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ABSTRACT 

In the hypothetical case of a Light Water Reactor severe accident, the reactor core could 
melt and form with structure materials, and eventually concrete, a complex mixture called 
corium. The knowledge of corium behaviour is one of the key to increase the safety of the 
nuclear reactors. In the framework of severe accident studies, CEA has undertaken for many 
years a large R&D program devoted to this topic. At CEA-Cadarache, a specific platform, 
called PLINIUS, has been developed and is dedicated to studies of prototypic corium (i.e. 
with uranium dioxide). In this paper, the PLINIUS platform four facilities and the 
experiments on corium behaviour are described. 

 

1 INTRODUCTION 

Safety studies are required under accident and severe accident conditions for current 
and future water-cooled reactors. In a hypothetical case of a core melt-down in Pressurized 
Water Reactors (PWR), severe accident scenarios must be viewed: the core cooling systems 
could fail and a very high temperature would be reached (up to 3000°C). In this case, the 
materials of the nuclear reactor (nuclear fuel, cladding, metallic alloys, structural materials, 
concrete, etc…) could melt to form complex and aggressive mixtures called corium. Thus, 
Safety Authorities of the EU countries have requested the nuclear industries and utilities to 
take into account the possibility of severe accident and the way to prevent radioactive release.  

In this context, the French Atomic Energy Commission (CEA) has been pursuing a 
large R&D programme on nuclear severe accidents for many years [1-3]. Understanding 
corium behaviour in the various phases envisioned for severe accidents is a key aspect 
required for improving reactor safety. It encompasses the development of models and codes, 
performance of experiments in simulant and prototypic materials and the analysis of 
international experiments.  

The CEA severe accident R&D studies on corium behaviour address the following 
topics : Molten Core Concrete Interaction (MCCI), Fuel Coolant Interaction (FCI), In Vessel 
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Retention with reactor pit flooding, Corium-Ceramic Interaction. The experiments with 
prototypic corium (i.e. material containing depleted UO2) are performed in the PLINIUS 
experimental platform at CEA Cadarache [4].  

The PLINIUS platform has been selected by the  European Commission who financially 
supports Transnational Access to this Research. In this paper, we will give an overview of  the 
4 facilities of the PLINIUS experimental platform and the experiments dedicated to the 
understanding of the corium behaviour: VULCANO, COLIMA, VITI and KROTOS. Material 
analyses and code validation activities complement the experimental work which is directed 
towards the analysis of new phenomena, the development and validation of models and the 
qualification of computer codes on prototypic material experiments. A spreading experiment 
of VULCANO program will illustrate this general approach. An interdisciplinary 
experimental team (specialists in thermal, heating, modelling and materials sciences) operates 
this platform.  

 

2 THE PLINIUS PLATFORM  

In memory of the first worldwide well-known volcano eruption reporter CAIUS 
PLINIUS who gave humanity its first live report on a volcanic eruption of the VESUVIUS 79 
A. D. , our versatile experimental platform is called “PLINIUS”. PLINIUS is an acronym that 
means: PLatform for Improvements in Nuclear Industry and Utility Safety. PLINIUS is 
located at CEA-Cadarache and is dedicated to experiments with prototypic corium (i.e. with 
depleted uranium dioxide).  

Four facilities are devoted to the corium behaviour and to the physical properties 
studies: 

1. The VULCANO facility (Versatile UO2 Lab for Corium ANalysis and 
Observation): it is a rotating plasma arc furnace able to melt about 80 kg of corium at 
temperatures of up to 3000°C (in or ex-vessel corium) and to pour the melt according 
to different configurations : spreading, interaction, solidification studies… 

2. The COLIMA facility (COrium LIquid and MAterials) : it is a 1.5 m3 controlled 
atmosphere vessel, with an internal pressure which can rise to 0.3 MPa. Induction 
heating can maintain some kilograms of corium at very high temperature (up to 
3000°C) to study thermal exchanges, aerosol release and thermo-physicals interactions 
studies. 

3. The VITI facility (VIscosity Temperature Installation) has been developed to 
perform viscosity and surface tension measurements on corium by aerodynamic 
levitation up to 2500°C. Samples of a few mg corium  can be implemented. 

4. The KROTOS facility : it is dedicated to steam explosion phenomena studies. About 
5 kg of corium at more than 2850°C are dropped in water. Thermal, optical and 
pressure instrumentation, along with fast imaging, constitute the instrumentation. The 
KROTOS facility for corium-water interaction tests has been transferred from JRC 
Ispra (Italy) and is being reinstalled at CEA-Cadarache on the PLINIUS platform.  

