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1.  Introduction 
 

Currently, AREVA NP is finalizing the basic design of the KERENA™ reactor, an advanced boiling water 

reactor with a net electric output of about 1250 MW1. 

 

The safety concept in the KERENA™ reactor is founded on reliable active and passive systems for water supply 

and heat removal2. The passive systems are based on simple physics and do not require operator action. 

 

Therefore, a severe accident (SA) with core damage, caused by the subsequent and multiple failures of the 

safety systems, has an extremely low probability. Despite this, the KERENA™ design is intended to involve 

measures that can limit and stop the progression of the severe accident which further reduces the frequency and 

extent of radioactive releases into the environment. These additional measures include in-vessel and ex-vessel 

flooding. The underlying goal is to quench and cool the melting core inside the RPV, in an as-early-as-possible 

stage while, at the same time, providing thermal stabilization of the RPV from the outside. The target of this 

backup is to support the in-vessel stabilization process and to prevent the thermo-mechanical failure of the RPV, 

in cases where melt relocates into the lower head. Both flooding measures are passive and actuated independent 

of each other by different signals. 
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2.  Passive heat removal systems 

 

For the residual heat removal out of the RPV and out of the containment active and passive heat removal 

systems are implemented in the KERENA™ plant, see Figure 1. 

 

 
They make use of water pools inside the KERENA™ containment, namely: (i) the large storage pool above the 

containment lid, (ii) the four physically separated core flooding pools around the upper part of the RPV and (iii) 

the large circumferential pressure suppression chamber (PSC), as well as of the following components and 

systems: 

 

 Eight redundant safety relief valves used to depressurize the RPV and blow steam into the core 

flooding pool. 

 An active residual heat removal (RHR) system which can work in two modes. First it can 

actively inject water from the PSC into the RPV (active core flooding). Second it can cool the 

water in the four core flooding pools and in the PSC. 
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 Passive emergency condensers (EC) consisting of four pipes connecting the upper part of the 

RPV with its middle part with a heat exchanger in-between. The heat exchangers cool the steam 

within the ECs and transfer the heat into the core flooding pools. This way the steam from the 

upper RPV is condensed to water which passively runs back into the RPV. 

 Four passive containment cooling condensers (CCC) above the core flooding pools. They 

condense steam from the containment atmosphere. The heat is transferred to the storage pool. 

3.  Flooding systems 

 

In order to prevent or mitigate a potential core melt, provisions for in-vessel core flooding and an exvessel 

drywell flooding are implemented. Flooding is intended to remove the heat from the core and transfer it into the 

containment. There the heat is removed by the active RHR system or by the passive CCCs. 

 

The main target of the in-vessel flooding is to prevent or stop the degradation of the core as early as possible. 

The preventive function of these measures lowers the core damage frequency into the range of 10-8 per year. If 

the in-vessel flooding is not sufficient to increase the water level inside the RPV, the flooding of the drywell 

around the RPV is additionally actuated. This ex-vessel flooding is intended to prevent RPV failure after molten 

core relocation into the lower head. 

 

The in-vessel flooding is achieved by the four core flooding lines which will open if the pressure difference 

between RPV and containment falls short of a certain threshold. Water from the core flooding pools will then 

flow into the RPV and significantly increase the water inventory in the vessel. The flooding is driven passively 

by geodesic forces. 

 

The ex-vessel flooding is achieved through the drywell flooding line which connects the core flooding pools to 

the drywell around the RPV. The corresponding valve opens and the drywell is flooded when the water level 

inside the RPV becomes too low. At the end of external flooding, the RPV will be submerged by about 12 m of 

water. 

