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reliability, if you use a ruler to measure a table you may also be using the 

table to measure the ruler” 
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Abstract 

 

In Nordic design of boiling water reactors, a deep water pool under the 

reactor vessel is employed for the core melt fragmentation and the long 

term cooling of decay heated corium debris in case of a severe accident. 

To assess the effectiveness of such accident management strategy the 

Risk-Oriented Accident Analysis Methodology (ROAAM) has been 

proposed. The present work contributes to the further development of the 

methodology (ROAAM+) and is focused on the issue of ex-vessel debris 

coolability.  

 

The height and shape of the porous debris bed are among the most 

important factors that determine if the debris can be cooled by natural 

circulation of water. The bed geometry is formed in the process of melt 

release, fragmentation, sedimentation and packing of the debris in the 

pool. Bed shape is affected by the coolant flow that induces movement of 

particles in the pool and after settling on top of the bed. The later one is 

called debris bed self-leveling phenomenon. 

 

In this study, the self-leveling was investigated experimentally and 

analytically. Experiments were carried out in order to collect data 

necessary for the development of a numerical model with an empirical 

closure. The self-leveling model was coupled to a model for prediction of 

the debris bed dryout. Such coupled code allows to calculate the time 

necessary for the self-leveling process to form a coolable configuration of 

the bed. The influence of input parameters was assessed through 

sensitivity analysis in order to screen out the less influential parameters 

such as: effective operation time, particle density, uncertainty of the 

empirical closure and relocation time since SCRAM. 

 

An artificial neural network was trained as a proxy of the coupled code 

in order to achieve the computational efficiency that is necessary for the 

propagation of uncertainties in the risk analysis. Results of the risk 
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analysis are reported as complementary cumulative distribution functions 

of the conditional containment failure probability (CCFP).  

 

It is shown that CCFP can vary within a wide range depending on the 

selected combinations of the probability density functions of the input 

parameters. Sensitivity analyses identified: effective particle diameter and 

debris bed porosity as the parameters that provide the largest contribution 

to the CCFP uncertainty. It is found that the effect of the initial maximum 

height of the bed on the CCFP is reduced by the self-leveling. Further 

work on the development of models for prediction of initial shape would 

be important for scenarios with small time available for self-levelling 

before onset of debris remelting, i.e. with relatively high initial 

temperatures of the debris and/or fast heat-up rates.  

 

Keywords 

Self-leveling, debris bed, spreading, coolability, severe accident, 

probabilistic framework, Monte Carlo, uncertainty, sensitivity.  
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Sammanfattning 

 

Kokvattenreaktorer av nordisk typ har en djup vattenbassäng under 

reaktorkärlet som kan utnyttjas för att kyla härdsmältan och de 

fragmenterade härdresterna vid ett svårt reaktorhaveri. För att bedöma 

effektiviteten av en sådan haverihantering har man föreslagit användande 

av en riskorienterad metodik för haverianalysen (ROAAM, från engelska 

”Risk-Oriented Accident Analysis Methodology”). Föreliggande projekt 

fokuserar på kylbarhet hos härdresterna utanför reaktortanken och bidrar 

till den pågående vidareutvecklingen av ROAAM till ROAAM+.  

 

Höjden på och formen för den porösa ansamlingen av härdrester (här 

också kallad partikelbädd) är bland de viktigaste faktorerna som avgör 

om resteffekten kan kylas bort med hjälp av naturlig cirkulation av 

vattnet i bassängen. Ansamlingens geometriska form skapas under hela 

processen från utsläpp av  härdsmältan via fragmentering och 

sedimentering i bassängens botten. Formen kan sedan förändras med 

tiden genom att partiklar rör sig och omfördelas i kylflödet. Detta 

fenomen kallas en självnivellerande process. 

 

I detta arbete studeras denna självnivellerande process experimentellt 

och analytiskt. Experimenten utfördes i en särskild 

experimentuppställning utformad för att att samla in data och parametrar 

som behövs för att simulera fenomenet och utveckla en beräkningsmodell 

som sluts empiriskt. Denna modell kopplades sedan till en modell för 

beräkning av dryout i partikelbädden. Genom denna koppling av de två 

beräkningsprogrammen är det är möjligt att beräkna tiden för 

partikelbädden att nå en kylbar konfiguration. Inverkan av variationer i 

modellens indata studeras med hjälp av känslighetsanalys. Härigenom 

identifierades de minst inflytelserika parametrarna såsom effektiv drifttid, 

partikeldensitet, experimentell ovisshet i de empiriska samband som 

används för att sluta modellen, samt omlokaliseringstid efter det att 

reaktorn snabbstoppats (SCRAM).  Dessa parametrar avfördes sedan från 

den fortsatta känslighetsanalysen.  

 

Ett artificiellt neuralt nätverk tränades för att användas i stället för den 

kopplade koden och möjliggöra den beräkningseffektivitet som krävs för 

att studera hur osäkerheter i indata förs vidare i riskanalysen. Resultaten 

är presenterade i form av komplementära, kumulativa 
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fördelningsfunktioner för den betingade sannolikheten för brott på 

reaktorinneslutningen (CCFP, från engelska ”conditional containment 

failure probability”).  

 

Det visas att CCFP kan variera inom ett brett område beroende på de 

valda kombinationerna av frekvensfunktioner för ingångsparametrarna. 

Resultaten visar att effektiv partikeldiameter och hög porositet är de två 

parametrar som ger de största bidragen till osäkerheten i CCFP.  

 

Vi har också funnit att fenomenet självnivellering har en gynnsam 

inverkan på CCFP och leder till lägre utsläppsrisk.  

 

Det vore värdefullt att förfina de modeller som beskriver bildandet av 

den initiala partikelbädden. Detta är särskilt viktigt i de scenarier där det 

finns kort tid för självnivellering innan partikelbädden börjar smälta igen, 

dvs när man har relativt hög initial temperatur i partikelbädden och/eller 

hög specifik värmeeffekt. 

 

Sökord 
Självnivellering, partikelbädd, spridning, kylförmåga, svåra haverier, 

sannolikhetsmetodik, Monte Carlometoder, osäkerhet, känslighet  
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1 Introduction 

 

1.1 Background and motivation 

 Nuclear Power Benefit, Risk and Regulation 1.1.1

 

Nowadays about 10.6% of the world electricity production is provided 

by nuclear power plants (International Energy Agency, 2016). In nuclear 

power plants, the energy of controlled nuclear fission is used to produce 

electricity. A clear advantage of this technology is that it can provide a 

significant fraction of the energy needed by the society without 

contributing to CO2 emission into the environment. However, the release 

of significant amounts of radioactive materials contained in the reactor 

core presents a potentially high consequence hazard for the public safety. 

Such release can occur in case of a major accident with severe core 

degradation. The assessment of the risks, characterized by the likelihood 

and consequences of the potential hazards, is of paramount importance 

for public acceptance of the nuclear energy benefits. The uncertainty in 

the possibility of a major accident with large off-site consequences is the 

main factor for the risk associated with nuclear energy. In order to 

manage the uncertainty and reduce the risk to an acceptable level a strict 

regulation is put in place. Guided by the defense-in-depth (DiD) 

philosophy, the regulation aims to prevent releases of the fission products 

into environment by sound design and safe operation of a nuclear power 

plant with multi-layer system of independent safety barriers. 

 

A discussion of approaches to risk management regulatory framework 

was initiated at US NRC (Apostolakis et al., 2012). Risk Management 

Task Force provided recommendation that NRC should implement a 

consistent process that includes both deterministic and probabilistic 

methods. Risk assessment is widely recognized as a tool for support of 

decision-making in design, operation and licensing of potentially 
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hazardous systems. In combination with other technical analyses, the risk 

assessments can inform decision makers about appropriate DiD measures 

for risk management. Moreover, many modern guidelines and standards 

for potentially high-consequences systems (e.g. oil and gas, transport or 

nuclear industries) demand a quantitative evaluation of uncertainties to be 

included in the risk assessment (Helton, 2011; National-Research-

Council, 2008; Rocquigny et al., 2008; U.S.-Government-Accountability-

Office, 2006), since it must assure a level of confidence sufficient to 

make risk-informed decisions.  

 

In the design of modern power reactors, the likelihood and 

consequences of a severe accident (SA) that results in core damage have 

to be considered. A SA cannot be classified as stabilized and terminated 

until the molten core debris has been quenched, cooled and secured in 

such state. A set of measures in the design and operational procedures 

called severe accident management is necessary in order to achieve the 

termination of the accident. 

 Nordic BWRs Severe Accident Management 1.1.2

Strategy 

 

Different severe accident management (SAM) strategies have been 

developed for different nuclear power plant designs (Sehgal, 2012). In 

light-water reactors (LWRs), these strategies rely on terminating the 

progress of the SA either inside the reactor pressure vessel (RPV) or after 

the release of the molten core from the RPV, if its failure cannot be ruled 

out. In some of the Generation III+ designs, the ex-vessel molten fuel 

debris (corium) is cooled in a core catcher specially designed for this 

purpose. In Generation II power plants currently in operation, such 

modern systems were not foreseen in the original design. Instead, these 

reactors aim to retain and cool the corium in the reactor cavity. The 

cavity can be flooded with water or remain dry (Sehgal, 2006). For 

example, in the German and the French reactor plants neither the lower 
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drywell in the boiling water reactors (BWRs) nor the reactor cavity in the 

pressurized water reactors (PWRs) is purposely flooded (Sehgal, 2006). 

Nevertheless, the cavity still might be flooded, e.g. in case of a leak from 

the primary system or activation of the containment spray. In the Nordic 

BWRs the lower drywell is filled with water to form a 7-12 m deep water 

pool (Chu et al., 1995; Lindholm et al., 2006) in order to protect the cable 

penetrations in the containment basemat from the attack of the hot core 

debris. In addition, molten corium - concrete interaction (MCCI) can 

generate non-condensable gases that may activate the containment 

venting system or over-pressurize the containment.  The design and 

implementation of SAM strategy are aimed to avoid: 

1. basemat erosion with subsequent release of the corium debris 

into environment; 

2. containment over-pressurization with subsequent release of 

fission products to the atmosphere. 

 

In Nordic BWRs, the molten corium jet is expected to be fragmented 

and quenched in the drywell filled with water. In certain melt release and 

pool conditions (e.g. Figure 1 (Silvonen, 2015)), a porous particulate 

debris bed can be formed at the containment basemat (Figure 2).  
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Figure 1: Schematic of the typical SA progression tree in Nordic BWRs 

after the occurrence of the vessel breach, after (Silvonen, 2015). 
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If the decay heat generated by the debris can be removed by natural 

circulation of coolant through the porous bed, the corium progression can 

be arrested and the accident terminated. While conceptually simple, this 

strategy (i) involves extremely complex and often tightly coupled 

physical phenomena and processes, which are also (ii) sensitive to the 

conditions of transient accident scenarios (Kudinov et al., 2014). For 

instance, late recovery actions might affect the processes of core 

degradation and relocation, formation of the debris bed in the lover head, 

reheating and re-melting of multi-component corium debris, thermo-

mechanical interactions between melt and vessel structures and 

penetrations, vessel failure, melt release and jet fragmentation, debris 

solidification, two-phase flow in porous media, spreading of debris in the 

pool, spreading of particulate debris bed, etc. (Figure 2). When 

superheated melt is ejected into a flooded cavity, there is also a risk that a 

strong steam explosion can occur and damage the containment structures. 

Even a small leak of coolant from the lower drywell can jeopardize the 

long term cooling of the debris. However, the presence of coolant is a 

necessary but not sufficient condition for debris cooling. In fact, the 

debris bed properties can be such that the hydrodynamic resistance of the 

porous media will be too large to enable a coolant flow rate sufficient to 

remove the decay heat. In such case, the debris bed will gradually reheat, 

re-melt and attack the containment basemat. 
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Figure 2: Illustration of the severe accident phenomena in Nordic BWR. 

 

Over the past decades, a significant progress has been made in 

understanding and predicting relevant physical phenomena. However, the 

complex interactions and feedbacks between scenarios of accident 

progression and physical processes have hampered a comprehensive 

assessment of the SAM effectiveness in Nordic BWRs. The complexity 

resulted in significant uncertainties, which make ex-vessel debris 

coolability and steam explosion issues intractable with either pure 

probabilistic (scenario oriented) or deterministic (phenomena oriented) 

approaches (Kudinov et al., 2014). 
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 ROAAM+ framework 1.1.3

 

In order to address problems where both stochastic (aleatory) and 

phenomenological (epistemic) uncertainties are significant, the Risk 

Oriented Accident Analysis Methodology (ROAAM) was proposed by 

Professor Theofanous (Theofanous, 1996). ROAAM methodology 

marries probabilistic and deterministic approaches and has been applied 

to successfully resolve different SA issues in conventional and advanced 

designs of LWRs e.g. (Theofanous and Dinh, 2008).  