 
2.1 THE VULCANO FACILITY  

The VULCANO facility [5] is mainly composed of a furnace [6] and a test section 
which can be adapted to the specificity of each experiment. In order to conduct experiments 
with depleted uranium dioxide under acceptable safety conditions, the furnace has been 
developed according to the following characteristics : 

• High acceptable melting temperature of the load: 3000°C; 
• Ability to melt mixtures of various compositions (metal/oxides, in-vessel corium  

(UO2- ZrO2, Fe), ex-vessel corium  (in-vessel + SiO2, FeOx, CaO… )); 
• Capacity to melt and pour about 100 kilograms of corium; 
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• Continuous low pouring rates (0.1 to 1 L/s) 
A study of the candidate technologies resulted in choosing a transferred plasma-arc 

furnace [5].  

Figure 1 : The VULCANO furnace. 
 

Two graphite plasma torches are ignited by an electrical short circuit. The main arc is 
then created and transferred between these two torches, each having opposite polarity. The 
plasma generator gases are argon and/or nitrogen plus, in some cases, corium fumes. The 
maximum available power is around 600 kW ( 1000 A – 600 V). For our practical operating 
conditions, the maximum arc voltage is 300 V, i.e. an effective maximum power of 300 kW. 

The mixtures to be melted are inserted as powders in a cylindrical rotating cavity (400 
mm diameter – 500 mm long) and centrifugation (between 150 and 300 rpm) coats these 
mixtures against the furnace wall. The furnace external surfaces are water-cooled. 

First, a self-crucible of refractory oxides is achieved; then the corium powder is loaded 
and melted. 

The heating process is controlled by optical pyrometry and on-board thermocouples. 
When a sufficient quantity of corium has been melted, the arc power is reduced and the anode 
is withdrawn. The furnace is then tilted so that the melt pours out in the test section. The 
plasma arc is maintained (partly outside of the furnace) during the pouring operation, in order 
to prevent a too great cooling of the melt. 

According to the scientific objectives of the experiment, different test sections can be used: 
• Spreading configurations [7,8]. In this case, the corium is poured on a planar 

surface. This planar surface can be made of different materials: inert such as fused 
zirconia ceramic, reactive such as concrete, or thermal conductive such as steel. 

• Solidification configurations [9]. In this case, the corium is poured in a crucible. In 
order to simulate decay heat, an induction heating allows the sustained heating of 
the corium inside the crucible and the solidification rate is controlled by gradual 
power decrease. This kind of experiment is needed for the qualification of the 
coupling model between thermo-hydraulics and physico-chemistry [10,11] which is 
of main importance for the reactor case. 

• Corium-concrete interaction configuration. In this series of experiment, the corium 
is poured in a crucible with some of its wall made of concrete.  
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2.2 The COLIMA facility  

In the COLIMA facility, the corium is melt in a crucible by an inductive heater, and 
maintained at constant temperature in order to provide a steady state. The crucible is intended 
to receive about a few kg of corium. The crucible is surrounded by a thermal shield ring and 
is located  at the bottom or at the middle of a closed containment. The containment walls are 
thermally regulated by a gilotherm circulation at 160°C. The containment has an internal 
height of 1.5m and an internal width of 1 m. Portholes, located at the top, at the half height, 
and at the bottom of the containment, are notably dedicated to the laser and optical 
instrumentations. 

 
Figure 2: Sketch of the COLIMA facility 

Different kind of corium can be melt in this facility: in or ex-vessel corium. According 
to the scientific objectives of the experiments, different configurations can be used: 
interaction corium/materials (concrete, ceramics), release of aerosols (similar as the fission 
products of nuclear fuel for the physico-chemistry, but no radioactive isotopes) from corium 
(oxidic or metallic) bath. 

The first PLINIUS Transnational Access is planned in November 2002 on the COLIMA 
facility. Scientists from the Technical University of Sofia, the Bulgarian Institute of Nuclear 
Safety and Nuclear Research and the NPP Kozloduy will perform, with the PLINIUS team, an 
experiment on the aerosol released from a corium pool during the late phases of a 
hypothetical VVER-440 severe accident.  
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2.3 THE VITI FACILITY 

VITI (Figure 3 left) has been developed to perform viscosity and surface tension 
measurements on corium by aerodynamic levitation [12]. VITI works according to the a-
periodic mode (“high” viscosity) or to the periodic mode (“low” viscosity) depending on the 
droplet Ohnesorge number. The liquid droplet (Figure 3 right) stands on a thin gas film 
(<100µm) coming through a pressurised porous membrane (diffuser). A second membrane 
(pressing membrane) stands above the droplet and is moved to reach the required pressing 
amplitude. The droplet is then relaxed and the relaxation time constant to the equilibrium state 
is measured. No contact occurs between the drop and both membrane. 

