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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT 

The OECD is a unique forum where the governments of 34 democracies work together to address the economic, social and 

environmental challenges of globalisation. The OECD is also at the forefront of efforts to understand and to help governments 

respond to new developments and concerns, such as corporate governance, the information economy and the challenges of an ageing 
population. The Organisation provides a setting where governments can compare policy experiences, seek answers to common 

problems, identify good practice and work to co-ordinate domestic and international policies. 

The OECD member countries are: Australia, Austria, Belgium, Canada, Chile, the Czech Republic, Denmark, Estonia, 
Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Korea, Luxembourg, Mexico, the Netherlands, 

New Zealand, Norway, Poland, Portugal, the Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, the United Kingdom 

and the United States. The European Commission takes part in the work of the OECD. 

OECD Publishing disseminates widely the results of the Organisation’s statistics gathering and research on economic, social 

and environmental issues, as well as the conventions, guidelines and standards agreed by its members. 

 

This work is published on the responsibility of the Secretary-General of the OECD. 

The opinions expressed and arguments employed herein do not necessarily reflect the official  

views of the Organisation or of the governments of its member countries. 

 

 

 

 

NUCLEAR ENERGY AGENCY 

The OECD Nuclear Energy Agency (NEA) was established on 1st February 1958 under the name of the OEEC European 
Nuclear Energy Agency. It received its present designation on 20th April 1972, when Japan became its first non-European full 

member. NEA membership today consists of 29 OECD member countries: Australia, Austria, Belgium, Canada, the Czech Republic, 

Denmark, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Korea, Luxembourg, Mexico, the Netherlands, 
Norway, Poland, Portugal, the Slovak Republic, Spain, Sweden, Switzerland, Turkey, the United Kingdom and the United States. 

The European Commission also takes part in the work of the Agency. 

The mission of the NEA is: 

– to assist its member countries in maintaining and further developing, through international co-operation, the scientific, 

technological and legal bases required for a safe, environmentally friendly and economical use of nuclear energy for 

peaceful purposes, as well as 

– to provide authoritative assessments and to forge common understandings on key issues, as input to government decisions 

on nuclear energy policy and to broader OECD policy analyses in areas such as energy and sustainable development. 

Specific areas of competence of the NEA include safety and regulation of nuclear activities, radioactive waste management, 
radiological protection, nuclear science, economic and technical analyses of the nuclear fuel cycle, nuclear law and liability, and 

public information. 

The NEA Data Bank provides nuclear data and computer program services for participating countries. In these and related 
tasks, the NEA works in close collaboration with the International Atomic Energy Agency in Vienna, with which it has a Co-

operation Agreement, as well as with other international organisations in the nuclear field. 
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS 

Within the OECD framework, the NEA Committee on the Safety of Nuclear Installations (CSNI) is 

an international committee made of senior scientists and engineers, with broad responsibilities for 

safety technology and research programmes, as well as representatives from regulatory authorities. It 

was set up in 1973 to develop and co-ordinate the activities of the NEA concerning the technical 

aspects of the design, construction and operation of nuclear installations insofar as they affect the 

safety of such installations. 

The committee’s purpose is to foster international co-operation in nuclear safety amongst the NEA 

member countries. The CSNI’s main tasks are to exchange technical information and to promote 

collaboration between research, development, engineering and regulatory organisations; to review 

operating experience and the state of knowledge on selected topics of nuclear safety technology and 

safety assessment; to initiate and conduct programmes to overcome discrepancies, develop 

improvements and research consensus on technical issues; and to promote the co-ordination of work 

that serves to maintain competence in nuclear safety matters, including the establishment of joint 

undertakings. 

The clear priority of the committee is on the safety of nuclear installations and the design and 

construction of new reactors and installations. For advanced reactor designs the committee provides a 

forum for improving safety related knowledge and a vehicle for joint research. 

In implementing its programme, the CSNI establishes co-operate mechanisms with the NEA’s 

Committee on Nuclear Regulatory Activities (CNRA) which is responsible for the programme of the 

Agency concerning the regulation, licensing and inspection of nuclear installations with regard to 

safety. It also co-operates with the other NEA’s Standing Committees as well as with key 

international organizations (e.g., the IAEA) on matters of common interest. 
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EXECUTIVE SUMMARY 

 

Background and scope of the Workshop: 

Severe Accident Management Guidelines (SAMGs) increase focus on containment integrity after 

some progression in the course of a severe accident. This change in priorities is made according to 

criteria that vary depending on reactor type and specific procedures. Non challenging the priority 

given to containment integrity, trying to cool the degrading fuel and/or the corium within the Reactor 

Pressure Vessel (RPV) is a way to slowdown or stop the progression of an accident. This may also 

delay or avoid the Reactor Pressure Vessel (RPV) rupture that may subsequently endanger the 

containment integrity by dynamic loads (Direct Containment Heating DCH, ex-vessel Steam 

Explosion SE) and/or static loads (Corium-Concrete Interaction CCI). 

 

This issue called “In-vessel Coolability” has been identified as most important by both the 

CSNI/WGAMA (see WGAMA work-plan for Severe Accidents NEA/SEN/SIN/AMA/2008(3)) and 

EC-SARNET (see Severe Accident Research Priorities final report SARNET-SARP-D96).  

 

Once a water source has been recovered, different accident management strategies can be used: send 

water into the core and/or cool the RPV externally. It should be noticed that, depending on the amount 

of water available, these strategies might conflict with other uses of water such as for instance 

activating spray systems in the containment.  

 

Concerning the first strategy, sending water into a degrading core is not straightforward as: 

 

 The efficiency of reflooding for significantly delaying or stopping core degradation is not 

demonstrated for all situations; 

 It may result in high hydrogen production rates that may threaten the containment integrity by 

dynamic loadings (hydrogen combustion); 

 It may also result in a pressure peak that may endanger the containment integrity by DCH if 

the RPV vessel has been previously weakened by corium slumps; 

Given these adverse considerations, some Severe Accident Management Guidelines consider cautions 

in how and when to send water in the core. In addition, reflooding models used for their evaluation 

suffer from a lack of validation that makes it difficult to assess the relevance of different accident 

management strategies. 

 

Trying to cool the RPV externally to assure in-vessel retention is also not straightforward as: 

 

 This accident management measure was not taken into account in the original design of 

existing reactors; 

 The probability of success strongly depends on the reactor detailed specific features such as 

the reactor pit geometry, flooding rate, the type of heat insulation, the connections to the 

dome…and it generally decreases with the reactor power; 

 If the external cooling turns out to be non efficient, occurrence of an ex-vessel steam 

explosion cannot be ruled out in case of lower head failure and this is still considered as a 

non resolved issue. 
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As for in-vessel reflooding, the models used for evaluation of accident management measures suffer 

from a lack of validation. 

 

Given this background, the objectives of the workshop were: 

 

 To exchange information on different Severe Accident Management strategies used or 

contemplated for the in-vessel coolability issue; 

 To review recent, ongoing and planned experimental programmes on reflooding; 

 To review models used for reflooding in severe accident calculation tools, either simplified 

or sophisticated; 

 To exchange information on the treatment of reflooding in different safety studies such as 

Probabilistic Safety Assessment; 

 To provide recommendations for future work, as necessary. 

According to these objectives, the workshop was organised in four technical sessions, followed by a final one devoted to the 

presentations of sessions’ chairs conclusions and a general discussion: 

 General studies; 

 Experimental work; 

 Phenomenological and modelling work; 

 Specific reactor studies. 

Twenty-two papers were presented in the technical sessions, authors being members of research organisations, industry and technical 

safety organisations. The workshop enjoyed the participation of 66 people coming from Belgium, Bulgaria, Canada, Czech Republic, 

Finland, France, Germany, Hungary, Italy, Korea, Slovak Republic, Spain, Sweden, Switzerland, United Kingdom, United States and 
OECD/NEA Secretariat. 

 

Short summary of sessions  

Four papers were presented in the first sessions (general studies): 

 One paper by the Karlsruhe Institute of Technology (KIT, formerly FZK) synthesising 

existing knowledge on degraded core reflood and identifying the main influential parameters; 

 Two papers by the Institut de Radioprotection et de Sûreté Nucléaire (IRSN) and the 

Gesellschaft für Anlagen und Reaktor Sicherheit (GRS) on results and main lessons learnt 

from PSA level 2 studies for French and German reactors; 

 One paper by the Commissariat à l’Energie Atomique (CEA) presenting a new tool to be 

used by the French utility EDF for PSA level 2 studies. 

Five papers were presented in the second session (experimental work): 

 One paper by KIT on QUENCH experiments dealing with reflooding of bundles; 

 Two papers by the University of Stuttgart (IKE) and the IRSN on debris bed coolability 

experiments (respectively DEBRIS and PEARL); 

 One paper by KIT on molten pools coolability (LIVE experiments); 

 One paper by CEA on Reactor Pressure Vessel external cooling (CNU experiments). 
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Eight papers were presented in the fourth session (phenomenological and modelling work): 

 One paper by CEA giving an overview of melt dynamics and treating the strong coupling 

between material property effects and thermal-hydraulics; 

 Three papers by IRSN and IKE on the modelling of reflooding for a severely damaged core 

including debris cooling; 

 Two papers by the Ruhr University of Bochum (RUB) and IRSN on the simulation of two 

QUENCH experiments conducted under conditions adverse to quenching; 

 One paper by GRS on the simulation of TMI-2 accident by the ATHLET-CD code; 

 One paper on the results of the OECD benchmark exercise on an alternative TMI-2 scenario, 

the authors being the participants to the benchmark. 

Five papers were presented in the fourth session (specific reactor studies): 

 Two papers by Inzinierska Vypoctova Spolocnoast (IVS) and Paks Nuclear Power Plant on 

Reactor Pressure Vessel external cooling for VVER-440/213 showing good prospects; 

 One paper by AMEC and British Energy about the optimal use of water after core degradation 

has started (case study for Sizewell B NPP); 

 Two papers by the Royal Institute of Technology (RIT) and AREVA NP about Reactor 

Pressure Vessel external cooling for BWRs. 

 

General conclusions 

 

As a result of discussions, there is a general agreement on the importance of the In-vessel coolability 

issue as described above in the “background” section.  

The possibility of stopping and/or delaying the progression of a core melt accident by the use of a 

recovered water source or by taking benefit of specific engineered systems is taken into account in a 

number of PSA studies. 

The likelihood to stop the progression of a core melt-down accident by water injection is generally 

considered as high in the early phase of core degradation and depends on reactor specific features, 

nevertheless even in later sequences, e.g. during the relocation in the lower head, cooling still can be 

achieved but depends on reactor specific features and the accident scenario.. 

Ongoing, starting and planned experimental programmes address the coolability issues in the different 

relevant configurations, i.e. reflooding of bundles, debris beds, molten pools and Reactor Pressure 

Vessel external cooling. 

There is still a difficulty with present models to predict reliably if reflooding during the early core 

degradation would or not trigger a cladding oxidation runaway. Whether this is due to deficiencies in 

thermal-hydraulics description or problems for taking into account the oxidation of melts is a matter 

of discussion. 

The code developments are promisingly directed towards a more mechanistic approach using a porous 

medium modelling able to treat the different configurations of a degraded core. Secondly, the models 

to describe adequately the relocation of parts of the molten core to the lower head and the debris bed 

formation still need further development and qualification. Their validation is expected against the 

results of ongoing experimental programmes. 
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The transposition of results to the reactor scale where multi-dimensional effects are expected needs to 

be evaluated, all the more as larger scale experiments are probably not feasible. 

Another way to cope with the uncertainties is to implement specific engineered features and/or 

management procedures to act on influential parameters such as an increase of the available water 

flow rate. Specific examples were given during the workshop such as: (i) the good prospects for 

external RPV cooling for VVER-440/213 reactors; (ii) the use of spray found efficient for Sizewell B 

PWR; (iii) the potential of Control Rods Guide Tubes flow to cool molten pools in BWRs. 

More generally, it was concluded that the present efforts to solve the In-vessel Coolability issue are 

well-oriented. 

 

Recommendations 

The recommendations are directed towards two goals: 

 Monitor the progress made; 

 Make a status in a few years from now. 

Monitoring should be continued both in the frame of OECD/CSNI through the WGAMA and by EC-

SARNET through its Work package n° 5. As the feedback experience might not been shared enough, 

a specific recommendation is given: 

R1 Feedback experience from the analysis of safety cases of Nuclear Power Plants having, planning 

and/or contemplating the implementation of specific engineered features to solve the in-vessel 

coolability issue would be of great benefit. CSNI should encourage the members of its working 

groups to report on this item. 

It is expected that ongoing experimental programmes and analytical efforts will help making progress 

in the coming years. For that purpose, two recommendations are made: 

R2 A state-of-the-art report on the in-vessel coolability issue should be prepared as foreseen in the 

WGAMA work-plan. The time frame for this action should be proposed by the WGAMA according 

to its monitoring of progress made and in accord with EC-SARNET. 

R3 The WGAMA should discuss, together with EC-SARNET, the suggestion of organising a follow-

up workshop on in-vessel coolability.  
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Session 1 

 

General Studies 

 

Session Chairperson: 

B. Clément (IRSN) 

Session summary  

The objectives of this first session of the workshop were to exchange information on different Severe 

Accident Management strategies used or contemplated as well as on the treatment of reflooding in 

different safety studies, with an emphasis on Probabilistic Safety Assessment (PSA) studies. Four 

papers were presented and discussed:  

 In the first one by KIT the available experimental database on core reflood was analysed so 

as to derive useful information on the probability of success of core reflood actions; 

 The second one described the IRSN experience in level 2 PSA studies and highlighted the 

benefit that could be gained from a better understanding of corium cooling 

phenomenology; 

 GRS presented in the third one a status of lessons learnt from level 2 PSA for German 

PWRs and BWRs; 

 In the fourth one, CEA presented the LEONAR tool developed by CEA on behalf of EDF 

for level 2 PSA in order to evaluate the probability of vessel failure and basemat melt-

through. 

Summaries of the presentations 

W. Hering, Ch. Homann and W. Tromm (KIT), “Status of experimental and analytical investigations 

on degraded core reflood”. 

Thorough investigations were performed at Karlsruhe taking into account the available database 

including all public available data of experiments and including analytical work. A list of global 

parameters influencing degraded core reflood was established. Then the investigations were 

summarised in a preliminary “reflood map” addressing the issues of accident termination and released 

hydrogen fraction as a function of reflood mass flow rate in g/s*rod and of the damage status of the 

core. This map can be considered as a tool to summarise existing knowledge and identify areas for 

efficient future work. From these analyses, it is expected that the performance of the core reflood 

procedures can be extended beyond DBA (Design Basis Accidents) conditions, if a minimum water 

flow rate is available. A figure of about 1g/s*rod is given in the paper. The points that are not yet 

correctly addressed were pointed out. This is the case for example of the influence of fuel type (MOX 

or high burn-up) on fragmentation during quenching. The issue of transposition to reactor scale where 

multi-dimensional effects are expected to become important was also raised. Finally, the need to 

transfer rather detailed research findings to existing power plants through numerical simulation tools 

was highlighted, ASTEC V2 being considered as a first step to this goal. 

E. Raimond, C. Caroli, R. Meignen, N. Rahni and B. Laurent (IRSN), “Importance of the in and ex-

vessel corium coolability in case of severe accident for the French PWRs; Some views from L2 PSA 

and perspectives”.  

A particular attention was given in those studies to the application of Severe Accident Management 

Guidelines. The circumstances of water reflooding were identified and consequences analysed for 

flooding at the beginning of core degradation, after corium relocation in the RPV lower head or ex-

vessel. These analyses took into consideration adverse effects (hydrogen production rate, pressure 

increase, DCH…). For early reflooding, it was concluded that the quality of modelling was not 

sufficient to derive firm conclusions so that R&D wok is needed. For reflooding after corium 
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relocation in the RPV lower head, it was concluded that coolability is possible but not sure and that 

we should be cautious when estimating the time of RPV rupture because of the uncertainties; 

estimations being however possible in PSA studies. Adverse effects of reflooding were also analysed. 

The conditional probability of containment failure due to high hydrogen production rate was 

determined; it is quite affected by uncertainties as illustrated by the differences between best-estimate 

and conservative approaches. This tends to confirm the interest of a prudent approach in sending 

water into the core though this is still a matter of discussion. The risks of loss of containment integrity 

by DCH or overpressure were also assessed. Again, large differences were found between best-

estimate and conservative cases. During the discussion that followed the presentation, some 

participants expressed the opinion that the conclusions about adverse effects were too pessimistic. 

H. Löffler (GRS), “The issue of in-vessel coolability from the PSA level 2 point of view”.  

It presented the results of GRS level 2 PSA studies for two German PWRs and two German BWRs, 

addressing the probabilities for cooling in the core region and in the RPV lower head, the 

preconditions for successful in-vessel cooling and accident sequences with particularly high and low 

potential for successful in-vessel cooling. Examples of the influence of specific design details were 

also given. Two different aspects were considered: (i) the probability of reflooding systems to be 

operated in due time and (ii) the degree of core damage for which fuel/corium could be successfully 

retained inside the RPV. The probability for fuel/corium retention in the original core region was 

estimated for PWRs as a function of core degradation at reflooding initiation: if more than 40% of 

fuel from a large PWR core has melted, retention appears not to be possible. For BWRs, the 

probability of retention in the original core region depends much on the issue of blockage formation 

in the lower part of fuel elements: a very high probability of blockage formation was identified for 

sequences with wet core. The retention in RPV lower head for PWRs seems possible if core damage 

(i. e. loss of original fuel geometry) at flooding does not exceed 70%. For BWRs, it depends on 

specific design details of penetrations in the RPV lower head. 

B. Tourniaire, B. Spindler, G. Ratel, J.M. Seiler, B. Iooss, M. Marquès, F. Gaudier (CEA) and G. 

Greffier (EDF), “The LEONAR code: a new tool for PSA level2 analyses.” 

LEONAR is developed by the CEA on behalf of the French utility EDF for PSA level 2 applications, 

the main goal being to evaluate the probabilities of RPV melt-through and basemat penetration in case 

of a core meltdown accident. It is intended to serve as a tool for analysing the impact of Severe 

Accident Management measures, including their potential failure, and to identify the main parameters 

that could influence the corium coolability during the late phases of a core meltdown accident. The 

LEONAR analyses focus on the likelihood of RPV failure and then basemat penetration, sequence of 

events that can open a release path for radioactive material to the environment. As input data, 

LEONAR uses a set of MAAP results for core degradation. Then it treats the core-melt evolution after 

flooding, the corium relocation in the RPV lower head in dry and wet conditions, the corium 

evolution in the RPV, the vessel failure, the corium relocation in the reactor pit, the molten corium 

concrete interaction and the possible corium spreading in neighbouring compartments. An external 

vessel cooling is also simulated. The influence of user-defined uncertainties on input parameters is 

treated statistically. In order to achieve these goals, the code must be fast-running and therefore the 

physical models are simplified.  

 

GENERAL DISCUSSION AND CONCLUSIONS ON SESSION 1 

From the discussions during the session, the following conclusions were derived: 

 The possibility of stopping or delaying the progression of a core melt accident by the use of a 

recovered water source or taking benefit of specific engineered systems is taken into account in a 

number of PSA studies; 

 Important parameters have been identified either through a thorough review of existing 

experimental and analytical data or from the results of PSA studies, most important being the core 

damage state at the initiation of reflooding and the available water flow rate; 
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 The uncertainty on the likelihood to stop the progression of a core melt-down accident by water 

injection is generally considered as high and depends on reactor specific features; 

 A reduction of uncertainties is deemed important for existing reactors as core melt-down 

accidents were not considered as design-basis accidents in the original design; 

 This need calls for a sustained R&D effort, both on experimental and analytical point of views – 

these two aspects were discussed in sessions 2 and 3 of the workshop. 
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Session 2 

 

Experimental work 

 

Session Chairperson: 

W.Tromm (KIT) 

 

Session summary  

The objectives of this session were to review the experimental programmes on in-vessel degraded 

core coolability. Five papers were presented and discussed 

The first paper by KIT presented the QUENCH programme on reflooding of bundles at high 

temperature. The major outcomes were highlighted and future activities briefly presented. 

Two papers by IKE and IRSN presented experimental programmes on the coolability of debris beds 

with a special emphasis on multidimensional effects. 

A paper by KIT addressed the melt behaviour in the RPV lower head. 

Finally, a paper by CEA presented a facility for external vessel cooling experiments. 

 

SUMMARIES OF THE PRESENTATIONS 

M. Steinbrück, M. Große, L. Sepold, J. Stuckert (KIT), “Lessons learnt from the QUENCH 

programme at FZK” 

The QUENCH program has delivered many advances with respect to high-temperature bundle 

behavior and the reflood process. Reflood progression and oxidation of the cladding tubes under 

highly transient conditions and the corresponding hydrogen source term under various boundary 

conditions were the major topics. Temperature escalation was seen during reflood only in tests where 

substantial quantities of zirconium bearing melt were exposed to the flowing steam. This is typically 

the case when temperatures exceeded the melting point of the α-Zr(O), but is also observed when 

presence of other materials caused melt to form at lower temperatures or when steam starvation had 

led to erosion of the protective and confining layer of ZrO2. Another crucial phenomenon is steam 

starvation which causes thinning and degradation of the protective oxide scale and thus increases the 

probability for temperature excursions during reflood. As a third topic, advanced cladding materials 

have been extensively investigated. Although strong differences in the oxidation behavior were found, 

only a limited effect on bundle degradation and coolability was observed provided the oxide scale had 

not been weakened by breakaway. Generally, a nuclear reactor core seems to be coolable when the 

core is still intact and no or only local melt formation has already taken place. This is a realistic 

boundary condition up to 2200 K provided that the reflood water flow rate is >2 g/s rod, no strong 

eutectic melt formation occurred, and extended steam starvation phases before reflood could be 

avoided. Future experimental activities in the QUENCH program will be devoted, on the one hand, to 

loss of coolant accident (LOCA) scenarios, i.e. design basis accidents in the context of higher burnup 

and use of advanced cladding materials, and, on the other hand, to the investigation of formation and 

coolability of debris beds and molten pools in the core. The corresponding sub-programs are named 

QUENCH-LOCA and QUENCH-DEBRIS. 
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M. Rashid, R. Kulenovic, E. Laurien (IKE), “Experimental investigation of multidimensional cooling 

effects on the coolability of a debris bed” 

IKE studies are currently related to experimental investigations on coolability of debris beds with 

volumetrically heated particle beds in a downcomer configuration (vertical tube mounted in bed 

centre) at different system pressures (1, 3 and 5 bar). Steady-state boiling as well as transient dryout 

experiments with a polydispersed bed content (mixture of steel balls of 2, 3 and 6 mm diameter) under 

top- and bottom-flooding as well as lateral flow conditions were carried out in order to study the 

influence of the downcomer on the hydraulic and thermal behavior (pressure drop, dryout heat flux) 

of the bed. For top-flooding (downcomer closed), the pressure gradients along the bed height are 

generally smaller than the corresponding hydrostatic pressure gradient due to interfacial friction of 

liquid and vapor in the counter-current flow. For bottom-flooding (downcomer open) CHF increases 

significantly due to the co-current flow regime. A natural circulation driven cooling is established 

which alleviates the counter current flooding limit substantially and hence increases coolability. For 

lateral flow condition (perforated downcomer) the pressure drop behaviour is distinctly enhanced 

compared to bottom-flooding flow condition but the observed dryout heat flux is more or less the 

same. Therefore, further investigations with perforated downcomer are needed to understand this 

behavior. Comparing the dryout heat fluxes for different system pressures at top- and bottom-flooding 

flow situations it has to be pointed out that with increasing system pressure a strong increase of dryout 

heat fluxes can be observed which improves distinctly the bed’s coolability. 