 

When applied to the Nordic BWR plants, the complexity of the 

accident progression scenarios, potential coupling between steam 

explosion and formation of non-coolable debris, high sensitivity of the 

SAM effectiveness to timing of events and melt release conditions 

presented significant challenges in decomposing the problem and 

interpreting the analysis results. In order to overcome such challenges 

ROAAM+ was proposed. It can be seen as a further development of 

ROAAM ideas. The development of ROAAM+ application is based on 

iterative processes of refinement of knowledge with the risk assessment 

framework used as a tool for identification of the major contributors to 

the uncertainty. ROAAM+ also uses an extended treatment of safety 

goals that aim to address both possibility and necessity of the 

containment failure (Apostolakis et al., 2012)(Kudinov et al., 2014). 

 

The final goal of the ROAAM+ framework is to assess the 

effectiveness of SAM strategy in the Nordic BWRs. The top layer of the 

ROAAM+ framework decomposes the progression of the SA into several 

consecutive stages represented by the respective set of causal 

relationships (deterministic models) (Figure 3). Each causal relationship 

(CR) in the framework receives the initial input conditions from the 

output of the previous CR. All CRs are represented in the framework by 

computationally efficient surrogate models (SM). SMs are necessary in 

order to enable a comprehensive treatment of uncertainty and risk in the 

framework. 
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The process of development and validation of the individual surrogate 

models is important for completeness, consistency, and transparency of 

the analysis results. General ideas of the process are illustrated in Figure 

4. The initial conditions come from the SM outcomes at the previous 

stages of the framework. Experimental and other evidences provide a 

knowledge base for validation of the full models (FM) and calibration of 

SMs. FM is implemented as a detailed, fine resolution (i.e. 

computationally expensive) simulation approach for the respective 

phenomena. A database of the FM transient solutions is developed in 

order to provide a better understanding of the basic physical processes 

and typical behavior of the target parameters. Such target parameters are 

the input conditions for the next model in the framework. SM is an 

approximation of the FM prediction of the target (output) parameters. 

Simplified (coarse resolution) physical modeling with calibrated closures 

or data mining techniques can be used for the approximation of the FM 

response. Superior computational efficiency is a fundamental requirement 

for the extensive sensitivity and uncertainty analyses necessary for the 

development and the refinement of the framework for the risk 

assessment. 
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Figure 3: ROAAM+ framework for Nordic BWRs (Kudinov et al., 2014). 

 

 

 
Figure 4: Full and Surrogate model development, integration with 

evidences, refinement, prediction of failure probability and failure 

domain identification. 
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1.2 Debris bed coolability and particulate debris 

spreading 

 

The present work contributes to the development of the ROAAM+ 

framework and it is focused on the issue of ex-vessel debris coolability. 

More specifically, the particulate debris spreading phenomena, which 

change the debris bed geometry, are investigated experimentally and 

analytically.  

 

The debris bed relocated in the lower drywell generates residual heat 

due to the radioactive decay of the fission products. The heat should be 

removed from the debris bed by natural circulation in order to stabilize 

the debris temperature and avoid the re-melting, which presents a 

potential threat to the containment integrity.  

 

Debris bed coolability is affected by  

(i) debris properties (e.g. porosity, particle size distribution etc.),  

(ii) accident scenario parameters (e.g. containment pressure, decay 

heat power), and 

(iii) geometrical configuration of the bed 

see details in (Bürger et al., 2010; Bürger and Berthoud, 2006; Pohlner et 

al., 2014; Yakush et al., 2013a, 2013b, 2012, Yakush and Kudinov, 2011, 

2009). Moreover, debris agglomeration and formation of “cake” regions 

(Kudinov et al., 2013) can significantly deteriorate the debris coolability. 

The fraction of agglomerated debris depends on the melt jet diameter and 

pool depth (Kudinov et al., 2015, 2013, 2010; Kudinov and Davydov, 

2013). It was shown (Kudinov and Davydov, 2014, 2013) that for jet 

diameters of ~7-15cm, that correspond to the instrumentation and control 

rod guide tubes penetrations in Nordic BWRs, agglomeration can be 

avoided if the pool is sufficiently deep. If the jet diameter will be larger 

(e.g. due to vessel ablation (Sehgal, 2012)) and it can reach close to the 

top of the bed, agglomeration and cake formation can occur.  
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The height of the debris bed is an important factor for its coolability. 

The same mass of debris can be cooled much easier if it is distributed 

uniformly over the basemat, rather than if it forms a tall mound-shaped 

debris bed, see e.g. (Takasuo, 2016; Takasuo et al., 2012; Yakush et al., 

2013b, 2012, Yakush and Kudinov, 2011, 2009). The debris bed height is 

determined by physical processes affected by the melt release scenario 

(rapid, gradual, multiple releases, etc.), pool conditions (saturated or 

subcooled, deep or shallow), melt fragmentation, particle sedimentation 

and interaction with two-phase flows in the pool, as well as avalanching 

of the debris heap. For example, it was shown that, for gradual melt 

release, natural convection can be very efficient in flattening the debris 

bed formed in a saturated pool, or in a subcooled pool after the onset of 

boiling, see (Yakush et al., 2009; Yakush and Kudinov, 2011, 2009). On 

the other hand, in case of a more rapid melt release, the particle 

avalanching is likely to play the primary role in determining the initial 

debris bed shape. 

 

Assuming a scenario with complete jet fragmentation and formation of 

a porous debris bed on the basemat, different success criteria can be 

proposed for the ex-vessel debris bed cooling strategy in Nordic BWRs. 

In the most conservative approach, the initially formed debris bed should 

be coolable, i.e. the generated heat flux (HF) is lower than the dryout heat 

flux (DHF) at which a dry zone can appear. The bed will remain coolable 

afterwards because the decay heat power decreases with time. 

Unfortunately, with the state of the art knowledge, it is not possible to 

demonstrate definitively that the formation of an initially non-coolable 

debris bed is physically impossible, see (Yakush et al., 2013b, 2012). A 

less conservative success criterion admits that the initial debris bed may 

be non-coolable, so that a dry zone will be formed where the debris 

temperature will escalate due to the deterioration of heat removal by 

single phase steam flow. However, if the debris bed is re-flooded with 

water before the re-melting of the debris material becomes imminent, the 

cooling strategy can also be considered successful. 
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Once the bed has been formed, its shape still can change with time by 

so-called “self-leveling”, i.e. the lateral particles redistribution driven by 

the steam produced in the debris due to the water evaporation. Such 

steam flow escaping from the bed provides the mechanical energy 

sufficient to move the particles residing in the top debris layer and cause 

the gradual leveling of the bed (Alvarez and Amblard, 1982; Basso et al., 

2014; Cheng et al., 2014, 2013, 2011; Gabor, 1974a; Hesson et al., 1971; 

Konovalenko et al., 2012; Morita et al., 2016; Zhang et al., 2010, 2011). 

As the debris bed height is reduced with time, the chances that it will 

reach a coolable state increase. 

 

Particulate debris spreading has been studied experimentally in the past, 

mostly with respect to debris bed formation in a postulated core-

disruptive accident in sodium-cooled fast reactors. First experimental 

studies carried out by Hesson (Hesson et al., 1971), by Gabor (Gabor, 

1974b) and by Alvarez and Amblard (Alvarez and Amblard, 1982) 

confirmed the existence of the particle spreading phenomenon due to the 

gas flow through the bed. Further investigations (Cheng et al., 2014, 

2013, 2011, Zhang et al., 2011, 2010) demonstrated that the time scale for 

the self-leveling process can vary significantly, depending on the initial 

debris bed configuration and other relevant parameters (see also (Basso et 

al., 2014; Konovalenko et al., 2012)). Depressurized water boiling 

technique was used by (Zhang et al., 2011, 2010) to study the influence 

of such parameters as particle size, density, etc. However, the effective 

steam generation rate in the tests was almost two orders of magnitude 

smaller than in prototypic accident conditions and in most of them low 

density particles were used. Only two reported tests were performed with 

0.5 mm spheres made of stainless steel and lead. Cheng (Cheng et al., 

2014, 2013, 2011) carried out series of experiments with nitrogen 

percolation in order to achieve more prototypical gas superficial 

velocities. In (Cheng et al., 2014) an empirical correlation for the ratio of 

the instantaneous slope angle of a conical heap to the initial angle was 

proposed. Unfortunately, the application of this correlation is not 

straightforward for the corium debris bed formed in prototypic SA 

conditions. Indeed, no method has been proposed yet for generalization 
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and extrapolation of the correlations obtained in the laboratory scale tests 

with particles of different materials and regular shapes to prototypic 

accident conditions.  

 

For a comprehensive risk analysis and to assess the SAM effectiveness 

in the Nordic BWRs a generalized model of the particulate debris 

spreading (due to the self-leveling process) applicable to reactor scale 

condition is necessary. 
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1.3 Goal, Tasks, Scope, and Achievements 

 

From the previous discussion, it is clear that the debris coolability is 

among the critical factors for the containment integrity at the ex-vessel 

stage of the SA progression. Therefore, the main goal of the present 

thesis work is 

- to develop a model for the assessment of uncertainty in the debris 

spreading effectiveness for achieving a coolable state of the debris 

bed. 

 

Such model should be suitable for coupling with the models and codes 

used to predict the debris bed formation and coolability in the ROAAM+ 

framework, which aims to assess the SAM effectiveness in the Nordic 

BWRs. Given the large number of evaluations required in risk analysis 

and in particular in ROAAM+ framework, the development of a SM will 

be necessary in order to provide the necessary computational efficiency. 

 

In order to achieve the goal, the following tasks were addressed: 

 To design an experimental facility and investigate the 

particulate debris spreading caused by the two-phase (water 

and gas) flow through a particulate debris bed. 

 To develop scalable empirical closures to predict the particulate 

debris spreading applicable to prototypic accident conditions. 

 To develop and validate a method for prediction of the 

particulate debris spreading due to self-leveling phenomenon. 

 To couple the developed model for self-leveling to a model for 

assessment of porous debris bed coolability. 

 To perform sensitivity and uncertainty analyses of the 

developed models in order to identify the most influential 

uncertain parameters. 

 To apply the developed codes to perform the risk assessment 

for a postulated severe core-melting accident with formation of 

a porous bed on the containment basemat.  
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It should be noted that in this study, the focus is on the coolability of 

all-porous debris beds with homogeneous properties. The issues related to 

the possible debris agglomeration and bed inhomogeneity are beyond the 

scope of this work. 

 

A summary of the goals, methods and main findings of the present thesis 

work is provided in Table 1.  

 

Table 1: Goals, methods and main findings of the four papers. 

Research Goals Methods Main findings Paper 

 Develop an 

experimental 

approach for 

measuring particle 

flow rate induced by 

gas flow through the 

debris bed. 

 Develop a scaling 

approach allowing to 

generalize the 

experimental data for 

different kinds of 

particles and gas flow 

conditions 

 Image analysis for 

post processing of 

the transient data on 

particles bed shape. 

 Dimensional 

analysis. 

 Regression 

analysis. 

 Different regimes of particle 

spreading were identified and studied 

in detail for different particles and gas 

injection conditions. 

 Four main forces are acting on the 

particles: buoyancy, aerodynamic 

drag, gravity and inter-particle 

friction. 

 Parameters affecting such forces 

can be used to develop a non-

dimensional expression to 

characterize the particle flow rate. 

Paper A 

 Develop a model 

for simulation of the 

self-leveling 

phenomenon at 

reactor scale. 

 Perform sensitivity 

and uncertainty 

analyses of the 

model. 

 Assess the 

uncertainty in the 

effectiveness of the 

self-leveling for 

typical accident 

conditions. 

 

 Mass balance 

equation with the 

scalable empirical 

closure for prediction 

of the particle flow 

rate per unit width is 

solved with implicit 

integration scheme. 

 Sensitivity analysis 

with extended Morris 

method. 

 Halton sampling for 

uncertainty 

quantification. 

 Maximum height of the debris bed 

is affected most by debris total mass, 

closure uncertainty and the critical 

angle of repose at zero gas flow rate. 

 Output uncertainty in the debris bed 

maximum height reduces with time. 

 The expected value of the 

effectiveness of the self-leveling 

(ratio of the current maximum debris 

bed height to the one after 24 h of 

spreading) is around 80% after 30 

minutes and 90% after 1 h since the 

star of the spreading process.  

 

Paper B 

 Develop a model 

allowing to estimate 

the time for a debris 

bed to reach a 

coolable 

configuration. 

 A coupled code 

between the models 

for self-leveling and 

debris bed dryout 

prediction. 

 Sensitivity analysis 

 The input parameters can be ranked 

according to their influence on the 

time (𝑡𝑐) necessary for reaching a 

coolable bed configuration as follows: 

(i) reactor thermal power, (ii) debris 

total mass, (iii) effective particle 

Paper C 
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 Perform sensitivity 

and uncertainty 

analyses of the 

model. 

 Develop a 

comprehensive 

approach to 

characterization of 

the influence of the 

input parameters on 

the output. 

with extended Morris 

method. 

 Uncertainty 

analysis with Monte 

Carlo experiment. 

