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Abstract 

 

The LEONAR code is developed on behalf of EdF for Probability Safety Analysis (PSA) level 2 

applications, precisely for the evaluation of the probabilities of vessel failure and basemat melt 

through. The LEONAR code, complementary to integral codes such as MAAP or ASTEC, is a new 

Severe Accident simulation tool which can calculate easily 1000 late phase reactor situations within a 

few hours and provide a statistical evaluation of the situations. LEONAR can be used for the analysis 

of the impact on the failure probabilities of specific Severe Accident Management measures (for 

instance: water injection) or design modifications (for instance: pressure vessel flooding or dedicated 

reactor pit flooding), or to focus the research effort on key phenomena. 

 

The starting conditions for LEONAR are a set of core melting situations that are separately calculated 

from a core degradation code (such as MAAP, which is used by EdF). LEONAR describes the core-

melt evolution after flooding in the core, the corium relocation in the lower head (under dry and wet 

conditions), the evolution of corium in the lower head including the effect of flooding, the vessel 

failure, corium relocation in the reactor cavity, interaction between corium and basemat concrete, 

possible corium spreading in the neighbour rooms, on the containment floor. 

 

Scenario events as well as specific physical model parameters are characterised by a probability 

density distribution. The probabilistic evaluation is performed by URANIE that is coupled to the 

physical calculations. The calculation results are treated in a statistical way in order to provide easily 

usable information. This tool can be used to identify the main parameters that influence corium 

coolability for severe accident late phases. It is aimed to replace efficiently PIRT exercises. An 

important impact of such a tool is that it can be used to make a demonstration that the probability of 

basemat failure can be significantly reduced by coupling a number of separate severe accident 

management measures or design modifications despite each separate measure is not sufficient by itself 

to avoid the failure. 
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1.  Introduction 

 

Nowadays, numerical modelling is more and more used to simulate complex phenomena. It is the case 

in the field of severe accidents that could happen on a nuclear power plant and which can induce 

reactor core melting, reactor vessel rupture, hydrogen combustion inside the reactor containment, 

corium (i.e. molten core) concrete interaction, etc. In that field, experiments are extremely costly and 

difficult to perform, the phenomena are highly coupled with each other and the scale for the final 

application (plant scale) is very large. That is why numerical simulation is used to deal with reactor 

applications. Unfortunately, the simulation of this type of phenomena is sometimes limited by the lack 

of knowledge on the phenomena, on the physical parameters entering in the models and on the input 

data related to the scenarios of the accident. Uncertainty studies have then to be carried out in order to 

take into account the sources of imprecision in the use of numerical modelling. 

 

In the frame of Severe Accident, basemat failure must be avoided. In current Probabilistic Safety 

Analyses (PSA) studies, the impact of water injection in the pressure vessel or in the reactor pit is not 

well taken into account: all the scenario in which the accident cannot be stopped very quickly lead to 

the basemat failure. A better management of the water injection would probably increase the safety 

level of current Nuclear Power Plant (NPP). The probability of basemat failure should be assessed 

taking into account potential water injection in the pressure vessel or in the reactor pit. 

 

For this purpose the simplified numerical tool LEONAR has been developed, that is to say a scenario 

code and not a mechanistic code, coupled with a probabilistic tool. In the physical part, all the 

phenomena must be taken into account, with a convenient modelling and with low run time, because a 

high number of simulations is required for the statistical constraints. 

 

This paper describes and illustrates the functionalities of the LEONAR tool which is developed for the 

purpose discussed just above. Section 2 describes the general method coupling uncertainties with 

physics. Section 3 presents the in-vessel models. Section 4 presents the exvessel models, and section 5 

some examples. 

 

2.  Method 

 

The basic method is illustrated in figure 1. A set of physical variables are defined by the code user 

with a probabilistic density functions. The code user also defines a number N of successive physical 

calculations that will be run. Statistical methods then automatically define N data set for the physical 

module of LEONAR. The N data set are run, and N results are obtained. LEONAR is a fast running 

tool (~1000 calculations can be performed within a few hours). Finally statistical methods give the 

final results in terms of failure probability and other analyses. 