N. Stenne, M. Pradier, J. Olivieri, S. Eymery, F. Fichot, P. March, J. Fleurot (IRSN), “Multi-

dimensional reflooding experiments: the PEARL programme” 

To address the damaged core coolability issue, an experimental program devoted to study reflooding 

of debris beds has been launched at IRSN. A step-wise approach has been adopted, with feasibility 

and scoping reflooding tests in PRELUDE facility and more complex representative tests in the larger 

PEARL facility to address the multi-dimensional thermal-hydraulic processes involved in reflooding 

situations. PRELUDE results obtained so far show that the chosen technology is able to deposit a 

sufficient power density to achieve temperatures of 1000°C with induction heating. The reflood 

experiments will be continued on a homogenous debris bed from 400°C up to 1000°C to qualify the 

measurement of the steam flow rate generated during reflooding and the measurement of pressure 

inside the debris bed.  The work on the PEARL facility design will be completed in order to start 

PEARL experiments second-half of 2010. 

A. Miassoedov, T. Cron, J. Folt, X. Gaus-Liu, A. Palagin, S. Schmidt-Stiefel, T. Wenz (KIT), “LIVE 

experiments  on melt behavior in the RPV lower head” 

Within the LIVE experimental program several large-scale tests have been performed so far with 

water and with non-eutectic melts (KNO3-NaNO3) as simulant fluids. Besides the transient behavior, 

for which the LIVE tests provide unique data concerning temperature evolution and crust growth, the 

experiments address other important phenomena, such as the top/sideways splitting and local 

distribution of heat flux, and the influence of solidification on the thermal-hydraulics of the pool, i.e. 

the possible existence of a mushy region and its impact on the heat transfer. In the post-test analysis 

the crust thickness profiles along the vessel wall, the crust composition and the morphology are 

determined. One of the outcomes is that melt pouring near the vessel wall at the beginning of the test 

results in considerable asymmetric heat flux distribution even during the steady state. The 

experimental results are being used for the assessment of correlations and development and validation 

of mechanistic models for the description of molten pool behavior. These calculations are 

complemented by analyses with the CFD code CONV developed at IBRAE. The analysis showed that 

the LIVE experiments can be quite accurately predicted by the CFD simulation. Future analyses with 

the improved CONV code (e.g. implementation of phase diagrams) will be applied to high-

temperature LIVE tests with molten salts and binary oxidic melts thus providing valuable support for 

understanding and improvement of modelling in severe accident codes.  

E. Verloo, S. Szarzynski (CEA), “External vessel cooling experimentation: the CNU facilities 
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The CNU-M2 facility is a unique experimental set-up to investigate core retention capabilities by ex-

vessel cooling. It is a large scale section representing the RPV, dedicated to study two-phase flow 

with steam production around a heated RPV geometry. An experimental program is on-going to 

determine the ability of cooling circuits to ensure efficient ex-vessel cooling. The influence of 

numerous parameters, both thermal-hydraulic and geometric, will be studied under different heat 

fluxes (values and profiles). The analysis of the first results is ongoing.  

Among other experimental possibilities experiments tests on the influence of surface conditions 

(roughness) could be performed in future.  

 

GENERAL DISCUSSION AND CONCLUSIONS ON SESSION 2 

The QUENCH experiments have demonstrated that a cooling flow rate higher than 2 g/s/rod is 

sufficient to enable cooling can be guaranteed in a rod-like geometry. The focus for the future in the 

severe accident research will be on the investigation of the cooling options of debris beds. QUENCH 

DEBRIS experiments will investigate the formation of debris beds, the size and the structure of the 

debris. 

The DEBRIS and the PEARL programme will look at the coolability issues, especially focusing on 3-

d effects and effects of different particles sizes in different core regions. 

Further experimental investigations with LIVE will focus on 3D effects in the lower head and the 

effect on coolability with the presence of water in the lower head during melt pour from the upper 

core region, which will be simulated in the LIVE facility using oxidic melts in future. 

To investigate different effects on CHF with the CNU facility experiments with the addition of boric 

acid in the cooling water and the addition of impurities resulting from the failure of the insulation 

would be in principle possible. Very small gaps are as well an important issue for the VVER 440 

PWR and could be investigated with CNU. 

 

 



NEA/CSNI/R(2010)11 

16 

 

Session 3 

 

Phenomenological and modelling work 

 

Session Chairpersons: 

J. Birchley (PSI) 

W. Hering (KIT) 

Session summary  

The objectives of this session were to review the status of knowledge and modelling of in-vessel 

degraded core coolability. Eight papers were presented and discussed: 

The first paper (CEA) discussed the phenomenology of in-vessel melt progression and identified a 

most credible range of melt relocation scenarios.  

Two papers (RUB-LEE and IRSN) presented model validation studies for reflood cooling of the core 

while still in essentially rod-like geometry, using QUENCH data.  

Three papers (IRSN (2) and IKE Stuttgart) reviewed the knowledge of debris bed characteristics, 

coolability and modelling.  

One paper (GRS) presented a simulation of the TMI-2 sequence up to and including melt relocation 

and cooling.  

The final paper (GRS) summarised the recent TMI-2 alternative scenario CSNI benchmark. 

Thus the opening paper set the stage for discussion of modelling of specific areas, while the final two 

papers provided assessment of applicability to plant SA sequences. 

SUMMARIES OF THE PRESENTATIONS 

J.M. Seiler, B. Tourniaire (CEA), “Phenomenological analysis of in-vessel melt progression.” 

Considerations of the physical processes suggests that a major melt relocation involving all or a large 

fraction of the core is improbable; instead the melting and relocation are thought more likely to take 

place over a period of time and in a series of stages, during which time less than half of the core 

would be molten in the lower head. There are realistic prospects for cooling the melt/debris in such a 

situation, whereas the cooling of the limiting case of a 100% melt relocation of a large reactor core 

would be problematic.  

F. Fichot, N. Chikhi, O. Coindreau, J. Fleurot (IRSN), “Status of knowledge and modelling to 

simulate the reflooding of a severely damaged core.” 

The paper provided a short survey of limiting processes – frictional resistance to water penetration, 

dryout and countercurrent flow – and showed how the magnitudes affect quench progression and 

coolability. One of the key parameter is the representative particle size. The model developed for 

ICARE/CATHARE was assessed against selected test data, revealing some remaining deficiency, 

motivating the need for new data. The PEARL experimental program is designed to meet this need. 

 

O. Coindreau, F. Fichot, N. Chikhi, J. Fleurot (IRSN), “Characteristics of the geometry of a severely 

damaged core and the debris bed expected to form during reflooding.” 

This study was motivated by the considerations discussed in the previous paper. The paper reviewed 

the sources of data on size distribution of fuel fragments, concentrating on the influence of burnup and 

thermal cycling with the aim of estimating the debris characteristic as a function of irradiation history. 

Data indicate an increase in fragmentation as burnup increases to moderate levels, while Halden data 

indicate much finer fragmentation at very high burnup. As yet lacking is a criterion for transition to 

this degree of fragmentation. The review continued with discussion of debris formation due to 

destruction of the cladding, as might occur during reflood at thigh temperature and significant 

cladding oxidation. 
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M. Buck, M. Bürger, S. Rahman, G. Pohlner (IKE), “Validation of the MEWA model for quenching 

of a severely damaged reactor core.” 

Following on from the previous discussions, the paper presented validation of recently developed 

models in the MEWA module of ATHLET-CD. MEWA provides a multi-field (solid, melt, two-phase 

fluid) 2-D cylindrical representation for debris/melt behaviour and reflooding. Comparisons were 

presented with data from experiments at Brookhaven, KTH and IKE Stuttgart covering a range of 

debris characteristics, as well as examples of debris quenching in a reactor. Results highlight the 

importance of multi-dimensional paths for water penetration and affirm the greater effectiveness of 

downcomers to facilitate bottom ingress and faster quenching. 

 

P. Kruse, M. Koch (RUB), “Simulation of the fuel rod bundle test QUENCH-03 using the system 

codes ASTEC and ATHLET-CD.” 

This was the first of two papers on the subject of QUENCH simulation, and comprised a comparison 

analysis of QUENCH-03 simulations using different oxidation models (Prater-Courtright, Cathcart-

Pawel and Urbanic-Heidrick) in conjunction with the both ASTEC and ATHLET-CD codes. A 

feature of QUENCH-03 was the very adverse conditions (high temperature, low pre-oxidation) at 

which reflood was initiated, which resulted in a major oxidation excursion. Both codes successfully 

simulated the experiment up to the initiated of reflood, but there was wide variation in the calculated 

oxidation during reflood, where only ASTEC/Prater-Courtright reproduced the observed excursion. 

This stark contrast highlights the difficulty in reliably a predicting reflood excursion. 

 

N. Chikhi, F. Fichot, O. Coindreau, J. Fleurot (IRSN), “Validation of an Improved Reflooding Model 

in ICARE-CATHARE code: QUENCH-11 Test Calculation.” 

This second QUENCH simulation paper included a description of the new reflood model which 

represents the heat transfer in three regions near the quench front (quenched, transition and dispersed 

flow) and the axial conduction from the unquenched to quenched zone. The thermal-hydraulic model 

was aimed primarily at design basis LOCA sequences, and in the present code is coupled to the 

degradation and oxidation models. The model successfully reproduced the hydrogen generation and 

heat-up of the cladding in the upper part of the bundle during reflood. Since steam starvation was a 

factor in QUENCH-11, the analysis was extended to address the impact of delayed or reduced 

injection on the likelihood of a reflood excursion. Results indicated a cliff-edge effect at a 

temperatures above 1800 K and injection rates below 1 g/s/rod.    

 

K. Trambauer, S. Weber, H. Austregesilo (GRS), “Analysis of the TMI-2 accident with the code 

ATHLET-CD.” 

The paper provided a strong demonstration of the capabilities of the code ATHLET-CD for whole 

plant simulation, where the first three phases before core slump into the lower plenum during TMI-2 

were successfully reproduced. The calculated pressure history after pump trip, during the pump restart 

and until core slump was in good agreement with the measured data, while the calculated hydrogen 

generation before the pump restart is in accordance with the value deduced from TMI-2 data. 

Contrary to estimates based on the system behaviour, only a relatively small increase of hydrogen 

production was calculated during the quench phase. This observation is consistent with the ATHLET-

CD simulation of QUENCH-03. Underestimation of debris bed and melt pool formation was 

attributed to the lack of a model for embrittlement and relocation of solid fuel fragments and to the 

assumption of a complete release of volatile fission products from the melt. The lack of knowledge in 

these areas has long been recognised. Further model extensions regarding the quenching of degraded 

core material and the fracture and relocation of solid fuel rods are necessary to further improve the 

simulation. 

 

S. Weber, H. Austregesilo (GRS), F. Fichot, O. Marchand (IRSN), G. Bandini (ENEA), M. Barnák, P. 

Matejovič (IVS), S. Paci (UPI), K.Y. Suh (SNU), M. Buck (IKE), L. Humphries (SNL), “A 

benchmark exercise on an alternative TMI-2 accident scenario.” 

This and the previous paper on TMI-2 simulation were in many ways complementary, although the 

aims of the studies were separate. This was the first CSNI exercise on TMI-2 since 1990. A modified 

sequence was defined to minimize uncertainties arising from the thermal-hydraulic calculation and to 
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focus on uncertainties in the core degradation calculation. The severe accident characteristics were 

similar to the actual sequence. Eight organisations participated, using seven different code versions: 

ASTEC V1.3 (2), ATHLET-CD Mod2.1, ATHLET-CD/MEWA, ICARE/CATHARE V2.1, 

MELCOR 1.8.5, MELCOR 1.8.6 and MAAP4.03. Thus nearly all of the widely used codes were 

employed, with a wide range of models and modelling approaches. Although there is still a lack in 

knowledge of some physical processes, all the codes calculated the specified scenario with only minor 

tuning of parameters or optimization of input decks. Uncertainties remained concerning some key 

variables such as hydrogen generation, but the simulations were significantly more consistent than in 

previous benchmarks, thus demonstrating robustness of the current codes and evidence of significant 

progress in the last 20 years.  

In view of the regulatory importance of uncertainty estimation, it was suggested that systematic 

uncertainty analysis be included in any future extension of this benchmark, using the techniques 

investigated in the BEMUSE programme as a basis. It could also be extended to study the influence of 

SAM actions and how they can be simulated by current codes. 

 

GENERAL DISCUSSION AND CONCLUSIONS ON SESSION 3 

From the discussions during the session, the following conclusions were derived: 

The efficiency of reflooding is not demonstrated for all situations, with high uncertainty on the 

likelihood to stop the degradation by water injection. 

During early stage degradation, about 1g/s/rod for was judged the minimum flow rate for successful 

quenching. Difficulties remain in predicting if injection would trigger an oxidation excursion.  

The need to reduce uncertainties calls for a sustained and coordinated R&D effort, both of an 

experimental and analytical nature. Ongoing or planned programmes are addressing coolability of 

different core configurations. 

A review of experimental data and analytical work on degraded core reflood resulted in a preliminary 

reflood map identifying the main parameters influencing in-core coolability. 

Code developments are seeking a more mechanistic approach applicable to different configurations; 

validation is expected against data from ongoing experiments. However, transposition of results to 

reactor scale needs to be evaluated since larger scale experiments are probably not feasible. 

Major progress has been achieved in the last ten or so years. Techniques to quantify and manage 

uncertainties have been developed and exercised. Benchmark studies will continue to play a key role. 
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Session 4 

 

Specific reactor safety studies on in-vessel coolability 

 

Session Chairperson: 

H. Löffler (GRS) 

 

Session summary  

The objective of this session of the workshop was to provide information on plant specific studies on 

the issue of in-vessel retention (IVR). Five papers were presented and discussed:  

 In the first and second one a concept for ex-vessel cooling in VVER-440/V213 reactors and 

its analysis and evaluation has been presented. It is to be expected that this concept will 

soon be implemented in the Hungarian Paks plant. 

 The main objective of the third study was to support the SAM strategy for the optimum use 

of recovered water supplies in the period following the onset of core degradation but prior 

to RPV failure for the Sizewell B PWR. 

 In the fourth study a method for coupled simulations of the flow inside the control rod 

guide tubes at the bottom of a BWR and the melt pool heat transfer has been developed and 

applied to a prototypical Swedish BWR ABB-Atom vessel design, 

 In the fifth paper a dedicated thermodynamics code has been developed to assess whether 

the ex-vessel cooling can ensure RPV wall integrity. It has been applied to the KERENA™ 

advanced boiling water reactor concept. 

SUMMARIES OF THE PRESENTATIONS 

Peter Matejovic, Miroslav Barnak, Milan Bachraty (IVS Trnava, Slovakia), Robert Berky (IBOK, 

Slovakia), “Assessment of In-vessel Corium Retention for VVER-440/V213”  and József Elter, Éva 

Tóth (Paks NPP, Hungary), Peter Matejovič (IVS Trnava Ltd., Slovakia), “Proposal of In-vessel 

Corium Retention Concept for Paks NPP”  

Recent activities devoted to IVR concept via ERVC for standard VVER-440/V213 reactors were (are) 

performed in the frame of 5
th
, 6

th
 and 7

th
 FW EU Programme as well as within national programmes 

performed in the countries operating this type of reactors. In total there is 12 VVER-440/V213 

reactors operated in Central European Countries. There is serious interest for the adoption IVR 

concept for these plants and co-operation on this field is going on between the plant operators as well 

as between technical support organisations. However, the VVER-440/V213 reactors were designed 

and built according to earlier standards and the possibility of core melting was not accounted for in 

the design stage of these low-powered reactors. Thus, the possibility of additional implementation of 

technical modifications, which are necessary for the creation of an ERVC loop, is rather limited. 

However, this shortcoming is compensated with significantly lower maximum heat fluxes than 

expected for higher-powered reactors. An IVR concept with simple ECVR loop based only on minor 

modifications of existing plant technology was proposed for Paks NPP. The coolability efficiency in 

such ERVC loop geometry was confirmed by RELAP 5 analysis. Further research should be focused 

on confirmation of low maximum heat flux values. Here the outputs from SARNET and results of 

ASTEC V2 analysis should be valuable. The coolability limits in given ERVC geometry should be 

confirmed experimentally on Hungarian CERES facility (Cooling Effectiveness on Reactor External 

Surface), which is just under construction and the first experiments are planned to be performed 

during next year. The analyses supported the assumption that the proposed solution is effective in 

preserving RPV integrity in the case of severe accident. This solution after having licence from 

regulatory body is planned to be implemented in 2011 on the 1st Unit in Paks NPP. 
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K. L. Peers, E. Grindon (AMEC, United Kingdom), P. Lightfoot (British Energy Generation, United 

Kingdom), “A Case Study to Support the Sizewell B SAM Strategy - Evaluation of the Optimum Use 

of Water after Core Degradation Has Started”  

This paper reports the results of an early and innovative study of the feasibility of in-vessel retention 

(IVR) for the Sizewell B PWR, where the containment includes a modified floor drainage 

arrangement. This ensures that under accident conditions, even without the operation of engineered 

safeguards, the reactor cavity is flooded to a depth of 1 to 3 metres. The main objective of the study 

was to support the SAM strategy for the optimum use of recovered water supplies in the period 

following the onset of core degradation but prior to RPV failure. The accident scenario adopted was 

based on a station blackout with loss of emergency core cooling system (ECCS) and all other 

safeguards. The study considered four scenarios with recovered water sources at various times and 

considered issues such as water accessibility, prevention of RPV failure and reduction of radiological 

releases to the environment. One of the significant developments in MAAP4.0.3 was the introduction 

of a model for the external cooling of the RPV. However, this model for heat transfer from the lower 

head to its surroundings was considered too simplistic to support the study and this led to the 

implementation of a number of modelling improvements.  

Francesco Cadinu, Tran Chi Thanh, Pavel Kudinov (Nuclear Power Safety, Royal Institute of 

Technology, Stockholm, Sweden), “Analysis of In-Vessel Coolability and Retention with Control 

Rod Guide Tube Cooling in Boiling Water Reactors”   

In normal operation of a Boiling Water Reactor (BWR) there is a purge water flow through the 

Control Rod Guide Tubes (CRGTs). The goal of this paper is to develop appropriate simulation tools 

and study the feasibility and the efficiency of the CRGT flow for the cooling of core melt material in 

the lower head of a BWR as a Severe Accident Management measure. It was found that a strong 

feedback exists between the heat transfer inside the CRGTs and the phase change dynamics in the 

solidifying metal layer of a stratified heterogeneous configuration of core materials, relocated to the 

lower head. In order to capture this feedback, a method for coupled simulations of the flow inside the 

CRGTs and the melt pool heat transfer has been developed. The calculations are performed for a 

prototypical Swedish BWR ABB-Atom vessel design, considering a representative 3D slice of the 

lower plenum, containing six CRGTs and a section of the vessel wall. The coupled simulations 

demonstrate the effect of the CRGT mass flow rate on the melt pool cooling. In order to insure its 

integrity, the CRGT wall temperature, during a transient, should never exceed the creep limit. The 

transient interplay between CRGT flow regime and heat transfer, metal layer solidification and latent 

heat release rates are discussed in detail. 

Patrick Levi, Manfred Fischer (AREVA NP GmbH, Paul-Gossen-Straße 100, 91052 Erlangen, 

Germany), “In- and Ex-Vessel Flooding as Part of the Severe Accident Strategy in the KERENA™ 

Reactor”  

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

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

ex-vessel flooding will cool the core inside the RPV and at the same time ensure thermal stabilization 

of the RPV wall. In the unlikely event that the passive in-vessel flooding cannot be actuated or fails, 

the core will melt and relocate into the lower head of the RPV. In this case, as a further line of 

defence, decay heat removal can be achieved through the RPV wall into the water in the cavity. To 

assess whether the ex-vessel cooling can ensure RPV wall integrity a dedicated thermodynamics code 

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

the resulting wall ablation. The stratification behaviour of the oxidic and metallic phase of the molten 

pool is examined. According to the analyses, in the case of a light metallic phase on top, high heat 

fluxes caused by a thin metallic layer are practically eliminated due to the large masses of the molten 

steel internals. The analyses also show that the worsening of this focusing effect due to transient states 

can practically be excluded.   

 

. 
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GENERAL DISCUSSION AND CONCLUSIONS ON SESSION 4 

The session was devoted to “specific reactor safety studies on in-vessel coolability“. The summary of 

presentations is reported above. The following statements are an attempt of the session chairman to 

put the different aspects of plant specific studies into perspective: 

 

1. Phenomenological assessment of general issues such as core degradation process, heat fluxes 

from the corium into the RPV wall, or the critical heat flux from the RPV outside to a 

surrounding water pool, related code development: These issues are in principle covered by 

research and development which is the subject of sessions 2 and 3. It is the task of the plant 

specific analyses to correctly apply the latest status of knowledge in these fields.  

2. Assessment of reactor type specific conditions which affect IVR. Prominent examples for 

these issues are the accessibility of water to the RPV bottom, the availability of flow paths or 

of a final heat sink. Since these aspects aredesign specific, analysis will have to be performed 

on an individual basis. Unexpected problems may be encountered, such as flow oscillations, 

or possibly unsymmetrical distortions of components during the accident. Excellent examples 

of related analysis efforts have been reported in the contributions to this session 4. 