 Pearson product-

moment correlation 

coefficient. 

 Spearman ranked 

correlation 

coefficient; 

 Parallel coordinates 

for visualization of 

the model response in 

multi-parameter 

space. 

diameter, (iv) bed porosity, (v) 

containment pressure, (vi) repose 

angle, and (vii) initial angle factor. 

Other parameters such as effective 

operation time, particle density 

relocation time since SCRAM and, 

remarkably, closure uncertainty 

showed to have a negligible 

influence.  

 The fraction of initial debris bed 

configurations that are non-coolable 

at time zero is 2.9%.  

 The fraction of non-coolable 

scenarios decreases as a function of 

time due to the self-leveling 

phenomenon and decreasing decay 

heat. 

 Important input combinations and 

respective maximum values for 𝑡𝑐 
were identified. 

 In cases where the porosity exceeds 

0.54, the debris bed was found to be 

coolable at time zero regardless of the 

values of the other parameters. 

 Perform a 

probabilistic risk 

analysis to examine 

and quantify 

uncertainties involved 

in the debris bed 

coolability issue for a 

Nordic BWR. 

 

 Artificial neural 

network for 

development of a 

surrogate model. 

 Probabilistic 

framework for risk 

assessment. 

 Two dimensional 

Monte Carlo analysis 

for quantifying the 

uncertainties due to 

the lack of knowledge 

about the 

distributions of the 

uncertain parameters. 

 

 The influence of the initial 

temperature on the failure probability 

diminishes as the heat-up rate 

increases. 

 The probability density functions of 

(i) the effective particle diameter and 

(ii) bed porosity are the largest 

contributors to the uncertainty in the 

failure probability. 

 In the scenarios where the efficacy 

of self-leveling is deteriorated, the 

effect of the initial angle factor on the 

failure probability becomes more 

important. 

Paper D 

 

A more detailed description of the approaches and the main findings 

can be found in the next sections where the summaries of the appended 

papers are provided. 
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2 Summaries of the attached papers 

 

This section provides an executive summary of the contents and 

findings of each appended publication. For reference the reader is invited 

to consult each paper in full as provided for in the appendices. 

 

The appended publications are presented in the order that reproduces 

the development of this work: starting from the experimental part, going 

through the development of models and codes and concluding with the 

demonstration of an application to the risk assessment. 

 

The following general assumptions were made in the Papers B-C-D: 

i. corium relocates in the lower drywell to form a conical (or a 

conical top over a cylindrical base) porous debris bed on the 

containment basemat; 

ii. neither particle agglomeration nor “cake” formation takes 

place; 

iii. vapor generation rate in the bed is determined only by the 

decay heat power and is not affected by the phenomena of 

coolant ingression inside the debris bed; 

iv. saturated coolant conditions inside the debris bed; 

v. uniform volumetric heat release rate in the bed; 

vi. the input parameters during sensitivity and uncertainty analyses 

are considered to be mutually independent and (if not specified 

otherwise) uniformly distributed. 

 

 Paper A: “Empirical closures for particulate 2.1.1

debris bed spreading induced by gas-liquid 

flow” 

The first paper describes the development of a scaling approach and 

empirical closures for prediction of the particulate debris spreading rate 



18 

 

(due to self-leveling) based on generalization of obtained experimental 

data. 

 

Particulate Debris Spreading Closures (PDS-C) experimental facility 

was designed to study the phenomena of particulate debris spreading 

caused by upward two-phase (water and gas) flow. The facility is 

composed of a vertical rectangular open on top test section, made of 

acrylic glass. A perforated gas injection chamber is installed at the 

bottom of the test section and connected to the air supply system. 

Different types of particles were used in the test series: stainless steel 

(SS) cylinders: 3 mm in diameter and 3 mm long; 3 mm in diameter and 

6 mm long; SS spheres: 1.5 mm, 3 mm, and 6.0 mm in diameter; and 

different mixtures of these particles, i.e. a mixture of SS 1.5 mm spheres 

and SS 3x3 mm cylinders; and a mixture of SS 3 mm spheres and SS 

6.0 mm. The properties of the particles are summarized in Table 2.  

The experimental procedure for a typical PDS-C test consists of the 

following steps: 

1. The particles are loaded into the facility test section. 

2. The test section is filled with water. 

3. The particles bed is shaped as a heap with a slope angle close to 

the critical angle of repose 𝜃𝑟𝑒𝑝
0  i.e. the steepest angle 

achievable without causing avalanches. 

4. The debris bed is held in its initial shape using a stiff stainless 

steel net when gas injection is activated in order to avoid a 

“water piston” effect. The effect (also noticed by Cheng(Cheng 

et al., 2013)) is observed at the start of gas injection when 

liquid (which initially fills the pores in the bed and the gas 

chamber) is pushed as a “piston” by the gas injected at high 

velocity causing rapid motion of the whole debris bed. 

5. The gas injection flow rate is gradually adjusted to reach the 

desired superficial air velocity.  

6. The net is quickly removed in upward direction allowing 

particles to start the spreading process. 
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Table 2: Particle properties. 
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SS 

cylinders 3 

by 3 mm 

3.4 7800 33.0 2.44 0.87 0.35 

SS 

cylinders 3 

by 6 mm 

4.3 7800 36.5 2.79 0.83 0.36 

SS spheres 1.5 7800 22.0 1.43 1.0 0.40 

SS spheres 3.0 7800 22.0 2.27 1.0 0.40 

SS spheres 6.0 7800 22.8 3.34 1.0 0.40 

Mixture 1a 2.6 7800 29.5 2.07 0.97 0.33 

Mixture 2b 2.1 7800 24.5 1.80 0.98 0.34 

Mixture 3c 4.0 7800 24.0 2.68 1.0 0.36 

SS cubes 3 

mmd 
3.7 7800 39 2.56 0.80 0.31 

a is composed by SS spheres 1.5 mm (volume fraction 0.25, mass fraction 0.23) and by 

SS cylinders 3 by 3 mm (volume fraction 0.75, mass fraction 0.77) 
b is composed by SS spheres 1.5 mm (volume fraction 0.5, mass fraction 0.48) and by 

SS cylinders 3 by 3 mm (volume fraction 0.5, mass fraction 0.52) 
c is composed by SS spheres 3.0 mm (volume fraction 0.5, mass fraction 0.5) and by 

SS spheres 6 mm (volume fraction 0.5, mass fraction 0.5) 
d experiments with cubic particles were performed after Paper A was published

 

 

The entire test is recorded by a video camera. Individual frames are 

extracted and analyzed later on, using image processing technics to 

calculate the particle mass flow (𝑄𝑝) at given local angle of the heap 

slope (α) and experimental conditions (gas superficial velocity, particle 

properties, etc.). 

 

The experimental matrix is provided in Table 3. In Figure 5 the 

complete set of the experimental results are reported, the spread of the 

data shows the effects of different test conditions, particle properties as 

well as experimental error. 
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Table 3: Experimental matrix. 

Particle type 𝑼𝒈 [m/s] 𝒖𝒈 [-] Experiment 

SS cylinders 3x3 mm 

0.34 0.14 PDS-C01 

0.52 0.21 PDS-C02 

0.86 0.35 PDS-C03 

1.38 0.56 PDS-C04 

1.91 0.78 PDS-C05 

SS cylinders 3x6 mm 

0.17 0.06 PDS-C06 

0.34 0.12 PDS-C07 

0.52 0.18 PDS-C08 

0.69 0.24 PDS-C09 

0.86 0.31 PDS-C10 

SS spheres 1.5 mm 

0.17 0.12 PDS-C11 

0.34 0.24 PDS-C12 

0.86 0.60 PDS-C13 

1.04 0.72 PDS-C14 

SS spheres 3.0 mm 

0.17 0.07 PDS-C15 

0.34 0.15 PDS-C16 

0.69 0.30 PDS-C17 

1.56 0.68 PDS-C18 

SS spheres 6.0 mm 

0.17 0.05 PDS-C19 

0.52 0.15 PDS-C20 

0.86 0.26 PDS-C21 

1.04 0.31 PDS-C22 

1.21 0.36 PDS-C23 

1.56 0.46 PDS-C24 

1.73 0.52 PDS-C25 

Mixture 1 
0.69 0.33 PDS-C26 

1.04 0.50 PDS-C27 

Mixture 2 

0.34 0.19 PDS-C28 

0.69 0.38 PDS-C29 

1.04 0.57 PDS-C30 

Mixture 3 0.17 0.06 PDS-C31 
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0.34 0.13 PDS-C32 

0.52 0.19 PDS-C33 

0.86 0.32 PDS-C34 

1.21 0.45 PDS-C35 

1.38 0.51 PDS-C36 

1.56 0.58 PDS-C37 

 1.73 0.64 PDS-C38 

SS cubes 3 mm 

0.17 0.07 PDS-C39 

0.34 0.13 PDS-C40 

0.55 0.21 PDS-C41 

 

 

Figure 5: Particle flow rate as function of the slope angle for all the PDS-

C experiments. 

 

The self-leveling phenomenon is a particular case of a more general 

problem of three-phase gas–liquid–particle flow. In Figure 6 the main 

forces acting on the particles are shown schematically: (i) buoyancy (𝐹𝐵), 
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(ii) aerodynamic drag (𝐹𝐷), (iii) gravity (𝐹𝐺), and (iv) inter-particle 

friction (𝐹𝐹𝑟). The particle flow rate (𝑄𝑝 ) should be a function of these 

main forces: 

 

𝑄𝑝 = 𝑓(𝐹𝐷, 𝐹𝐵 , 𝐹𝐹𝑟 , 𝐹𝐺), (1) 

 

 

 

Figure 6: Schematic of the balance between main forces acting on a 

particle in the debris bed. 

 

or, equivalently, a function of the parameters that can affect the forces: 

 

𝑄𝑝 = 𝑓(𝑑𝑝, 𝑈𝑔, 𝜌𝑝, 𝜌𝑙 , 𝜌𝑔, 𝜇𝑔, 𝜇𝑙 , 𝜎, 𝑔, α, 𝑘𝐹𝑟), (2) 

 

Where 𝑑𝑝 is the equivolume sphere diameter, 𝑈𝑔 is the gas superficial 

velocity, 𝜌𝑖 and 𝜇𝑖 are the densities and viscosities of the respective 

phases (subscripts p, l, and g refer to particles, liquid and gas phases), 𝜎 

is the surface tension, 𝑔 is the gravitational acceleration, α is the local 

slope angle, 𝑘𝐹𝑟 is the friction coefficient. 
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The following expression (closure) for the normalized non-dimensional 

particle spreading rate (𝑄𝑝
∗) was developed: 

 

𝑄𝑝
∗ =

𝑄𝑝

(𝜌𝑝 − 𝜌𝑙)𝜎/𝜇𝑙 ⋅ 𝑑𝑝
= 𝐾 ⋅ 𝑢𝑔

𝑎 ⋅ 𝐴𝑟𝑙𝑔
𝑏 ⋅ 𝛾𝑐 ⋅ 𝛽𝑑 (3) 

where  

 

𝛾 =
𝑡𝑎𝑛 𝜃𝑟𝑒𝑝(𝑢𝑔)

𝑡𝑎𝑛 𝜃𝑟𝑒𝑝
0  (4) 

 

𝛽 =
𝑡𝑎𝑛 α

𝑡𝑎𝑛 𝜃𝑟𝑒𝑝(𝑢𝑔)
 (5) 

 

are the normalized friction force (𝛾) and the normalized slope angle 

(𝛽), 𝑢𝑔 is the normalized gas injection velocity defined as the ratio of the 

gas superficial velocity (𝑈𝑔) to the minimum fluidization velocity (𝑈𝑚𝑓), 

 𝐴𝑟𝑙𝑔 is the gas phase Archimedes number with liquid-buoyed solids. 

𝜃𝑟𝑒𝑝(𝑢𝑔) = 𝜃𝑟𝑒𝑝
0 − 𝑎𝑟𝑐𝑠𝑖𝑛 (

𝐶𝑑(𝑅𝑒)⋅𝑢𝑔|𝑢𝑔|

𝐶𝑑(𝑅𝑒𝑔𝑚𝑓)
sin(𝜃𝑟𝑒𝑝

0 )) is the critical 

repose angle in function of 𝑢𝑔 with the drag coefficient 𝐶𝑑(𝑅𝑒) =

(24 𝑅𝑒⁄ )(1 + 𝐶1𝑅𝑒
𝐶2) + 𝐶3

𝑅𝑒
(𝑅𝑒 + 𝐶4)
⁄  and 𝐶1⋯𝐶4 depend on the 

particle sphericity Φ: 𝐶1 = 8.1716 ∙ exp(−4.0655Φ) , 𝐶2 = 0.0964 +

0.5565 ∙ Φ, 𝐶3 = 73.69 ∙ exp(−5.0748Φ) and 𝐶4 = 5.378 ∙

exp(6.2122Φ) (Yang, 2003). 𝜃𝑟𝑒𝑝
0  is the critical repose angle at 𝑢𝑔 = 0. 