 

For the purpose of uncertainty studies on complex computer codes, the CEA develops a software, 

called URANIE, devoted to uncertainty studies of large numerical models with industrial applications. 

URANIE is based on the data analysis framework ROOT (Brun et al., 2007), an object-oriented 

computing power system developed by CERN. The URANIE functionalities cover the major part of 

the needs for the uncertainty studies: deterministic and statistical sampling design methods, 

uncertainty propagation, optimization and sensitivityanalysis techniques, surrogate models, automatic 

launching of the calculations to clusters. In the LEONAR code, URANIE is used for the initial 

determination of the data sets from the statistical laws defined by the code user, and at the end for the 

statistical treatment of the results. Details concerning this part of the work were presented by Iooss et 

al (2008). 
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3. In vessel phenomena and models 

 

3.1  Core degradation 

 

For in vessel phenomena, the main objective is to describe the core degradation during a severe 

accident. Concerning the reactor core (degradation and melting of the fuel rods, debris bed formation, 

corium pool formation and propagation, baffle melt-through), dry situations and situations with 

reflooding must be taken into account. Concerning the corium relocation in the lower head (debris bed 

formation and melting, corium pool behavior with interaction with the vessel wall, vessel wall ablation 

and rupture), also dry situations or situations with reflooding must be taken into account, with both 

cases of external cooling of the pressure vessel, or not. The expected results are the occurrence of 

vessel failure, the time for vessel failure and the corium mass inventory (mass that can be maintained 

in the core and in the lower head, mass of corium that flow down into the reactor pit). 

 

For computer time reasons, it is not possible to use a core degradation code like MAAP for many 

successive calculations. An alternative solution is then used, in order to deal with all possible 

scenarios. For a given plant damage stage, MAAP results are used as input data to describe the core 

evolution before reflooding. A MAAP result file is used which contains, for each time step, the mass 

and temperature distribution in the core (intact rods, debris beds, corium pool), the pressure, the water 

mass. Concerning the reactor core, LEONAR simulates the accident after reflooding: at the time of 

reflooding the MAAP data are used as input and the LEONAR models then apply. LEONAR can thus 

show the influence of time of reflooding and reflooding mass flow rate. In case of no reflooding, the 

whole core degradation results from MAAPsimulations. Concerning the lower head, the LEONAR 

models apply as soon as corium flows into the lower head. The objective is to avoid inconsistencies 

between MAAP and LEONAR, which could result from different modelling of the lower head, and 

also to be able to take into account the external cooling of the vessel, which cannot be simulated by 

MAAP. Figure 2 summarizes the partition of modelling between MAAP and LEONAR. 
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3.2 LEONAR models for in vessel phenomena 

 

A dedicated module of LEONAR deals with in vessel phenomena. In the reactor core, the corium 

debris and pool behavior is described in reflooded situations. Debris bed coolability or melting is 

calculated, for debris above and under the corium pool. Molten corium pool formation and 

propagation is calculated. It includes a maximum corium pool mass that may stay in the core under 

wet situation, deduced from the TMI observations. 

 

For the lower head the LEONAR models describe the debris above the molten pool (coolability and 

melting), the stratified molten pool with a specific description of the top metallic layer (partial 

solidification under water), and a heat flux profile in the oxidic pool. Typical phenomena like focusing 

effect can thus be predicted. 

 

The lower head vessel wall behavior is simulated. In a dry situation, the wall rupture rapidly occurs. In 

case of a scenario with water injection in the reactor pit, the external cooling of the vessel is taken into 

account, which is limited by a critical heat flux correlation. 

 

Figure 3 represents a scheme of the in vessel phenomena that are described by the LEONAR models. 

 

The variables that are not certain, and for which the code user defines a probability density function 

are for instance the reflooding characteristics (time of occurrence and mass flow rate), and the debris 

bed characteristics (mean diameter and porosity). In the first LEONAR release the fraction of debris 

that is formed when corium flows into the wet lower head is defined by the code user, with a 

probability density function. In the next release this fraction will result from a model of corium 

fragmentation. 
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4.  Ex-vessel phenomena and models 

 

4.1  Main phenomena 

 

A dedicated module of LEONAR deals with ex vessel phenomena. The identification of the ex vessel 

phenomena that have to be taken into account results from an analysis of the French Nuclear Power 

Plant (NPP) geometries. Given the level of the floor of the different rooms, the corium in the reactor 

pit may flow into the corridor. Hence Molten Core Concrete Interaction (MCCI) may occur 

simultaneously in two connected rooms. Moreover the thickness of the corridor wall is lower than the 

thickness of the reactor pit wall. Consequently, in case of preferential radial ablation, there will be a 

failure of the corridor wall, with spreading of corium into the containment. 