3. Assessment of the probability that necessary preconditions for successful IVR on part of 

systems or human actions: A particular difficulty of this aspect is that the plant and the staff 

are in a totally disturbed condition – otherwise the core would not have melted. Only few 

such analyses exist or are reported publicly. Such information is necessary to provide a 

complete picture of IVR  

4. PSA level 2 would be the ultimate means for assessing the benefits of IVR, taking into 

account all the issues mentioned above. An interesting (however not probabilistic) 

contribution is the presentation for the Sizewell B plant where different options for the 

optimal use of water which has become available have been compared.  
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Appendix 1 

 

Workshop Programme 

 

MONDAY OCTOBER 12
TH

, 2009 

WELCOME AND OPENING ADDRESS 

14:00 B. Clément (IRSN), A. Amri (OECD-NEA) 

SESSION 1: GENERAL STUDIES   CHAIR B. CLÉMENT (IRSN) 

14:30 W. Hering, Ch. Homann, W. Tromm (FZK) 

 Status of experimental and analytical investigations on degraded core reflood 

15:10 E. Raimond, C. Caroli, R. Meignen (IRSN) 

   Importance of in and ex-vessel corium coolability in case of severe accident for the French 

PWRs. Some views from L2 PSA and perspectives 

15:50 Coffee Break 

16:10 H. Löffler (GRS) 

 The issue of in-vessel coolability from the PSA level 2 point of view 

16:50 B Tourniaire, B. Spindler, G. Ratel, J.M. Seiler, B. Looss, M. Marques, F. Gaudier  

(CEA),G. Greffier (EDF) 

 The LEONAR code : a new tool for PSA level 2 analyses 

17:30 Adjourn 
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Tuesday October 13
th

, 2009 

SESSION2: EXPERIMENTAL WORK CHAIR: W. TROMM (FZK) 

8:45 M. Steinbrück, M. Große, L, Sepold, J. Stuckert (FZK) 

 Lessons learned from the QUENCH programme at FZK 

9:25 M. Rashid, R. Kulenovic, E. Laurien (IKE) 

   Experimental investigation of multidimensional cooling effects on the coolability of a debris 

bed 

10:05 N. Stenne, M. Pradier, J. Olivieri, S. Eymery, F. Fichot, P. March, J. Fleurot (IRSN) 

 Multi-dimensional reflooding experiments: the PEARL programme 

10:45 Coffee Break 

11:05 A. Miassoedov, T. Cron, J. Folt, X. Gaus-Liu, A. Palagin, S. Schmidt-Stiefel, T. Wenz  

(FZK) 

 LIVE experiments on melt behaviour in the RPV lower head  

11:45 E. Verloo, S. Szarzynski (CEA) 

 External vessel cooling experimentation: the CNU facilities 

12:25 Lunch  

 

SESSION 3: PHENOMENOLOGICAL AND MODELLING WORK
 CHAIR: J. BIRCHLEY (PSI) 

13:30 J.M. Seiler, B. Tourniaire (CEA) 

 Phenomenological analysis of in-vessel melt progression 

14:05 F. Fichot, N. Chikhi, O. Coindreau, J. Fleurot (IRSN) 

   Status of knowledge and modelling to simulate the reflooding of a severely damaged core 

14:40 O. Coindreau, F. Fichot, N. Chikhi, J. Fleurot (IRSN) 

   Characteristics of the geometry of a severely damaged core and the debris bed expected to  

form during reflooding  

15:15 Coffee Break 

15:35 M. Buck, M. Bürger, S. Rahman, G. Pohlner (IKE) 

 Validation of the MEWA model for quenching of a severely damaged reactor core 

16:10 P. Kruse, M. Koch (RUB) 

  Simulation of the fuel rod bundle test QUENCH-03 using the system codes ASTEC and 

ATHLET-CD 

16:45 N. Chikhi, F. Fichot, O. Coindreau, J. Fleurot (IRSN) 

   Validation of an Improved Reflooding Model  in ICARE-CATHARE code: QUENCH 11 

Test Calculation 

17:20 Adjourn 
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Wednesday October 14
th

, 2009 

SESSION 3: PHENOMENOLOGICAL AND MODELLING WORK 

(CONTINUED) 

08:45 K. Trambauer, S. Weber, H. Austregesilo (GRS) 

 Analysis of the TMI-2 accident with the code ATHLET-CD 

9:20 S. Weber, H. Austregesilo (GRS), F. Fichot, O. Marchand (IRSN), G. Bandini (ENEA), M.  

Barnák, P. Matejovič (IVS), S. Paci (UPI), K.Y. Suh (SNU), M. Buck (IKE), L. Humphries 

(SNL) 

  A benchmark exercise on an alternative TMI-2 accident scenario 

9:55 Coffee Break 

SESSION 4: SPECIFIC REACTOR STUDIES CHAIR: H. LÖFFLER (GRS) 

10:05 P. Matejovic, M. Barnak (IVS), R. Berky (IBOK) 

  Assessment of in-vessel corium retention concept for VVER-440/V213 reactors 

10:40 J. Elter, E. Toth (PAKS NPP), P. Matejovic (IVS) 

 Proposal of in-vessel corium retention concept for PAKS NPP 

11:15 K. L. Peers, E. Grindon (AMEC), P. Lightfoot (British Energy) 

   A case study to support the Sizewell B SAM strategy – evaluation of the optimum use of 

water after core degradation has started 

11:50 F. Cadinu, C.T. Tran, P. Kudinov (RIT) 

  Analysis of CRGT cooling efficiency for in-vessel coolability of a stratified melt pool 

12:25 P. Levi, M. Fischer (AREVA NP) 

  Assessment of in-vessel melt retention in an advanced boiling water reactor design 

13:00 Lunch 

GENERAL DISCUSSION AND CONCLUSIONS  

14:30 Conclusions by Sessions’ chairs and discussion 

15:45 Adjourn  
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Status of Experimental and Analytical Investigations on Degraded Core Reflood 

W. Hering, Ch. Homann, W. Tromm (KIT), 

 

Abstract  

 

The severe fuel damage (SFD) research at Forschungszentrum Karlsruhe GmbH started with single rod 

experiments already before the TMI-2 accident revealed that the knowledge on accident initiation and 

progression was scarce. The focus of related primary circuit research was the understanding of the relevant 

processes and their interactions, and, if possible, of countermeasures and their efficiency. However, even 

today, the most prominent countermeasure, the flooding of a degraded core, is not yet completely 

understood, namely the influence of adverse effects such as enhanced core degradation and hydrogen 

spikes under the most probable accident scenarios. 

  

Various state of the art reports were scheduled concentrating on either experimental database or 

capabilities of system codes to predict correctly the system response in case of degraded core reflood. The 

present report takes credit from these studies and tries to find the main relevant parameters, their spectrum, 

and weight. In a future step, the rather simplified criteria for reflood success in PSA codes will be 

formulated more realistically.  

 

In a first step, a reflood database with respect to reactor conditions is established with an emphasis on low 

reflood make-up rates. It includes all public available data of reflood bundle experiments in the beyond 

design basis regime. During this work, the main global parameters were identified as core damage state, 

core reflood mass flow rate, system pressure, injection position, core burn-up, fuel composition, and 

loading and core size. For each parameter the individual experimental database has to take into account. 

Parameters with cannot be investigated directly in experiments such as core size or core loading are 

assessed. Based on this analysis, a list of white spots on the degraded core reflood map is presented.  

The present work shows as a basic result that design basis accident (DBA) procedures of core reflood can 

be extended to peak core temperatures of app. 2200 K, if the reflood mass flow rate is high enough. 

Assuming an initial core heat-up rate of 0.5 K/s, this extension gives app. 12 min additional time with 

respect to design basis accidents cases. During this extra time, a successful core reflood can be performed 

before a large in-core pool is formed, that might become uncoolable. This requires to establish a 

correlation between the core temperature and the core outlet temperature, which is accessible to the 

operators in a reactor.  

 

A. Introduction 

 

The severe fuel damage (SFD) research at Forschungszentrum Karlsruhe, now part of the Karlsruhe 

Institute of technology (KIT), started with the single rod experiments [1] already before the TMI-2 [2] 

accident revealed that the knowledge on accident initiation and progression was scarce. Based on the 

outcome of experimental programs that were initiated after the TMI-2 accident, safety oriented procedures 

were developed during last decade to mitigate or stop the accidents at different stages of severe accidents. 

The most prominent operator action, derived from this work, is to flood the core with water as early as 

possible with as much water as possible.  

 

To deepen this work, the present paper extends our work started in 2007 [3] to give an overview of the 

reflood database for beyond design basis accident conditions, available in open literature, and an 

assessment of reflood success with respect to reactor conditions. The existing database is analyzed with 
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respect to hydrogen release and damage propagation during the reflood phase. The most relevant 

parameters are identified to be the reflood mass flow rate and the core damage state. In addition, 

experimentally intangible parameters such as core size or core loading are assessed. 

 

Plant calculations with the detailed mechanistic SFD code SCDAP/RELAP5 mod 3.2 (S/R5), containing 

improvements for thermal-hydraulics and material behaviour, have been performed earlier in our institute 

[4]. In this context, critical situations such as slow core reflood were identified. It may become relevant, 

when only injection systems like BWR control rod cooling systems or mobile pumps are available. The 

issue was therefore investigated in the QUENCH facility at Forschungszentrum Karlsruhe [5]. 

 

Unfortunately, only a few data are available for the transition to late phase, due to the high temperatures 

and the complex mixture of remaining fuel rod structures, various debris, and possibly molten pools of 

corium. Both, the three-dimensional growth of debris or a molten pool, and the special distribution of the 

decay heat cannot be simulated adequately in out-of-pile experiments. Nevertheless, inductively heated 

model experiments are performed in the DEBRIS facility at University Stuttgart, Germany [6]. 

 

B.  Open Questions 

 

After more than three decades of experimental investigation on degraded core reflood [7], the achieved 

knowledge and its applicability to reactor operation lead to the question, whether our knowledge on (early) 

degraded core reflood is sufficient to give recommendations to the operators. In particular, the following 

questions have to be answered, and research has to be focused on still open issues. 

 

1. What are the intangibles that cannot be investigated in experiments and how can we bridge such 

gaps? 

 

2. Do we have sufficient data on modern materials used in operating power reactors and their 

behaviour under accidental conditions? 

 

3. Is there a physical barrier for successful reflood of a degraded core that leads to a coolable 

configuration. 

 

4. Are the system codes used for safety assessment and licensing fit for purpose and state of the art? 

 

There might be a number of other questions, but those listed above still go beyond basic research and are a 

sufficient reason to assess the current database. It is necessary to focus research on open issues and to keep 

track with the optimization process of the industry. This is especially important because of the constrained 

budget conditions in research.  

 

C.  Experimental and analytical database 

 

C1. Experimental database  

 

The profound investigation of TMI-2, out-of-pile experiments in various test facilities, some in-pile tests, 

and the Paks accident form the present database (Table 1). Except for TMI-2, that is only rather a small 

nuclear power plant, the scaling between experiments and existing reactors spans between 50 to 9000 in 

volume and power and 1-20 in length. In detail, the Hungarian CODEX (X) tests [8] are performed in 3x3 

bundles, the rather new Russian PARAMETER (P) tests in Podolsk [9], [10], dedicated to top and bottom 

flooding, refer to 19 rods in VVER bundles, the FZK reflood experiments CORA (C) and QUENCH (Q) 

address bundle sizes between 21 and 31 rods, the central fuel element in LOFT-LP-FP2 (L) [11], [12] 

amounts to 121 rods, and the TMI-2 (T) core contained app. 37000 rods. For completeness, the cleaning 



 NEA/CSNI/R(2010)11 

 47 

tank incident (CTI) at Paks NPP [13] is added in Table 1. The characters in parenthesis are used as 

abbreviation of the experiments in Fig. 1. Most of the experiments address PWR (P) conditions; there are 

only one BWR (B) and six VVER (V) reflood experiments, two CODEX, one QUENCH [14] and three 

PARAMETER tests. System pressure is classified to be low (L), i.e. below 0.5 MPa, or high (H). 

 

As indicated in detail in Table 1, the core damage evolution is divided into seven core damage states 

(CDS) of the different SFD reflood experiments. They start with local absorber rod damage (1), which 

releases the first molten materials that may form local blockages and end with the relocation of molten 

corium into the lower plenum (7) or lower head (LH). The larger the spatial extension in the bundle, the 

darker the colour in Table 1. Localized effects found during destructive post-test analysis are indicated 

literally, e.g. “tiny” means tiny molten pools between adjacent fuel rods. Generally, the bundle degradation 

in QUENCH tests prior to reflood initiation can be classified to 1 or 2 (local damage), for LOFT and TMI-

2, the CDS can be estimated to 3 or 4 (debris without pool formation). A more precise classification is 

difficult due to the different histories before quench initiation. 

 

The peak cladding temperature (PCT) is given prior to and after reflood initiation, indicating the additional 

energy release due to Zry oxidation. Heat-up rate and information about steam supply are added, because 

these factors influence the oxide layer thickness. For completeness, the reflood medium (steam/water) is 

added. Furthermore, the reflood mass flow rate (RMFR) is given as a mass flow rate per rod; structure 

elements, or shroud components are taken into account as additional rods. The RMFR is different from the 

mass flux G and is related to the interaction between fluid and rods such as oxidation, melt relocation, etc. 

A closer look at Table 1 reveals that the database seems to be sufficient for partially damaged bundles with 

some local debris at sufficiently high reflood mass flow rates. For such cases, the degraded rod bundles are 

quenched or cooled-down successfully so that the final configuration allows long-term coolability. 

Hydrogen production before reflood initiation, contributions from non-prototypical reactions (H2 due to 

facility effects: formation of molybdenum, tungsten oxides in QUENCH tests according to [14] and [15]) 

and measured total hydrogen mass are given explicitly in Table 1. 

 

The contributions from non-prototypical reactions are subtracted from measured hydrogen production after 

reflood initiation and labelled as corrected hydrogen production during quench. The reason to neglect such 

contributions before reflood initiation is explained in the next section.  
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Table 1: Actual experimental database on degraded core reflood 
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Data source 0 1 2 3 4 5 6 7 K K/s  
   g    

s*rod 
g g g g % % %

CODEX 3/1 V L
1420 / 

1430
0,3 W 0,9 ? ? ? ? ? ?

CODEX 3/2 V L
1773 / 

1923
0,6 W 0,9 1 0 ? 1 <5 <5

PARAMETER 2 V L B
1700 

/~1700
? No W 5 --- --- ? --- --- ---

PARAMETER SF1 (top) V L Tiny
1873 

/~2300
2 ? W 1,3 37 54 ? 91 54 60

PARAMETER SF2 (t+b) V L ? ? ? W 3,2 28 ? ? ? ?

QUENCH IBS05 P L
1700 / 

1750
? --- W 2,6 20 33 5 58 62 66 34

QUENCH-01 " L
1830 / 

1900
0,7 No W 1,8 36 1 2 39 3 8 24

QUENCH-02 " L
2470 / 

2500
" No W 1,7 20 109 31 160 84 88 83

QUENCH-03 " L Tiny
2450 / 

2500
" No W 1,4 18 103 17 138 85 87 78

QUENCH-04 " L
2110 / 

2340
" No S 1,7 10 1 1 12 9 17 7

QUENCH-05 " L Partial
2020 / 

2270
" No S 1,7 25 1 1 27 4 7 17

QUENCH-06  (ISP45) " L
2060 /  

2150
" No W 1,5 32 3 1 36 9 11 22

QUENCH-07 " L B4C
2100 

/>2300
" No S 0,6 62 94 26 182 60 66 100

QUENCH-08 " L Partial
2070 

/>2300
" No S 0,6 46 35 3 84 43 45 52

QUENCH-09 " L B4C Tiny
2100 

/>2500
" Yes S 1,8 60 269 131 460 82 87 211

QUENCH-10 (Q-L1) " L
2180 / 

2300
" Air W 1,8 46 5 2 53 10 13 33

QUENCH-11 (Q-L2) " L Tiny
2300 

/>2500
0.6 Yes W 0,6 9 83 48 140 90 94 59

QUENCH-12 (E110) V L
2060 / 

2160
0,65 No W 1,5 34 22 2 58 38 41 36

QUENCH-13 P L SIC
2086 / 

2086
0,5 No W 1,7 42 1 0 43 2 ? <40

QUENCH-14 (M5) " L
2053 / 

2308
0,7 No W 1,5 35 5 0 40 0 ? <40

QUENCH-15 (ZIRLO) " L
2100 /

?
0.7 No W 1,5 40 8 ? 48 0 ? <40

PBF SFD ST " H
>2100 

/>2700
0.1 ? W 0,5 132 40 0 172 23 ? ~23

PHEBUS-CD B9R2 " L
 ?  / 

2150
<0.2 Yes S S 0 ? ? ?

CORA-12 " L SIC
~2000 

/ 2273
~1 --- W 1,4 ? ?

CORA-13 (ISP-31) " L SIC Tiny
~2100 

/ 2500
~1 --- W 1,4 142 68 ? 210 60 ~39

CORA-17 B L B4C
~2000 

/ 2300
~1 Yes W 1,4 32 118 ? 150 79 ?

LOFT LP-FP2 P H SIC
2310 

/~2700
2.2 --- W <130 205 819 0 1024 56 ~80

TMI-2 P H SIC
2100 

/~2900
0.5 ? W ~50 0 4.6e5 ~30

Paks (CTI) V L
1600 /   

?
0.1 ? W ? 0 ?
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Subtracting the respective values, gives the entry: “Corrected H2 mass during quench” in Table 1. The ratio 

of measured and of corrected hydrogen production during quench to measured hydrogen production during 

the whole test is added for comparison. In the last column, the fraction of consumed Zry is added, 

normalized to bundle sections at temperatures above 1500 K, corresponding to a bundle segment from app. 

0.6 to app. 1.2 m elevation. For two experiments, QUENCH-07 and QUENCH-09, these values are close 

to or even exceed 100 % indicating that the assumed intact conditions in the test section were not 

maintained, because in both cases the shroud failed to a large extend, so that massive external shroud 

oxidation has to be considered. Presently, other contributions to the hydrogen source term are still under 

investigation. 

 

Local blockages prior to reflood initiation were detected only in CORA-13, by video inspections; in 

QUENCH-03 and QUENCH-09, some thermocouple readings may be interpreted as affected by a local 

blockage. Similarly, the only candidate for reflooding of extended local debris is the in-pile test LOFT LP-

FP2, due to the high PCT of ~2310 K prior to reflood initiation. Due to this lack of information, reflood 

with large debris and/or molten pools is discussed elsewhere [16]. 

 

Some years ago, the OECD International Standard Problem No. 45 (ISP-45, QUENCH-06 [17]) gave a 

screenshot of the present analytical capabilities. Results of system codes (thermal hydraulics) coupled with 

core degradation modules and integral codes showed that the reflood of a slightly damage core is 

principally understood. In the meanwhile, the ongoing code development has improved description of the 

fuel rod and absorber rod behaviour, and, very important, of reflood. 

 

From the above database and best estimate calculations we learn that below app. 2200 K the risks of 

adverse effects during reflood, such as massive hydrogen release or accelerated damage progression can be 

practically excluded, if sufficient reflood capacity is activated. Above 2200 K, the behaviour is difficult to 

predict and depends on parameters such as core configuration and size, reflood mass flow rate, water 

injection position (top, bottom or both positions), system pressure, fuel type, and maybe burn-up. Under 

such extreme conditions, a quantification of the hydrogen source term is difficult to achieve [15].  

 

Integral experimental investigations, covering CDS 5 and subsequent CDS, are very difficult and 

expensive, especially because sophisticated on-line instrumentation is required to detect bundle status prior 

to reflood. In addition, the loss of bundle geometry cannot be simulated correctly by electrically heated 

rods. Moreover, the lateral damage progression cannot be represented correctly, so that dedicated small-

scale 2D-model experiments have to be performed for code qualification [11]. 

C2. State of Art in Modelling 

A brief overview of code capabilities for the various phases of a severe accident can be extracted from the 

international benchmarks such as ISP-31 (CORA-13), ISP-45 (QUENCH-6) or the SARNET benchmark 

on QUENCH-11 [18], performed on December 8, 2005.  

 

The discrepancy observed in the SARNET benchmark on QUENCH-11 [18] was the trigger, to start an 

overall analysis of both, experimental and analytical data with respect to application of the codes to large 

power reactors. QUENCH-11 [19] covered the whole sequence of a severe accident scenario from boil-off 

until complete reflood. In particular, it was dedicated to investigate a low RMFR (0.6 g/s*rod) scenario. 

The RMFR value was chosen below the critical value of ~ 1g/s*rod, deduced from PBF SFD-ST and 

LOFT LP-FP 2 analyses [12]. The pre-oxidation (< 30µm), caused by a pre-test (Q 11v3) to investigate the 

boiloff and reflood procedure under DBA conditions, was considered to be negligible.   
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Generally, all codes were able to match the heat up phase during open phase of the exercises and the 

released hydrogen, if we subtract the facility based contribution as described in [14]. Nevertheless, they 

had some difficulties to simulate adequately the non-prototypic devices (auxiliary heater, add. water inlet) 

required to perform such a boil-off experiment in the QUENCH facility.  

 

In addition, the blind prediction of temperature evolution and hydrogen release shows larger discrepancies 

as expected.  Besides facility effects as mentioned above, the simulation of the coupling between thermal 

hydraulics and fuel element structures influence is a key issue for success. Most of the codes rely on 

correlations derived from stationary experiments and extended to highly dynamical processes. Therefore, 

the observed uncertainty is reasonable. Improvements are necessary with respect to simulation of reflood 

and coolability of particulate debris and molten pools. 

 

D.  Relevant parameters 

 

From the experimental database, a number of important parameters, not discussed in the previous section, 

can be deduced. They are listed in Table 2 together with the parameters they depend on and the parameters 

they influence. They cover a wide spectrum of physical quantities, their possible range and the range, 

covered by available experiments, indicate the field of open issues.  

Table 2 List of global parameters and their dependencies 

 

Parameter     Variable
Depending 

on:
Influence on:

Total 

range
Exp. Range

Data

base

Extension 

possible

1
Core Damage 

state
CDS

PCT, CABU, 

Psys, Reactor,

Clad-Material

Long term cooling  1-8  1-5+ Phase
C,Q,X,

P,L,T

Q:  Clad, debris

P: molten pool

2 Reflood mass 

flow rate 
RMFR WIP, Psys

Core damage 

progression
0.5-180 1-130 g/s*rod Q ---

3 System 

pressure
Psys Reactor, AMM

Fluid entrainment,

RMFR
1-17  ~0.2 MPa T

4 Injection 

position
WIP Reactor, AMM Fluid entrainment

top/

bottom

bottom,

top/bot.
--- P

PARAMETER-

SF2, SF3

5 Core average 

burn-up
CABU

Core loading & 

age

FP release,

power density
0-55 <1 GWd/t --- (T) ?

6 Core loading 

MOX
MOX

Core loading & 

age

FP release,

power density
0-50 0 % MOX --- ?

7 Core size
CS

Reactor type

power density

pool spreading & 

crust failure
 1-3 1,5

radius

m
--- (T) ---

 
 

The CDS prior to reflood reflects the scenario history, e.g. heat-up rate, steam availability, etc. and is 

therefore the most important parameter. In a first approach, the CDS is characterized by the PCT alone, 

because the CDS cannot be defined more exactly by measurements. In a second step, the core heat-up rate 

as well as steam availability at high temperature should be taken into account. Presently, the influence of 

steam starvation is supposed to be the most dominant parameter in this context for hydrogen production 

during reflood phase, but such experimental findings have to be clarified by separate effects tests and 

subsequent code calculations. Rather a new contribution to the CDS is the case of air ingress which may 

happen in maintenance states, spent fuel pool accidents, or in the in-vessel late phase after RPV failure. 

Presently, the database for air-ingress prior to reflood is very scarce, only in CODEX-AIT [8] and in 

QUENCH-10 [20] the bundle was exposed to an oxygen-nitrogen mixture and cooled down by steam 

(CODEX-AIT) or quenched with water (QUENCH-10). As a consequence of the QUENCH-ACM 

program [21], cladding materials are included precautionary/by way of precaution/tentatively in the table, 

but only as a contribution to the CDS. 
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In April 2006, a first top flooding experiment PARAMETER-SF1 was performed in the Russian out-of-

pile facility (SF1, Table 1). Similarly to bottom flooding, the temperatures in the upper part of the heated 

part of the bundle (0.6 – 1.0m) exceed 2300 K during reflood, while the lower part of the bundle was 

quenched quickly (ERMSAR-2008) At a first glance, the reflood occurred similarly to relevant tests in the 

UPTF facility. Further tests with combined injection (SF2) and only top injection (SF39 are under way but 

not yet considered. 