 

In eq. (3) the 𝐴𝑟𝑙𝑔 represents the effect of the gravitational and 

buoyancy forces, 𝑢𝑔 the effect of the aerodynamic drag and finally 𝛾 and 

𝛽 describe the friction force. 

 

Based on the PDS-C experimental data, the constants 𝐾, 𝑎, 𝑏, c and 𝑑 

were obtained by performing a regression analysis (RA). Two separate 

RAs were necessary in order to represent the different regimes of particle 

spreading: rapid avalanche and slow particle spreading (see Table 4). 
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Table 4: Empirical constants in Equation (3). 

𝑸𝒑
∗  𝑲 𝒂 b 𝒄 𝒅 

≤0.0024 3.356 1.089 -0.325 2.628 4.306 

>0.0024 0.159 0.432 -0.162 1.366 0.876 

 

Finally, the obtained closure was tested to verify its capability to 

predict correctly the dynamics of the heap slope angle. For this purpose, 

the parameter 𝑅(𝑡) was introduced and defined as the ratio between the 

heap slope angle at time 𝑡 and the repose angle at zero gas velocity: 

 

𝑅(𝑡) =
𝛼(𝑡)

𝜃𝑟𝑒𝑝
0  (6) 

 

The parity plot of the predicted and the experimental 𝑅(𝑡) is presented 

in Figure 7, here 𝑅(𝑡) is shown illustratively at 5% 10% 20% 50% 80% 

of the total spreading time in the experiment. The data points from all 

experiments with different particles and particle mixtures are clustered 

along the diagonal of the plot, suggesting that the proposed scaling 

approach captures the most important physical phenomena and can 

predict the debris bed self-leveling behavior. 

 

The predicted R(t) was calculated by finding the corresponding 𝛼(𝑡) 

after applying the proposed universal closure in the mass balance 

equation:  

 

𝜕ℎ(𝑥, 𝑡)

𝜕𝑡
+
1

𝜌𝑏

𝜕

𝜕𝑥
(𝑄𝑝 (𝑢𝑔(ℎ),

𝜕ℎ

𝜕𝑥
, 𝑝)) = 0 (7) 

 

Where ℎ is the local debris bed height, 𝜌𝑏 is the constant bulk density 

of the heap, 𝑥 represents the planar coordinate, 𝑝 is the set of properties 

of particles and fluids. 
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Figure 7: Comparison between the predicted and the experimental R(t) in 

the PDS-C experiments. R(t) is calculated at 5%, 10%, 20%, 50% and 

80% of the total experimental time. Root mean square (RMS) error is 

equal to 0.09. 

 

A series of new experiment was performed using 3 mm SS cubes, after 

the closure was developed in Paper A. The properties of such particles 

and the experimental matrix for the tests are reported in the bottom rows 

of Table 2 and Table 3 respectively. The parity plot shows remarkable 

agreement of the predicted and the experimental 𝑅(𝑡) for these new 

experiments Figure 8a. 

 

The developed closure was also applied to predict the experiments 

described in Tagami et al.( 2014) and the derived parity plot is provided 

in Figure 8b. Such experiments were performed according to a procedure 

similar to PDS-C experiments but in a cylindrical facility (diameter 

equals to 310 mm). The particle bed was arranged to have a conical shape 

as initial configuration. The test conditions are listed in Table 5 (porosity 

and angle of repose at 𝑈𝑔 = 0 have been assumed since they were not 

reported in Tagami et al.( 2014)). 
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Although the cubic particles and the experiments reported in Tagami et 

al.( 2014) were not used for development of the closure, a good 

agreement between predicted and experimental R(t) is obtained 

(considering also the limitations in the available data from Tagami et 

al.( 2014)). This finding suggests that proposed closure provides general 

predictive capabilities. 

 

 
                            (a)                                                (b) 

Figure 8: Parity plot pf the predicted and the experimental R(t) in: (a) the 

PDS-C experiments with cubic particles. R(t) is calculated at 5%, 10%, 

20%, 50% and 80% of the total experimental time. Root mean square 

(RMS) error is equal to 0.064, (b) Tagami et al.( 2014) experiments. R(t) 

is calculated at time 3s, 18s, 33s, 48s and 63s. RMS error is equal to 0.09. 
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Table 5: Particle properties and experimental conditions in (Tagami et al., 

2014). 
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(𝑼
𝒎
𝒇
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/s

] 

P
o

ro
si

ty
 

(𝜺
) 

[-
] 

𝑼
𝒈
 [

m
/s

] 

Alumina 

spheres 1 

mm 

1 3600 21 0.77 0.4 0.01065 

Alumina 

spheres 2 

mm 

2 3600 22 1.47 0.4 0.01205 

Alumina 

spheres 3 

mm 

3 3600 22 1.95 0.4 0.01107 

Zirconia 

spheres 1 

mm 

1 6000 22 1.21 0.4 0.00824 

Zirconia 

spheres 2 

mm 

2 6000 22 2.14 0.4 0.02167 

SS spheres 1 

mm 
1 6000 22 1.48 0.4 0.01142 
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 Paper B: “Effectiveness of the debris bed self-2.1.2

leveling under severe accident conditions”  

 

In the second paper, the non-dimensional empirical closure (equation 

(3)) was used to predict the time evolution of the debris bed shape for 

reactor SA conditions. 

 

A self-leveling model based on a mass balance equation for the debris 

bed was implemented: 

 

𝜕ℎ(𝑥, 𝑡)

𝜕𝑡
+

1

𝜌𝑏𝑥
𝑛−1

𝜕

𝜕𝑟
(𝑥𝑛−1 ⋅ 𝑄𝑝 (𝑢𝑔(ℎ),

𝜕ℎ

𝜕𝑥
)) = 0 (8) 

 

where ℎ is the local debris bed height, 𝑥 is the spatial coordinate; , 

𝑛 = 1 for planar geometry and 𝑛 = 2 for axisymmetric geometry; 

𝑄𝑝 (𝑢𝑔(ℎ), tan(𝜃𝑝)) = 𝑄𝑝 (𝑢𝑔(ℎ),
𝜕ℎ

𝜕𝑥
) is the particle flow rate per unit 

width obtained by the scaled empirical closure (equation (3)), 𝜃𝑝 =

𝑡𝑎𝑛−1(
𝜕ℎ

𝜕𝑥
) is local slope angle; 𝜌𝑏 is the bulk density of the debris and it 

is considered constant. 

 

In applying equation (3), a simplified treatment of gas (steam) velocity 

𝑈𝑔 is adopted:  

 

𝑈𝑔(ℎ) =
𝜌𝑝(1 − 𝜀)𝑊𝑑ℎ

𝜌𝑔∆𝐻𝑒
 (9) 

 

Where ∆𝐻𝑒 is the latent heat of evaporation and 𝑊𝑑 is the specific 

decay heat power per unit mass of corium calculated as: 

 

𝑊𝑑(𝑡𝑠𝑐𝑟𝑎𝑚 , 𝑡𝑜𝑝𝑒𝑟) =
𝑅𝑃

𝑀0

𝑝𝑟(𝑡𝑠𝑐𝑟𝑎𝑚 , 𝑡𝑜𝑝𝑒𝑟)

100%
 (10) 



29 

 

 

With 𝑡𝑠𝑐𝑟𝑎𝑚 and 𝑡𝑜𝑝𝑒𝑟 indicating the elapsed time since scram and the 

equivalent operation time respectively; 𝑅𝑃 is the reactor thermal power; 

and 𝑀0 is the total mass of corium (256 tons); 𝑝𝑟 is the relative power (in 

percent) obtained from American Nuclear Society (ANS) 5.1 standard 

tables.  

 

By expanding the term 
𝜕(𝑥𝑛−1⋅𝑄𝑝)

𝜕𝑥
 with respect to ℎ, we obtain: 

 

𝜕ℎ

𝜕𝑡
= −𝐴

𝜕ℎ

𝜕𝑥
− 𝐵

𝜕2ℎ

𝜕𝑥2
 (11) 

where 

𝐴 =
1

𝜌𝑥𝑛−1
⋅
𝜕𝑥𝑛−1𝑄𝑝

𝜕𝑄𝑔
⋅
𝜕𝑄𝑔

𝜕ℎ
  (12) 

 

𝜕ℎ

𝜕𝑡
= −𝐴

𝜕ℎ

𝜕𝑥
− 𝐵

𝜕2ℎ

𝜕𝑥2
 (13) 

 

An explicit numerical scheme calculates the value of the cell height at 

the new time step according to the value obtained at the previous time 

step. The first order Euler scheme in the planar geometry is: 

 

ℎ𝑗
𝑖+1 = ℎ𝑗

𝑖 + [𝑄
𝑝,𝑗−1

2

𝑖 − 𝑄
𝑝,𝑗+1

2

𝑖 ] ⋅
∆𝑡

𝜌𝑏 ⋅ ∆𝑥
 (14) 

 

Where the indexes 𝑗 and 𝑖 refer to spatial and time steps respectively; ℎ 

is the average height of the debris bed in the cell; ∆𝑡 and ∆𝑥 are the time 

step and the cell size respectively. An explicit time integration scheme 

imposes severe limitations on the time step size, and thus it implies a long 

computational time (to avoid numerical instabilities). The Crank–

Nicolson implicit integration scheme of 2nd order of accuracy can be used 

since it is more stable and allows larger time steps: 
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ℎ𝑗
𝑖+1 = ℎ𝑗

𝑖 + 𝐷−1 × [𝑄
𝑝,𝑗−1

2

𝑖+
1
2 − 𝑄

𝑝,𝑗+1
2

𝑖+
1
2 ] ⋅

∆𝑡

𝜌𝑏 ⋅ ∆𝑥
  (15) 

 

Where 𝑄
𝑝,𝑗∓1

2

𝑖+
1

2 =
1

2
(𝑄

𝑝,𝑗∓1
2

𝑖+1 + 𝑄
𝑝,𝑗∓1

2

𝑖 ); and 𝐷 is a tridiagonal matrix: 

 

𝐷 = (

1 + 𝑞1+𝑓1 𝑞1−𝑓1 0 0 0 …
−𝑞1−𝑓1 1 − 𝑞1+𝑓1+𝑞2+𝑓2 𝑞2−𝑓2 0 0 …
⋮ ⋮ ⋮ ⋮ ⋱ ⋱
0 0 0 0 −𝑞𝑁−1−𝑓𝑁−1 1 − 𝑞𝑁−1+𝑓𝑁−1

) (16) 

 

Having the following elements in planar geometry: 

𝑞𝑗 =
1

2
⋅
𝜌𝑏 ⋅ 𝑊𝑑𝑒𝑐𝑎𝑦

𝐻𝑒 ⋅ 𝜌𝑠𝑡
⋅

(

 
 
𝜕𝑄𝑝 (𝑢

𝑔,𝑗+
1
2

𝑖+
1
2 , tan 𝜃

𝑝,𝑗+
1
2

𝑖+
1
2 )

𝜕𝑢
𝑔,𝑗+

1
2

𝑖+
1
2

)

 
 
⋅
∆𝑡

𝜌𝑏 ⋅ ∆𝑥
 (17) 

 

𝑓𝑗 =

(

 
 
𝜕𝑄𝑝 (𝑢

𝑔,𝑗+
1
2

𝑖+
1
2 , tan 𝜃

𝑝,𝑗+
1
2

𝑖+
1
2 )

𝜕 tan 𝜃
𝑝,𝑗+

1
2

𝑖+
1
2

)

 
 
⋅

∆𝑡

𝜌𝑏 ⋅ ∆𝑥
2
 (18) 

 

Equation (15) is solved by an iterative algorithm until the convergence 

criterion ∑ |ℎ𝑗
𝑖+1 − ℎ̃𝑗

𝑖+1|𝑗 < 𝜉 is met, where 𝜉 is a small number and ℎ̃𝑗
𝑖+1 

is the solution of the previous iteration. 

