibration was less than 2%. Thus, the accuracy of the fuel sample 
temperature given by the pyrometer between 1000°C and 2600°C is better than 2%. 

Finally, the VERDON-1 blank test, being performed in similar conditions than those of 
VERDON-1 test (same thermal-hydraulic sequence, loop in FP release configuration), also 
constitutes a validation test of the global thermal-hydraulic process of the VERDON loop in 
FP release configuration. 

3 VALIDATION OF THE VERDON EQUIPMENTS IN TERMS OF FISSION 
PRODUCTS RELEASE 

In order to guarantee the continuity between the previous VERCORS and the future 
VERDON data bases we checked the similarity between VERDON-1 and VERCORS-RT6 
[12] tests results in terms of FP release. This was performed by duplicating the first stage of 
the thermal-hydraulic sequence of VERCORS-RT6 test to the first VERDON test: same high 
burn-up UO2 fuel and same experimental sequence up to the cladding oxidation plateau. 

3.1 VERDON-1 sample 

The sample used for VERDON-1 test was taken from UO2 fuels irradiated up to around 
72 GWd/t (6 cycles) in a LWR operated by the French operator EDF. The UO2 fuel pellets 
were fabricated by standard industrial process. The 235U initial enrichment was 4.5 %. The 
sample was made up of a fuel rod section of two irradiated pellets in their original cladding. 
Two half-pellets of depleted (and un-irradiated) UO2 are placed at each end of the sample and 
held there by crimping the cladding, so that the cladding is not fully sealed. At this stage, it is 
important to note that the sample used in this test is very similar to the one involved in 
VERCORS RT6 test (same fuel assembly, same power history, very close burn-up) [12]. 

Before the experimental sequence, the sample has been re-irradiated at low linear power 
(~ 10 W/cm) in the OSIRIS material testing reactor for nine days, in order to recreate the 
short half-life FP without any in-pile release. As a consequence, these FP (i.e. 99Mo, 132Te, 
133I, 131I, 140Ba, etc.), important for their radiobiological effects, are measurable by using on-
line gamma spectrometry during the experiment.  

3.2 VERDON-1 thermal-hydraulic sequence 

VERDON-1 test is the very first test performed with the VERDON laboratory in FP 
release configuration. The accidental sequence was performed on September 30, 2011 (64 
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hours after the end of the re-irradiation in OSIRIS). It is represented on Figure 2. It can be 
divided in two main phases with respect to the temperature and atmosphere.  
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Figure 2: VERDON-1 thermal-hydraulic sequence  

Phase 1 was similar for VERDON-1 and VERCORS-RT6 tests [12]: it is under neutral 
atmosphere up to 400°C, then oxidizing up to the end of the so-called oxidation plateau at 
1500°C. The water steam injection flow rate was about 25 mg/s and was maintained during 
near one hour at 1500°C in order to reach complete cladding oxidation.  

Phase 2, from 1500°C to the end of the test, was different for VERDON-1 (reducing 
conditions), and for VERCORS-RT6 tests (oxidizing conditions), so that the results in terms 
of the FP release would be complementary. For VERDON-1 test, the flow rate of water steam 
and H2 were adjusted in order to maintain a reducing atmosphere with a molar ratio H2/H2O = 
10. The very end of phase 2 (from 2400°C to 2600°C) was performed with a decreasing H2 
flow rate while water injection was stopped. The atmosphere was thus variable from reducing 
to neutral at the end of the test. 

The criterion to end the sequence was either to detect the fuel sample relocation or to 
reach the maximal temperature Tmax = 2600°C. No significant decrease of the 140La signal was 
detected therefor the end of the sequence (shut down of HF power supply) was performed 
when the maximal temperature of 2600°C was reached. 

3.3 Comparison of FP release between VERDON-1 and VERCORS RT6 tests 

As explained in the previous part, the first phase of VERDON-1 test (i.e. up to the end 
of the oxidation plateau at 1500°C) was performed under the same atmosphere conditions 
compared to VERCORS-RT6 test, and conducted on a very similar high burn-up UO2 fuel, in 
order to check the continuity between the previous VERCORS and future VERDON data 
bases.  