 

Test QUENCH-11 [19], performed on December 8, 2005, was dedicated to investigate a low RMFR (0.6 

g/s*rod) scenario under well-defined conditions, to reduce the risk of an unwanted fast temperature 

escalation during reflood phase. The RMFR value was chosen below the critical value of ~ 1g/s*rod, 

deduced from PBF SFD-ST and LOFT LP-FP 2 analyses [12]. The pre-oxidation (< 30µm), caused by a 

pre-test (Q 11v3) with reflood under DBA conditions, was considered to be negligible. However, the 

presence of an evaporating water pool at the lower end of the bundle created a steeper axial temperature 

gradient compared to other QUENCH tests, and the low RMFR produced some unexpected results [19]. 

The high hydrogen release during reflood is due to facility-based contributions (Table 1). 

 

E.  Quantitative interpretation 

 

The instrumentation of integral experiments delivers a huge amount of data, which have to be qualified and 

compared with each other for consistency before any interpretation to avoid wrong conclusions. The 

consistency check has to consider the individual sensitivity as well as the uncertainties caused by position, 

type, and characteristics of the sensors. Also, especially for integral data such as hydrogen mass or amount 

of core degradation, separation between facility based and reactor specific or prototypic effects is 

necessary to qualify the measured values.  

 

Such detailed knowledge is only available for the QUENCH tests. In these tests, it was seen in post-test 

examination that oxidation of tungsten heaters and molybdenum electrodes [14] may contribute markedly 

to overall hydrogen production. It only plays a role for temperatures above 2300 K. For this reason, it is 

only taken into account for the quench or cool-down phase. Shroud failure (beach), due to thermal stresses 

at the end of the heated test section, causes additional hydrogen release, injection of Ar cooling gas from 

the bypass, and later-on, when the water has reached breach level, the quench front ceases due to flooding 

of the thermal insulation. In case of bundle degradation, quantification is very difficult because of the 

essentially one-dimensional type of bundle experiments and the facility specific grid of tungsten heaters in 

electrically heated bundles, which stabilise de-cladded pellet stacks.  

 

All CORA [22], QUENCH, and PARAMETER tests were terminated before reaching a CDS of 6, which is 

achieved in all PHEBUS FPT tests. Due to the forced convection, a flow path is established between 

debris/molten pool and the shroud allowing sufficient steam to pass through. For the small bundle size, this 

channel is sufficient to quench this configuration. A successful evaluation of experimental data requires a 

detailed knowledge of the test facility and detailed analysis of the test sequence to identify time and 

locations of the deviation from prototypical behaviour based on destructive post-test examinations [14]. 

 

F.  Reflood map 

 

If we restrict the further analysis only on two parameters, namely RMFR and the CDS prior to reflood 

initiation, the results of the tests can be arranged as a reflood map (Fig. 1) focussed on the damage progress 

(left) and the corrected ratio of hydrogen release during reflood to total hydrogen mass (right). The range 

of the RMFR, together with typical emergency core cooling (ECC) systems is shown in the left column for 

both parts of the figure. The experiments are located depending on the CDS and indicated literally as 

mentioned above. The green fields in the left part of Fig. 1 indicate reflood without serious damage 

propagation while the yellow colour indicates significant bundle damage. 
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Accident sequence analyses with S/R5 cover the dotted or dashed region in Fig. 1. They reveal that low 

mass flow rates can lead to unexpected adverse effects, if nearly all evaporated water is consumed by the 

Zircaloy in the core and nearly pure hydrogen is released into the containment. Such situations occur, when 

ECC pumps cease or other systems, originally not designed for ECC purposes, but activated by AMM. 

From the results of QUENCH-11, the RMFR of 0.6 g/s*rod is sufficient to cool a 1.2 m long rod bundle, 

but it is not sufficient to cool a completely dry core without formation of a large in-core pool. 
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Fig. 1 Reflood map, experiments aligned by available mass flow rate 

(vertical) and core damage state (horizontal) for damage progression (left) 

and additional hydrogen release during reflood (right) 

Colour coding

A X < 20%

B 20 < X < 50%

C X > 50%

Cat A & B

Cat B & C  

 

Both parts of the reflood map, the reflood initiated core damage progression and the additional hydrogen 

production show similar behaviour that indicate a limit for successful core reflood. Including TMI-2 as an 

extreme case, the conclusion may be drawn, that with increasing core damage increased reflood capability 

is necessary to maintain coolability. As an undesirable effect however, hydrogen release increases with 

damage progression, and this affects the hydrogen countermeasures in the containment, if not sufficient 

steam is fed into the containment to avoid hydrogen deflagration or explosion. 

 

G.  Conclusion 

 

The experimental database on degraded core reflood was analysed to derive information about success of 

reflood. For this purpose, common bundle behaviour in different experimental facilities was extracted. A 

list of global parameters influencing degraded core reflood was identified. The behaviour of fuel rod 

bundles is outlined in a preliminary reflood map with respect to the reflood mass flow rate and the core 
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damage state to deduce the limits up to which final bundle cooling can be expected to be successful and 

hydrogen production may be tolerated. The present analyses show that the regime of DBA-like system 

response can be extended up to the onset of severe core degradation, even up to a PCT of app. 2200 K, if a 

sufficiently high RMFR value is available. In agreement with other experiments the QUENCH experiment 

strongly support the existence of a minimum RMFR value for successful core reflood of ~1 g/s*rod [7]. 

The reflood map on core degradation and hydrogen release is still under development and is considered as 

a tool to summarize the existing knowledge and to identify white areas for efficient future experimental 

work. System pressure, core composition (MOX or high burn-up), and core size have to be investigated 

analytically. However, steam starvation before reflood with the consequence that oxide scales may be 

reduced and oxidation is enhanced during reflood is not yet addressed correctly, mainly because of lacking 

experimental data. 

 

A still open issue is the transfer of the rather detailed research findings to existing power plants. The need 

to get reliable information increases with accident progression. For the in-vessel late phase of severe 

accidents, the operators have to rely on continuous plant simulation of the accident that are faster than real-

time, and, more stringent, that comply with the current understanding of processes and their interplay. As a 

first step to this goal, the French-German integral code ASTEC V2 is under validation using the reflood 

database. 

 

H.  Acknowledgment 

 

The authors would like to thank the experimental group of the QUENCH programme and Dr. Tim Haste, 

IRSN Cadarache, for the fruitful discussions and critical remarks. The HGF Programme NUKLEAR at 

Karlsruhe Institute of Technology (KIT), the former Forschungszentrum Karlsruhe (FZK), sponsored this 

activity. 

 

Nomenclature 

 
AMM Accident management measure 

BWR Boiling water reactor (B) 

CABU  Core average burn-up 

CDS Core damage state 

CS Core size 

CTI Cleaning tank incident at Paks NPP, Hungary 

DBA Design basis accident 

ECC Emergency core cooling 

G Coolant mass flow rate per flow area [g/(s*m²)] 

HGF Helmholtz-Association of National Research 

Centres, Germany 

INL Idaho National Laboratory, USA  

ISP International standard problem of the OECD  

LH  Lower head (plenum) 

LWR Light water reactor  

NPP Nuclear power plant 

OECD Organization for Economic Cooperation and  

Development 

PCT Peak core temperature 

PBF Power Burst Facility at INL, USA 

PHB PHEBUS in-pile facility, Cadarache, France 

PWR Pressurized water reactor (P) 

RMFR Reflood mass flow rate per rod [g/s*rod] 

RPV Reactor pressure vessel 

SFD Severe fuel damage 

TMI-2 Three Mile Island, Unit 2 

VVER Water moderated, water-cooled energy reactor (V) 

WIP Water injection position (top, bottom or both) 
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Importance of THE in and ex-vessel corium coolabity in case of severe accident for the French 

PWRs. Some views from L2 PSA and perspectives 

E.Raimond, C. Caroli, R. Meignen, N. Rahni, B. Laurent(IRSN) 

 

 

Abstract 

 

In the case of a severe accident on a NPP leading to core degradation after a default in the core cooling as 

during the accident of Three Mile Island (TMI2), the most efficient way to stop the accident progression 

would be the in-vessel water injection if a specific mean is available. The TMI2 accident has shown that 

the accident can be stopped and that the corium, even if highly degraded, can be cooled, but no one can 

generalize the TMI2 accident termination to all situations. 

 

The present paper aims at presenting the situation for the French operated PWRs and is mainly based on 

the IRSN experience in level 2 probabilistic safety assessment (L2 PSA) development for this type of 

reactor. It tries to highlight the benefit that could be obtained from a better understanding of the corium 

cooling phenomenology, including both possible positive and negative effects, and from an improvement 

of the simulation tools, mainly the ASTEC integral code. 

 

1. Introduction 

 

In the case of a severe accident on a NPP leading to core degradation after a default in the core cooling as 

during the accident of Three Miles Island (TMI2), the most efficient way to stop the accident progression 

would be the in-vessel water injection if a specific mean is available. The TMI2 accident has shown that 

the accident can be stopped and that the corium, even if highly degraded, can be cooled, but no one can 

generalize the TMI2 accident termination to all situations. 

 

The present paper aims at presenting the situation for the French operated PWRs and is mainly based on 

the IRSN experience
1
 in level 2 probabilistic safety assessment (L2 PSA) development for these types of 

reactor. It tries to highlight the benefit that could be obtained from a better understanding of the corium 

cooling phenomenology, including both possible positive and negative effects, and from a real 

improvement of the IRSN simulation tools, firstly in the ICARE-CATHARE mechanistic code, then in the 

ASTEC integral code. 

 

2. Specific features of the French PWRs in operation 

 

2.1 Design 

 

Three series of Gen II reactors are operated in France (900 MWe, 1300 MW and 1450 MWe). Like most 

Gen II reactors, the severe accidents were not taken into account in the initial plant design. However, the 

understanding of what may happen in such events may lead to the identification of possible improvements 

of the initial design or counter-actions that may help in limiting the radioactive releases in accidental 

situations. This activity still has a high priority for both the Safety Authority and IRSN (even if the 

probability of occurrence of such accident seems very low when calculated by PSA). 

 

The following table provides some information on the design of these plants. 

                                                      
1
 IRSN, as Technical Safety Organization working for the French Safety Authority, develops « independent » PSA to 

support the review of the operator studies. 
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Table 1 – Some features of the French PWRs in operation 
 900 MWe PWR 1300 MWe PWR 1450 MWe PWR 

Loops 3 4 4 

Safety injection 2 high pressure trains (HP) 

2 low pressure trains (LP) 

2 HP trains, 2 medium 

pressure (MP) trains 

2 HP trains 

2 MP trains 

Accumulators 3 4 4 

Specific 

procedures for 

additional water 

injection means 

Yes, including connection 

with neighbouring plant 

Yes  Yes  

Containment Single, liner, design 

pressure 5 bar 

Double, 5 bar Double, 5 bar 

Vessel pit (reactor 

cavity) 

Small volume, connected to 

the containment upper 

volume, no water draining 

Small volume, connected 

to the containment upper 

volume, no water draining 

Small volume, 

connected to the 

containment upper 

volume, no water 

draining 

Vessel insulator Fix Fix Fix 

 

The design features would drive the progression of a hypothetical severe accident, for example: 

 the diversity of the water injection possibilities makes reasonable the assumption that some of 

them will be available during the in-vessel core degradation even in the worst case of total station 

blackout; nevertheless, the flow rate may be not sufficient to compensate both residual power and 

oxidation power; 

 the existing connection between the vessel pit and the containment upper volume influences 

strongly the course of accident: 

o if the containment spray system is activated, the vessel pit would be filled with water 

around one hour later and this water may impact the external vessel cooling and (mainly) 

the phenomena that would occur after a vessel rupture and the contact between the corium 

and water, 

o in the case of a vessel rupture at high vessel pressure, this connection makes possible the 

transfer of corium droplets from cavity in the upper part of the containment and some high 

pressure peak (direct containment heating - DCH); 

 the vessel insulator has not been designed taking into account some severe accident conditions; 

due to this insulator, the efficiency of a vessel external cooling (case with water in the reactor 

cavity) may be limited and thus the presence of water in the cavity may have a very limited impact 

on the vessel behaviour. 
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2.2 Accident management 
 

Severe accident management guidelines (SAMG) have been developed by EDF since many years. The 

main idea is to define actions for the protection of the containment (in the emergency operating procedures 

(EOP), before SAMG application, the main objective is to assure the short and long term core cooling). 

The latest versions of SAMG include some specific recommendations regarding in-vessel water injection 

to limit the risks on the reactor containment, for example: 

 water injection should be avoided at the beginning of core degradation if the flow rate is not 

sufficient to compensate both residual power and oxidation power; from a practical point of view, 

the safety injection pumps are the only mean able to cope with this recommendation which is 

supposed to avoid hydrogen production with high kinetics regarding PARs (passive autocatalytic 

recombiners) capabilities; 

 water injection should be avoided after few hours of core degradation if a sufficient break does not 

exist on the reactor cooling system (RCS); this condition has been drafted to avoid RCS 

pressurization by injected water vaporization and then DCH; 

 the spray system activation may be delayed (6 hours) to keep as far as possible the containment 

atmosphere inert during the in-vessel hydrogen production phase. 

These SAMG have been reviewed and also modelled in L2 PSA
2
 by IRSN. We however have to recognize 

that the situation regarding the management of the water injection is complex: 

 the IRSN L2 PSA shows that the current SAMG has a positive effect on the risk of early 

containment rupture (by hydrogen combustion or DCH) because most situations supposing to lead 

to a containment threat are avoided; 

 the review of SAMG exhibits some particular cases (e.g. management of accumulators) that should 

be taken into account (but an increase of the list of rules would make the SAMG more complex); 

 the IRSN L2 PSA shows that the probability of human error (even with the support of emergency 

response organisation) may be high for some sequences; 

 in some L2 PSA sequences, an error in the SAMG application can have positive consequences 

(e.g. if it conduct to keep some in-vessel water injection with a low flow rate and in final to avoid 

the vessel rupture without containment failure); 

 the IRSN L2 PSA exhibits some coupling effect between the atmosphere containment pressure (or 

spray system operation) and the water injection regarding the containment failure conditional 

probability; these coupling effects are not included in the SAMG. 

Some of these aspects are detailed hereafter but it seems clear that progress in the simulation tools will be 

needed to better support the SAMG. 

 

3. Circumstances of corium reflooding in L2 PSA 

 

The (IRSN) 900 MWe PWR L2 PSA has conducted to identify the different circumstances of accident that 

may lead to the corium reflooding: 

 safety injection (high pressure and low pressure pumps) at the very beginning of in-vessel core 

degradation or delayed; 

                                                      
2
 “Application of the Human and Organizational Reliability Analysis in Accident Management (HORAAM) method 

for the updating of the IRSN level 2 PSA model”, V. Fauchille, L.Esteller, E. Raimond, N. Rahni, PSAM9 

conference 2009, Hong-Kong 
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 safety injection (low pressure pumps
3
 only) at the very beginning of in-vessel core degradation or 

delayed; the flow rate may not be sufficient to compensate the residual and oxidation power, 

depending of the RCS pressure; 

 other injection mean (flow rate supposed to be around 20 m3/h or 6 m3/h, depending on the 

available means) at the very beginning of core degradation (case of human error, this injection 

should be stopped in SAMG) or delayed (strict application of SAMG); 

 accumulators
4
 opening at the very beginning of core degradation or delayed; 

 spray system activation leading to the reactor cavity flooding (impact during the ex-vessel phase of 

accident); 

 vessel pit flooding by safety injection or other mean after vessel rupture; 

 lateral erosion of vessel pit walls by the corium allowing a contact between the corium relocated in 

the vessel pit and the water located in the bottom of the containment. 

 

4. In-vessel corium flooding 

 

4.1 How to assess the efficiency of water flooding 

 

The conclusion of the recent benchmark
5
 on the simulation of the TMI2 accident is reminded here to 

introduce the state of art concerning simulation capabilities of the reflooding phase of a degraded core. 

 

“For the reflooding phase, there is a general agreement on the calculated pressure increase, on the total 

hydrogen mass produced during this phase, and on the increased rate of core degradation. However, 

although all codes agree, some results may be questionable as they are apparently in contradiction with 

experimental observations (LOFT and QUENCH for example) and with theTMI-2 assumed evolution. In 

addition, there is a lack of agreement on the calculated efficiency of quenching. It can be concluded that, 

despite considerable improvement in codes abilities, more modelling and assessment should be done 

before codes can be considered reliable enough to calculate the reflooding phase.” 

 

This conclusion should conduct to a high prudence in the use of the results obtained with simulation tools 

on the reflooding phase. 

 

4.1.1 Water flooding at the beginning of core degradation 

 

During the development phase of a L2 PSA for the 900 MWe PWR (based on ASTEC V0.4 version, which 

is not maintained any more), IRSN made some efforts (in collaboration with CEA) to introduce in ASTEC 

V0.4 VULCAIN core degradation module, a specific modelling able to calculate the in-vessel reflooding 

phase. This model was validated on a limited number of experiments (QUENCH, CORA) and on the TMI2 

accident but nevertheless the quality of the modelling was considered to be insufficient. Moreover, the 

interaction between corium and water after corium relocation in the bottom of the vessel was not modelled. 

This model was applied on reactor situations to obtain some indication of the degraded core coolability. It 

appeared that, if the porosity of the core and the exchange surfaces between core debris and water (or 

                                                      
3
 These pumps are efficient only if the RCS pressure is below 9 bar (approximate value) 

4
 EOP ask accumulators isolation at 15 bar to avoid injection of nitrogen in the RCS; some water is still available and 

may be used during core degradation. 

5
 Report NEA/CSNI/R(2009)3 03-Aug-2009 “Ability of current advanced codes to predict core degradation, melt 

progression and reflooding - Benchmark Exercise on an Alternative TMI-2 Accident Scenario” 
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steam) are high enough, a rather small liquid injected flow rate seems sufficient to stabilize the corium but 

it is associated with a very high steam temperature outside the core (superheated steam), which implies an 

overheating of the structures above the degraded core. Another conclusion was that a small flow rate had a 

tendency to make the hydrogen production “more regular” and to avoid some brutal oxidation in case of 

corium slump in water lying in the bottom of vessel. This result is in total contradiction with the precaution 

currently in use in the severe accident guidelines. 

 

For L2 PSA developers, the difficulty here was of course to have some ideas of the uncertainties on such 

results. IRSN experts concluded that the quality of the modelling was not sufficient to have firm 

conclusions and in parallel of the achievement of the L2 PSA, it was decided at IRSN to promote the 

development of a reflooding 2D modelling (firstly in ICARE-CATHARE V2 code, then in ASTEC V2), 

supported by a new experimental program (PEARL). 

 

4.1.2 Water flooding after corium relocation in vessel bottom 

 

To assess the possibility of corium cooling when it is relocated in the vessel bottom, a specific model has 

been developed for L2 PSA (with CEA). This model was based on interpretations of the TMI2 accident 

including the existence of a gap between corium and vessel steel. This gap may allow some circulation of 

water or steam. The width of this gap is considered in L2 PSA as an uncertain parameter. 

  

This type of model shows that the corium coolability is “possible but not sure”. In fact, for most situations, 

it provides no real predictive information (we know through the TMI2 accident that the corium cooling is 

possible) but it can be used to formalize the large uncertainties. In other words, a message from L2 PSA 

result can be: “be careful when you have to estimate the delay before vessel rupture, the uncertainties can 

be very high in some conditions (low vessel pressure, low power or in case of reflooding)”. For the worst 

conditions (very high vessel pressure, high residual power and no water injection), this type of modelling 

shows that the delay before vessel rupture is low (between 1 and 3 hours). Here the L2 PSA results provide 

an estimation of the delay available to operators to depressurize the vessel and avoid DCH. 

 

Another identified limit of this modelling is the fact that it considered only the bottom of the vessel. All 

interactions between the higher parts of the vessel are in consequences badly modelled.  

 

These limitations should be overcome by the use of codes like ICARE-CATHARE then ASTEC V2, after 

achievement of the 2D-3D degraded core reflooding modelling. 

 

Some simulations of water injection on a degraded core are now in progress at IRSN with the current 

ICARE-CATHARE V2 2D modelling of degraded core reflooding in the framework of the 1300 MWe 

PWR L2 PSA. This contributes to the progress in the development of the modelling. 

 

4.2 How to assess the adverse impact of in-vessel water flooding 

 

Three main adverse impacts of in-vessel water flooding have to be considered in a L2 PSA for a PWR: an 

increase of the hydrogen production rate, a risk of in-vessel pressure increase (possibility of DCH) and the 

development of conditions for steam explosion. The following chapters try to present some recent analyses 

at IRSN and also their limitations. 

 

4.2.1 Risk linked to the increase of hydrogen production kinetics 

 

At the beginning of core degradation, the exothermal reaction of zirconium oxidation would lead to 

hydrogen production that may induce some high hydrogen concentration in the reactor containment. The 

containment integrity could be threatened in case of hydrogen combustion. PARs have now been installed 
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on all French PWRs allowing a large limitation of the risk. Nevertheless, within L2 PSA analysis, it is 

necessary to identify the specific situations that may lead to high hydrogen production rate, regarding the 

PARs performance. All situations including water injection during core degradation are concerned. 

 

For IRSN, this is a key issue and its analysis should rely on validated simulation tools or relevant 

experimental data. Unfortunately, neither validated simulation tools nor relevant experimental data for this 

issue were available until now… 

 

To support the development of the 900 MWe L2 PSA, the containment failure probability in the case of 

water injection has been estimated by using some simplified physical models gathered in an event tree 

within the KANT
6
 software. This methodology was defined within SARNET first phase

7
. For a defined 

transient calculated with ASTEC, the physical models calculate: 

 the hydrogen production rate increase in case of water injection; 

 the impact of spray system activation on containment atmosphere composition and flammability; 

 the occurrence of hydrogen combustion (partial or total) and pressure peak (PAICC); 

 the conditional containment failure probability (through the use of fragility curves). 

To overcome the difficulty in predicting the hydrogen production rate in case of water injection, a very 

large uncertainty band on hydrogen production rate has been defined. 

 

The conditional containment probabilities have been calculated using some Monte-Carlo sampling
8
.  

 

Figures 1 and 2 show the results obtained in the case of a LOCA sequence with initial failure of safety 

injection system, with two assumptions on containment behaviour (realistic and pessimistic
9
). 

 

The calculated containment failure conditional probability in case of water injection is higher during the 

first hours of the core degradation. It decreases if the spray system is activated before water injection.  

 

This conditional probability is quite low (<0,03) when the calculation relies on the best-estimate 

assessment of the containment behaviour beyond design (so-called “realistic case”) but is high (~0,5) when 

based on containment behaviour pessimistic assumption.  

 

For IRSN, these results confirm the interest of the prudent approach proposed by EDF in SAMG regarding 

the water injection (the risk is higher at the beginning of core degradation) and show also that a coupling 

between spray system activation and water injection in future SAMG could be beneficial. This point will 

be investigated further, in particular to assess the possibility and consequences of local hydrogen 

detonation, after spray system activation. Some specific research activities are conducted in collaboration 

with CNRS
10

. 

