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Abstract: The main issues for reactor safety in case of severe accident sequences are the containment integrity and 

the characteristics of the Source Term. Since the TMI2 accident, in March 79, the progress of research has made it 

possible to estimate the potential consequences of a rather large spectrum of severe accidents sequences. 

Nevertheless, there are still issues about containment integrity and Source Term which remain unaddressed and 

which impact on the reliability of the present estimates. Regarding the containment, large uncertainties subsist 

about the influence of MOX or high burn-up fuel on the amount and properties of the corium which can be involved 

in various phenomena, e.g. interaction with water. Considering hydrogen production during core quenching, there is 

practically no information available for severe accidents representative conditions. Regarding Source Term, the 

uncertainties are related to the release rates from MOX and high burn-up fuel and the associated large amount of 

fission gases. Furthermore, no information is available about the additional new releases induced by temperature 

escalation, the possible re-entrainment of previously deposited materials in and above the core by large 

steam/hydrogen flow. This analysis leads IPSN to promote a new programme, Phébus 2000, to be conducted in its 

Phébus facility after completion of the present Phébus-FP programme. An overview of this new project is given 

hereafter. 

1.  PHEBUS 2000 CONTEXT   

In France and in other countries, a permanent evolution of the light water reactors (LWR) is observed 
since the seventies. The evolution deals with the reactor designs (900 MWe/3 loops, 1300MWe/4 loops, 
N4, future EPR). It is also related to the fuel management and burnup increase (3 cycles, 4 cycles, 39

1
 

MWd/tU, 47, 52, 60 MWd/tU in the next future). This evolution affects the fuel itself (UO2, MOX, Gd fuel), 
the cladding (Zircaloy, Zirlo, M5) and the control rods (Ag-In-Cd, B4C). As a consequence of these 
modifications, there is a permanent necessity for reassessing the reactor safety studies which implies 
improving the associated knowledge and upgrading the corresponding calculation tools. Such a need is 
not specific to the French situation. An OECD study [1] brought forward the same conclusion for the 
international nuclear safety community. This report underlines needs both in terms of data bases having 
sufficient reactor representativeness and validated computer codes. 

For the studies associated with the continuous evolution of the reactor operation, the safety authorities 
requirements are both related to the design basis accidents and the severe accidents. They have to 
appreciate to which extent their analyses and criteria might be modified by the burnup increase and the 
type of fuel. In addition to the design and operating modes assessment, the continuous improvement of 
accident management also raises questions. In this field, a rather intensive effort has been made 
regarding the design basis accident within the last few decades. Nevertheless, if the accident conditions 
go beyond the LOCA ones, there is an obvious lack of pertinent data bases for appreciating the core 
reflooding consequences on the integrity of both the primary vessel and the reactor building (large 
production of steam and hydrogen) and on the source term (resuspension of deposited radioactive 
materials). 
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For many years, IPSN and several other safety organisations have applied a three-tier method for their 
reactor safety researches. The first step consists of computer code developments from the existing data 
bases. The second step involves small-scale, out-of-pile experiments, which provide the additional data 
bases requested by the code developments and their preliminary assessments. But, as the reactor 
phenomenology cannot be totally reproduced in such small scale experiments, a third step consisting of 
integral in-pile experiments using real materials is essential for comprehensive accident analysis. Their 
results allow the final code assessment in terms of reactor applicability and simulation completeness. This 
in-pile part of a programme assures that the investments done for code developments and small scale 
experiments will produce profits in terms of reactor safety. 

This three-tier method is applied by IPSN for the various research programmes devoted to reactor safety, 

specifically for RIA and severe accidents programmes. The in-pile part of the LOCA programme, with the 
collaboration of Japan (JAERI), consisted of 20 LOCA tests run from 74 to 84 [3, 9]. It provided a large 
spectrum of results for the assessment of codes like CATHARE, FRETA (J), RELAP (US), etc. The 
studies devoted to the early phase of core degradation during a severe accident, made with the 

collaboration of Germany (GRS, IKE) and Spain (CSN, CIEMAT), included the CSD programme in the 
Phébus facility : six experiments where run from 78 to 89, see [10, 13]. The results were used to validate 

the ICARE (F), KESS (G) and SCDAP (US) codes. Since 93, the Phébus-FP programme [14, 17] is 
underway in collaboration with the European Commission, the US (NRC), Canada (COG, AECL), Japan 
(NUPEC, JAERI), Korea (KAERI) and Switzerland (PSI, HSK). The results of the first three tests are used 
to validate the codes in the field of core degradation, FP and structure materials transport and chemistry in 
the primary circuit and the reactor containment. The outcome of the programme demonstrates the 
importance of such in-pile experiments. Actually, the results of Phébus-PF lead to change or improve 
several models in most of the codes used by the nuclear safety community to get more realistic estimates 
of core degradation, hydrogen production and iodine chemistry. 

