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ABSTRACT 
 

The LACOMERA project at the Forschungszentrum Karlsruhe, Germany, is a four year action within the 5th 
Framework Programme of the EU which started in September 2002. Overall objective of the project is to offer research 
institutions from the EU Member Countries and Associated States access to four large scale experimental facilities 
QUENCH, LIVE, DISCO, and COMET which can be used to investigate core melt scenarios from the beginning of core 
degradation to melt formation and relocation in the vessel, possible melt dispersion to the reactor cavity, and finally corium 
concrete interaction and corium coolability in the reactor cavity. The paper briefly summarises the objectives of the 
LACOMERA project and presents the main results obtained in the LIVE-L2 experiment which was designed to investigate 
the core melt behaviour in the lower plenum of the reactor pressure vessel and the influence of the cooling of the vessel outer 
surface with water in the conditions that may occur during core meltdown accident in Light Water Reactors (LWR). The test 
addressed the questions of melt stabilization and the effects of crust formation and growth near the Reactor Pressure Vessel 
(RPV) wall. In addition, the test provided important data on the upper crust behaviour and heat flux distribution through the 
vessel wall in the transient and steady state stages of the experiment. The results of the experiment are being used for the 
validation of the codes applied for safety assessment and planning of accident mitigation concepts. 

 
INTRODUCTION 
 

The principal objective of the LACOMERA project [1] is to provide the interested partners of the European Member 
Countries and Associated States a focus on core quenching and on possible core melt sequences in the RPV and in the reactor 
cavity, to enhance the understanding of severe accident sequences and their control in order to increase the public confidence 
in the use of nuclear energy. 

The various large-scale experiments being performed within the LACOMERA project aim at providing data for a better 
understanding of possible scenarios of core degradation and of different core melt sequences that can help to improve severe 
accident measures and to reduce the severity of the consequences. 

In detail, the experiments within the LACOMERA project concentrate on the following topics: 
- Main factors governing the hydrogen source term and melt generation during core quenching (QUENCH). 
- Study of the late phase of core degradation, onset of melting, formation and stability of melt pools in the RPV. 

Regaining of cooling and melt stabilization in the RPV (LIVE). 
- Location of the melt after failure of the RPV under moderate pressure, with different failure positions. Pressure increase 

in the reactor pit, the sub-compartments and the containment due to thermal and chemical reactions, such as hydrogen 
production and burning (DISCO). 

- Long-term erosion rates during Molten Corium Concrete Interaction (MCCI) and ex-vessel melt coolability (COMET). 
Eight organizations from five countries participate in preparation, performance, and analysis of eight experiments which 

have been specified within the LACOMERA project. The results of the experiments performed in the QUENCH, DISCO, and 
COMET experimental facilities have already been reported in [2-4]. In the following, test parameters and main experimental 
results of the LIVE-L2 experiment are discussed in more detail. 

 
EXPERIMENTAL SETUP 
 

The sequence of a postulated core melt down accident in the RPV of a Light Water Reactor involves a large number of 
complex physical and chemical phenomena, and strongly depends on the accident sequence and the considered reactor 
design. 

In-vessel core melt progression can be divided into the “early” and the “late” phase. While detailed experimental and 
theoretical information about the early phase is available, large uncertainties exist in the modelling of the late phase, which is 
characterised by substantial melting of fuel, formation of melt pools, and melt accumulation in the lower head of the RPV. 
Steady state behaviour of debris and of molten pools in the lower head has been investigated in several experimental studies 
[5, 6]. However, the database for the transient processes during core melting, melt relocation and accumulation is still very 
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limited. For the melt released into the lower head of the vessel, there is a lack of information about e.g. transient heat fluxes 
to the vessel wall, crust formation, stability and re-melting of melt crusts in 3-d geometry. 

An improved understanding of these processes can help to define accident management procedures for accident control 
in present reactors. Therefore a new experimental research program called LIVE (Late In-Vessel Phase Experiments) has 
been defined and started at Forschungszentrum Karlsruhe, Germany, in which different important phenomena during the late 
phase of core melt progression are being investigated [7]. 

The main part of the LIVE test facility is a 1:5 scaled RPV of a typical Light Water Reactor (Fig. 1). The inner diameter 
of the test vessel is 1 m and the wall thickness is 25 mm. The material of the test vessel is stainless steel. To investigate both 
the transient and the steady state behaviour of the simulated corium melt, an extensive instrumentation of the test vessel is 
realised. The vessel wall can be equipped with up to 17 instrumented plugs (Fig. 2) at different positions along 4 meridians at 
0°, 90°, 180° and 270° orientation. Each plug consists of a heat flux sensor and 5 thermocouples. The thermocouples are 
protruding into the melt with different distances from the vessel wall (0, 5, 10, 15, 20 mm). 
 

heating system

vessel cooling

heat flux sensor
and thermocouples

camera
 observation

crust detection system

melt pouring

  

Fig. 1. LIVE test vessel Fig. 2. Design of the LIVE instrumentation plug 

 
The heat flux sensor is a part of the vessel wall and is positioned 1 mm below the inner surface of the test vessel. This 

sensor measures the heat flux and the corresponding temperature. To measure the temperature at the outer surface of the 
vessel wall, 17 thermocouples are located at different positions along the four meridians. In addition to the 85 thermocouples 
of the plugs, 80 thermocouples are positioned within the vessel to measure the temperatures of melt and in the crust. 