                                                      
6
 KANT is the IRSN probabilistic tool used to develop and quantify the accident progression event tree for L2 PSA.  

7 
“Level 2 PSA – Comparison between classical and dynamic reliability methods. Specifications and results of a 

benchmark exercise on consequences of hydrogen combustion during in-vessel core degradation”, E. Raimond, 

T. Durin, ERMSAR -2007, FZK Karlsruhe Germany, 12-14 June 2007 
8
 “L2 PSA: a dynamic event tree approach to validate PWR severe accident management guidelines”, E. Raimond, T. 

Durin, B. Laurent, K. Chevalier-Jabet, Conference PSA 2008, Knoxville, September 7-11, 2008 

9
 In the realistic case, the fractile 50 % of containment rupture pressure is 8 bar; in the pessimistic case, containment 

rupture is supposed to be sure at 6 bar abs (only one bar above containment design pressure). 

10
 “Etude expérimentale de la combustion d’hydrogène dans une atmosphère inflammable en présence de gouttes 

d’eau. Thesis presented on 09-25-2009 le 25/09/09 at Orléans university. H. Cheikh-Ravat 
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Figure 1 - Conditional containment failure probability (realistic case) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 – Conditional containment failure probability (pessimistic case) 
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Nevertheless, we have to recognize that the quantification of the risk (and also the SAMG limitation on 

water injection at the beginning of core degradation for the French PWRs) is driven by the high uncertainty 

on hydrogen production kinetics after water injection.  

 

The future simulation tools should allow a significant decrease of these uncertainties. 

 

4.2.2 Risk of in-vessel pressure increase and DCH 

 

In the case of water injection after some corium relocation in the vessel bottom, the vessel pressure may 

increase due to the water vaporization, depending on: 

 the RCS break if any or cumulated section of the safety valves if open, 

 the water flow rate and its initial temperature, 

 the corium temperature before water injection and its level of oxidation (exothermic oxidation 

would increase the vessel pressure), 

 the “quality” of exchange between corium and water (corium porosity, available surface for 

thermal exchanges…). 

As explained above, the physical processes in case of water reflooding are very complex and the 

simulation tools used by IRSN are not yet able to provide validated results. 

 

After some corium relocation, the vessel bottom steel would be progressively damaged by the thermal 

impact of the corium (melt-through, creep or fragile rupture). Here again, fully validated models for the 

prediction of the vessel rupture conditions are needed. Some research activities are being performed by 

IRSN (in collaboration with CEA and INSA-Lyon) with the objective to improve the vessel rupture 

modelling especially in ASTEC (delay before rupture and also vessel break size). Some progresses have 

been obtained and are available for the analysis
11

. 

  

Nevertheless, a complete validated modelling for in-vessel physical processes, mechanical vessel 

behaviour and containment loading (and able to predict in-vessel pressure increase and DCH after water 

injection) is not yet available in any integral code.  

 

In the context of the 900 MWe PWR L2 PSA and in anticipation of the future progress of the ASTEC 

abilities, IRSN has developed a probabilistic event tree with KANT to quantify the DCH risk in the case of 

3’’ LOCA sequence (with initial failure of safety injection).  

 

The probabilistic modelling (based on simplified physical models) with KANT includes: 

 assumptions to calculate the RCS pressure transient after water injection (uncertainties are 

modelled by random function, see Figure 3, amplitude of pressure peak is supposed to be between 

10 and 20 bar abs); 

                                                      
11

 Modelling of PWR lower head failure under severe accident loading using improved shells of revolution theory. 

Vincent Koundy, Nguyen Hieu Hoang, Nuclear Engineering and Design-NED-5043 (2008) 

 N. Tardif, M.Coret, and A.Combescure. “Unstable crack propagation under severe accident scenario conditions in a 

pressurized water reactor”. In Proceedings of the ASME PVP09 conference, 2009, 

N. Tardif, A. Combescure, M. Coret, P. Matheron, V. Koundy, and G. Nicaise. “Simulation éléments finis de la 

fissuration d’un acier à haute température à l’aide d’éléments cohésifs ». In Proceedings of the 9e colloque national 

en calcul des structures, 2009. 
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 a calculation of the delay before vessel rupture taking into account the transient of pressure (based 

of the model implemented in ASTEC V1.3 and V2); 

 a calculation of melt corium ejected at vessel rupture (depends for example on the RCS pressure, 

the relocated corium mass …); 

 a calculation of containment pressure peak in case of corium ejection (DCH), including hydrogen 

combustion; 

 a calculation of the conditional probability of containment failure (through the use of fragility 

curve); 

 assumptions on the hydrogen pre-existing in the containment at vessel failure time. 

Here again, the uncertainties on the modelling have been taken as very large to take into account the lack 

of validation of the models. 

 

 
Figure 3 – RCS pressure after water injection (modelling) 

 

 

The obtained results (see examples in Table 2) show the importance of the containment strength 

characterization (beyond the design pressure) to limit the DCH risk in case of late in-vessel water injection 

and also the positive role of the spray system activation to limit the initial containment pressure. If the 

water injection occurs when the vessel is still damaged, then the vessel rupture appears sooner, and the 

vessel pressure and consequently the containment failure conditional probability are higher. 

 

The numerical values presented in Table 2 should not be taken as reference values, because the scientific 

basis is not sufficient but we can conclude on the need of validated integral models able to calculate both 

the pressure increase in case of late in-vessel flooding, the impact on the vessel rupture and the 

containment loading in case of DCH. 

Time 
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Table 2 – Example of calculated conditional containment rupture probability in function of the delay 

of water injection after corium relocalization in the vessel bottom (PWR 900), with 125 kg hydrogen 

in containment at vessel failure 

 

Containment 

pressure at vessel 

rupture time 

Delay 

between 

corium slump 

and water 

injection  

Realistic 

containment 

fragility curve 

Pessimistic 

containment 

fragility curve 

1 bar 

(spray system 

activated) 

0 – 23 mn 0,1% 0,3% 

23 - 50 mn 0,2% 1,9% 

50 - 66 mn 0,2% 1,0% 

2 bar 

(spray system not 

activated) 

0 - 23 mn 0,3% 4,6% 

23 - 50 mn 0,6% 12,5% 

50 - 66 mn 0,7% 13,5% 

3 bar 

(spray system not 

activated) 

0 - 23 mn 1,0% 21,4% 

23 - 50 mn 1,5% 33,1% 

50 - 66 mn 1,7% 44,6% 

 

4.2.3 In-vessel steam explosion 

 

The vessel failure risk induced by an in-vessel steam explosion is considered to be very low regarding the 

vessel strength before the melt relocation (intact vessel). Nevertheless, in-vessel water injection may help 

in the development of steam explosion and validated modelling may help in understanding the conditions 

of steam explosion. 

  

Moreover, in L2 PSA should be also taken into account the fast hydrogen production induced by an in-

vessel steam explosion. It may justify also providing some correct description of the in-vessel conditions. 

 

5. Ex-vessel corium coolability 

 

French Gen II PWRs were not designed with specific requirements regarding severe accidents and a major 

difference with Gen III reactor EPR is the absence of core catcher. After vessel rupture, and without 

specific cooling, the demonstration that the basemat will not be penetrated by the corium is still not done. 

Nevertheless, the stabilization of the corium within the containment would be of key importance to limit 

the consequences of a severe accident. Without any design modification, the interaction between corium 

and water seems to be the only way to avoid the basemat penetration. 

 

5.1 Impact of the water in the reactor pit 

 

The water already present in the reactor pit may induce: 

 a steam explosion that could threaten the global tightness of the structure; 

 a corium cooling when corium falls in the water allowing some limitation in the basemat 

penetration; 

 some difficulty for the corium to spread on all the available surfaces (access corridor to the vessel 

pit) which could have a negative impact to limit the basemat penetration. 

All these issues are key points for L2 PSAs of the French PWRs. 

 

Here again there are clearly some needs of progress from the R&D activities: 
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 for steam explosion, the validation of codes like MC3D (in development and use at IRSN) should 

progress (e.g. through efforts in the SERENA OECD/NEA/CSNI project) and, in parallel, the 

characterisation of the structural mechanical behaviour will be improved (e.g. IRSN develops 

some 3D mechanical modelling for the 1300 MWe PWR), allowing some more robust 

quantification of the risk; 

 the impact of reactor pit water on corium cooling and spread capabilities will be inserted in the 

IRSN R&D programmes in relation with ASTEC V2 developments; moreover, multidimensional 

codes like MC3D can provide estimations of these features and more generally on flow conditions 

(water, steam and corium particles) following the vessel rupture. 

 

5.2 Long term phase of MCCI 

 

Many efforts have been dedicated to the long term phase (MCCI) but the uncertainties on the basemat 

penetration kinetics remain very high.  

 

Nevertheless, when taking into account the accident consequences, the gravity of an accident with basemat 

penetration would not be comparable to the same accident without penetration (due to the ground 

contamination by contaminated sump water for example).  

 

Modifications of the operated PWRs design for the MCCI phase are not foreseen up to now in France but it 

seems clear that if the accident can be slowed down before the MCCI phase, the chance for keeping the 

corium inside the containment will be extremely higher.  

 

Here again, the situation provides some arguments to improve as far as possible our capabilities to simulate 

the impact of corium cooling during the first steps of accident.  

 

In other words, the use of water injection in the early phase of the accident should be promoted to avoid 

long term basemat penetration, but only if it can be demonstrated (with validated simulations tools) that the 

associated risks are low enough. 

 

6. Conclusion 

 

Based on IRSN experience in the development of L2 PSA for the French PWRs, this paper tries to show 

how it is still important to progress in the comprehension and the development of simulation tools for the 

corium cooling by water during in-vessel and ex-vessel phases of a severe accident. After many years of 

severe accident research, some issues are still open while they are crucial for the severe accident 

management: 

 what would be the increase of hydrogen production rate in case of in-vessel water injection? Does 

it really justify avoiding water injection in some reactor configurations? 

 what would be the RCS pressure rise in case of late in-vessel water injection? What would be the 

vessel behaviour? What is the link with DCH risk? 

 is the presence of water in the reactor pit (before vessel rupture) positive (corium cooling) or 

negative (steam explosion, containment pressurisation, corium spread area) on the accident 

progression? 

L2 PSAs in France have now reached a certain maturity allowing raising some more precise issues, but for 

the issues presented in this paper, some progress from the R&D and the simulation tools are still necessary 

to support decision-making. 
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The Issue of In-Vessel Coolability from the PSA Level 2 Point of View 

Horst Löffler (GRS) 

 

Abstract  

 

GRS has performed PSA level 2 for two PWRs and for two BWRs. From this background, the following 

issues will be addressed:  

 

 probabilities and overall PSA results for coolability in the core region and coolability in the RPV 

bottom  

 preconditions for successful in-vessel cooling  

 accident sequences with particularly high and particularly low potential for in-vessel cooling  

 examples for plant-specific design details which determine coolability  

 

1. Summary of PSA level 2 performed by GRS with focus on in-vessel coolability  

 

Research on in-vessel coolability is mostly concentrated on phenomenological issues, assuming coolant 

injection into a partly molten core. To put this issue into proper perspective, it is useful to look into results 

of PSA level 2 which also address the probability that previously failed injection systems will be 

recovered. PSA level 2 performed by GRS have been evaluated with this focus. PSA address a wide 

spectrum of issues, so that the individual issue cannot be covered with a considerable degree of precision. 

This applies also to the data and results which will be given here. Furthermore, direct adaptation of the data 

and results to other plants is not appropriate.  

 

PSA Level 2 has become mandatory for all power plants in Germany in 2005. Since then PSA Level 2 are 

being performed by utilities. Before 2005, PSA Level 2 has been supported by the federal government in 

the frame of research and development activities. Within this framework GRS has performed PSA level 2 

for several German nuclear power reactors with different design:  

 

- two for PWRs 

  

- two for BWRs.  

 

The following table summarizes the results for the in-vessel retention in these four PSA Level 2. The 

conditional probabilities given are mean values of distributions which may be rather wide. 
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Table 1: Summary of in-vessel retention assessment in four PSA Level 2 

 

Type of reactor  RPV bottom  Fraction of CDS 

sequences without 

core relocation to 

lower plenum and 

without RPV failure  

Fraction of CDS 

sequences with core 

relocation to lower 

plenum and without 

RPV failure  

PWR: Biblis B / 

1300 MWe [1] 1  

RPV bottom without 

penetrations  

Not evaluated  Not evaluated  

BWR: SWR-72 / 

1300 MWe [2] 2  

Many bottom 

penetrations, one of 

them vulnerable by 

core melt  

0.05: Retention 

assumed if no debris 

blockages occur at 

core bottom and if 

flooding starts early  

0.0 Retention of core 

material in lower 

plenum impossible 

due to specific RPV 

bottom penetration  

PWR: Konvoi 

GKN-2/ 1370 MWe 

[3] 3  

RPV bottom without 

penetrations  

0.102: Retention due 

to reflooding before 

significant core 

destruction  

0.215 Retention due to 

reflooding after 

significant core 

destruction, but before 

large relocation to 

lower plenum  

BWR: KKP-1/ 925 

MWe [4] 4  

Many RPV bottom 

penetrations  

0.01: Control rod and 

pump seal flushing 

water sufficient for 

core retention in HP 

cases, but: almost no 

HP case and LP 

systems mostly not 

available  

0.0: Failure of at least 

one instrumentation 

tube very likely. Ex-

vessel heat removal 

not possible due to 

plant specific 

peculiarities  

 

 

 
1 [1] GRS, Deutsche Risikostudie Kernkraftwerke Phase B, ISBN: 3-88585-809-6, 1990  

2 [2] 4th International Conference on Probabilistic Safety Assessment and Management, Sept. 13-18, 1998, New 

York City, USA  

Probabilistic and Deterministic Analysis of Severe Accidents for a Boiling Water Reactor  

Horst Löffler, Gesellschaft für Reaktorsicherheit (GRS) mbH, Schwertnergasse 1, 50667 Köln, Germany  

3 [3] GRS, Assessment of the Accidental Risk of Advanced Pressurized Water reactors in Germany  

Draft for Comment, GRS-184, April 2002 (final version not published)  

4 [4] Methods and Results of a PSA Level 2 for a German BWR of the 900 MWe Class  

Horst Löffler, Dr. Martin Sonnenkalb, Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) mbH, Schwertnergasse 

1,  

D-50667 Köln; EUROSAFE 2006, Paris, November 13&14, 2006  
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2. In-vessel retention in SWR-72  
 

2.1  No possibility for retention in the lower plenum 

  

The RPV bottom of this reactor has a particular feature: One of the many penetrations which had been 

machined into the bottom turned out to be not necessary. Therefore this opening has been closed from the 

inside of the RPV by a cover which resembles a “hat”. This structure is well suited for normal operation, 

but it is easily penetrable by core melt. Even if the RPV were submersed in water from the outside, water 

could not reach the inside of the “hat”. Therefore in this reactor there is practically zero probability for 

retention of core debris in the lower plenum. The numerous other penetrations which are housing the 

control rods and instrumentation are less susceptible to failure under core melt impact than the mentioned 

“hat”. It was not necessary to investigate their retention potential due to the leading failure mode at the 

“hat”.  

 

Consequently the only possibility for in-vessel retention in this reactor is to cool the core in its original 

location by flooding the core. Two conditions have to be met: Reflooding has to occur timely enough and 

flow paths through the fuel elements must not be blocked by debris, so that the coolant can enter the fuel 

elements from below.  

 

2.2 Recovery of coolant injection  

 

It has been roughly estimated that the probability to recover previously failed injection systems between 

the onset of core melt and relocation of molten core material to the lower plenum has a large uncertainty 

between 0.0 and 0.5 with a mean value of 0.25. However successful injection is possible only if the 

necessary boundary conditions exist: Sufficient water level in the wetwell (where the injection systems get 

the water from) and temperature in the wetwell not above cavitation threshold and electric power available. 

Taking into account all these conditions, the mean probability for injection occurring before core relocation 

is 0.22. 

  

2.3 Formation of blockages in the lower part of the core  

 

Formation of a blockage in the lower part of the fuel elements has been identified as a key issue. Blockages 

would limit or even choke the ingress of water from below if reflooding occurs and at the same time they 

would lead to accumulation of core debris which moves down from the upper part of the fuel element. 

  

Because of the importance of blockage formation, a formal expert elicitation has been performed with 

three in-house experts.  

 

 Expert A analysed the issue as follows: If the core is wet (i.e. if there is a high pressure case), the 

probability for blockages is 1.0. If the core is dry, it has to be distinguished whether the control 

rods are inserted (median value for blockage is 0.98) or if they are not inserted (median value for 

blockage between 0.91 and o.96, depending on rate of temperature increase).  

 Expert B assumed in most cases a probability of 1.0 for a blockage, except when the control rods 

are not inserted and the core is dry. In this case he expressed a preference for blockage formation, 

but with considerable subjective uncertainty.  

 Expert C expressed his judgement as probability density distributions for blockages as follows: If 

the core is wet, there is a triangle distribution between 0.75 (min) and 1.0 (max) with a maximum 

at 0.9. If the core is dry and control rods not inserted, there is a triangle distribution between 0.05 
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(min) and 0.25 (max) with a maximum at 0.1. If the core is dry and control rods inserted, there is 

a triangle distribution between 0.1 (min) and 0.9 (max) with a maximum at 0.5.  

With these experts’ answers and the appropriate boundary conditions from the previous parts of the 

accident sequences the mean conditional probability for not producing blockages is 0.29.  
 

2.4  Probability for retention if no significant blockages develop  

 

If there is no blockage in the bottom of the core area, and if a reflooding begins before core relocation into 

the lower plenum, there is a high probability for keeping the core material in the original core region. 

Quantitatively this has been expressed as a triangular probability density distribution between 0.5 and 1.0 

with its maximum at 0.9. This distribution is based on expert opinion without formal elicitation.  

 

Taking into account all necessary conditions for successful in-vessel retention inside the original core area 

(recovery of injection systems, no formation of blockages in the core), the mean conditional probability for 

this kind of in-vessel core retention (under the condition that a core damage state exists) is approximately 

0.05.  

 

3. In-vessel retention in PWR 1300 Konvoi plant  

 

3.1 Overview  

 

With regard to the availability of systems which might help to achieve in-vessel retention it is useful to 

distinguish core melt sequences according to their RPV pressure as follows:  

 

If the RPV pressure is low, then both the low pressure emergency core cooling systems and the high 

pressure injection systems must have been unavailable for a considerable time to cause a core damage 

state. Consequently, it is necessary to recover at least one of the unavailable systems for reflooding the 

core in the comparatively short time between onset of core melt and significant removal of core material 

into the lower plenum. The analysis showed that this mechanism for flooding and in-vessel retention has 

very low probability due to small chance for recovery of failed systems.  

 

If the RPV pressure is high, all high pressure injection systems must be unavailable, otherwise a core 

damage state could not occur. However, the low pressure emergency core cooling systems may be intact 

and available from the beginning of the accident, but due to the high RPV pressure they are initially unable 

to provide coolant into the RPV. Later, depressurisation could occur (see section 3.4) and the low pressure 

systems start flooding the core. This kind of sequence leads to successful retention inside the original core 

region in about 10% of all core melt sequences and to successful retention inside the lower plenum in 

about 21% of all core melt sequences.  

 

From this summary result it becomes obvious that it is of vital importance to determine whether and when 

depressurisation would occur and what extent of core damage could be overcome by the low pressure 

ECCS systems.  

 

3.2 Degree of core damage which may be sucessfully contained inside the core region  

 

The preceding overview shows that the most likely sequence with in-vessel retention is reflooding with the 

full capacity of all low pressure systems after depressurising a high pressure core melt sequence. However, 

it is uncertain when the depressurising will occur. Therefore the core degradation may be more or less 

advanced when reflooding begins. So it is necessary to define a correlation between the core state at onset 

of reflooding and the successful retention of core material inside the RPV.  
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Based mainly on MELCOR core degradation calculations and on analysis of the TMI accident, the 

correlation according to fig.1 has been defined, which provides the conditional probability for retention of 

the core material inside the core region depending on the fraction of fuel which is molten when the 

injection begins. As can be seen there is no chance for retention inside the core region if the fraction of 

molten fuel is above 40%.  

 

Of course this correlation is only a very rough approximation of the complex processes involved. However, 

it seems that it is sufficient for the purpose of a PSA. It has become part of the recommendations in the 

German guidelines for performing a PSA Level 2 [5] 5.  

 

 
 

 

 

 
5 [5] BfS - Schriften  

Daten zur probabilistischen Sicherheitsanalyse für Kernkraftwerke  

ISBN 3-86509-415-5, August 2005  
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3.3  Degree of core damage which may be sucessfully contained inside the RPV bottom  

 

If the core material cannot be contained in the original core region, it will relocate down to the RPV 

bottom. As shown in the TMI accident, there is a considerable potential for retention of core debris there. 

On the other hand, it is almost certain for the large reactor under consideration here that the core melt 

cannot be contained inside the RPV bottom if a large fraction of the fuel has relocated. Much analysis has 

been devoted to the mechanisms which caused the retention in TMI, but still there are uncertainties. 

Moreover, a PSA has to deal with various accident sequences and modes of core relocation.  

 

The PSA for the Konvoi plant simply assumes that the RPV will not fail if less than 70% of the fuel is 

molten at the onset of reflooding. An uncertainty could not be assigned to this value. This simplification is 

certainly not satisfactory, but it has not been able to provide a more complete analysis of the issue.  

 

This means that successful in-vessel retention is always assumed if less than 70% fuel is molten at the 

onset of flooding. The assumptions on the in-core retention in the previous section define whether the 

largest part of the debris is retained inside the core region or inside the RPV lower plenum. If, for example, 

the molten fuel fraction is 20% at the onset of flooding, there is a 50% chance for successful retention 

inside the core region (see preceding section), and a 50% chance for retention in the lower plenum. If the 

molten fuel fraction is 60% at the onset of reflooding, there is no retention inside the core region, but 

retention in the RPV bottom is successful and no RPV failure occurs. 

  

3.4  Depressurisation of the reactor coolant loop under core melt conditions  

 

As shown in preceding sections, the onset of reflooding with the low pressure injection systems is in many 

sequences correlated to the time when depressurisation occurs. This issue of depressurisation is not exactly 

a part of the in-vessel coolability; nevertheless it is shortly referenced here to illustrate the complicated 

initial conditions for reflooding.  

 

The total mean conditional probability for high pressure core melt sequences is as follows: 

  

 0.26: core damage state with more than 10 MPa  

 0.27: core damage states with 1 to 10 MPa  

 

There are several mechanisms which could lead to depressurisation. Within the PSA level 2 event tree 

analysis the respective probabilities for these phenomena have been evaluated. The mean conditional 

probabilities for depressurisation (under the condition that a core damage state exists) are indicated below:  

 

 0.215: Pressure relief because there is a small leak in the reactor coolant system which gradually 

reduces the pressure without further mechanism.  