Phébus 2000, so called Phébusï2K, is an in pile programme devoted to the safety needs [2] identified by 
IPSN, together with the experts from various safety authorities and utilities. It should provide code 
assessments in terms of reactor applicability and simulation completeness, in a coherent way with the 
present international efforts, especially the European ones through the 5

th
 Framework Programme. These 

efforts, which demonstrate the need for relevant data bases, consist of both code developments and 
validation (EVITA programme for ASTEC code validation, improvements of specific models in 
ICARE/CATHARE, VULCAIN, SCDAP/RELAP and MELCOR) and several separate effects experiments 
(CIT, COBE, OPSA, COLOSS, QUENCH, MADRAGUE). 

 

2.  OBJECTIVES FOR THE PHEBUS 2000 PROGRAMME 

 

The main concerns for reactor safety in case of severe accident sequences are core coolability and 
characteristics of the Source Term, as determined by FP and containment behaviour. Since the TMI2 
accident, in March 79, intensive efforts, both in terms of experiments and model developments, were 
made for acquiring knowledge on severe accident phenomenology. Today, the progress of research has 
made it possible to estimate the potential consequences of a rather large spectrum of severe accidents 
sequences, and to judge about the efficiency or the necessity of certain mitigating equipments or 
measures to limit their consequences. Nevertheless, both national and international experts (e.g. [2]) 
agree that there are still uncertainties about containment integrity and FP behaviour issues which remain 
un-addressed and may impact the reliability of the previous estimates or judgements. 

 Regarding the containment, the main points are the input conditions from which estimates of the 
containment integrity will be calculated. One needed input is the amount and the properties of the 
corium which can be involved in phenomena such as interaction with water, interaction with concrete, 
direct containment heating. A second one is the quantity and the rate of hydrogen produced during 
core degradation and core quenching, which can be involved in case of burning or explosions. Some 
information exist for these points but large uncertainties subsist concerning the effect of MOX fuel or 
high burnup fuel on the degradation processes and the amount of corium produced. Furthermore, for 
the hydrogen and steam productions during core quenching, there is only few or no information 
available for conditions representative of a severe accident. 



 

 

  

 Regarding Fission Products, the main question is the amount, the nature and the chronology of fission 
products and actinides released from the fuel or re-entrained from previously deposited materials. 
Here, the uncertainties are obviously related to the release rates from the fuel which depend of its 
characteristics - MOX, UO2 - and of its burnup level. Possibly, the release rates can also be affected by 
an unmodelled degradation process, like the so-called fuel foaming which might take place especially 
with high burn-up fuel. Furthermore, again regarding the quenching phase, there is no information 
available about additional new releases induced by temperature escalation or fuel fragmentation, 
possible re-entrainment of previously deposited materials in and above the core by large 
steam/hydrogen flow, and soluble species partition between steam and water. 

To reduce these uncertainties which affect the reliability of severe accident management, it is necessary to 
upgrade the codes and to develop realistic models for the previously mentioned processes. As a large part 
of the knowledge required for code developments does not exist, experimental programmes are necessary 
to build it. A first fraction of the needed information still exists or can be obtained from separate effects 
experiments. But, keeping in mind that the uncertainties are mainly associated with the specific responses 
of high burn up UO2 or MOX fuels, their chemical transformations and degradation processes at high 
temperature or during quenching, the strong coupling existing between degradation and releases, it can 
be understood that separate effect experiments will not provide the largest part of the data requested for 
code developments and validation. The main part of the information will be obtained from experiments 
which will have to reproduce with enough correctness the physical mechanisms implied in the 
degradation and release processes. Three points are essential to obtain such a correctness and valuable 
data : 

 Firstly, actual irradiated fuel, with appropriate burn-up, is necessary. 

 Secondly, the heat source to the fuel has to be maintained despite its movements and its metallurgical 
transformations. 

 Finally, release rates and degradation mechanisms being so strongly related, they cannot be tackled 
separately. 

Therefore, a straightforward solution to these requests is an in-pile test programme which will provide the 
necessary representativeness of the data. An additional advantage of an in-pile experimental programme 
with realistic materials and representative conditions is to provide some garanties that no important 
phenomena are missing, and by this way some certitude about the completeness of the data bases which 
are used for code validations. Three examples, among several others, of such a role of in-pile programmes 
are provided by the Phébus-FP results. They reveal the importance of the fuel burn-up on the extent of its 
interaction with molten zircaloy and control rod material and, therefore, the effect of burn-up on core 
degradation. They also show that rod material release rates were largely unpredicted by the codes, 
especially for silver which arrives in the containment where it modifies the iodine chemistry and the source 
term estimates. A third example is the observation of gaseous iodine in the hot leg, which is thought to be 
associated with non equilibrium FP chemistry, while computer codes are unable to predict it.  