The instrumentation of the test vessel includes also an infrared camera and a video camera to observe the melt surface, 
weighing cells to detect quantitatively the melt relocation process, and mechanical sensors to detect the crust thickness at the 
vessel wall. 

Decay power input into the melt is recorded and melt samples are extracted during the tests. Different openings in the 
upper lid of the test vessel allow pouring of the melt to the central region or close to the perimeter of the lower head. To be 
able to investigate the crust, which is formed at the wall of the vessel, the residual melt is extracted from the vessel at the end 
of the test to uncover the crust. 

To investigate the influence of different external cooling conditions on the melt pool behaviour, the test vessel is 
enclosed by a second vessel (cooling vessel) to be able to cool the test vessel at the outside. The cooling water inlet is located 
at the bottom of the cooling vessel and the outlet is positioned at the top of the vessel. 

The volumetric heating system has to simulate the decay heat released from the corium melt. Consequently, the heating 
system has to produce the heat in the melt as homogeneously as possible. Therefore a heater grid with several independent 
heating elements was constructed (Fig. 3). The heating elements are shrouded electrical resistance wires. The maximum 
temperature the heating system can provide is limited to 1100 °C. To allow the homogeneous heating of the melt pool, the 
heating system has six heating planes at different elevations with a distance of about 45 mm. Each heating plane consists of a 
spirally formed heating element with a distance of ~40 mm between each winding. The heating elements are located in a 
special cage to ensure the correct positioning. All heating planes together provide a maximum power of about 28 kW. To 
realise a homogeneous heating of the melt, each plane can be controlled separately. 

To allow transient pouring of the melt into the test vessel, the melt is produced in a separate heating furnace. The 
capability of this tilting furnace is 220 l volume. Therefore it is possible to produce the total amount of the scaled oxide melt 
mass and additionally the total amount of the scaled metallic part of the simulated corium melt. The maximum temperature of 
the heating furnace is 1100 °C. When the melt has reached the desired pouring temperature, the furnace is tilted and the melt 
is discharged with a specified pouring rate into the test vessel via a heated pouring spout. In addition, the heating furnace is 

5 thermocouples 
heat flux sensor 

copper plug 
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equipped with a vacuum pump; so it is possible to extract the residual melt out of the test vessel back into the heating 
furnace. 

 

  
Fig. 3. LIVE volumetric heating system Fig. 4. KNO3-NaNO3 phase diagram 

 
Simulant materials used in the LIVE program should represent the real core materials in important physical properties 

and in thermodynamic and thermohydraulic behaviour as good as possible. Therefore, the applicability of several binary melt 
compositions as a simulant for the oxidic part of the corium has been investigated. 

Important criteria for the selection are that the simulant melt should be a non-eutectic mixture of several components 
with a distinctive solidus-liquidus range of about 100 C, and that the simulant melt should have a similar solidification and 
crust formation behaviour as the oxidic corium. Moreover, the simulant melt should not be toxic and aggressive against steel 
and vessel instrumentation. And finally, the temperature range of the simulant melt should not exceed 1000 °C distinctively 
because of the technical handling and the capability of the volumetric heating system and the heating furnace. 

For the first series of experiments a binary mixture of sodium nitrate NaNO3 and potassium nitrate KNO3 was chosen 
(Fig. 4). The eutectic composition of this melt is 50-50 mole% and the eutectic temperature is 225 °C [8]. The maximum 
temperature range between solidus and liquidus is ~60 K for a 20-80 mole% NaNO3-KNO3 mixture. This melt can be used in 
a temperature range from 220 to 380 °C. Due to its solubility for water the applicability of this melt is restricted to dry 
conditions inside the test vessel. 
 
EXPERIMENTAL RESULTS 
 

The experiment LIVE-L2 was designed to investigate the transient melt relocation along the RPV lower head wall, the 
shape of the final melt pool and the crust formed at the vessel/pool interface and its impact on the transient and steady-state 
heat fluxes in the conditions that may occur during core meltdown accident in LWRs. The test was proposed jointly by 
Institut de Radioprotection et de Sûreté Nucléaire (IRSN) and Commissariat à l'Énergie Atomique (CEA), France and was 
successfully conducted on 28 August 2006. Test initial conditions and main parameters are summarised in Table 1. 