 

In an axisymmetric geometry, the above expressions become: 

 

 Explicit scheme: 
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ℎ𝑗
𝑖+1 = ℎ𝑗

𝑖 + [𝑟𝑗−1
2
⋅ 𝑄

𝑝,𝑗−1
2

𝑖 − 𝑟𝑗+1
2
⋅ 𝑄

𝑝,𝑗+1
2

𝑖 ] ⋅
2∆𝑡

𝜌𝑏 ⋅ (𝑟
𝑗+
1
2

2 − 𝑟
𝑗−
1
2

2 )

 
(19) 

 

 Implicit scheme: 

 

ℎ𝑗
𝑖+1 = ℎ𝑗

𝑖 + 𝐷−1 × [𝑟𝑗−1
2
⋅ 𝑄

𝑝,𝑗−1
2

𝑖+
1
2 − 𝑟𝑗+1

2
⋅ 𝑄

𝑝,𝑗+1
2

𝑖+
1
2 ]

⋅
2∆𝑡

𝜌𝑏 ⋅ (𝑟
𝑗+
1
2

2 − 𝑟
𝑗−
1
2

2 )

 
(20) 

 

Where 𝑟 is the radial distance, and the elements of matrix D are: 

 

𝑞𝑗 =
𝜌𝑏 ⋅ 𝑊𝑑𝑒𝑐𝑎𝑦

𝐻𝑒 ⋅ 𝜌𝑠𝑡
⋅

(

 
 
𝜕𝑄𝑝 (𝑢

𝑔,𝑗+
1
2

𝑖+
1
2 , tan 𝜃

𝑝,𝑗+
1
2

𝑖+
1
2 )

𝜕𝑢
𝑔,𝑗+

1
2

𝑖+
1
2

)

 
 

⋅
𝑟𝑗+1

2
⋅ ∆𝑡

𝜌𝑏 ⋅ (𝑟
𝑗+
1
2

2 − 𝑟
𝑗−
1
2

2 )

 

(21) 

 

𝑓𝑗 =

(

 
 
𝜕𝑄𝑝 (𝑢

𝑔,𝑗+
1
2

𝑖+
1
2 , tan 𝜃

𝑝,𝑗+
1
2

𝑖+
1
2 )

𝜕 tan 𝜃
𝑝,𝑗+

1
2

𝑖+
1
2

)

 
 
⋅

2 ⋅ 𝑟𝑗+1
2
⋅ ∆𝑡

𝜌𝑏 ⋅ (𝑟
𝑗+
1
2

2 − 𝑟
𝑗−
1
2

2 )∆𝑟

 (22) 

 

Figure 9 shows the evolution of debris heap geometrical configuration 

predicted by running the model using the parameters and conditions 

reported in Table 6. The plot displays how the entire debris bed flattens 

due to the self-leveling phenomenon. 
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Table 6: Simulation parameters. 

Parameter Value Parameter Value 

Containment pressure 2 bars Particle density, 𝜌𝑝 7800 kg/m3 

Critical angle of repose at zero 

gas flow, 𝜃𝑟𝑒𝑝
0  

33 

degrees 
Number of cells 50 

Debris total mass 200 tons 
Relocation time after 

scram, 𝑡𝑟, 
3 hours 

Effective operation time, 𝑡𝑜𝑝𝑒𝑟 340 days 
Thermal nominal 

power, 𝑅𝑃 
3.9 GW 

Effective particle diameter, 𝑑𝑝 3 mm Time step 10ms-10s 

 

 

Figure 9: Evolution of the axisymmetric debris bed shape for the scenario 

presented in Table 6. 

 

The extended Morris sensitivity method (Campolongo et al., 2007; 

Morris, 1991; Saltelli et al., 2004) was employed to perform a sensitivity 

analysis of the model with respect to (i) the initial conditions such as 

debris bed configuration (i.e. initial slope angle of the conical debris bed), 

pressure, decay heat etc. determined by the accident scenario, (ii) 

uncertain properties of the debris bed, and (iii) modeling parameters. The 

predictions of the maximum height at times “10 minutes” and “2 hours” 

from the start of the spreading process were selected as target outputs. 
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The ranges of the uncertain parameters, see Table 7, were estimated in 

order to conservatively cover the possible uncertainties in: (i) the 

complex process of the debris bed formation and resulting properties of 

the debris bed, (ii) the plant design, (iii) SA scenario conditions and (iv) 

the available experimental data. 

 

Table 7: Input and output parameters for the sensitivity and uncertainty 

analyses. 

Input parameter 

Uncertainty range 

Lower 

boundary 

Upper 

boundary 

Scenario-related conditions 

Drywell radius, [m] Fixed to 6 

Debris total mass, [tons] 10 256 
Containment pressure, [bar] 1 4 

Effective operation time, 𝑡𝑜𝑝𝑒𝑟 [days] 365 1095 

Relocation time after scram, 𝑡𝑟 [hours] 2.5 5.25 
Reactor thermal power, 𝑅𝑃 [GW] 1.375 3.9 

Physical properties 

Particle density, 𝜌𝑝 [kg/m3] 7500 9000 

Debris bed porosity, 𝜀 [-] 0.3 0.6 
Effective particle diameter, 𝑑𝑝 [mm] 1.0 6.0 

Critical angle of repose at zero gas flow, 

𝜃𝑟𝑒𝑝
0  [degree] 

22º 35º 

Modeling parameters 

Coefficients of closure 

uncertainty, 𝑘𝑐𝑙 

𝑎𝑐𝑙, [-
] 

-0.02 10 

𝑏𝑐𝑙, [-
] 

0.25 1.40 

Number of  cells Fixed to 50 

Time step Adaptive between 10 ms and 10 s 

Output parameters  

Output analyzed for the sensitivity 

analysis: 

maximum bed height ℎ𝑚𝑎𝑥  at: 

10 minutes; 

2 hours; 
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The graphs displaying the Morris sensitivity measures, i.e. modified 

mean and standard deviation, are reported in Figure 10. The most 

influencing parameters for prediction of the maximum bed height after 

“10 minutes” (Figure 10a) are (i) the debris total mass, (ii) the coefficient 

𝑎𝑐𝑙 of the closure uncertainty, (iii) the critical repose angle at zero gas 

flow, which determines the initial shape of the bed; (iv) the debris bed 

porosity; (v) the thermal nominal power; and (vi) the effective particle 

diameter. The same ranking of the important parameters is observable for 

the prediction of bed maximum height at time 2 hours (Figure 10b), 

however, the modified mean values are smaller in this case. Such 

observation indicates that the prediction of the debris maximum height at 

later time will be more robust (less uncertain) than that for an earlier 

time. 

 

 

                         (a)                                       (b) 

Figure 10: Morris sensitivity diagram for the maximum bed height at: (a) 

10 minutes and at (b) 2 hours since the start of the spreading process. 

 

An assessment of the self-leveling effectiveness for selected prototypic 

conditions was performed. Halton algorithm (Halton and Smith, 1964) 

was used for the multidimensional sampling of the input parameters 
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(Table 7). The reactor thermal power 𝑅𝑃 was fixed to represent two 

prototypic cases of a large Nordic-type BWR: (i) 𝑅𝑃 = 3 𝐺𝑊 and (ii) 

𝑅𝑃 = 3.9 𝐺𝑊. Ten thousand model runs were performed for each single 

case. 

 

The effectiveness of the self-leveling was defined as the ratio of the 

instantaneous maximum debris bed height to the maximum bed height at 

24 hours after the start of the bed self-leveling. The intermediate times 

were: 1 minute, 5, 10, and 30 minutes, 1 hour, 2, 4, 10, 16 and 22 hours. 

The analysis of all 10000 simulations indicated that the most dramatic 

change in the debris bed maximum height occurs during the first 30 

minutes. At this characteristic time, the expected value of the self-

leveling effectiveness reached around 80%. 

 

The temporal evolution of the bed height, characterized by self-leveling 

effectiveness, is plotted in Figure 11, and the error bars indicate the 

minimum and the maximum boundaries with 99.9% confidence. 

 

 

Figure 11: Temporal evolution of the self-leveling effectiveness. 
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Figure 12: Complementary cumulative distribution functions for the 

debris bed maximum height in case of (a) 𝑅𝑃 = 3 𝐺𝑊 and (b) 𝑅𝑃 =
3.9 𝐺𝑊 at different times since the start of the spreading process. 

 

Complementary cumulative distribution functions (CCDFs) for the 

maximum debris bed height obtained in the 10000 simulations are shown 

in Figure 12a and Figure 12b for 𝑅𝑃 = 3 and 𝑅𝑃 = 3.9 GW cases 

respectively. The initial CCDFs were determined by the interplay 

between the uniformly distributed parameters, which defined the initial 

maximum height of the bed. The noticeable narrowing of the CCDFs 

range confirms that the uncertainty in the maximum height of the debris 

bed reduces with time, despite the significant uncertainties in the input 

parameters and initial shape of the bed (see also sensitivity analysis 

results). From Figure 12, it is also evident that the self-leveling 

phenomenon can significantly influence the debris bed maximum height 

and thus improving potential for coolability of the bed. 

  

(a) (b) 
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 Paper C: “The effect of self-leveling on debris 2.1.3

bed coolability under severe accident 

conditions” 

 

The third paper describes the coupling between the developed self-

leveling model and the model to characterize the debris bed dryout 

developed by Yakush et al. (2013b, 2012). The clarification of the effect 

of the basic assumptions is important for the application of the simplified 

self-leveling model, equation (8), developed in this work. Among the 

main assumptions, there is the approach to estimation of the steam flow 

rate, which is assumed to be determined by the local height of the debris 

bed and decay heat, equation (9), and is not affected by the different 

multidimensional flow phenomena, dryout, coolant ingression inside the 

debris bed, etc. A full mechanistic model for debris bed formation and 

coolability analysis (including particle spreading in the pool and debris 

bed self-leveling phenomena) was implemented in the multiphase code 

DECOSIM (Debris Coolability Simulator) (Yakush et al., 2015, 2012). 

The local steam flow rate, determined by the porous media flow 

modeling, is used in DECOSIM for prediction of the debris spreading 

rate due to the self-leveling phenomenon. The local steam flow 

conditions can be affected, among other factors, by the development of 

dry zones. 

 

Several cases were run with DECOSIM (Yakush et al., 2015) in order 

to clarify the effect of realistic steam flow conditions, including the 

formation of dry zones, on the bed self-leveling. The spreading of a 

conical debris bed was addressed. In Figure 13 the DECOSIM predictions 

are compared to the results obtained with the simple self-leveling model, 

equation (8).  

 

Figure 13a shows the dynamic of the debris maximum height 

corresponding to a case where the debris bed is coolable, i.e. no bed 
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dryout at time zero. The solid (DECOSIM) and dashed (self-leveling 

model) curves agree reasonably well. Observations of the flow field in 

DECOSIM suggest that for a homogeneous debris bed the vapor velocity 

is directed mostly vertically. Thus the simplified treatment of the steam 

velocity, equation (9), provides a reasonable accuracy. The discrepancy 

between the curves noticeable at the initial stage is due to the 

nodalization effects. We found that the results can be somewhat sensitive 

to the mesh while the tip of the conical debris bed remains acute. After 

the tip is flattened out, both curves remain parallel to each other i.e. the 

spreading rate is the same in the full and simplified models. 

 

In Figure 13b and Figure 13c the cases with an initial bed dryout are 

compared. A natural way of thinking might suggest that the dryout will 

suppress particles spreading because there is no water evaporation in the 

dry zone and the superficial steam velocity might be reduced. However, 

numerical results (Figure 13b and Figure 13c) show that the particle 

spreading is becoming even more effective in comparison with the no-

dryout conditions (represented by the simple self-leveling model). This 

behavior can be explained by gas heating in the dry zone, which reduces 

the vapor density and, therefore, increases the superficial velocity. 

Another reason could be attributed to “focusing” of the vapor flow 

towards the dry zone due to higher gas buoyancy in the single-phase dry 

zone in comparison with the two-phase mixture in a “wet” debris bed. 

 

Following such finding and considering that the computational time of 

DECOSIM is prohibitively high for extensive sensitivity and uncertainty 

analyses, an approach was developed to assess the time to reach a 

coolable configuration, 𝑡𝑐, by coupling the computationally efficient 

models for self-leveling (Basso et al., 2016) and debris bed dryout 

(Yakush et al., 2013b). In such implementation, the effect of the particle 

spreading induced by large-scale turbulent currents is taken into account 

by introducing the “initial angle factor” as an input parameter that 

characterizes the initial debris bed configuration. 
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(a) 

 
                         (b)                                                      (c) 

Figure 13: Debris bed heights vs time for different particle diameters and 

relocation times: DECOSIM simulations compared with simple model. 

 

A debris bed is considered coolable (i.e., all porous material is cooled 

by evaporation of water) if the heat flux at the maximum height, 

𝑄𝐻𝐹=𝜌𝑝(1 − 𝜀)𝑊𝑑ℎ𝑚𝑎𝑥, does not exceed the maximum heat flux that 

can be removed by coolant evaporation, or dryout heat flux (DHF), thus  

𝑄𝐻𝐹 ≤ 𝐷𝐻𝐹. 𝑄𝐻𝐹   decreases with time for two reasons: (i) the maximum 

height, ℎ𝑚𝑎𝑥(𝑡), diminishes due to the debris bed self-leveling and (ii) 

the decay heat specific power 𝑊𝑑(𝑡) is decreasing. On the other hand, 

DHF also decreases with time due to the reduction of the average slope 

angle 𝜃 (less side inflow of water). However, such decrease is slower 

than the one of 𝑄𝐻𝐹  . 
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If the initially formed debris bed is coolable (𝑄𝐻𝐹 ≤ 𝐷𝐻𝐹), then the 

coolability time is 𝑡𝑐 = 0. Otherwise, 𝑡𝑐 is determined as the instant at 

which the condition 

 

𝑄𝐻𝐹(ℎ𝑚𝑎𝑥(𝑡𝑐),𝑊𝑑(𝑡𝑐)) = 𝐷𝐻𝐹(𝜃(𝑡𝑐)) (23) 

 

is satisfied. The condition (23) is checked at each time step after 

updating the debris bed shape and decay heat power.  