 

4.  Assessment of the severe accident management strategy 

 

The goal of the in-vessel flooding is to increase the water level in the RPV to such an extent that the core is fully 

covered again and thus further degradation is prevented. The function of its main components is demonstrated 

by dedicated real scale experiments at the INKA test facility in Karlstein, Germany3. 
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Facility”, Proceedings of the ICAPP2009, Tokyo, Japan, Paper 9158, 2009 
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The in-vessel core flooding cannot actuate in the postulated case of a high pressure scenario caused by RPV 

depressurization failure, since the pressure inside the RPV remains high. Because it is triggered by a diverse 

signal, namely the decrease of the RPV water level, the ex-vessel drywell flooding, however, is actuated also in 

this case. Drywell flooding is also available for all other scenarios with a complete failure of the in-vessel 

flooding system. 

 

If the in-vessel flooding is not able to prevent core melt the core materials will, at least partly, relocate into the 

RPV lower head. In this situation the decay heat removal by the water inside the RPV is supported by the heat 

removal into the flooded cavity. Accordingly the core melt is surrounded by cooled interfaces and thus the 

decay heat removal is maximized. 

 

Only in the comparatively rare case that all water is lost from the RPV the ex-vessel flooding becomes the main 

method for the heat removal from the melt. Then, practically the entire decay heat passes through the RPV wall 

into the water in the cavity and is subsequently removed out of the containment by the CCCs or the active RHR 

system. 

 

In the case of a leak in the primary circuit, the core flooding will become available without manual actions as 

soon as the internal pressure in the primary circuit has decreased sufficiently. In most LOCA scenarios the 

pressure decrease is predicted to be sufficiently fast so that in-vessel flooding is activated before all water inside 

the RPV is evaporated. Time resolved analyses of the severe accident progression for these scenarios show that 

the accident proceeds comparatively slow due to the redundant active and passive residual heat removal 

systems. Core degradation starts several hours after the beginning of the accident. At the end of the core 

degradation, the debris relocating into the lower plenum will be quenched in the remaining water. Typically it 

takes 12 to 24 hours until all water in the RPV is evaporated and the core debris in the lower head has 

transformed into a molten pool. In this configuration, under steady state conditions, all decay heat enters into the 

RPV wall either below the melt level, by natural convection, or above it, by thermal radiation. 

 

To demonstrate that the residual heat removal by ex-vessel cooling can ensure the RPV integrity, a dedicated 

thermodynamics code has been developed. The code uses standard correlations for the heat transport from a 

molten convective corium pool into the RPV wall. Subsequently, the resulting RPV wall ablation and the heat 

transfer through the wall into the water are calculated. These calculations show that the critical heat flux into the 

water is never exceeded and that the residual wall thickness is sufficient to guarantee mechanical integrity of the 

lower head. 

 

The heat flux from the molten pool into the wall depends on the stratification of the immiscible phases of the 

metallic-oxidic corium. Consequently, the assessment of the efficiency of ex-vessel cooling in the KERENA™ 

reactor considers thermo-chemical interactions between corium components, as those may lead to changes in the 

corium configuration. 

 

In addition, not only the resulting final configurations will be examined, but also transient states, if relevant. 
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In particular, transient thin metallic layers on top of the oxidic phase are harmful for the RPV wall integrity. 

These could develop during the melting of structures. Thanks to the large mass of metal in the RPV the 

possibility of a thin metallic phase at the top can practically be excluded since enough steel is predicted to enter 

the melt before the formation of a large oxidic pool. 

 

The time scales of these transient processes, including chemical interactions, as well as the corresponding heat 

fluxes are evaluated to assess the risk of RPV failure during this phase. 

 

5.  Melt pool stratification behavior 

 

After evaporation of the residual water in the lower head the debris is able to attack the core support structure, 

leading to a complete break-down and consequently, to the relocation of all core materials into the lower head. 

The RPV internals, which are supported on the core support structure, amount for a mass of more than 200 tons 

of steel. 

 

This metal is added to the oxidic corium pool which forms in the lower head and contains the molten fuel, 

cladding, and control rod materials. 

 

It was shown by various experiments, including the MASCA tests4
 that the resulting metallic-oxidic corium pool 

can stratify into phases of different chemical composition and density, typically an oxygen-rich (oxidic) phase 

(U-Zr-Fe)O2-x and an oxygen-poor (metallic) phase (U-Zr-Fe)Ox. These two phases are immiscible and stratify 

according to their mutual density difference. In the presence of a sufficient amount of zirconium the metallic 

layer can become heavier than the oxide due to the incorporation of metallic uranium. 