At the top of the upper heating plane at ~32 cm from the bottom of the LIVE test vessel a ~2 cm thick disc was placed. 
This disc should ensure asymmetric melt relocation into the test vessel in the beginning of the experiment and simulate the 
upper crust on the melt surface after the complete melt relocation. A gap of about 0.5 cm was left from the edge of the disc to 
the vessel wall to allow the melt to flow downwards. Material of the disc  was the same as of the melt (20 mole% of NaNO3 
and 80 mole% of KNO3) in order to keep the melt composition after the disc melting as constant as possible. 

To allow fast crust formation and growth, the flooding of the outer vessel wall was started already before the melt pour, 
first with 1.5 kg/s to fill the gap between the cooling vessel and the test vessel wall and then with ~47 g/s). This flowrate has 
been kept constant throughout the whole experiment. Water temperature at the inlet amounted to ~10 °C. 

To simulate the corium melt a binary mixture of 20 mole% of NaNO3 and 80 mole% of KNO3 with liquidus temperature 
of ~300 °C and solidification range of about 60 C has been used. The mixture has been melted in the separate heating furnace 
and when the temperature reached ~350 °C, 120 l of the melt has been poured into the LIVE test vessel near to the vessel 
wall through the pouring spout preheated to ~350 °C. Melt release rate and melt initial temperature is shown in Fig. 5 and 
Fig. 6. Maximum pouring rate derived from the analysis of the vessel weight change was ~7 kg/s. 
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Table 1. Main parameters and test phases of the LIVE-L2 experiment 

Upper crust (asymmetric melt release into the test vessel) 
Type NaNO3 KNO3 
Mole % 20% 80% 
Thickness ~ 2 cm 
Gap to the vessel wall ~ 0.5 cm 
Location upper heating plane 
  

Melt characteristics  
Type NaNO3 KNO3 
Mole % 20% 80% 
Mass % 17.37% 82.63% 
Mass 58 kg 278 kg 
Melt volume 120 l (corresponds to ~32 cm melt height) 
Initial temperature 350 °C 

  
Melt pour  

Position near to the vessel wall 
Number of pours 1 
Furnace target angle 80° 
Hold time 50 s 
Pouring spout temperature 350 °C 

  
Phase 1. Homogeneous heat generation with continuous outer vessel wall cooling 

Boundary conditions water, continuous cooling 
Cooling water flowrate ~47 g/s 
Heating planes all 
Heating power 10 kW 
Heat generation homogeneous 

  
Phase 2. Test termination and melt extraction 

Conditions for test termination Reaching of the steady-state conditions in Phase 1 
Heating power 0 kW 
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Fig. 5. LIVE-L2: melt release rate Fig. 6. LIVE-L2: melt initial temperature  
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The melt pouring process and behaviour of the upper crust is shown in Fig. 7. The melt coming from the poring spout 
covered the crust surface and relocated downwards through the gap between the crust and the vessel wall (Fig. 7a). At the 
same time a hole in the crust was formed at the pouring position allowing the melt to relocate downwards also there. After the 
completion of the melt relocation process a firm contact between the crust and the underlying melt pool has been established. 
At the same time heating power of ca. 10 kW was applied to homogeneously heat the melt by switching all six heating planes 
simultaneously. The heating power distribution between the heating planes is shown in Fig. 8. 

After the heating initiation, thinning and melting of the upper crust has been observed starting first at the position of the 
melt pour (Fig. 7b). The melting of the crust has been completed in app. 30 minutes, the melt surface was completely 
uncovered (Fig. 7c) and no upper crust has been formed later on in the experiment. 
 

 
a) begin of the melt pour 

 
b) crust thinning and partial melting 

 
c) complete crust melting 

Fig. 7. Top crust behaviour during the LIVE-L2 test 

 
The volumetric homogeneous heating of the melt with ~10 kW was continued for about 24 hours to reach the steady 

state conditions. The temperatures measured in the melt pool are presented in Fig. 9. During the first 30 minutes of the test 
the heat generated in the pool was consumed primarily by the melting of the upper crust and, consequently, the melt pool 
temperatures remained almost constant and even decreased. Only after the complete melting of the upper crust the melt pool 
temperatures started to increase and reached maximum values of ~330 °C. 
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Fig. 8. LIVE-L2: Distribution of 10 kW heating power 
between the six heating planes 

Fig. 9. LIVE-L2: Temperatures of the melt pool at 
different elevations 

 
In the LIVE-L2 experiment one meridian of the hemispherical test vessel was equipped with the instrumentation plugs 

(Fig. 2) to quantify the heat fluxes through the vessel wall in the transient and stationary phases of the test. The results of heat 
flux measurements are presented in Fig. 10. In the steady-state phase of the test the value of the maximum heat flux through 
the vessel wall amounted to ~8 kW/m2 and was detected by the heat flux sensor HF10 located just below the melt surface.  
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Fig. 10. Heat fluxes measured at different positions in the 
LIVE-L2 test 