 

Table 8: Parameters used to run the sample calculation. 

Parameter Value 

Bed porosity [-] 0.35 

Containment pressure [bar] 3.0 

Critical angle of repose [degree] 34 

Debris total mass [ton] 250 

Effective operation time [days] 400 

Effective particle diameter [mm] 1.4 

Initial angle factor [-] 0.9 

Particle density [kg/m3] 8600 

Reactor thermal power [GW] 2.3 

Relocation time after SCRAM [hours] 4 

 

In Figure 14a, the shape of the debris bed is plotted at different times, 

showing the debris bed slumping due to the self-leveling effect at the 

input conditions presented in Table 8. In Figure 14b, the corresponding 

time dependencies of the heat flux 𝑄𝐻𝐹 and dryout heat flux 𝐷𝐻𝐹 are 

presented. The intersection point at time 𝑡𝑐~14 min is interpreted as the 

time at which a coolable configuration of the debris bed is achieved. 
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(a)              (b) 

Figure 14: Example of the effect of the self-leveling phenomenon on the 

debris bed shape (a) and coolability (b). 

 

 

  

Figure 15: Morris sensitivity diagrams for the time to reach a coolable 

configuration. The dashed line represents the first quadrant diagonal. 

 

The uncertain parameters considered in this coupled model are listed in 

Table 9. They are identical to the ones reported previously in Table 7 

with the addition of the initial angle factor (λ), representing the effect of 

possible convective spreading in the pool. The extended Morris 

sensitivity method was used to rank the importance of the input 

parameters affecting 𝑡𝑐 and to apply the factor fixing strategy. The Morris 
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indices are plotted in Figure 15, with the modified mean (𝜇𝐸𝐸,𝑖
∗ ) shown on 

the x-axis and the standard deviation (𝜎𝐸𝐸,𝑖) shown on the y-axis. 

Observing that all the parameters have the standard deviation much larger 

that the modified mean, it is possible to infer that a strong coupling or 

higher-order interaction exists between them. 

 

Table 9: Input parameters with corresponding uncertainty ranges. 

Input parameter 

Uncertainty range 

Lower 

boundary 

Upper 

boundary 

Scenario-related conditions 

Drywell diameter 𝐷𝑃, [m] Fixed to 12 

Debris total mass, 𝑀, [tons] 10 250 

Containment pressure, 𝑃𝑠𝑦𝑠, [bar] 1 4 

Effective operation time, 𝑡𝑜𝑝𝑒𝑟, [days] 365 1095 

Relocation time after SCRAM, 𝑡𝑟, [hours] 2.5 5.25 

Reactor thermal power, 𝑅𝑃, [GW] 1.4 3.9 

Initial angle factor, λ, [-] 0.1 1 

Physical properties 

Particle density, 𝜌𝑝, [kg/m3] 7500 9000 

Debris bed porosity, 𝜀 ,[-] 0.3 0.6 

Effective particle diameter, 𝑑𝑝, [mm] 1.0 6.0 

Critical angle of repose at zero gas flow, 𝜃𝑟𝑒𝑝
0 , [degree] 22º 35º 

Modeling parameters 

Coefficients of closure uncertainty, 𝑘𝑐𝑙 
𝑎𝑐𝑙, [-] -0.02 10 

𝑏𝑐𝑙, [-] 0.25 1.40 

Number of cells [-] Fixed to 50 

Time step 
Adaptive: between 10 

msec and 10 sec 

 

Table 10 reports the input parameters rankings based on the normalized 

modified mean values �̂�𝐸𝐸,𝑖
∗ :  

 

�̂�𝐸𝐸,𝑖
∗ =

𝜇𝐸𝐸,𝑖
∗

∑ 𝜇𝐸𝐸,𝑖
∗𝑛

𝑗=1

 (24) 
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Table 10 Model input parameters ranked using the normalized modified-

mean index. 

Ranking Parameter 

Normalized 

modified mean 

�̂�𝑬𝑬,𝒊
∗  [%] 

Cumulated 

Statistic [%] 

1 Reactor thermal power 0.23 0.23 

2 Debris total mass 0.20 0.43 

3 Effective particle diameter 0.15 0.58 

4 Bed porosity 0.12 0.70 

5 Containment pressure 0.10 0.80 

6 Critical angle of repose 0.06 0.86 

7 Initial angle factor 0.04 0.90 

8 
Relocation time after 

SCRAM 
0.03 0.93 

9 Closure uncertainty 𝒂𝒄𝒍 0.03 0.96 

10 Particle density 0.02 0.98 

11 Effective operation time 0.01 0.99 

12 Closure uncertainty 𝒃𝒄𝒍 0.01 1.00 

 

According to the evaluated rank (Table 10), it was concluded to keep 

the minimum number of parameters that contributed to at least 90% of 

the sensitivity influence on the model output 𝑡𝑐. The others parameters 

have insignificant influence on the output variance and were screened out 

(i.e. the constant values provided in Table 11 were assigned to the 

parameters). 
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Table 11: List of the parameters screened out and assigned constant 

values. 

Parameter Assigned constant value 

Relocation time after SCRAM [hours] 3 

Closure uncertainty 𝒂𝒄𝒍 [-] 0 

Particle density [kg/m3] 8000 

Effective operation Time [days] 400 

Closure uncertainty 𝒃𝒄𝒍 [-] 1 

 

A Monte Carlo experiment was conducted to investigate the effect of 

the remaining most influential parameters. The Halton sampling method 

(Halton and Smith, 1964) was used to generate ~5 millions of input sets 

in the seven-dimensional space.  

 

The results of the Monte Carlo experiment were processed to establish 

the global effect of every single input parameter on 𝑡𝑐. This was achieved 

by discretizing each input parameter range into 𝑛 = 100 bins and 

obtaining for each i-th bin the average value of 𝑡𝑐,𝑖, with the current 

parameter varying only within this bin, while all other parameters varying 

in their full ranges. The results are presented in Figure 16, each sub-plot 

containing 𝑛 points with i-th marker plotted at the central point of the i-th 

bin. These data were then used to assess the correlation of each parameter 

with 𝑡𝑐 by calculating the Pearson product-moment correlation 

coefficient, 𝑟𝑝, and the Spearman rank correlation coefficient, 𝑟𝑠 (Walpole 

et al., 2012). 
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Figure 16: Average effect on 𝑡𝑐 of individual input parameters within 

their ranges. 

 

Such correlation coefficients are shown in Figure 17. Observing that all 

the Spearman ranked coefficients have absolute value ~1, it can be stated 

that all the relationships between each input parameter and 𝑡𝑐 can be 

described using a monotonic function with the direction determined by 

the sign of 𝑟𝑠: a value close to 1 indicates a strong direct dependency, 

while a value close to -1 indicates a strong inverse dependency of the 

input parameter with 𝑡𝑐. 

 

From the analysis of the Pearson product-moment correlation 

coefficients, it can be inferred that the reactor thermal power, total debris 

mass, containment pressure, critical angle of repose and initial angle 

factor possess a strong linear correlation with 𝑡𝑐 (i.e. 𝑟𝑝 > 0.8), while it is 

much weaker for the bed porosity and effective particle diameter. The 
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direct or inverse dependency is indicated by the sign of 𝑟𝑝. Results in 

Figure 16 also indicate that if the bed porosity is larger than ~0.4 or when 

the effective particle diameter is larger than ~2 mm, then the effect on the 

average 𝑡𝑐 is less than 1.5 minutes, despite variation of the other 

parameters.  

 

 

Figure 17: Pearson product-moment correlation coefficient and Spearman 

ranked correlation coefficient plotted for the various input parameters. 

 

The relative frequencies of 𝑡𝑐 were obtained from the analysis of the 

results of the Monte Carlo experiment. It turned out that only in ~2.9% of 

all the cases, the initial configuration of the bed appeared to be non-

coolable, i.e. 𝑄𝐻𝐹 > 𝐷𝐻𝐹 at 𝑡 = 0. If the debris bed is not coolable at 

time zero, it can reach a coolable configuration after a certain time due to 

the bed self-leveling. The complementary cumulative distribution 

function (CCDF) of 𝑡𝑐 for the initially non-coolable (i.e., from the above-

mentioned 2.9%) cases is presented in Figure 18. The CCDF allows us to 

estimate the fraction of non-coolable debris bed configurations as a 
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function of the time since the start of the debris self-leveling. For 

example, from all the initially non-coolable configurations about 40% (or 

less than ~1.2% of all initial configurations) will remain non-coolable 

after 30 minutes. After 120 minutes only about 20% of initially non-

coolable configurations will remain non-coolable. 

 

 
Figure 18: CCDF of the time to reach a coolable configuration for the 

initially non-coolable cases with 𝑡𝑐>0. 

 

The CCDF in Figure 18 describes only the overall effect of the 

uncertainty of all input parameters. It is of interest to study the effect of 

individual parameters on the uncertainty of 𝑡𝑐. To this end, we employ 

here two different techniques providing alternative views of the obtained 

results: (i) the parallel coordinate representation and (ii) tables. 

 

In Figure 19 the density plot of the results with the 𝑡𝑐 > 0 is shown in 

the parallel coordinate system. The vertical scales for the problem 

parameters are normalized as percentage of the respective parameter 

range, with the highest value at the top (100%) and the lowest at the 

bottom (0%). Such plot allows one to see quickly the global trends of the 

model outcome. The densest regions correspond to the largest number of 
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cases with 𝑡𝑐 > 0. It can be seen that these are the ones characterized by a 

small porosity, a small effective particle diameter, a large debris relocated 

mass, a low containment pressure, a high reactor thermal power, a large 

critical angle of repose and a small initial angle factor (i.e. small 

spreading due to the convective flow in the pool). These findings are in 

agreement with the results shown in Figure 16. 

 

More detailed analysis of the simulations results are presented in Table 

12 and Table 13 where it is shown how a specific combination of the 

input parameters affect 𝑡𝑐. The first column in each table is a threshold 

time for reaching a coolable configuration. The other columns report 

possible combinations (second column parameter + another parameter) of 

the values of the input parameters that can result in achieving a coolable 

state by the threshold time. The combinations are grouped with regards to 

the parameters that have the major effect, i.e. porosity (Table 12) and the 

effective particle diameter (Table 13). 

 
Figure 19: Density plot of the polylines for the cases with 𝑡𝑐>0. 
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The data in the two tables provide insights to obtain a rough upper 

estimation of 𝑡𝑐 for any combination of the input parameters. For instance 

by assuming the bed porosity greater than 0.40 we would be able to infer 

a coolability time smaller than 30 min. (Table 12) in the cases where 

either (i) the total debris mass is less than 76 tons or (ii) the effective 

particle diameter is greater than 1.7 mm or (iii) the pressure is greater 

than 3.7 bars or (iv) the reactor power is less than 2.5 GW or (v) the 

initial angle factor is less than 0.2. 

 

It is important to notice that if the porosity is higher than 0.54, the 

debris bed is initially coolable regardless of the values of the other 

parameters.  

 

Given the large amount (~5 millions) of available data, each limit 

presented in the two tables has a good level of accuracy. In particular 

using the Wilks’ formula (Wilks, 1942, 1941), we can estimate that there 

is a probability of 99.9% with a confidence level of 99.9% that the 𝑡𝑐 

limit will not be exceeded.  

 

Finally, it will also be possible to utilize the data obtained from the 

Monte Carlo experiment to develop computationally efficient models (i.e. 

SM) using classification trees or artificial neural networks. 
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Table 12: Analysis of the results filtered by the porosity parameter. 

Threshold 

time [min] 

Bed 

porosity 

[-] 

Debris 

total 

mass 

[tons] 

Effective 

particle 

diameter 

[mm] 

Containment 

pressure 

[bar] 

Reactor 

thermal 

power 

[GW] 

Repose 

angle 

[degree] 

Initial 

angle 

factor 

[-] 

=0 

Whole 

intervala 

--- --- --- --- ---  --- 

>0.35 --- >5.2 --- --- --- --- 

>0.40 <15 >3.1 --- --- --- <0.15 

>0.45 <40 >2.4 --- <2.2 --- <0.34 

>0.50 <135 >1.3 >1.7 <3.1 <25 <0.68 

        

<=10 

Whole 

intervalb 

--- -- --- --- --- --- 

>0.35 <16 >3.1 --- --- --- --- 

>0.40 <59 >2.0 --- <1.7 --- <0.15 

>0.45 <156 >1.3 >1.9 <2.8 <26 <0.49 

        

<=30 

Whole 

intervalc 

--- >4.8 --- --- --- --- 

>0.35 <24 >2.9 --- <1.6 --- --- 

>0.40 <76 >1.7 >3.7 <2.5 --- <0.20 

>0.45 <233 >1.1 >1.1 <3.1 <31 <0.64 

        

<=60 

Whole 

intervald  

--- >3.8 --- --- --- --- 

>0.35 <24 >2.2 --- <1.5 --- --- 

>0.40 <87 >1.45 >3.5 <2.6 --- <0.20 

        

<=120 

Whole 

intervale  

--- >3.1 --- --- --- --- 

>0.35 <43 >1.8 --- <1.7 --- --- 

>0.40 <140 >1.2 >2.1 <2.9 <24 <0.20 

        

<=180 

Whole 

intervalf  

<16 >2.7 --- --- --- --- 

>0.35 <45 >1.8 --- <2.0 --- --- 

>0.40 <170 >1.2 >2.1 <3.1 <26 <0.20 

        

<=300 

Whole 

intervalg 

<21 >2.3 --- --- --- --- 

>0.35 <56 >1.6 >3.9 <2.2 --- --- 

>0.40 <224 >1.02 >1.3 <3.5 <28 <0.45 

For the indicated threshold time, the debris bed is coolable in any scenario where the porosity is 

a: >0.54; 

b: >0.48 

c: >0.46 

d: >0.44 

e: >0.44 

f: >0.42 

g:>0.41 
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Table 13: Analysis of the results filtered by the “effective particle 

diameter” parameter. 