 0.07: Pressure relief initiated by operating staff (it has to be taken into account that reactor 

depressurisation before core damage has failed – otherwise there had been no core damage state 

with elevated pressure)  

 0.14: Pressure relief due to induced leak in main coolant line before core relocation to the lower 

plenum (this line is subject to very high temperatures during core melt)  

 0.019: Pressure relief due to stuck open safety valve  
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 0.022: Pressure relief due to induced leak in main coolant line due to core relocation to the lower 

plenum (pressure surge when core melt hits the residual water)  

 

There are complex interrelations between the core melt progress (e.g. fast core melt progress means early 

high melt fraction, but also fast temperature increase and associated early failure potential of coolant line) 

and the depressurisation.  

 

Finally, the mean conditional probability for RPV meltthrough with pressure above 8 MPa is 0.039.  

 

3.5  Generation of hydrogen when reflooding occurs  

 

A survey of experiments shows that enhanced hydrogen generation could occur only if there has been a 

previous situation with little oxidation due to insufficient steam. In most accident sequences there is a 

steam rich atmosphere within the degrading core.  

 

Experiments necessarily represent only a small part of the whole core. But the status of 

degradation during core melt is different in the different core regions. It is therefore not 

appropriate to simply extrapolate experimental data to the whole core. Close inspection of the 

core melt process simulations with the integral code MELCOR shows that there is only a small 

part of the core available for enhanced hydrogen production which is not yet fully oxidised and 

where high temperature prevails. Therefore no significant increase of hydrogen has been assumed in the 

PSA during the reflooding process if it occurs with full capacity of the injection system.  

 

4. In-vessel retention in BWR-69 Konvoi plant  

 

Key issue in this reactor is the flushing water injection at RPV bottom. PSA level 2 identified essentially 

only one single sequence for successful in-vessel retention as follows:  

 

If a transient occurs with loss of normal and loss of emergency core cooling functions, there is still a high 

probability for continuously operating the control rod and pump seal flushing water with an increased flow 

rate. If the RPV pressure is low this flow rate is not sufficient for cooling the core. But if the pressure is 

near the normal operation value, the core will undergo limited damage at its upper region, and then 

gradually and slowly the coolant level will recover. Finally there will be in-vessel retention with those 

systems continuously running.  

 

This sequence has been analysed with the MELCOR code and with ATHLET as well, and the results are 

similar. Therefore a high conditional probability (homogeneous distribution between 0.8 and 1.0) has been 

assigned for successful retention in these sequences.  

 

However, there is only a very small probability for these sequences because automatic accident 

management measures will depressurise the RPV in case of core damage. The sequence described above is 

only possible if this measure fails, and consequently only less than 0.001 of all core damage states finally 

reach in-vessel retention at normal operating pressure.  

 

All other potential modes of in-vessel retention depend on the recovery of flooding the core. The most 

likely mechanism for this sequence are high pressure core melt scenarios with intact low pressure injection 

systems and depressurization in due time. However, because depressurization is foreseen before core 

melting begins, there is only a small probability for high pressure core melt sequences and subsequent 
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depressurisation. The total conditional probability for recovery of flooding before core relocation into the 

lower plenum and with retention of the core inside the core region is approximately 0.01.  

 

Discussions with experts from Forschungszentrum Karlsruhe in June 2003 led to the conclusion that 

existing experiments and codes are not qualified enough for a well founded assessment of in-vessel 

retention under such conditions. Since the conditional probability is so small for recovery of flooding 

systems, there was no further investigation on this issue. A simple homogeneous probability distribution 

with a large uncertainty (between 0.0 and 1.0) has been assumed for retention if flooding begins before 

core relocation.  

 

5. Summary and conclusions 

  

PSA Level 2 by GRS identify that the issue of in-vessel retention in principle has to consider two different 

aspects:  

 

 What is the probability for reflooding systems to begin operating RPV in due time?  

 Which degree of core damage could successfully be retained inside the RPV if reflooding 

systems begin to inject into the RPV?  

 

The issue of operating the reflooding systems has to take into account that these systems necessarily must 

have failed for considerable time, because otherwise core damage could not exist. Typically this time of 

unavailability of reflooding systems until core damage is a few hours, and the time between onset of core 

damage and significant core damage is in the order of half an hour. Therefore the probability for recovery 

of previously failed reflooding systems just in time as long as the core damage is still limited appears to be 

small.  

 

Two particular conditions with more significance regarding systems availability have been identified:  

 

 If core damage occurs at high pressure, low pressure reflooding systems cannot inject against that 

pressure. But they may be available with a high degree of reliability. In such conditions it is 

crucial if and when depressurisation of the reactor coolant system occurs which would lead to 

immediate reflooding.  

 In the bottom of BWRs there is a continuous injection through the control rod and pump seal 

flushing water. Depending on the reliability and capacity of these systems and the pressure in the 

reactor coolant system the core degradation may be inhibited.  

 

The issue of the degree of core degradation which can successfully be retained in-vessel has to distinguish 

retention in the original core region and retention in the lower RPV plenum.  

 

 The probability for retention in the original core region has been estimated for PWRs as a 

function of core degradation when reflooding begins. If more than 40% of the fuel has melted, 

retention in the original core region seems not possible in a PWR.  

 The probability for retention in the original core region for BWRs depends very much on the 

issue of blockage formation in the lower part of the fuel elements. A very high probability for 

blockage formation has been identified for sequences with wet core, leading to low probability 

for retention inside the core.  
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 Retention in the lower RPV plenum for the PWR under investigation seems possible if the degree 

of core damage at onset of core flooding does not exceed 70%  

 Retention in the lower RPV plenum for BWRs depends on plant specific design details of the 

penetrations in the RPV bottom.  
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B. Iooss, (CEA, DEN) 
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G. Greffier, (EDF, SEPTEN) 

 

Abstract 

 

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

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

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

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

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

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

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

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

 

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

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

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

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

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

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

 

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

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

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

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

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

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

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

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

to avoid the failure. 
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1.  Introduction 

 

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

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

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

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

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

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

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

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

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

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

 

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

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

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

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

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

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

 

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

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

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

high number of simulations is required for the statistical constraints. 

 

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

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

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

some examples. 

 

2.  Method 

 

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

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

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

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

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

final results in terms of failure probability and other analyses. 

 

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

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

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

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

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

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

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

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

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

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

 

3.1  Core degradation 

 

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

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

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

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

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

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

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

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

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

 

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

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

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

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

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

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

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

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

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

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

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

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

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

 

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

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

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

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

wet situation, deduced from the TMI observations. 

 

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

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

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

effect can thus be predicted. 

 

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

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

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

 

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

 

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

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

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

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

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

fragmentation. 
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4.  Ex-vessel phenomena and models 

 

4.1  Main phenomena 

 

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

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

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

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

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

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

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

 

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

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

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

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

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

 

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

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

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

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

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

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

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

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

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

 

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

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

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

corium, very simple model are used. 

 

5.  Examples of use of LEONAR 

 

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

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

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

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

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

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

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

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

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

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

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

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

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

 

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

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

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

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

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

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

research on key phenomena. 

 

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

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

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

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

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

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

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

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

parameters that influence corium coolability for severe accident late phases. 
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Abstract 

 

The paper gives an overview on the main outcome of the QUENCH program at FZK, including 

complementary bundle experiments and separate-effects tests. The major objective of the program is to 

deliver experimental and analytical data to support development and validation of quench and quench-

related models as used in code systems. 

 

So far, 15 integral bundle QUENCH experiments with 21-31 electrically heated fuel rod simulators of 2.5 

m length have been conducted. The following parameters and their influence on bundle degradation and 

reflood have been investigated: degree of pre-oxidation, temperature at initiation of reflood, flooding rate, 

influence of neutron absorber materials (B4C, AgInCd), air ingress, and the influence of the type of 

cladding alloy. 

 

In six tests reflood of the bundle caused a temporary temperature excursion connected with the release of a 

significant amount of hydrogen, typically two orders of magnitude greater than in those tests with 

“successful” quenching in which cool-down was immediately achieved. Comprehensive formation, 

relocation, and oxidation of melt were observed in all tests with escalation. The temperature boundary 

between rapid cooldown and temperature escalation was typically 2100-2200 K in the “normal” quench 

tests, i.e. tests without absorber and/or steam starvation. Tests with absorber and/or steam starvation were 

found to lead to temperature escalations at lower temperatures. 

 

All phenomena occurring in the bundle tests have been additionally investigated in parametric and more 

systematic separate-effects tests. Oxidation kinetics of various cladding alloys, including advanced ones, 

have been determined over a wide temperature range (873-1773 K) in different atmospheres (steam, 

oxygen, air, and their mixtures). Hydrogen absorption by different zirconium alloys was investigated in 

detail, recently also using neutron radiography as non-destructive method for determination of hydrogen 

distribution in claddings. Furthermore, degradation mechanisms of absorber rods including B4C and 

AgInCd as well as the oxidation of the resulting low-temperature melts have been studied. Steam 

starvation was found to cause deterioration of the protective oxide scale by thinning and chemical 

reduction. 

 

The most recent topic of the QUENCH program has been devoted to the behavior of advanced cladding 

materials (ACM) in comparison with the classical Zircaloy-4. Although separate-effects tests have shown 

partially significant differences in oxidation kinetics, the influence of the various cladding alloys on the 

bundle behavior during oxidation and reflood was only limited. 
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1. Introduction 

 

The most important accident management measure to terminate a severe accident transient in a 

Light Water Reactor (LWR) is the injection of water to cool the uncovered degraded core. Analysis of the 

TMI-2 accident [1] and results of various integral in-pile and out-of-pile experiments (CORA [2], LOFT 

[3], PHEBUS [4], PBF [5]) have shown that before the water succeeds in cooling the fuel pins there could 

be an enhanced oxidation of the zircaloy cladding and other core components that in turn causes a sharp 

increase in temperature, hydrogen production and fission product release. 

 

The QUENCH program at Forschungszentrum Karlsruhe (FZK) investigates hydrogen generation, material 

behavior, and bundle degradation during reflood. Integral bundle experiments are supported by separate-

effects tests (SET) and code analyses. The program is providing experimental and analytical data for the 

development of quench and quench-related models and for the validation of SFD code systems. 

 

The last status reports on experiments and modeling relating to quench of degraded cores were issued by 

CSNI in 1996 [6] and 2000 [7]. Since then, the data base has been extended especially by the QUENCH 

program at FZK. Furthermore, the PARAMETER test series at LUCH has been devoted to study top 

flooding and combined top and bottom flooding [8]. This paper will summarize the essential experimental 

results of the QUENCH bundle and separate-effects tests and then discuss the possible influence of various 

effects on the coolability of the core. 

 

A complementary paper on degraded core reflood has been published recently focused on consequence 

evaluation based on available data including QUENCH [9]. Main results of this study will be also 

presented at this workshop [10]. 

 

2.  QUENCH bundle tests 

 

The QUENCH program at Forschungszentrum Karlsruhe was initiated in 1996 as the successor of the 

CORA program in which materials interactions under the conditions of a hypothetical severe nuclear 

accident were investigated. Some of the CORA experiments were terminated by reflooding the bundle with 

water and it was shown that quenching may lead to temperature escalations associated with high hydrogen 

production rates [11]. The mechanisms for the escalations were not clear at that time, and the gas analysis 

systems used with the CORA facility were only of a limited capability. So the QUENCH program was 

launched with special emphasis on the quantitative determination of the hydrogen source term. 

 

2.1  QUENCH facility and test conduct 

 

The main component of the out-of-pile QUENCH test facility [12] is the test section with the test bundle. 

The standard test bundle is made up of 21 fuel rod simulators approximately 2.5 m long, of which 20 fuel 

rod simulators are heated over a length of 1024 mm. Heating is electric by 6 mm diameter tungsten heaters 

installed in the rod center and surrounded by annular ZrO2 pellets to simulate fuel pellets. The bundle 

geometry and most other bundle components (Zry-4 cladding, grid spacers) used are prototypical for 

Western-type PWRs and are furthermore very similar to the in-pile PHEBUS bundle [4]. 

 

The central rod is unheated and is used for instrumentation or as absorber rod. The heated rods are filled 

with argon-krypton or helium at a pressure of approx. 0.22 MPa to allow for test rod failure detection by 

the mass spectrometer. The system pressure in the test section is around 0.2 MPa. 

 

Zircaloy corner rods are installed in the bundle to improve the thermal hydraulic conditions. They are also 

used for additional thermocouple instrumentation and/or can be withdrawn from the bundle during the test 

to check the amount of oxidation and hydrogen uptake during phases of special interest. The test bundle is 



 NEA/CSNI/R(2010)11 

 127 

surrounded by a shroud of zircaloy, a 37 mm thick ZrO2 fiber insulation, and a double-walled cooling 

jacket of stainless steel. The shroud provides encasement of the bundle and simulates surrounding fuel rods 

in a real fuel element (Fig. 1). The whole set-up is enclosed in a steel containment. Slightly different 

bundle designs were used in tests QUENCH-12 and QUENCH-15 due to differing cladding dimensions 

and pitches [13]. 

 

 
 

For temperature measurements the test bundle, shroud, and cooling jacket are extensively equipped with 

thermocouples at different elevations and orientations. Additionally, the test section is provided with 

various pressure gauges, flow meters, and level detectors. Hydrogen and other gases are analyzed by a 

state-of-the-art mass spectrometer Balzers GAM300 located at the off-gas pipe about 2.7 m behind the test 

section. A redundant hydrogen detection system based on heat conductivity measurement of binary Ar-H2 

mixtures (Caldos) is additionally applicable behind the steam condenser in conditions where no other gases 

than Ar and H2 are present. 

 

In general, a QUENCH experiment consists of the following test phases: Heatup, preoxidation/pre-

conditioning (optional), transient, and quenching/cooldown*. The last phase is accomplished by injecting 

water or saturated steam at the bottom of the test section. Until the initiation of cooling 3 g/s of 

superheated steam and 3 g/s of argon as carrier gas enter the test bundle at the bottom and exit at the top 

together with the gases that are produced in the reactions of zirconium, and where applicable, boron 

carbide or AgInCd and stainless steel with steam. 

 

As a consequence of the temperature increase, the test bundle may experience a temperature excursion due 

to the exothermal zirconium-steam reaction. This temperature excursion usually begins at the 850-950 mm 

level leading to the maximum bundle temperature of well above 2000 K and an increased hydrogen 

generation. The flooding phase is initiated by turning off the flow of 3 g/s superheated steam and injecting 

water or saturated (cold) steam at flow rates of 15-50 g/s. Cool-downin steam was applied in some tests 

because of the better defined boundary conditions for code validation compared to reflood tests with water. 

At cool-down/flooding initiation the bundle power continues rising or is kept at its maximum for ~20 s. 

 

2.2  QUENCH test matrix 

 

So far (as of September 2009) 15 bundle tests have been conducted in the QUENCH facility (Table 1). The 

first six tests concentrated on the hydrogen source term during reflood of the bundle under various  
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* Usually the terms “quenching” or “flooding” are used for water tests, and “cool-down” for steam tests. 

In this report, the terms are used synonymously, unless it is explicitly stated. 

 

boundary conditions; experiments QUENCH-07/08/09 were aimed at the investigation of the influence of 

B4C absorber on bundle degradation and gas release; and the topic of QUENCH-10 was air ingress. 

QUENCH-11 was a boil-off test with low reflood rate; QUENCH-13 investigated the influence of AgInCd 

on bundle degradation and reflood, and experiments QUENCH-12/-14/-15 were conducted with different 

cladding alloys with QUENCH-06 as reference. 

 

Tests QUENCH-01/02/03/06/10/12-15 were terminated by flooding with water from the bottom with 

flooding rates of 40-50 g/s corresponding to about 1.5 cm/s water rising velocity without evaporation; the 

flooding rate QUENCH-11 was reduced to 18 g/s. The other tests were stopped by cool-down in saturated 

steam with 50 g/s (or 15 g/s in QUENCH-07/08) injection rate. Initial heat-up rates by electric power in the 

transient phases were 0.3-0.5 K/s in all tests, before the additional chemical power due to the reaction 

between zircaloy and steam caused heat-up rates up to 20 K/s, except for QUENCH-13 with a lower initial 

heat-up rate of 0.1 K/s. 

 

During tests QUENCH-01/05/06/12/14/15 a special pre-oxidation phase at temperatures 1400-1500 K was 

run before the final transient and quench to simulate the higher degree of oxidation in a later phase of the 

severe accident scenario. The bundles during tests QUENCH-02/03/04/11 were less oxidized, here the 

oxide scale thicknesses were only achieved by the heat-up history under oxidizing conditions. In the B4C 

tests QUENCH-07 (with B4C CR) and QUENCH-08 (reference test without B4C CR) the bundles were 

kept at approx. 1723 K for 15 min to allow for interaction of B4C and relocation of absorber melts under 

stationary conditions. The special feature of the second experiment with B4C control rod QUENCH-09 

was an 11 min steam starvation phase at about 2073 K with reduced steam injection (0.4 instead of 3.4 g/s) 

before cool-down. The pre-conditioning phase of the QUENCH-13 test with AgInCd central rod was at 

relatively low temperatures of 1250 K to prevent early failure of the absorber rod. 

 

The air ingress experiment QUENCH-10 was run with a pre-oxidation phase of two hours at maximum 

temperatures in the bundle of 1700 K resulting in a maximum oxide scale thickness of 500 μm. To achieve 

an adequate duration of the air ingress phase, the bundle was then cooled to a temperature of 1180 K by 

decreasing the electrical power input. For air ingress the steam flow of 3 g/s was replaced by 1 g/s of air. 

The test was terminated by quenching the bundle with a flow of 50 g/s of water. 

 

QUENCH-11 started with a water-filled bundle. A steady boil-off and corresponding top-down uncover of 

the bundle was achieved by applying power from an auxiliary heater at the bundle bottom in addition to the 

electric bundle power. When the water level had fallen to -70 mm elevation, water was injected into the 

lower plenum at a rate of ca. 1 g/s enabling a nearly stable water level and extension of the boil-off phase. 

Quenching of the bundle was performed at a maximum measured bundle temperature of 2040 K with a 

rather low water flow rate of 18 g/s. 
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2.3  Essential results of the bundle experiments 

 

The QUENCH bundle tests conducted so far considerably improved the phenomenological knowledge on 

the behavior of fuel elements during the early phase of severe accident sequences and eventual reflood, and 

strongly extended the data basis for validation of SFD code systems. QUENCH experimental data are part 

of the validation matrix of all SFD code systems used in Europe and the US. 

 

2.3.1  QUENCH-01 – QUENCH-06 [14-18] 

 

The first six tests in the series were “pure” quench tests, i.e. geared to the investigation of the hydrogen 

source term without absorber rod or atmospheres different from steam. Table 1 shows that two of these 

tests, namely QUENCH-02 and QUENCH-03, revealed a temperature escalation. In both experiments the 

initial temperature was the highest of all experiments, clearly above the melting temperature of zircaloy; 

the degree of pre-oxidation was low and only reached by the oxidation during heat-up of the bundle. The 

rapid and extensive formation of hydrogen during the quench phases was probably caused by the oxidation 

of zircaloy melts [19]. 

 

In the other experiments where the bundle temperatures were between 1800 and 2150 K at the beginning of 

reflood, successful cooldown occurred at the beginning of the quench phase. Only relatively small and 

short peaks in temperature were observed before cool-down accompanied by only 2-4 g of hydrogen. 

Cooling of the bundle typically proceeds in two stages: a moderate cooling (steam cooling or film boiling) 

is followed by a period of pronounced cooling, characterized by transition to nucleate boiling at the 

Leidenfrost temperature (700 – 900 K). 

 

Two mechanisms originally thought to loom large during quenching turned out to be only minor effects. 

The oxidation of cracks formed during cool-down was detected, but its contribution is small, i.e. only a 

very few grams of hydrogen are additionally released due to crack oxidation. The absorption of hydrogen 

by the remaining metal phase was analyzed to be between 0.1 and 5 g per bundle in these first six tests and 

thus also seems to play only a minor role. Nevertheless, one should have these mechanisms in mind, 

because they may be important locally and/or temporally. 

 

The experiment QUENCH-06 was chosen as OECD International Standard Problem ISP-45 with 21 

participants from 15 nations using eight different code systems [20]. 

 

2.3.2  B4C tests QUENCH-07 – QUENCH-09 [21-23] 

 

These three tests were dedicated to the investigation of the influence of boron carbide on degradation of the 

bundle and gas release. A B4C absorber rod (very similar to the one in the Phebus FPT-3 test and to those 

used in French 1300 MW PWRs) was installed in the central position of the bundles QUENCH-07 and 

QUENCH-09 (see Fig. 2). QUENCH-08 was run as reference test to QUENCH-07 without absorber rod. A 

special feature of QUENCH-09 was an 11 min lasting steam starvation period at high temperatures (2073 

K) before reflood. Steam starvation causes the degradation of the oxide scale [24] and thus may be a major 

factor promoting temperature excursions. 

 

B4C absorber material in the central rod reacts with stainless steel and zircaloy and forms eutectic melts at 

~1500 K, i.e. melts that are formed far below the melting point of metallic zircaloy (~2030 K). The 

oxidation of boron/carbon/zirconium-containing melt can lead to increased amounts of hydrogen and to 

production of CO, CO2, and CH4, compared to a bundle without such a control rod. 

 

Although the degree of pre-oxidation in these tests was relatively high (see hydrogen release before 

reflood, Table 1 and Fig. 13, which gives an integral figure of pre-oxidation) and the initialtemperatures in 
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the quench phase were relatively low, all three experiments revealed temperature and hydrogen escalation 

during the quench phase. 

 
 

A moderate excursion was seen in QUENCH-08 (without B4C); here the main difference to the tests 

QUENCH-01/04/05/06 was the significantly lower steam flow rate (15 instead of 40-50 g/s) during the 

quench phase. More than three times more hydrogen (120 g) was released in the similar experiment 

QUENCH-07 with B4C control rod. And again a more than three times larger hydrogen production during 

reflood (400 g) was observed in QUENCH-09 with absorber rod and a steam starvation phase. The main 

products of the B4C oxidation were H2, CO, CO2, and boric acids, whereas methane, which is of special 

interest for fission product release, was only released in negligible amounts. However, methane formation 

via secondary reactions at cooler circuit positions cannot generally be ruled out. 
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The degradation of the bundles with B4C control rod was much stronger than without B4C as can be seen 

in Fig. 3. Though these three tests were not completely identical in all other respects, the results give a 

clear indication for the influence of B4C and steam starvation on bundle degradation and gas release. 

 

2.3.3  Air ingress test QUENCH-10 [25] 

 

The main objective of the QUENCH-10 test was to examine the oxidation and nitride formation of zircaloy 

during air ingress, before flooding the bundle with water. 

 

The bundle was pre-oxidized in steam at 1620-1690 K to get a maximum oxide thickness of approx. 500 

μm, then temporarily cooled down to 1190 K in order to achieve a reasonable long duration of the 

subsequent air ingress phase. At the onset of the air ingress phase the change in flow from steam to air had 

the immediate effect of reducing the heat transfer from the bundle, so that the temperatures began to rise. 

The temperature increase was intensified by moderate raising the electrical power and increasing release of 

chemical power due to the strongly exothermic reaction between zircaloy and air. Oxygen starvation, i.e. 

the complete consumption of O2 at elevations below the top of the bundle, and partial consumption of 

nitrogen was observed towards the end of the air ingress phase (Fig. 4). Reflood of the bundle with 50 g/s 

water led to an only very moderate release of hydrogen (~5 g). 
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The post-test inspection revealed an extremely oxidized and degraded bundle with strong relocation of 

cladding debris never seen before in any other QUENCH test, but no melt formation in the bundle. Nitride 

phases were (locally) detected over almost the whole bundle, causing enhanced degradation and loss of the 

protective effect of the oxide scale. 