The FP release kinetics presented here were measured by the furnace on-line gamma 
spectrometry station. They are qualitative measurements of the FP remaining in the fuel as a 
function of temperature, since on this station the quantification of the FP release kinetics is 
relatively imprecise: at least 10% release has to be recorded by this station to guarantee a 
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significant value. Particularly, the changes in the object geometry measured during heating 
(swelling, fracturing, then fuel collapse, etc.), just like the axial migration of the FP, make it 
difficult to quantify the measurement. 

In addition to the on-line gamma spectrometry measurements, which give access to FP 
release kinetics, the overall released fractions are obtained by comparison with the initial 
inventory of the FP, established by scanning the fuel sample before the experimental sequence 
(on the gamma scanning bench located in the C4 cell) and completed by calculations for the 
non gamma-emitting elements. 

We can compare the FP release kinetics measured during VERDON-1 and VERCORS-
RT6 tests respectively for the semi-volatile and volatile FP, as illustrated on Figure 3. The 
comparison has been performed at the cladding oxidation plateau, typically after 30 minutes 
at 1500°C (note that for VERCORS RT6 the duration of the oxidation plateau is 1 hour while 
it was reduced to 45 minutes for VERDON-1). In both cases, the general FP behaviours (in 
particular the released fractions) are very similar. For the two semi-volatile FP considered, 
140Ba and 99Mo, the releases reached approximately 0% and 40% respectively in the two tests. 
For volatile species, here 131I and 137Cs, around 60% were obtained for both tests. In terms of 
kinetics a slight difference is found, probably linked to the oxygen potential: the steam 
injection starts indeed at 400°C for VERCORS-RT6 while it starts at 800°C for VERDON-1. 
Besides this second-order difference, the key issue derived from the FP released fractions 
comparison is that it highlights a perfect continuity between the two VERDON and 
VERCORS facilities in term of FP release. 
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Figure 3: release of semi-volatile and volatile FP, comparison between VERDON-1 and 

VERCORS-RT6 

Finally, one of the most important points is that VERDON-1 test did not result in a 
global and/or strong relocation of the fuel sample at the end of the test: up to a temperature as 
high as 2600°C, no significant decrease of the 140La signal, representative of the fuel sample 
relocation, was detectable at the end of the sequence. This behaviour is still under 
investigation and must be connected to the final atmosphere of the test (i.e. reducing then 
neutral conditions). Further on-line as well as pre-post test gamma spectra are currently under 
analyses in order to assess this phenomenon. 

4 CONCLUSION 

 In line with the former VERCORS program and in order to better estimate the source 
term (i.e. quantifying the nature, release kinetics and global released fraction of FP and other 
radioactive materials) in case of a hypothetical severe accident in a LWR, the new VERDON 
laboratory has recently been implemented at the CEA Cadarache Centre in the LECA-STAR 
facility. In this study, we demonstrate the capability of this new equipment to perform FP 
release measurements during experimental thermal-hydraulic sequences representative of a 
LWR severe accident. 

  We have presented the validation of the VERDON equipments in terms of FP release 
measurements. This was performed by duplicating the first stage of the thermal-hydraulic 
sequence of VERCORS-RT6 test to the first VERDON test: same high burn-up UO2 fuel and 
same cladding oxidation conditions. The measured FP released fractions for the two tests are 
consistent, highlighting the excellent continuity between the two VERDON and VERCORS 
devices. 

The VERDON laboratory is thus technology-approved and further VERDON 
experiments on MOX fuel can now be conducted in order to better understand the 
mechanisms leading to FP release and transportation. 

Moreover, one of the most important points still under investigation regarding 
VERDON-1 test results is that it did not result in a global and/or strong relocation of the fuel 
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sample at a temperature as high as 2600°C. This behaviour, possibly connected to the final 
atmosphere of the test, is still under investigation and further analyses are currently led in 
order to assess this phenomenon. 
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