 

The ex vessel module of LEONAR must then be able to describe MCCI in several rooms, in dry or 

wet situations, corium spreading in case of failure of a lateral wall, and debris bed in case of corium 

relocation in a flooded reactor pit. The expected results are the occurrence of basemat failure or of 

corium stabilization, and the corresponding time. The secondary results are the corium mass inventory 

in the different rooms, and the time of radial failure. 
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4.2  LEONAR models 

 

For MCCI simulations, the TOLBIAC-ICB code (Spindler et al., 2006) is included and used in 

LEONAR. A specific fast version was developed without coupling with GEMINI code, since the 

physico-chemistry code GEMINI has a run time not compatible with the specifications of LEONAR. 

Pseudo-binary diagrams are used in the fast version of TOLBIAC-ICB instead of theresults of the 

coupling with GEMINI. TOLBIAC-ICB is able to simulate MCCI in two connected rooms with 

different temperatures and compositions, with and without water in the reactor pit. The validation 

matrix of TOLBIAC-ICB includes ACE, MACE, BETA, CCI-OECD and VULCANO tests. In order 

to determine if the corium may stabilize in the reactor pit without basemat failure, a specific model 

was developed and included in TOLBIAC-ICB (Tourniaire et al., 2008). 

 

In the present version of LEONAR the formation, coolability and melting of the debris above the 

corium pool are described with models based on probabilistic parameters selected buy the code user. 

In the next version, the models will be based on fragmentation models. Concerning the spreading of 

corium, very simple model are used. 

 

5.  Examples of use of LEONAR 

 

The first result that interests the code user is the probability of basemat failure. The precision of the 

probability is also given and it depends of the number of the successive physical calculations. The 

probability of pressure vessel failure is also given. Several figures are also plotted. Histograms for the 

output variables, for instance the time of basemat failure, which give a more precise view of what 

happens. Regressions coefficients are calculated and plotted for each input variable. Such analysis 

brings relevant information about the model input parameters which strongly affect a given output 

data. Consequently, the users would have to try to model more precisely the uncertainties on these 

input variables in order to reduce the uncertainty on the output. In case of flooding for instance, the 

time at which water is added strongly affects the corium mass in the reactor pit and the basemat 

failure. Other useful tools used to study the influence of an input variable on an output variable are the 

scatter plots: plot of the output data obtained for the N calculations versus the N input data. Figure 4 

shows a case where there is no influence, and a case where there is a clear influence. The code user 

has to verify if the result is consistent with what he can expect from the physical model. 
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6.  Conclusion 

 

The LEONAR code is developed for PSA level 2 applications, precisely for the evaluation of the 

probabilities of vessel failure and basemat melt-through. It is a new Severe Accident simulation tool 

which can calculate easily 1000 late phase reactor situations within a few hours and provide a 

statistical evaluation of the situations. LEONAR can be used for the analysis of the impact on the 

failure probabilities of specific Severe Accident Management measures (for instance: water injection) 

or design modifications (for instance: pressure vessel flooding or reactor pit flooding), or to focus the 

research on key phenomena. 

 

The initial conditions for LEONAR are a set of core melting situations separately calculated from a 

core degradation code. LEONAR describes the core-melt evolution after flooding in the core, the 

corium relocation in the lower head, the evolution of corium in the lower head, the vessel failure, 

corium relocation in the reactor cavity, interaction between corium and basemat concrete, possible 

corium spreading in the neighbour rooms. Initial conditions as well as specific physical model 

parameters are characterised by a probability density distribution. The probabilistic evaluation is 

performed by URANIE that is coupled to the physical calculations. The calculation results are treated 

in a statistical way in order to provide easily usable information. This tool is used to identify the main 

parameters that influence corium coolability for severe accident late phases. 
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