 

2.3.4 Boil-off test QUENCH-11 [26] 

 

This experiment focused on studying bundle behavior during boil-off and subsequent quenching at a small 

water injection rate. The test section was modified to allow for the boil-off mode different to the forced-

convection mode applied in all other tests. 

 

Flooding the bundle with 18 g/s water from the bottom from maximum temperatures of ∼2000 K led to a 

progressive bottom-up quenching up to elevations below 800 mm with no significant temperature increase, 

as can be seen in Fig. 5. Locations above 800 mm exhibited an initial and significant temperature excursion 

causing temperatures to exceed 2400 K. The excursion corresponded to a strong increase of hydrogen 

generation; 132 g were released during the quench phase. Figure 5 also shows that the majority of 

hydrogen was released when the temperatures exceeded the melting point of β-Zr and later of α-Zr(O). The 

diagram demonstrates a consecutive achievement of the Zry-4 melting point at elevations 850-1250 mm. 
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QUENCH-11 was chosen a benchmark exercise in the frame of the European SARNET program defined 

as a comparison between experimental data and analytical results obtained by 10 international groups using 

seven different SFD code systems [27]. 

 

 
 

2.3.5  AgInCd test QUENCH-13 [28] 

 

The main objective of experiment QUENCH-13 with a control rod containing AgInCd absorber in the 

central bundle position was to examine the influence of the control materials on oxidation and melt 

formation, i.e. on early phase bundle degradation. Furthermore, the opportunity was taken to measure, in a 

realistic geometry, release of silver/indium/cadmium aerosols following control rod rupture. 

 

The experimental protocol involved pre-conditioning the bundle for 5000 s at 1250 K, i.e. below the 

expected failure temperature of the control rod, followed by a slow transient phase (0.1 K/s) giving enough 

time for investigation of control rod failure and aerosol release, and the final reflood from 1820 K with 

cold water at 52 g/s. 

 

Control rod failure was caused by eutectic interaction of steel cladding and Zircaloy-4 guide tube and was 

indicated at about 1415 K by absorber temperature response and additionally by the online aerosol 

monitoring system. Significant release of aerosols was observed at 1450 K and melt relocation from the 

control rod at 1500 K. There was no noticeable temperature escalation during quenching. This corresponds 

to the small amount of about 1 g in hydrogen production during the quench phase (compared to 42 g of H2 

during the pre-reflood phases). Post-test examinations of bundle structures revealed the presence of only 

little relocated AgInCd melt in the form of rivulets, mainly in the coolant channels surrounding the control 
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rod. Analysis of aerosols revealed first release of cadmium vapor followed by increasing amounts of 

indium, silver and structure materials. 

 

At least in the in-vessel early phase, AgInCd seems to have only modest effect on coolability of 

the bundle, which is different to the boron carbide absorber. 

 

2.3.6  ACM tests QUENCH-12/-14/-15 [29, 13] 

 

The ACM (advanced cladding materials) test series included the experiments QUENCH-12 with Russian 

E110 alloy, QUENCH-14 with AREVA M5®, and QUENCH-15 with ZIRLOTM cladding delivered by 

Westinghouse. All ACM tests have been conducted with largely the same test protocol as QUENCH-06 

with standard Zircaloy-4 cladding. Temperature histories and axial profiles at initiation of quench were 

comparable. The bundle designs of QUENCH-12 and QUENCH-15 slightly differed from the standard one 

due to different cladding dimensions and pitches. QUENCH-15 has been conducted only recently, i.e. in 

May 2009, thus the analysis of this test is not yet complete. 

 

A look at Table 1 and Fig. 13 shows comparable hydrogen releases before and during quench for all tests, 

except for QUENCH-12. One reason for this difference is the much stronger susceptibility of the E110 

alloy for breakaway oxidation at temperatures below 1320 K. Due to pronounced breakaway oxidation 

over large areas in the bundle (1) significantly more hydrogen was absorbed during pre-quench phases in 

QUENCH-12 (10 g, in comparison to 2 g in QUENCH-06 and less than 1 g in QUENCH-14), and (2) 

significantly more hydrogen was released during quench (QUENCH-12: 24 g, other tests: 4-8 g). The axial 

distribution of hydrogen concentration in the metal strongly correlated with the oxide scale morphology; 

peak values of 35 at% have been measured at positions with pronounced breakaway effects [34]. The 

absorbed hydrogen has to be added to the released, so, hydrogen produced during pre-quench phases 

becomes comparable for all ACM tests. The higher amount of hydrogen released during quench of the 

QUENCH-12 bundle can be explained by predamaged oxide layers, melt oxidation and release of 

previously absorbed hydrogen. Post-test examinations of the bundle showed distinct spalling and relocation 

of oxide scales only for the QUENCH-12 bundle (Fig. 6). 
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Despite the partially significant differences between the oxidation behavior of the alloys (see also SET 

section below), the cooldown behavior of the bundles during flooding was comparable. Only insignificant 

to moderate temperature escalations have been observed during the end of the transient and begin of 

quench phases, as can be seen in Fig. 7. 
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3.  Separate-effects tests 

 

A large number of separate-effects tests (SET) has been conducted at FZK to support the bundle tests and 

to deliver data for model development and validation. A detailed description of these experiments is 

outside the scope of this paper, so only a summary of results of actual interest will be given and 

corresponding references mentioned here. The main experimental setups used were thermogravimetry 

and high-temperature furnaces coupled with a mass spectrometer for analysis of releases of hydrogen and 

other gaseous reaction products. Single-rod experiments have been conducted in the inductively heated 

QUENCH-SR rig [30]. 

 

3.1  Oxidation kinetics of zirconium cladding alloys 

 

Oxidation kinetics of cladding alloys currently used in European NPPs (Zircaloy-4, Duplex Dx/D4, M5®, 

E110, ZIRLOTM) have been investigated over a wide temperature range (873-1773 K) in various 

atmospheres (oxygen, steam, air, and their mixtures) [31-34]. 

 

Generally, strong differences between the various alloys have been observed at temperatures below 1323 

K, and smaller, but still significant variations at higher temperatures. The oxidation kinetics are determined 

by the growing superficial oxide scale, ideally leading to parabolic, or at lower temperatures, cubic rate 

laws. For all alloys, except for M5 and the D4 layer of the DUPLEX material, more or less pronounced 

breakaway of the oxide scale leads to transition from this cubic or parabolic kinetics to linear or even faster 

one at temperatures below 1323 K after a certain time, see for example in Fig. 8. This breakaway effect is 

caused by the tetragonal to monocline phase-transition in the superficial oxide phase. During transient tests 

breakaway was only observed for E110. Furthermore, formation of dense protective oxide continues after 

passing the breakaway temperature region. 
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Breakaway oxidation should not play a role during most LOCA and severe accident sequences because the 

duration in the breakaway temperature region is too short. On the other hand breakaway and its 

consequences play an important role e.g. in spent fuel storage pool or transport cask accident scenarios and 

have been found in the Paks incident [35]. 

 

Only small differences have been detected between oxidation in steam and oxygen. But, in steam 

atmosphere the hydrogen produced by the oxidation reaction can partially be absorbed by the remaining 

metal phase. 

 

3.2  Hydogen absorption by zirconium alloys 

 

Hydrogen absorption by zirconium alloys was investigated in argon-hydrogen mixtures to determine the 

terminal hydrogen solubility in the metal phase. Sieverts' law parameters were identified for Zircaloy-4 and 

E110 [36], confirming the high capacity of Zr alloys for hydrogen uptake. Neutron radiography has been 

used for quantitative, non-destructive and locally resolved determination of hydrogen absorption during 

steam oxidation [37]. The kinetics of hydrogen absorption in H2-Ar mixtures and steam have been 

described quantitatively by physical models [33, 49, 50]. 

 

A strong correlation was found between oxide scale morphology and hydrogen uptake. Open crack systems 

in oxide scales originated from breakaway act as hydrogen pumps leading to much higher hydrogen 

concentrations in the metal than expected from the hydrogen partial pressure in the bulk atmosphere [34]. 

More recently, a high-temperature test set-up transparent for neutrons (INRRO) has been commissioned 

which enables in-situ measurements of hydrogen uptake during oxidation in steam. First results indicate a 

strong absorption of hydrogen during the very initial phase of oxidation. 

 

Possible consequences of high hydrogen contents in the metal are embrittlement of the claddings during 

and after accident sequences as well as temporary storage of large amounts of hydrogen and its release 

during further heat-up and quenching. 
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3.3  Air ingress 

 

The phenomenology of nitrogen attack during the oxidation of zirconium alloys in air and other nitrogen-

containing mixtures has been investigated extensively. The focus of this work was on prototypic conditions 

with pre-oxidized claddings and oxidation in mixed air-steam and nitrogensteam atmospheres [25, 38]. It 

was shown that air significantly influences degradation of the cladding. In mixed air-steam atmospheres 

the destructive effect of air increases with air concentration and temperature. An oxide scale once formed 

in steam atmosphere seems to be stable in air as long as no defects (e.g. due to breakaway oxidation) occur. 

However, the oxide is severely attacked by pure nitrogen simulating oxygen starvation conditions (as in 

QUENCH-10). Fig. 9 demonstrates zirconium nitride formation under either local or global oxygen 

starvation conditions, i.e. in the absence of oxygen which would preferably react with the metal. 

 

 
 

The main degradation mechanism is the formation of zirconium nitride and its re-oxidation. The different 

densities of Zr, ZrO2, and ZrN cause volume mismatches, compressive stress build-up, and relief by crack 

formation leading to porous, non-protective oxide scales as seen e.g. in the left picture of Fig. 9. From the 

safety point of view, the barrier effect of the fuel cladding is lost much earlier than during accident 

transients in an atmosphere that consists of steam exclusively. 

 

3.4  Single-rod quench tests 

 

The QUENCH program at FZK started with single-rod quench tests by cold water or saturated steam from 

temperatures 1273-1873 K and the degree of pre-oxidation as parameter. At that time experiments with 

Zircaloy-4 rods [30, 39] and later with E110 [40] were done. The main outcome was that oxide scales 

thicker than 200 μm tend to form through-wall cracks during quenching which are oxidized during the 

cool-down phase, thus forming additional hydrogen preferably absorbed by the metal. The analysis of the 

crack density and the average oxide scale thickness in the cracks revealed an only insignificantly increased 

total hydrogen production by this effect. Nevertheless, further tests with advanced cladding materials are 

foreseen in the near future. 

 

3.5  B4C control rod degradation and oxidation 

 

Within the EC COLOSS program [41] extensive test series on 1) the oxidation of pure B4C [42- 45], 2) the 

degradation of B4C control rods, 3) the oxidation of B4C/SS/Zry absorber melts, and 4) the liquefaction of 

stainless steel (SS) by B4C [46] were performed. 
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Unlike e.g. the oxidation of zircaloy, the oxidation of boron carbide turned out to be strongly dependent on 

the thermo-hydraulic boundary conditions, especially on steam partial pressure and gas flow rates. This 

necessitates a coupling of thermo-hydraulics and chemistry in modeling the oxidation of boron carbide in 

the SFD code systems. Methane (CH4), which is of interest due to its potential to form volatile organic 

iodine compounds, is only produced in negligible amounts also in the SETs under the conditions thought to 

be relevant during severe accidents. 

 

 
 

The degradation of control rods, consisting of boron carbide pellets, surrounded by stainless steel cladding 

inside a Zircaloy-4 guide tube, rapidly starts above ~1520 K by the formation ofcomplex eutectic melts 

inside the gap between the B4C pellet and the external oxide scale formed at the guide tube surface (Fig. 

10). After failure of the oxide shell at approx. 1720 K the oxidation of the molten B4C/SS/Zry takes place 

very rapidly leading to the formation of CO, CO2, boric acids and additional hydrogen. Again, almost no 

methane was detected during these tests. In further SETs it was shown (1) that 1 g of boron carbide is able 

to liquefy 100 g of steel 200 K below its melting temperature and (2) that the oxidation kinetics 

significantly increase with melting of core materials [46]. FZK data on B4C oxidation and degradation 

have been used worldwide to model these phenomena [51, 52]. 

 

3.6  Failure behavior of AgInCd control rod segments 

 

The bundle test QUENCH-13 was supported by single-rod tests performed in the QUENCH-SR rig which 

allows inductive heating of rod specimens as far as their failure [47]. 10-cm long specimens with different 

designs regarding contact between stainless steel (SS) and Zircaloy-4 (Zry-4) tubes (symmetric, 

asymmetric) as well as regarding the possibility of inner Zry oxidation (with and without 4 mm diameter 

holes in the Zry guide tube) were manufactured. The conduct of a first series of five tests before 

QUENCH-13 was as close as possible to the bundle test protocol, i.e. including a 5000 s plateau at 1250 

and 1423K, respectively, followed by a slow transient phase (0.1 K/s) till failure of the specimen. A second 

series including six rods was performed after QUENCH-13 and retraced bundle temperatures at elevations 

750 and 950 mm. All tests were performed in an oxidizing steam-argon atmosphere. 
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The failure temperatures were always above 1473 K, with the highest ones measured for the symmetric 

specimens (no contact between SS and Zry-4). The temperatures measured by thermocouples additionally 

indicate a later failure of specimens with (the possibility of) inner oxidation of the zircaloy guide tube. The 

failure mechanisms were quite different amongst the specimens, ranging from local failure with melt 

droplet splashing and rivulet relocation to explosive destruction. Fig. 11 shows the post-test appearance of 

the samples of the second test series performed after QUENCH-13. For the specimens with holes in the 

guide tube (allowing inner oxidation), the melt relocated internally and was released through these holes. 

The test series was completed by an experiment without Zry-4 guide tube (SIC-11). The stainless steel tube 

exploded (due to high pressure of evaporated cadmium) just before melting without any signs of 

ballooning before explosion. 

 

3.7  Steam starvation 

 

Steam starvation conditions on fuel rod surfaces are possible during a severe accident due to dry-out of the 

reactor core and blockage formation and complete consumption of the steam in the lower parts of the core. 

Under these conditions the oxide layer of the cladding will be reduced by the 

underlying metal. 

 

The reduction kinetics of the oxide layer during a steam starvation phase was investigated in SETs [24]. A 

homogeneous formation of α-Zr(O) precipitations inside the oxide layer and sometimes the formation of an 

α-Zr(O) scale on the cladding outer surface were detected in addition to a reduction of the oxide layer 

thickness. Thin oxide scales were completely dissolved by the metal phase, Fig. 12. 
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4  Influence of various parameters on coolability of a partially degraded core 

 

In general, the zirconium oxidation, and thus the hydrogen generation, during QUENCH tests is driven by 

the temperature evolution, governed by the power input by decay heat (or electrical in outof- pile tests) and 

the heat losses. Starting at about 1300 K, the chemical power of the exothermal Zr oxidation comes into 

play and causes an enhanced heat-up. During the quench phase, the cold water/steam on the one hand acts 

as a coolant (this is the intended effect) but on the other hand it increases the potential for high chemical 

energy release by acting as a strong oxidant at these high temperatures. The balance between heat 

generation and its removal following initiation of reflood is the decisive criterion for successful cool-down 

of the bundle or temperature escalation. So, all of the parameters affecting cooling efficiency and oxidation 

kinetics may have an influence on the final result of reflooding the core. 

 

Reflood mass flow rate, flow area and temperature definitely influence the cooling efficiency. Other 

parameters, like system pressure and injection position, may also play a role. Hering [9] refers to the core 

damage stage as a major parameter influencing coolability which includes some of the effects mentioned 

before. The main source of heat is the oxidation of zirconium and other core components by steam. The 

heat released by these chemical reactions is determined, of course, also by the temperature, the effective 

surface available for oxidation, the degree of pre-oxidation and the protective effect of the oxide layer as 

well as by the existence of (low-temperature eutectic) melts in the core. Furthermore the type of oxidizing 
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atmosphere may affect the oxidation: Nitrogen accelerates the oxidation kinetics and steam starvation 

conditions may influence the quality of the oxide scale, too. 

 

Fig. 13 visualizes hydrogen release due to oxidation of all bundle components (prototypic and facility 

specific ones)* before and after initiation of reflood and the corresponding temperatures at initiation of 

reflood of all QUENCH bundle tests performed so far. The hydrogen released during all pre-reflood phases 

is an integral measure for the degree of pre-oxidation of the bundle. There seems to be no correlation 

between the hydrogen released before and during reflood. The amount of hydrogen released after initiation 

of reflood is clearly divided into two groups: (1) During the quench phases of tests QUENCH-01, -04, -06, 

-10, 13, -14, -15 only a very few grams of hydrogen were released, whereas (2) in the other experiments a 

few tens or even hundreds of grams were measured. In the first group of tests water or steam injection led 

to immediate cool-down of the bundle whereas in thesecond group reflood caused a temporary temperature 

escalation. 

 

Let's try to find some correlations between boundary conditions and result of reflood. The influence of 

temperature is to be seen at a first glance. One crucial criterion is the exceeding of the melting point of 

metallic Zircaloy (2030 K for as-received Zircaloy-4 and 2250 K for oxygenstabilized α-Zr(O)). The two 

tests QUENCH-02 and QUENCH-03 with the highest temperatures of 2300-2400 K before reflood 

experienced temperature escalations causing more than one hundred grams of hydrogen released during 

this phase, while in tests QUENCH-01 and -13 comparably low temperatures of about 1800 K led to fast 

cooldown and only 3 and 1 g hydrogen release, respectively. 

 

The picture is less clear for the other tests with intermediate temperatures. Most hydrogen was released 

during tests QUENCH-07, -09, and -11. The first two contained boron carbide absorber rods in the central 

positions of the bundles. Due to eutectic interactions between B4C and stainless steel on the one hand and 

between stainless steel and Zircaloy-4 on the other hand rapid melt formation took place already at above 

1473 K, i.e. more than 500 K below the melting point of zirconium. As was shown in the separate-effects 

tests these melts rapidly react with steam and may initiate further bundle degradation. An additional feature 

of QUENCH-09 was an 11-min lasting steam starvation period before reflood. Steam starvation leads to 

the (chemical and geometrical) reduction of the superficial zirconium oxide layer and thus to the 

impairment of the protective effect of the oxide scale. Furthermore, the bundles QUENCH-07 and 

QUENCH-08 were cooled down by relatively low steam flow rates of 15 g/s, which may be the second 

reason (in addition to modest melt formation and oxidation) for the moderately enhanced hydrogen release 

during the reference test QUENCH-08 without boron carbide control rod. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* The examination of hydrogen production by oxidation of only prototypic bundle components, excluding 

shroud, heaters, and thermocouples, results in lower values, but leads qualitatively to the same conclusions 

[53]. 
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A low degree of pre-oxidation and the low reflood water mass flow rate was definitely the reason for the 

significant temperature excursions connected with strong hydrogen release during the quench phase of the 

boil-off test QUENCH-11. 

 

Fig. 14 shows the time-dependant hydrogen release of all tests. Most tests with temperature escalation and 

corresponding enhanced hydrogen release (plotted with symbols) exhibit about 100-s broad hydrogen 

peaks, i.e. after approx. this time the temperature escalation was stopped and cooldown started. Only 

during QUENCH-11 this phase took almost 300 s with a flatter hydrogen peak caused by the low reflood 

mass flow rate connected with partial steam starvation and moving of the escalation front upwards as it is 

seen in Fig. 5. In the tests without escalation, the hydrogen release rate immediately went down with 

initiation of reflood. 

 

Hering [9] analyzed the data base on core reflood including the TMI-2 accident as well as various in-pile 

and out-of-pile experiments and concluded that successful reflood is possible up to peak core temperatures 

of approx. 2200 K if sufficient water mass flow rate can be supplied. This temperature, at which local 

melting of β-Zr already occurred, but which is below global failure andmelting of the α-Zr(O) phase, is 

confirmed by this study except for the tests with boron carbide absorber, which cause the formation of 

eutectic low-temperature melts. Based on analyses of PBF and LOFT experiments Cronenberg [48] 

derived a reflood mass flow rate of 1-2 g/(s rod) necessary at 2000 K for quenching effects to overcome 

temperature escalation due to exothermic reactions. This is in agreement with QUENCH results where less 



 NEA/CSNI/R(2010)11 

 145 

than 1 g/(s rod) water or steam injection preferably caused temperature escalations, whereas 2-3 g/(s rod) 

led to immediate cooling when the bundle was intact (no significant melt formation). 

 
5  Summary 

 

Important outcomes of more than a decade of the QUENCH experimental program have been many 

advances with respect to the phenomenological understanding, modeling and code development 

of high-temperature bundle behavior and the reflood process. 

 

The fifteen QUENCH bundle tests performed so far and an extensive supporting separate-tests effects 

program provide an extensive experimental data base for model development and code validation. Reflood 

progression and oxidation of the cladding tubes under highly transient conditions and the corresponding 

hydrogen source term under various boundary conditions were the topics of the first six bundle tests. It 

turned out that phenomena like oxide spalling, crack formation and hydrogen absorption by the remaining 

metal are only of minor effect for the integral hydrogen source term. Temperature escalation was seen 

during reflood only in tests where quantities of zirconium bearing melt were exposed to the flowing steam. 

This was typically the case when temperatures exceeded the melting point of the α-Zr(O), but was also 

observed when presence of other materials caused melt toform at lower temperatures or when steam 

starvation had led to erosion of the protective and confining layer of ZrO2. Separate-effects tests on B4C 

absorber melt oxidation impressively revealed much faster oxidation kinetics of the melts in comparison to 

the solid materials at the same temperatures. QUENCH bundle tests 07-09 confirmed the results of the 
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small scale tests. Another crucial phenomenon is steam starvation which causes thinning and degradation 

of the protective oxide scale and thus increases the probability for temperature excursions during reflood. 

 

Air ingress may have diverse effects on bundle degradation and coolability. On the one hand, energy 

release by air oxidation is higher and cooling effect is lower in comparison with steam. Furthermore, 

oxidation in a nitrogen-containing atmosphere accelerates the kinetics and may lead to the formation of 

strongly degraded oxide scales. On the other hand, no hydrogen is produced by oxidation of metals in air, 

thus reducing the risk of hydrogen detonations. 

 

Advanced cladding materials have been extensively investigated in small-scale and bundle experiments. 

Although strong differences in the oxidation behavior were found especially at temperatures below 1323 

K, only a limited effect on bundle degradation and coolability was observed. Generally, a nuclear reactor 

core seems to be coolable when the core is still intact and no or only local melt formation has already taken 

place. This is a realistic boundary condition up to 2200 K provided that the reflood water flow rate is >2 

g/s rod, no strong eutectic melt formation occurred, and extended steam starvation phases before reflood 

could be avoided. 