Threshold 

time [min] 

Effective 

particle 

diameter [mm] 

Debris 

total 

mass 

[tons] 

Bed 

porosity 

[-] 

Containment 

pressure 

[bar] 

Reactor 

thermal 

power 

[GW] 

Repose 

angle 

[degree] 

Initial 

angle 

factor 

[-] 

=0 

Whole interval --- >0.54 --- --- ---  --- 

>1.2 --- >0.50 --- --- --- --- 

>1.5 --- >0.47 --- --- --- --- 

>2 <13 >0.45 --- --- --- <0.14 

>3 <23 >0.40 --- <1.8 --- <0.36 

        

<=10 

Whole interval --- >0.48 --- --- --- --- 

>1.2 --- >0.46 --- --- --- --- 

>1.5 <16 >0.43 --- --- --- --- 

>2 <34 >0.40 --- <1.6 --- <0.14 

>3 <82 >0.36 >3.9 <2.4 --- <0.36 

        

<=30 

Whole intervala --- >0.46 --- --- --- --- 

>1.2 <11 >0.44 --- --- --- --- 

>1.5 <23 >0.42 --- <1.4 --- --- 

>2 <49 >0.37 --- <1.8 --- <0.14 

>3 <120 >0.33 >2.5 <2.9 <23 <0.41 

        

<=60 

Whole intervalb --- >0.44 --- --- --- --- 

>1.2 <12 >0.42 --- --- --- --- 

>1.5 <25 >0.40 --- <1.5 --- --- 

>2 <65 >0.36 --- <1.9 --- <014 

>3 <159 >0.32 >1.82 <2.9 <25 <0.50 

        

<=120 

Whole intervalc --- >0.44 --- --- --- --- 

>1.2 <22 >0.41 --- --- --- --- 

>1.5 <39 >0.38 --- <1.7 --- --- 

>2 <87 >0.34 >3.8 <2.5 --- <0.19 

>3 <208 >0.31 >1.1 <3.7 <27 <0.59 

        

<=180 

Whole intervald <16 >0.42 --- --- --- --- 

>1.2 <22 >0.4 --- --- --- --- 

>1.5 <64 >0.37 --- <1.9 --- --- 

>2 <117 >0.34 >2.5 <2.7 <23 <0.21 

        

<=300 

Whole intervale <21 >0.41 --- --- --- --- 

>1.2 <35 >0.38 --- <1.6 --- --- 

>1.5 <77 >0.36 >3.6 <2.2 --- --- 

>2 <159 >0.33 >1.6 <3.1 <28 <0.36 

For the indicated threshold time, the debris bed is coolable in any scenario where the effective particle diameter is 

a: >4.8 mm; 

b: >3.8 mm; 

c: >3.1 mm; 

d: >2.7 mm; 

e: >2.3 mm. 
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 Paper D: “Preliminary risk assessment of ex-2.1.4

vessel debris bed coolability for a Nordic BWR” 

 

The fourth paper describes a probabilistic risk analysis of the debris bed 

coolability for a Nordic BWR under severe accident conditions. To make 

such analysis computationally feasible, a surrogate model was developed 

in the form of an artificial neural network (ANN) to proxy the coupled 

code. 

A multilayer perceptron network was designed by means of the Matlab-

Neural Network ToolboxTM (Beale et al., 2014). The available dataset of 

~5 ⋅ 106 calculations was split in three different subsets (i) the training 

set, used to update network weights and biases; (ii) the validation set, 

used to avoid over-fitting by means of early stopping strategy (p. 197 

Samarasinghe, 2006) and (iii) the testing set, used exclusively at the end 

of the training phase to assess the generalization capability of the ANN. ). 

The parity plots for all three subsets and the whole set are shown in 

Figure 20.  

 

The developed ANN-based SM gives very satisfactory results in terms 

of the coefficients of determination 𝑅2 = 0.9995 values.  

 

The containment failure criterion was defined in order to take into 

account that although the initial configuration of the debris bed may be 

non-coolable, it can still become coolable before onset re-melting, i.e. the 

hot dry zone in the debris will be reflooded and the attack of remelted 

debris on the containment can be avoided. Thus, the failure of the 

containment is assumed to occur once the dry zone of the debris bed 

reaches 2750 K, the onset temperature of corium re-melting in Nordic 

BWRs. A debris bed was classified as coolable if its 𝑡𝑐 is shorter than the 

time 𝑡𝑟𝑚 necessary for the debris to reach the onset temperature of re-

melting. 
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Figure 20: ANN-based SM parity plots for: a) training set, b) validation 

set, c) testing set, d) whole set. 

 

The quantification of 𝑡𝑟𝑚 is made on the assumption that if the model 

input does not give an immediate coolable debris bed (i.e. 𝑡𝑐 = 0), the 

temperature of the established dry-zone will start to raise with a certain 

heat-up rate �̇�𝑟𝑎𝑡𝑒. 

 

Since the heat transfer is not resolved in the current model, the 

parameter �̇�𝑟𝑎𝑡𝑒   has to be assumed. Three hypothetical cases were 

considered: 

 �̇�𝑟𝑎𝑡𝑒 = 0.2 K/s, the average rate obtained in (Rahman, 2013) 

study, where the jet breakup and particle settling JEMI model 

(Pohlner et al., 2013) was coupled to the debris cooling MEWA 

model (Buck et al., 2009); 

 �̇�𝑟𝑎𝑡𝑒 = 1.0 K/s, the rate derived in case of no steam cooling, 

i.e. the debris inside the dry zone is only heated by the decay 

heat produced in the dry zone;  
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 �̇�𝑟𝑎𝑡𝑒 = 10 K/s, an assumption implying additional heat 

source, for example, a possible effect of zirconium oxidation. 

Such value is quite high and is more relevant for core 

degradation phenomena (Hofmann, 1999). 

 

The initial temperature 𝑇𝑖𝑛𝑖 of the settled particles was also varied: 400 

K, 600 K, 900 K, 1200 and 1700 K (maximum temperature of settled 

debris predicted by JEMI in (Rahman, 2013)). In Table 14  𝑡𝑟𝑚 values are 

provided for all combinations of �̇�𝑟𝑎𝑡𝑒 and 𝑇𝑖𝑛𝑖. As a result 𝑡𝑟𝑚 can 

change by about two orders of magnitude. 

 

Table 14 Time (in minutes) for onset of re-melting for different 

conditions of initial bed temperature (𝑇𝑖𝑛𝑖) and heat-up rate (�̇�𝑟𝑎𝑡𝑒). 

 �̇�𝒓𝒂𝒕𝒆=0.2 K/s �̇�𝒓𝒂𝒕𝒆=1 K/s �̇�𝒓𝒂𝒕𝒆=10 K/s 

𝑻𝒊𝒏𝒊= 400 K 195.8 39.2 3.9 

𝑻𝒊𝒏𝒊= 600 K 179.2 35.8 3.6 

𝑻𝒊𝒏𝒊= 900 K 154.2 30.8 3.1 

𝑻𝒊𝒏𝒊= 1200 K 129.2 25.8 2.6 

𝑻𝒊𝒏𝒊= 1700 K 87.5 17.5 1.7 

 

The risk analysis approach is schematically shown in Figure 21. The 

probabilistic framework was employed since it is traditionally used to 

treat uncertainties in risk analysis.  

 

Due to lack of information, the authors had no means to define the 

appropriate distributions describing the input parameters reported in 

Table 15. Thus during this preliminary investigation three different 

distributions families were used: (i) the beta distribution characterized by 

its two shape parameters α and β, (ii) the truncated normal distribution 

characterized by the mean 𝜇 and standard deviation 𝜎 and (iii) the 

triangular distribution characterized by its mode 𝑚 (most probable value). 
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Figure 21: Schematics of the uncertainty quantification approach. 

 

For each distributions family two nested loops were used to propagate 

the uncertainties: the outer-loop where the distribution parameters were 

pseudo-randomly generated (10000 samples) and the inner-loop where 

such parameters were fixed and the values of the input parameters were 

pseudo-randomly sampled along the relative PDFs (2 ⋅ 107samples). 

 

The reactor thermal power is a design-specific parameter and in the 

present study its value was fixed to 3.9 GW. The ranges for the other 
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input parameters are presented in Table 15 together with the ranges of the 

parameters characterizing the distributions. 

 

Table 15: Input parameters and distributions parameters with 

corresponding uncertainty ranges.  

Input 

parameters 

Parameter 

ranges 

Ranges for the 

shape 

parameters 

used in the 

beta 

distributions 

Ranges for the 

shape 

parameters 

used in the 

truncated 

normal 

distributions 

Ranges for the 

shape 

parameters 

used in the 

triangular 

distributions 

𝒂 𝒃 𝜶 𝜷 𝝁 𝝈 𝒎 

Containment 

pressure, 𝑷𝒔𝒚𝒔, 

[bar] 

1 4 0.1-10 
0.1-

10 
1-4 0.33-4 1-4 

Critical angle 

of repose at 

zero gas flow, 

𝜽𝒓𝒆𝒑
𝟎 , [degree] 

22 35 0.1-10 
0.1-

10 

22-

35 
1.44-35 22-35 

Debris bed 

porosity, 𝜺 , [-] 
0.3 0.6 0.1-10 

0.1-

10 

0.3-

0.6 
0.03-0.6 0.3-0.6 

Debris total 

mass, 𝑴, [tons] 
10 250 0.1-10 

0.1-

10 

10-

250 

26.66-

250 
10-250 

Effective 

particle 

diameter, 𝒅𝒑, 

[mm] 

1.0 6.0 0.1-10 
0.1-

10 

1.0-

6.0 
0.55-6.0 1.0-6.0 

Initial angle 

factor, 𝛌, [-] 
0.1- 1.0 0.1-10 

0.1-

10 

0.1-

1.0 
0.1-1.0 0.1-1.0 

 

The resulting sets of failure probabilities are reported as complementary 

cumulative distribution functions (CCDFs) in Figure 22 for all the 

hypothesized values of 𝑡𝑟𝑚 listed in Table 14. In the CCDFs plot, the 

vertical (y) axis indicates the degrees of belief associated with respective 

failure probability (horizontal x-axis). In the considered cases, all the 
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CCDFs obtained for different 𝑇𝑖𝑛𝑖 converge gradually into a single curve 

as the rate of temperature increase �̇�𝑟𝑎𝑡𝑒 becomes larger. In other words, 

the influence of the initial temperature on the failure probability gradually 

diminishes as �̇�𝑟𝑎𝑡𝑒 increases. 

 

The broad range of the CCFP presented in Figure 22 reflects the 

importance of the distributions of the uncertain input parameters. A 

reduction of the uncertainty in the risk analysis can be achieved if more 

information about the input parameters will be acquired. 

 

 

Figure 22: CCDFs of the failure probability for all combinations of �̇�𝑟𝑎𝑡𝑒 

and 𝑇𝑖𝑛𝑖 in case the input paramaters are characterized by: a) beta 

distributions, b) truncated normal distributions, c) triangular distributions. 

 

Sensitivity analyses were performed using the Sobol’ method (Saltelli 

et al., 2008) with the purpose of identifying the input parameters which 

deserve to be prioritized for future research. More specifically, the 
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sensitivity of the failure probability to the PDFs of the input parameters, 

heat-up rate �̇�𝑟𝑎𝑡𝑒, and the initial temperature 𝑇𝑖𝑛𝑖 was studied. Sobol’ 

indices 𝑆𝑖(main effect) and 𝑆𝑇𝑖 (total effect) were calculated using the 

methodology proposed by (Saltelli et al., 2008) and are reported in Figure 

23. It is instructive to note that the plots presented are strongly sensitive 

and specific to the selected ranges of the input parameters. The obtained 

results can be used to guide allocation of resources in order to decrease 

the uncertainty in the failure probability. More specifically, it appears that 

the research on the distributions of the particle diameter and bed porosity 

in the prototypic conditions would be the most effective for reduction of 

the variance in failure probability. Clarification of the possible heat-up 

rate would be also beneficial. However, the cost for acquiring more 

knowledge on different parameters has to be factored in the process of 

prioritization in order to achieve also a cost efficient solution. 