These analyses lead IPSN to promote a new project, Phébus-2K, to be conducted in its Phébus facility 
after completion of the present Phébus-FP programme.  



 

 

  

3.  TEST MATRIX  

The Phébus 2K Programme is divided into three sub-programmes, each of them being devoted to a 
specific issue. 

ñPHEBUS-2K HIGH BURN-UP UO2 fuel programme 

The programme is conceived as a way to validate and to extend the results of the Phébus FP programme 
for high burnup UO2 fuel. The pending issues are the degradation processes and fission product releases. 

In fact, the computer codes which are used for core degradation and source term estimates were 
developed and validated with data bases which include very few information for burn-up above 
33 GWd/tU. Unfortunately, changes in fuel and clad take place for burn-up ranging between 50 and 
60 GWd/tU which induce uncertainties. For example, regarding the core degradation processes and the 
associated fission product releases, we do not know if foaming of the fuel, which is known for being 
enhanced by high burn-up, could lead to fuel degradation and FP releases and if its contribution is 
important. In such a case, the present models for core degradation would have to be revisited. 

ñPHEBUS-2K MOX fuel programme  

This programme is also conceived as an extension of the Phébus FP programme results for MOX fuel. 
The objective is to appreciate how the data bases available for UO2 can be affected by the heterogeneity of 
the plutonium oxide distribution in the pellet, the PuO2 chemical response to steam or hydrogen 
atmospheres, its interactions with zirconium (for which phase diagrams and reaction kinetics present 
large uncertainties), the larger actinide inventory. Some preliminary information indicates that MOX and 
UO2 might behave differently. It was observed from some VERCORS separate effect tests [21] a larger 
release of the volatile FP at low temperature and a lower relocation temperature for MOX fuel than for UO2. 
Therefore, tests are foreseen in this programme aiming at building a data base for MOX fuel degradation, 
low volatile fission products and actinides releases for bundle, debris bed and molten material geometries. 

ñPHEBUS-2K QUENCHING programme 

This sub-programme is dedicated to quenching issues in terms of core degradation, hydrogen and steam 
productions, additional Source Term releases from fuel and from re-entrainment of deposited materials. 
Despite several research efforts [18, 19, 20], there are still large uncertainties regarding the previous 
issues during reflooding when the core is degraded beyond the LOCA conditions. The investigated core 
configurations should be bundle geometry at higher temperature than during a LOCA, debris bed and 
molten materials. 

The test matrices for these programmes are not yet defined at the detailed level. They will be finalised 
according to on-going separate effect test programme results and feasibility studies. Nevertheless, it can 
be anticipated that the main parameters will be the burn-up ranging between 33 and 70 GWd/t, the steam 
or hydrogen fuel environments, the test configurations from bundle to molten pool materials and core 
temperature just prior to quenching.  

4.  EXPERIMENTAL EQUIPMENT 

The Phébus facility appears to be the only reactor in the world still capable of carrying out integral safety 
experiments with the associated requirements in terms of equipment, in terms of non-conventional 
measurements like ɔ-tomography of an entire in-pile test train, and in terms of fission products and active 
aerosols know-how of the staff. This reactor has already been used to perform the LOCA (1974-1984) and 
CSD (Severe Fuel Damage, 1978-1989) programmes. The International Phébus Fission Products 
programme is presently underway in the facility. 



 

 

  

 

Basically, the facility consists in two main parts, the in-pile equipment and a 350 m
3
 leaktight housing 

called the ócaissonô. 

 

The Phébus facility, in a first building, includes a 
pool type reactor, which can operate for several 
days. 

The reactor consists of a driver core and a 
central cavity contained in an open-tank reactor 
vessel, see figure (1). 

The core comprises PWR type fuel rods of 800 
mm fissile length and is cooled by water forced 
convection. Its maximum power is 40 MW 
(limited to 23 MW for the FP programme).  

 

figure 1 : Looking at the driver core 

The central cavity contains the test train assembly externally cooled by a pressurised water loop. Steam, 
hydrogen or helium are supplied to the test train through three injection lines.  

The caisson, a 350 m
3
 leaktight housing, is installed in a second building adjacent to the reactor one, see 

figure (2). In this caisson a mock-up of the main elements of a nuclear power plant reactor is installed for 
the Phébus-FP programme : the reactor coolant system including a steam generator model, and a tank 
simulating the containment of the reactor building. For the Phébus-2K programme this caisson will 
receive the ñMeasurement Compartmentò, see figure (4). A complex instrumentation combining 
conventional detectors (thermocouples, flowmeters, pressure sensors), gamma spectrometry and 
sampling devices will allow the different physical parameters to be measured and the various fission 
product concentrations in the experimental circuits to be determined. 

 

 

figure 2 : Inside the Phébus Facility 