 

Using a thermo-chemical database the compositions for each of the two phases are determined for a set of 

representative conditions. Applying standard routines their densities are computed in order to assess which 

phase is located on top. The conclusions drawn from the theoretical calculations will be supported by dedicated 

experiments, if necessary. 

 

Depending on the stratification to be considered, the thermal-hydraulic processes within the corium pool and the 

resulting heat flux to the RPV wall are examined by the thermodynamics computer code. 

 

In case the metallic phase is located on top of the oxidic phase, first the heat transferred from the oxide to the 

RPV and to the metal is determined. Inside the metallic phase the heat is either transported to the cooled RPV 

wall by convection, or radiated off the top surface. 

 

The resulting heat flux to the RPV in the melt-contacted area is the higher, the thinner the metallic layer is (in 

certain limits) and the less heat can be radiated to the upper part of the RPV. Accordingly, a minimum thickness 

of the metallic layer is determined to locally stay below the CHF. The performed analysis indicates that the 

large amount of steel (>200 tons) inside the KERENA™ RPV and the high resulting metal layer thickness can 

safely prevent the focusing effect. 
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The light metallic phase typically contains zirconium, which can interact with nitrogen and steam from the gas 

phase. As a result an oxidic crust can form on top of the metallic layer isolating it thermally to the top. 

Accordingly, the sideward heat flux is increased and the focusing effect is amplified. This effect is included in 

the analysis and corresponding experimental and theoretical investigations are performed. 

 

If, on the opposite, the metallic phase is heavier than the oxidic phase it will sink to the bottom of the lower 

head and rest on the existing oxidic crust. This crust isolates the heavy metal phase from the RPV wall which 

avoids high transient heat fluxes. 

 

Typically the metallic phase of the core melt becomes lighter if more steel is added. Therefore, the continuous 

addition of steel could theoretically lead to a reverse flip in density at some later time. A first assessment 

applying a KERENA™-typical, high Zr/U-mass ratio shows that this is likely to occur at a comparatively small 

steel mass. The consequence is that enough steel to exceed this limiting value will already be available in an 

early phase of the corium pool formation. 

 

In other words: the metallic phase has a lower density than the oxide already while the corium pool develops. 

This ensures a thick metallic layer at the top of the melt and low maximum local heat fluxes. In addition, the 

risk that an overheated metal phase relocates from the inside of the oxidic pool to its top, where it may contact 

the RPV wall, is eliminated. 

 

 
 
6.  Summary 

 

Despite its low core damage frequency, the KERENA™ advanced boiling water reactor is equipped with 

dedicated severe accident mitigation systems. The provided combination of passive in-vessel and ex-vessel 

flooding will cool the core inside the RPV and at the same time ensure thermal stabilization of the RPV wall. 

The in-vessel flooding is capable of arresting the core melt progression before a large molten pool can develop. 

 

In the unlikely event that the passive in-vessel flooding cannot be actuated or fails, the core will melt and 

relocate into the lower head of the RPV. In this case, as a further line of defense, decay heat removal can be 

achieved through the RPV wall into the water in the cavity. 
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To assess whether the ex-vessel cooling can ensure RPV wall integrity a dedicated thermodynamics code has 

been developed which considers heat transfer from the molten corium pool into the RPV wall and the resulting 

wall ablation. As an input for the code the stratification behavior of the oxidic and metallic phase of the molten 

pool is examined. In the case of a light metallic phase on top, high heat fluxes caused by a thin metallic layer are 

practically eliminated due to the large masses of the molten steel internals. The analyses also show that the 

worsening of this focusing effect due to transient states can practically be excluded. 

 

The final target of this assessment process is to demonstrate the success of the passive in-vessel and ex-vessel 

flooding strategy for all relevant SA scenarios. 
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