Fig. 11. LIVE-L2: partially encrusted thermocouple tree 
TT3 located near to the surface of the melt pool 

 
To measure the crust thickness and to quantify the crust growth three thermocouple trees were installed at the vessel 

inner surface at different locations. Each tree has seven thermocouples positioned at different distance from the inner vessel 
wall into the melt (Fig. 11). The results are presented in Fig. 12 and Fig. 13. The measurements near to the vessel bottom 
(Fig. 12) indicate rapid decrease of the melt temperature and formation of a stable crust which was at least 30 mm thick. In 
the contrary, the thermocouples located near to the melt surface (Fig. 13) record the temperature drop below the melt solidus 
temperature immediately after the pouring process followed by a temperature increase above the liquidus temperature during 
the melt heating, thus indicating the complete re-melting of the crust initially formed during the pouring process. The 
fluctuations of the thermocouple TC32 located app. 3 mm from the vessel wall into the melt indicate that the crust at this 
location did not exceed thickness of 3-4 mm. These results are in a good agreement with the post-test analysis of the crust 
described below. 
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Fig. 12. Temperatures measured by the thermocouple tree 
TT1 at the bottom of the vessel 

Fig. 13. Temperatures measured by the thermocouple tree 
TT3 near to the melt surface 

 

 
The experiment was completed by switching off the volumetric heating and by the extraction of the liquid melt back 

into the heating furnace to uncover the crusts formed during the test. The measurements of the crust thickness along the 
vessel wall (Fig. 14) show that the crust thickness varies between ~5 mm at the position near to the melt surface and ~46 mm 
at the bottom of the test vessel. 
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Fig. 14. Crust thickness profile in the LIVE-L2 test 

 
During the test several melt samples from the melt pool have been extracted at different locations, one sample at the 

beginning of the test, two samples at different locations during the experiment and one sample at the end of the test just 
before the melt extraction from the test vessel. The analysis of the samples is important in two aspects: 1) comparison of the 
real melt composition with the composition planned for the test, and 2) evaluation of the changes in the melt composition 
caused by the crust formation and depletion of the high temperature melt component KNO3. 

The results of the chemical analysis of the extracted melt samples and of the crust are presented in Table 2. They clearly 
demonstrate that the real composition was very close to the planned one and that the initial KNO3 fraction (refractory 
component of the melt) was reduced at the end of the experiment, as expected. This observation is in a good agreement with 
the post-test chemical analysis of the crust, which indicated that the amount of KNO3 in the crust has been increased to ~91 
mole-% compared to initial value of 81 mole-%. 

 
 

Table 2. Melt and crust composition measured in LIVE-L2 experiment 

 

 Initial melt 
composition 

During the test
near to the 
vessel wall 

During the test
in the middle of 

the pool 

End of the test 
in the middle of 

the pool 

Crust 
composition

K, w% 31.350 32.370 34.190 32.180 36.170 

Na, w% 4.200 4.146 4.454 4.337 2.181 

Na/K ratio, w%/ w% 0.13397 0.12808 0.13027 0.13477 0.06030 

K, mole% 81.444 82.114 81.863 81.354 90.699 

Na, mole % 18.556 17.886 18.137 18.646 9.301 

Na/K ratio, mole%/mole% 0.22784 0.21782 0.22155 0.22920 0.10255 

KNO3, w% 83.927 84.524 84.301 83.847 92.064 

NaNO3, w% 16.073 15.476 15.699 16.153 7.936 
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CONCLUSIONS 
 

The LIVE experimental facility is designed to study the late phase of core degradation, onset of melting, formation and 
stability of melt pools in the reactor pressure vessel. 

The LIVE-L2 experiment was focused on the transient melt spreading along the RPV lower head, the shape of the crust 
formed at the melt pool /vessel interface and its impact on the steady-state heat fluxes in the conditions that may occur during 
core meltdown accident in LWRs. To simulate a corium melt a binary non-eutectic mixture of NaNO3 and KNO3 with a 
solidification range of ~60 °C was used. 

To promote asymmetric melt relocation into the test vessel and to simulate the upper crust on the melt surface after the 
melt relocation a ~2 cm thick disc was placed at the top of the upper heating plane at ~32 cm from the bottom of the LIVE 
test vessel. The test provided important data on the upper crust behaviour and heat flux distribution in the transient and steady 
state stages of the experiment. Moreover, important data have been obtained regarding the dependence of the crust growth 
and crust composition on the internal heat generation and outside cooling regime as well as the crust influence on the heat 
flux distribution along the vessel wall. The results of the experiment are being used for the validation of codes applied for 
safety assessment and planning of accident mitigation concepts. 
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