To obtain high temperature up to 2500°C, a radio frequency generator is coupled with 
the diffuser and the pressing membrane (both in graphite). The oxide sample is heated at low 
temperature by thermal radiation of the diffuser and pressing membranes and at higher 
temperature directly (volumetric heating) with the electromagnetic field induced inside the 
oxide materials (the oxides are electric conductors at high temperature) and always indirectly 
with the thermal radiation (area heating). The coupling of these 2 sources of heating limits 
thermal gradient inside the droplet. Further more, to decrease more the thermal gradient inside 
the droplet, a special thermal barrier has been added just behind the diffuser and pressing 
membrane. A bi-chromatic pyrometer (λ1=0,92 et λ2=1,04 µm) is used to measure surface 
temperature of the droplet between 1300K and 2800K. Two video cameras allow to measure 
precisely and continuously the radius of the droplet. The video recording is set up with a 
numeric video tape recorder and a software allows the characterization of the droplet size by 
image analysis.  

 

 
 
 
 
 

 

Figure 3: (left) VITI:  View of the facility  
(right) A droplet (AR-glass) in aerodynamic levitation at 1215°C. 

 
2.4 THE KROTOS FACILITY 

 The KROTOS FCI experiments [13,14] aim at investigating the effect of fuel/coolant 
initial conditions and mixing on steam explosion energetics. Molten materials (both simulant 
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and prototypic) up to 5 kg were used in a large number of KROTOS tests simulating various 
initial and boundary conditions.  
The KROTOS facility (figure 4) consists 
of a radiation furnace capable of heating 1 
to 10 kg of prototypic corium up to 3300 
K, depending on the corium composition 
and furnace configuration, a release tube 
and a test section enclosed in a pressure 
vessel. The test section is a water filled 
cylindrical vessel in which the molten 
corium interacts with water. A small 
explosive device can be used to trigger the 
steam explosion a preset delay after the 
melt pouring. 
Previous KROTOS results at JRC Ispra 
[14] showed large difference of steam 
explosion energetics between alumina and 
80 %w UO2 – 20 % ZrO2 corium melts. 
They indicate that reliable material 
properties of high temperature core melt 
mixtures and experiments involving 
prototypic core melt in reactor-like 
configurations are crucial in extrapolating 
experimental findings on FCI to a real 
reactor situation. It is planned to install an 
X-ray system to have a better insight to the 
premixing during these interactions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Sketch of the KROTOS facility 
 

 

3 AN EXAMPLE OF APPLICATION: VULCANO-VE-U7 SPREADING 
EXPERIMENT 

VULCANO experiment VE-U7 has been dedicated to the study of spreading over 
ceramic and concrete substrates. The concrete has been made of CEM I 32.5 R concrete 
mixed with silica granulates. The reference channel was made of dense inert bricks of 
zirconia. The corium had the following average composition, in mass percentage, 56%wt UO2, 
32%wt ZrO2, 5%wt FeO, 2%wt CaSiO3, 2%wt SiO2, 1%wt Fe,  1%wt CaO, 1 %wt Al2O3, which is 
close to a corium composition for the oxidic part of the corium flowing out of the EPR gate. 

About 50 kg of corium were poured, 40 of which reached the spreading section with a 
flow rate of 3 kg/s. The initial temperature at the spreading section entrance was around 2050-
2100°C. The section has been designed and aligned so that the hydrodynamic flow was 
equally distributed between the two channels.  12 kg flowed to the channel over concrete, 14 
kg over the ceramic, the remainder staying in the distribution pool at the upstream of the test 
section (see Figure 5). The flow over concrete stopped at a slightly smaller distance and its 
front is steeper than over ceramic. Some hot spots and splashes have been observed in the 
concrete side.  
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Figure 5 : Upper view of VULCANO VE-U7 spreading 

 
Numerous fumes have been produced both over concrete and ceramic, even though the 

only external source of gas was the concrete free and bounded water.  High porosities were 
observed in the 2 spreads which had, post-mortem, the same specific mass within 
measurement uncertainties: 5000 ± 200 kg/m3.  

The concrete substrate was slightly ablated for a few millimeters. Mortar has been more 
ablated than surrounding silica aggregates. 
A benchmark exercise is currently being made within the frame of the 5th FrameWork 
Programme-ECOSTAR project to assess corium spreading codes with VE-U7 data.  
 

4 CONCLUSION  

As conclusion, the four facilities of the PLINIUS European platform allow the 
processing of a large range of corium composition (in-vessel and ex-vessel corium, possibility 
to add metallic phase under development), of quantities (from a few g to 80 kg), of 
temperature (from 2000°C to 3000°C) for different kinds of R&D studies dedicated to 
prototypic corium’s behaviour (spreading, coolability, corium-materials interaction, steam 
explosion, physical properties,…). This platform is currently unique in the European Union. 
It must be noted that through an European funding, free trans-national access to these facility 
is offered to EU and Associated States researchers. 

The objectives of CEA corium R&D are to analyze and to develop state-of-the-art 
physical modelling of severe accidents taking into account the large uncertainties inherent to 
these hypothetical scenarios; to implement these models into codes and to qualify these codes 
and models against prototypic experiments. 
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