 

Sensitivity indices in Figure 23 indicate that the distribution of the 

initial angle factor is not affecting significantly the CCFP in comparison 

to the distributions of the other parameters. Such behavior was 

investigated further by performing five different Sobol’ sensitivity 

analyses. The PDFs of the input parameters were considered beta 

distributed with shape factors varying between 0.1 and 10 and the relative 

ranges are reported in Table 16.  

 

In cases 1 to 4, the ranges of the debris bed porosity (0.35 to 0.45) and 

the effective particle diameter (2 to 3 mm) consider the scenario after 

collection of new information. These ranges correspond to the expected 

values of the parameters according to the experimental observations with 

prototypic corium debris (Magallon, 2006). The range of the 𝑃𝑠𝑦𝑠, and the 

set of discrete values for 𝑇𝑖𝑛𝑖  were kept unchanged respect to the ranges 

of the previous analyses (Table 15). The other parameters were modified 

in each case to gradually decrease the efficacy of the self-leveling 

phenomenon.  
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Figure 23: First-order and total-effect sensitivity indices of the Sobol’ 

method for a) beta distributions (mean and standard deviation of the 

CCFP are 0.027 and 0.100 respectively) b) truncated normal distributions 

(mean and standard deviation of the CCFP are 0.028 and 0.029 

respectively) c) triangular distributions (mean and standard deviation of 

CCFP are 0.01 and 0.016 respectively). 

 

The results reported in Table 16 suggest that the amount of variance 

reducible in average by fixing the distribution of λ increases as the 
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efficacy of the action of the self-leveling deteriorates. Thus, it is the self-

leveling phenomenon that reduces the effect of the distribution of the 

initial angle factor on CCFP (Figure 23). Defined as 100% the decrease in 

the debris maximum height after 24 hours of self-leveling, it is useful to 

remind that 80% of such decrease is achieved in average after the first 30 

minutes (Figure 11). If there is such time available before the onset of re-

melting, then self-leveling phenomenon can be indeed effective. 

Otherwise, relative importance of the spreading in the pool and respective 

changes in the initial shape increases. 

 

A 𝜃𝑟𝑒𝑝
0  larger than the interval [22-35] degrees (considered in the 

present study) could thus deteriorate the efficacy of the self-leveling 

causing the raise of the importance on the initial angle factor. Case 5 was 

run to test this finding by fixing 𝜃𝑟𝑒𝑝
0  to 45 degrees. It is instructive to 

note that such angle is outside the training range of ANN, thus the results 

can be considered only as indicative. A large release with 𝑀 equals to 

250 tons and �̇�𝑟𝑎𝑡𝑒 equals to 1 K/s were considered, while the ranges of 

the other parameters are provided in Table 16. The results of this test 

(Table 16) indicate that indeed at those conditions the variance in the 

CCFP ascribable to the selection of the distribution of the initial shape 

factor could be large (1,12E-02).  

 

Above described findings suggest that it could be beneficial a 

validation of the mechanistic full model of the debris spreading for larger 

𝜃𝑟𝑒𝑝
0  (possibly up to 45 degrees) in order to develop a new ANN to be 

used for such conditions. It would be also valuable the development of a 

model to include in the analysis the prediction of the initial shape of the 

debris bed after spreading in the pool. In fact as seen above the initial 

angle factor can have a high importance in the scenarios with low 

efficacy of self-leveling, e.g. due to high initial temperature of the debris. 
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Table 16: Input parameter ranges and results of the Sobol’ sensitivity 

analyses aimed to investigate the influence of the distribution of the 

initial angle factor. 

 

Input parameters Case # 
Parameter ranges first-order 

index, 𝑺𝒊 

Corresponding 

variance of the 

failure probability 𝒂 𝒃 

Containment 

pressure, 𝑷𝒔𝒚𝒔, 

[bar] 

Case 1 

1 4 

9,32E-02 4,50E-04 

Case 2 6,23E-02 1,46E-03 

Case 3 1,81E-01 8,92E-03 

Case 4 3,79E-02 3,94E-04 

Case 5 3,13E-01 2,27E-02 

Critical angle of 

repose at zero gas 

flow, 𝜽𝒓𝒆𝒑
𝟎 , 

[degree] 

Case 1 

Fixed to 35 
- 

Case 2 

Case 3 

Case 4 

Case 5 Fixed to 45 

Debris bed 

porosity, 𝜺 ,[-] 

Case 1 

0.35 
0.45 

9,71E-02 4,70E-04 

Case 2 1,28E-01 3,00E-03 

Case 3 3,15E-01 1,55E-02 

Case 4 1,08E-01 1,12E-03 

Case 5 0.40 1,42E-01 1,03E-02 

Debris total mass, 

𝑴, [tons] 

Case 1 10 250 7,45E-02 3,60E-04 
Case 2 

Fixed to 250 

- 
Case 3 

Case 4  

Case 5  

Effective particle 

diameter, 𝒅𝒑, 

[mm] 

Case 1 

2.0 3.0 

6,98E-02 3,38E-04 

Case 2 2,65E-02 6,21E-04 

Case 3 5,48E-02 2,70E-03 

Case 4 2,10E-01 2,18E-03 

Case 5 1,45E-01 1,05E-02 

Initial angle 

factor, 𝛌, [-] 

Case 1 

0.1 1.0 

6,02E-02 2,91E-04 

Case 2 3,74E-02 8,79E-04 

Case 3 1,59E-01 7,84E-03 

Case 4 4,07E-01 4,24E-03 

Case 5 1,55E-01 1,12E-02 

Initial bed 

temperature, 𝑻𝒊𝒏𝒊, 
[K] 

Case 1 
400, 600, 900, 

1200 and 1700 

4,66E-02 2,25E-04 

Case 2 3,88E-03 9,11E-05 

Case 3 2,45E-02 1,21E-03 

Case 4 - - 

Case 5 
400, 600, 900, 

1200 and 1700 3,88E-02 2,81E-03 
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Heat-up rate, 

�̇�𝒓𝒂𝒕𝒆, [K/s] 

Case 1 0.2, 1.0, 10 7,42E-02 3,58E-04 

Case 2 0.2, 1.0, 10 1,49E-01 3,49E-03 
Case 3 10 

- Case 4 - 

Case 5 1 
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3 Conclusion 

3.1 Summary of the main results and achievements 

 

Nordic BWRs employ ex-vessel debris bed cooling strategy for 

termination of severe accident progression. This work contributes to the 

development of Risk Oriented Accident Methodology (ROAAM) in order 

to address significant uncertainties in both stochastic scenarios and 

phenomenological modeling of the accident progression.  

 

The shape of the debris bed formed in a deep pool of water is one of the 

important factors that determine the success of the strategy. The self-

leveling was considered in this work as a potentially important 

phenomenon for the assessment of the risk of formation of a non-coolable 

debris bed. It was also acknowledged that the spreading has to be fast 

enough in order to enable formation of a coolable debris bed 

configuration before the debris re-melting becomes imminent. The main 

achievements of this thesis, involving (i) experimental investigations of 

the phenomena, (ii) development of predictive models and (iii) 

application of comprehensive uncertainty quantification techniques, are 

summarized in the following: 

i. Development of an experimental approach and image 

processing techniques for the analysis of the particulate debris 

spreading induced by gas-liquid flow. Experimental findings 

suggest that the particulate debris spreading occurs only in the 

topmost layer of the debris. These observations imply that a 

small scale separate effect experiment can be used in order to 

address the relevant phenomena. An extensive experimental 

database was obtained for wide ranges of particle size, 

morphology, properties and gas injection conditions. (Paper A). 

ii. Development and validation of an empirical closure for 

prediction of the particulate debris spreading flow rate per unit 

width for given properties of the debris bed, local slope angle 

and gas injection conditions. The closure is based on 
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generalization of the experimental database using a scaling 

approach. (Paper A). It was shown in later works that the 

proposed closure has universal predictive capabilities, and can 

describe spreading of the particles that were not used for the 

development of the closure. 

iii. Development of a numerical model based on the mass-balance 

equation solved for a finite in size elementary volume. The 

model can be used in both planar and axisymmetric geometries. 

An implicit scheme is employed to solve the system of 

equations. Numerical convergence of the solution is 

demonstrated (Paper B). 

iv. Application to reactor scale of the developed universal closure 

and numerical model and assessment of the most important 

parameters affecting the debris maximum height by means of 

global sensitivity analysis. It was shown that the most 

influential parameters for the debris bed maximum height are 

the debris total mass, the closure uncertainty and the critical 

angle of repose at zero gas flow rate. (Paper B). 

v. Development of a model for prediction of the time necessary 

for the debris bed to reach a coolable configuration. Conical 

and conical top over a cylindrical base configurations were 

considered. The approach is based on coupling of the model for 

particulate debris spreading by self-leveling and a surrogate 

model for the assessment of the critical dryout condition. This 

model does not consider the possible effects of the 

multidimensional coolant flow in the debris bed. The results of 

simulations carried out with the DECOSIM code where such 

feedback is taken into account show a good overall agreement 

with the simplified model, which on average provides more 

conservative results. The assessment of the influence of the 

input parameters on the coupled model output suggests that 

parameters such as effective operation time, particle density, 

closure uncertainty and relocation time since SCRAM can be 

screened out. These parameters can be assigned constant values 
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since their contribution to the variance of the output is the least. 

(Paper C). 

vi. Characterization of the involved uncertainties. The lack of 

knowledge about the distributions of the input parameters was 

recognized as a potentially important source of uncertainty for 

the assessment of the risk of containment failure due to 

formation of non-coolable debris bed. Nested sampling of the 

second order probability approach was suggested in order to 

address the uncertainty. (Paper D) 

vii. An artificial neural network as proxy of the full coupled code 

for the prediction of the coolability time was developed in 

order to be able to perform the large number of model 

evaluations, necessary for the quantification of uncertainty in 

the failure probability. The performance win factor of such 

implementation on the computation time is about 107. At the 

same the implemented surrogate model doesn’t introduce 

significant additional uncertainties since the coefficient of 

determination calculated for the test set of data (to assess the 

generalization capabilities of the ANN) was 0.9995.(Paper D). 

viii. Application of the probabilistic risk analysis to assess the 

debris bed coolability for a Nordic BWR under severe accident 

conditions. A broad variability in the conditional containment 

failure probability was identified and it is ascribable to the 

effect of the input parameters PDFs. (Paper D). 

ix. The PDFs of the effective particle diameter and porosity were 

identified as the main contributors to the uncertainty in the 

conditional containment failure probability for selected ranges 

of the uncertain parameters. Further investigation on the 

particle size, porosity, and clarification of the combination of 

the possible initial temperatures and heat-up rates and initial 

shape of the debris bed would be beneficial for reduction of 

uncertainty. Note that such considerations do not take into 

account the different costs for acquiring more knowledge on 

different parameters (Paper D). 
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x. Development of a model to predict the initial shape of the 

debris bed (initial angle factor) after spreading in the pool 

would be useful in the scenarios where the efficacy of self-

leveling is small (i.e. due to high initial temperature or heat-up 

rates). 

 

3.2 Outlook 

 

In the future, this work can be extended along several directions both 

experimentally and analytically by: 

- Performing new series of experiments in PDS-C facility with 

particles of different material, sizes, shapes and higher repose 

angles in order to extend the ranges of validity of the non-

dimensional empirical closure. For instance, to be applicable to 

core-disruptive accidents in sodium-cooled fast breeder reactors 

the non-dimensional empirical closure should be validated for 

particles with characteristic sizes ~100-1000 μm. 

- Performing more extensive studies with the full model 

(DECOSIM code) to assess the time to reach a coolable 

configuration for initially non-conical debris bed configurations. 

- Performing studies to determine possible correlations between 

input parameters and assess their effects on the risk analysis. In 

the performed analyses, all the input parameters were assumed 

mutually independent given the lack of information to define 

explicitly any correlation. In reality relationships can exist 

between different input parameters, e.g. the initial angle factor 

can be correlated to the effective particle diameter in the 

scenarios characterized by a gradual release of the melt, when 

smaller particles will result in smaller initial angles of the bed 

due to spreading in the pool. 

- Further experimental studies of the particulate debris spreading 

phenomena by large scale flows in the pool. Further development 

and validation of the DECOSIM code for prediction of these 

phenomena. 
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- Development of a SM for the prediction of the particulate 

spreading due to natural convection flows based on the 

DECOSM analysis. Coupling of such SM to the self-leveling 

model and to dryout heat flux surrogate model. The coupled 

model would allow to predict the initial shape factor and the 

overall chances for reaching a coolable bed configuration.  

- Developing a SM to predict the time for a non-coolable debris 

bed to reach the onset temperature of re-melting. Such model 

would allow to avoid the current assumptions about the possible 

heat-up rates of the debris. 
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