 

Future experimental activities in the QUENCH program will be devoted, on the one hand, to loss of 

coolant accident (LOCA) scenarios, i.e. design basis accidents in the context of higher burnup and use of 

advanced cladding materials, and, on the other hand, to the investigation of formation and coolability of 

debris beds and molten pools in the core. The corresponding sub-programs are named QUENCH-LOCA 

and QUENCH-DEBRIS. 
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Abstract 

 

During a severe accident in a light water reactor, the core can melt and be relocated to the lower 

plenum of the reactor pressure vessel. There it can form a particulate debris bed due to the 

possible presence of water. Within the reactor safety research, the removal of decay heat from a 

debris bed (formed from corium and residual water) is of great importance. In order to investigate 

experimentally the long-term coolability of debris beds, the down-scaled non nuclear test facility 

DEBRIS (Fig. 1) has been established at IKE. The major objectives of the experimental 

investigations at this test facility are the determination of local pressure drops for steady state 

boiling to check friction laws, the determination of dryout heat fluxes under various conditions for 

validation of numerical models, and the analysis of quenching processes of dry hot debris beds. A 

large number of 1D-experiments were carried out to investigate the coolability limits for different 

bed configurations at various thermohydraulic conditions [1-3], and to validate numerical models 

[4] which can be used in reactor safety studies. Analyses based on one-dimensional configurations 

underestimate the coolability in realistic multidimensional configurations, where lateral water 

access and water inflow via bottom regions are favored. This paper presents 2D experimental 

results, based on various kinds of water inflow conditions into the bed, boiling and dryout tests 

with different bed configurations and different system pressures. 

 

For 2D-experiments, a cylindrical tube or perforated tube (downcomer) with an inner diameter of 

10 mm has been installed inside the debris bed which itself is formed in a cylindrical crucible with 

an inner diameter of 125 mm. Polydispersed bed has been used with a bed height of 640 mm. The 

polydispersed bed is a mixture of 20, 30 and 50 wt % stainless steel spheres with resp. particle 

diameters 2, 3 and 6 mm. The test section is equipped with 60 shielded thermocouples (OD 1 mm, 

Type N), of which 51 are located in the debris bed on 25 levels at different radii of the bed’s cross 

section. The thermocouples measure the temperature in the voids between the particles, which are 

filled by liquid, vapor or a mixture of both. For pressure measurements, 8 differential pressure 

transducers are used (100 mbar, class 0.1). The pressure taps are uniformly distributed in 100 mm 

intervals along the bed height. Experiments are carried out at three different system pressures 1, 3 

and 5 bar under both top-flooding and bottom-flooding conditions. Since the long-term coolability 

of such particle beds is limited by the availability of coolant inside the bed and not by heat 

transfer limitations from the particles to the coolant, the lateral inflow of water improves the 

coolability of the debris bed, and therefore a substantial increase in the dryout heat flux can be 

observed. Preliminary results show that the system pressure has no significant effect on the 

fundamental shape of the pressure gradient inside the bed, whereas with increasing system 

pressure the coolability limits are increased. 
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1.  Introduction 

 

During a severe accident in a light water reactor, the core can melt and be relocated to the lower 

plenum of the reactor pressure vessel. There it can form a particulate debris bed due to the 

possible presence of water. This can lead to the failure of pressure vessel due to the insufficient 

heat removal of decay heat in the debris bed. Therefore, addressing the issue of coolability the 

behavior of heat generating particulate debris bed is of prime importance in the framework of 

severe accident management strategies, particularly in case of above mentioned late phase 

scenario of accident. 

 

Due to the large surface area of porous media, the coolability of a porous bed is normally not 

limited by the heat transfer from the particle to the coolant, viz. the boiling critical heat flux. A 

special feature of boiling beds with volumetric heat sources is a rise of the vapor velocity and the 

void with increasing bed height. At a certain vapor velocity the uprising vapor will block the 

penetrating water from an overlaying water pool (countercurrent flooding limitation). Not enough 

water can then enter the porous bed, and it will dry out. The installation of a downcomer in the 

centre of the bed will offer a low resistance flow path for water. In addition to the water supply 

from top, the water flowing through the downcomer will establish bottom flow which will 

enhance the coolability of the heated bed resp. will increase the dryout heat flux (DHF). In 

bottom-flooding experiments at POMECO test facility [4] an increase in DHF has also been 

observed applying a downcomer. Many experiments have been carried out on counter-current 

flooding limitation and led to the dryout model first presented by Lipinski [5]. In a modified 

experiment performed by Hofmann [6], in which water was supplied by a lateral water column to 

the bottom of the bed, a drastically increased coolability was observed. This increase could not be 

explained by models without interfacial drag [7-8]. Better agreement was found with models 

including interfacial drag [9-11]. But larger number of experimental data is needed to validate 

these models.  

 

In order to gain a deeper insight into boiling phenomena of a debris bed with volumetric heat 

sources, a non-nuclear single effect experiment (test facility DEBRIS, Fig. 1) was built up at IKE 

which focuses on the general understanding of two-phase flows in porous media. The major tasks 

of the experimental investigations are the determination of local pressure drops for steady state 

boiling to check friction laws, the determination of dryout heat fluxes under various conditions for 

validation of numerical models, and the analysis of quenching processes of dry hot debris beds. A 

large number of experiments have been carried out at IKE on particle beds composed of single-

sized spheres and polydispersed spheres [2] as well as for irregularly shaped particles [1]. In this 

paper experimental results, obtained from investigations of coolability limits of polydispersed 

beds with the use of a central tubular downcomer, are presented. 

 

2.  Test Facility DEBRIS 

 

The experimental set-up (Fig. 1) consists of a pressure vessel designed for pressures up to 40 bar 

in which the test section filled with particles is mounted. The pressure vessel is connected to a 

storage tank filled with demineralized water and a pumping system, which allows performing 

boiling experiments with feeding water to the test section at the bottom (bottom-flooding) or at 
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the top (top-flooding). The debris bed is volumetrically heated via an oil-cooled 2-winding 

induction coil by an RF-generator. The RF-generator operates at a frequency of 200 kHz and has a 

nominal output power of 140 kW. 

 

The main test section consists of a PTFE crucible. It has a total height of 870 mm and an inner 

diameter of 125 mm. A downcomer is also installed at the centre of the test section. The tubular 

downcomer made of PTFE has an inner diameter of 10 mm and an outer diameter of 18.5 mm. 

The test section is equipped with 60 shielded thermocouples (OD 1 mm, Type N), of which 51 are 

located in the debris bed on 25 levels at different radii of the bed’s cross section. The 

thermocouples measure the temperature in the voids between the particles, which are filled by 

liquid, vapor or a mixture of both. For pressure measurements, 8 differential pressure transducers 

are used (100 mbar, class 0.1). The pressure taps are uniformly distributed in 100 mm intervals 

along the bed height (pressure transducer dp8 is used for measuring the pressure difference 

between level PL0 and PL7). The exact position of the thermocouples and pressure taps can be 

seen in Fig. 2. Due to the installation of a downcomer in the centre of the bed the thermocouples 

shown in the centre of the test section are bent a little bit laterally. 
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The debris bed is composed of a mixture of pre-oxidized stainless steel balls. The spheres are of 3 

diameters 2 mm, 3 mm and 6 mm with mass fraction 20%, 30% and 50% respectively. The bed 

height is 640 mm and the measured porosity of the bed is 0.37. A water pool of 310 mm is made 

up at the top of the bed, in addition another water pool of height 20 mm is also provided at the 

bottom of the test section. The bed composition is given in Table 1. 
 

 
 

At constant system pressure the bed is heated up to the saturation temperature to steady-state 

boiling condition. Then, the heating power is increased in small steps until the dryout is reached. 

An appreciable fast increase in bed temperature above the saturation temperature is defined as 

dryout. Due to some experimental limitations the power supply is turned off or reduced to small 
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value when the bed temperature is above 180 °C. To reproduce the dryout the procedure of power 

increase and decrease is repeated. 
 

3.  Experimental Results 

 

a.  Heat Input Determination 

 

The heat input curve is calculated from the increase in bed temperature (sensible heating up of 

coolant water) for different applied induction powers (Fig. 3). The average temperature rise is 

used to estimate the power density of heat generation in the polydispersed bed and coolant based 

on an adiabatic assumption: 

 

 

where ε is the measured porosity of the debris bed,  are the densities 

and specific heats of water and steel balls respectively. Downward and lateral heat dissipation  

throughout thermal insulation and PTFE was considered to be negligibly. The effective heat flux q 

was defined as the integral heat generation divided by the cross-sectional area  of 

the cylindrical bed where R2 is the radius of the bed and R1 is the outerradius of the downcomer. 

q(1−ε ) = Q.h                ( 2 ) 

where h is the height of the bed [12]. Figure 4 shows the calculated heat input curve as well as the 

fitted curve for different power levels (heating level). This approximated curve has been used in 

further calculation of the gas superficial velocity Jg. 
 

 
 



NEA/CSNI/R(2010)11 

 170 

 
 

b.  Single-Phase Pressure Drop 

 

For approximation of the effective particle diameter, adiabatic single-phase pressure drop 

experiments have been carried out. The pressure drops are measured at different liquid superficial 

velocities. For a given flow rate, the pressure drops are determined at 6 measurement positions 

(dp1 to dp6, Fig. 2). The experimental data (pressure gradient minus hydrostatic pressure) for the 

bed with polydispersed spheres (diameter 6/3/2 mm, mass 50/30/20 wt. %) are shown in the Fig. 

5. In fact, if an average particle diameter dp = 2.8 mm is used in Ergun’s equation [13], the 

predicted pressure gradients agree well with the experimental data (triangles in Fig. 5). Hence, the 

average particle diameter is considered as 2.8 mm in corresponding theoretical calculations. 
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c.  Top-Flooding Tests 

 

For the first set of experiments the downcomer is closed at the top (see Fig. 2). Driven by gravity 

the water from the water pool above the bed flows down into the heated bed to cool it down, so a 

counter-current flow of water and vapor is established inside the bed. The major aim of the 

boiling experiments is the verification of friction laws which are included in dryout models. This 

is done by measuring the pressure gradients in different bed heights under steady-state boiling 

conditions. 
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Under top-flooding conditions at system pressure 1 bar the measured pressure gradients are 

smaller than the hydrostatic pressure gradient of water (Fig. 6). For small superficial vapor 

velocities Jg in the range of 0 to 0.1 m/s, there is a steep decrease in the pressure gradient. With 

further increasing Jg, an increase in pressure gradient followed by a decrease can be seen. The 

data from previously conducted experiments with polydispersed particle bed without downcomer 

at system pressure 1 bar is also shown as squares in Fig. 6 and the comparison between old and 

new data results in a good agreement. 
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In previous experiments it was found that the change in pressure gradients is an indication of the 

onset of local dryout. The corresponding rise of bed temperature starts after some delay (Fig. 7). 

The time required to get a temperature increase is also dependent on the applied heat input [1]. 

When the heat input is increased in small increments to about 600 kW/m2, the pressure difference 

dp5 and dp6 decrease to a negative value within a few seconds, and then decreases continuously, 

indicating that the counter-current flow limit at corresponding bed height (see Fig. 2) has been 

reached. With ongoing heating, the countercurrent limit establishes at lower bed positions (“dp4” 

and “dp3”). The dryout does not occur immediately after the drop of dp5. The initial dryout 

occurs at position “T33” with a delay after applying DHF. As the heating continues the dryout 

area extends. Immediately after the stop of heating, the temperatures in the dryout area drop 

quickly to saturation condition. 
 

 
 

With increasing system pressure, the pressure drop characteristic of the system does not change 

significantly (Fig. 8-9), but there is a strong increase in DHF, which results in enhanced 

coolability of the bed (Table 2). This can be attributed to the fact that the vapour density increases 
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strongly whereas the decrease in latent heat of vaporization is very less leading to an increase in 

the maximum heat flux. 

 

d.  Bottom-Flooding Tests 

 

In this test case the downcomer is opened both from top and bottom. The top opening is about 30 

mm above the bed, so the height of the water pool above the downcomer is 280 mm (see Fig. 2). 

In Fig. 10 the measured pressure gradients are shown. In comparison to topflooding conditions 

(Fig. 6) no clear trend in the pressure gradient data can be observed. With rising Jg the values 

seem to increase a little bit followed by a drop at higher Jg. This behaviour may be caused by a 

change of flow conditions inside the bed which is expected to be a mixture of co- and counter-

current flow for such kind of bed configuration. Like in previous investigations [1] the system 

pressure does not have a great influence on the pressure drop shape inside the bed. 

 

 
 

Compared to top-flooding tests the bed temperature rises and propagates to the rest of the bed 

very fast when DHF is reached. The onset of dryout inside the bed also indicates an increase in 

void fraction in those sections. The temperature rises in most parts of the bed (Fig. 11) and the 

void increases to maximum inside the bed resulting in an increase of the water pool level above 

the bed. The open downcomer offers a low resistance flow path to the water, and therefore a 

certain amount of water will flow down feeding the bed from its bottom. Due to this bottom-

flooding flow condition the bed will cool down to saturation temperature starting from the bottom 

part of the dried bed, though the heat input is still the same. 
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e.  Lateral-Flow Tests 

 

Now the tubular downcomer is replaced by a perforated downcomer of same diameter and height. 

The perforated downcomer will provide lateral water flow into the bed and hence should improve 

the coolability of the debris bed. Preliminary results of experiments exhibit no improvement in the 

coolability and same dryout heat flux values as that for open tubular downcomer are found (refer 

Table 2). During the experiments it was observed that some vapor flows upwards through the 

perforated downcomer. Due to the small inner diameter of the downcomer this vapor will offer 

resistance to the water flowing downwards and will also affect the flow pattern inside the bed. 

The measured pressure drop inside the bed is also comparatively small (compare Fig. 10 and Fig. 

12). 

 



NEA/CSNI/R(2010)11 

 176 

f.  Dryout Heat Flux Data 

 

An increase of DHF under bottom-flooding has been also reported in [1], [4]. As can be seen from 

Table 2 the DHF increases significantly with increasing system pressure and respective flow 

condition. For instance, the DHF of bottom-flooding with open downcomer at 3 bar system 

pressure is nearly 2 times higher than that of top-flooding with closed downcomer. For 5 bar 

system pressure currently no DHF data are available due to experimental limitations of the test 

facility. 

 

 
 

4.  Conclusion 

 

In the framework of reactor safety research on coolability of debris beds in context with numerical 

modeling and verification of simulation results, and in continuation of previous IKE studies 

fundamental experimental investigations with volumetrically heated particle beds in a downcomer 

configuration (vertical tube mounted in bed centre) are performed at different system pressure (1, 

3 and 5 bar). Steady-state boiling as well as transient dryout experiments with a polydispersed bed 

content (mixture of steel balls of 2, 3 and 6 mm diameter) under top- and bottom-flooding as well 

as lateral flow conditions were carried out in order to study the influence of the downcomer on the 

hydraulic and thermal behavior (pressure drop, dryout heat flux) of the bed. 

 

For top-flooding flow condition (downcomer closed), the pressure gradients along the bed height 

are generally smaller than the corresponding hydrostatic pressure gradient due to interfacial 

friction of liquid and vapor in the counter-current flow. For bottom-flooding flow condition 

(downcomer open), the pressure drop behavior of top-flooding is not found because of mixture of 

two-phase co- and counter-current flow inside the bed. In both flow cases no significant effect of 

increased system pressure on the pressure drop characteristics could be found. For lateral flow 

condition (perforated downcomer), the pressure drop behavior, i. e. its decrease/increase, is 

distinctly enhanced compared to bottom-flooding flow condition but the dryout heat flux is more 

and less the same. Therefore, further investigations with perforated downcomer are needed to 

understand this behavior. Comparing the dryout heat fluxes for different system pressures at top- 

and bottom-flooding flow situations it has to be pointed out that with increasing system pressure 

and associated change from top- to bottom-flooding flow condition a strong increase of dryout 
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heat fluxes can be observed which improves distinctly the bed’s coolability. Finally, the presented 

data can serve for validation of numerical models for calculations of coolability limits of debris 

beds. 
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1. Introduction 

 

During a severe accident in a pressurized water reactor (PWR), the reactor core would be progressively 

damaged. To slowdown the progression of the accident, water can be injected into the degraded core but 

the efficiency of reflooding is not demonstrated for all situations. The reflooding models used for design-

basis accident accidents such as Loss of Coolant Accident (LOCA) are not applicable in these situations 

which require extended models, based on the description of the core as a porous medium with random 

geometry. Models of this type have been developed (ICARE/CATHARE V2, WABE), but they can only 

be partly validated because existing experimental data cover only a limited range: temperatures below 

1000K, one-dimensional flow. Moreover, available experimental facilities provided with a limited number 

of tests and in some programs, measurements were not reliable. Therefore, the available data for validation 

are scarce. There is a need for further validation, in particular for the flow regime map and the closure laws 

to estimate heat fluxes and friction laws. This is the aim of the PEARL experimental program planned at 

IRSN. 

 

The top objective PEARL is the validation of numerical tools whose objective is to predict the 

consequences of the reflooding of a severely damaged reactor core where a large part of the core has 

collapsed and formed a debris bed. This means the prediction of debris coolability and steam production 

during quenching.  PEARL results will be used both as confirmatory data for validation and as data 

allowing an improvement of models over a range of conditions not covered yet. 

 

To reach this top objective, a step –wise experimental approach has been adopted consisting in launching a 

preliminary program, named PRELUDE, to test the performance of the induction heating system on 

stainless steel particles simulating debris beds and to optimize the instrumentation in a two phase flow, for 

a better design of  the PEARL features.. This paper gives both the main features of PEARL program and 

first reflooding experimental results obtained in PRELUDE. 
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2. PEARL experiment 

 

a. Experimental configuration 

 

The PEARL experiments will have a two-dimensional configuration (a cylindrical geometry), in order to 

understand the processes of lateral water ingression along zones with a higher porosity (for example intact 

rods surrounding the debris bed, which is a likely configuration in a core reactor) and flow patterns 

(existence of convection cells, existence of preferential steam channels). The multidimensional nature is of 

particular interest for non-homogenous beds (variable size and distribution of power). 

 

A 60 cm section is planned for the facility, in order to observe such multi-dimensional effects. The height 

will be 50 cm. The debris bed will have a peripheral zone with higher porosity to be representative of the 

configuration considered to be the most likely in the event of a severe accident.  

b. Physical variables 

 

The major physical variables for model qualification are as follows: 

 Steam flow rate generated during reflooding. 

 Temperature of the steam at different points outside the debris bed, 

 Temperature of particles inside the debris bed, 

 Temperature of the steam inside the debris bed, 

 Fluid phases at different points inside the debris bed, 

 Distribution of the heating power, 

 Pressure at different points at the boundaries of the debris bed, 

 Pressure at several points inside the debris bed. 

 

c. PEARL facility 

 

Basically, the experimental device for the PEARL tests consists in: 

 A water-steam loop, where the key component is an autoclave capable of housing a test section 

(containing the particle bed and its instrumentation). PEARL loop will allow to make tests with 

different initial pressures. 

 A test section located in the autoclave, composed of: 

  The main bed, made up of particles of different dimensions, 

 A peripheral particle bed, which surrounds the main particle bed, thereby imposing 

conditions at the required boundaries. This peripheral bed can itself have homogeneous 

permeability or not. Its permeability is large compared to that of the main bed. For a debris 

bed 60 cm in diameter, the width of this peripheral ring will be in the order of 2 cm, 

 Instrumentation made up of thermocouples, pressure sensors, flow rate meters,. to adress 

the needs expressed in section 2.b. The location of measurements in the test section will be 

defined in regards with the scoping test results. A specific device made up of a cluster of 

particles identical to that of the bed will allow specific measurements inside the debris bed, 

  An electromagnetic induction heating system,  which generates a predefined specific power in the 

debris bed and maintains the power during the water reflooding phase, 
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 A measuring acquisition and instrumentation and control system, 

 

d. Test matrix 

 

The range of parameters defined in PEARL program are specified below: 

 Inlet water flow rate (m
3
/h/m

2
):  2, 5, 10, 20 

 Sub-cooled water temperature (T): 0, 20 et 50 

 Power (W/kg): 100, 200, 300 

 Average particle size (mm) in debris bed :  <1, 2, 5 

 Initial pressure (bar): 1, 3, 5 

 Initial temperature : approx. 1300K 

 Porosity : approx. 0.4 

 Smallest particle diameters (~ 0.5mm) to obtain a non-coolable configuration 

 
3. PRELUDE experiments 

 

a. PRELUDE facility  

 

As said in introduction, to start with this reflooding study, a preliminary experimental investigation has 

been launched with the PRELUDE facility, which is one-dimensional. The main aim has been to test 

particle bed heating system and instrumentation during reflooding phase. It has been also used to determine 

the distribution of initial temperature and the release of power inside the particle bed. 

 

PRELUDE facility includes several components: 

 A water tank for reflooding  

 A test section containing an instrumented debris bed  

 An induction furnace (coil around the test device) 

 A downstream heated vertical tube to remove steam from test section.. 
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Fig. 1- PRELUDE facility 

 

 

b. Particle bed geometry 

 

The debris bed is composed of steel particles. Calculations with ICARE/CATHARE code show that steel 

behaviour is comparable to uranium dioxide for such reflooding transients
1
.  

 

Material Particle shape Particle size Porosity ( for a 

homogeneous 

debris bed) 

Pre-oxidized stainless 

steel  

Beads 2, 4, 8 mm 0.40 

  

                                                      
1
Olivia Coindreau 

« Sensitivity study under the PEARL test preliminary design package » 

Technical note DPAM/SEMCA/2008-090 
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c. Heating system 

 

Electromagnetic induction technology had been selected because of its capacity to induce a well controlled 

power in the debris bed, not only before but also during the reflooding phase. 

The thermal power is assessed thanks the simplified heat equation, which is valid at the first instants of 

heating when conduction is negligible. All the power is used to heat up the particles: 

 

 

 

 

 T:  temperature inside the debris bed 

.: mass density  

Cp: specific heat capacity 

 

Temperature is measured at different locations inside the debris bed and elementary volumes are defined 

such that in each elementary volume Vi, the power Pi is determined by: 

 

 



 Porosity of particles bed 

 

Figure 2 illustrates an example of power distribution inside the cylindrical debris bed made of 4 mm 

particles. The range of power ( 100 w/kg to 300 W/kg) is reached with a quite good  homogeneity.  

Cp
dt

P **




  
t

T
VCCP i

ifluidfluidparticleparticlei



  1
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Fig. 2 –Induced power  in a 4 mm debris bed 
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d. Instrumentation 

 

The following physical variables have been measured : 

 The bead temperature at 2 vertical? levels  inside the particle beds.  Thermocouples K (diameter 

0.5 mm ) inside bead  perform this function; 

 The temperature between particles, in the porosities, at 3 vertical levels inside the particles bed, 5 

thermocouples K (diameter 0.5 mm ) are mounted inside the debris bed; 

 The inlet water mass flow rate; 

 The steam flow rate measured in the outlet tube. 

 

 

Fig. 3 – Thermocouples setting inside PRELUDE debris bed 

 
 

e. Test device 

 

The test device includes a quartz tube, housing the particles bed which lies on a quartz grid. The tube is 

covered by a lid allowing the instrumentation to pass through. The test section is supplied with water at its 

bottom. 

 

Three test sections have been manufactured, the main characteristics of the debris bed are: 

 

 External diameter 

(mm) 

Height ( mm) 

Section 1 100 100 

Section 2 170 200 

Section 3 260 200 

Thermocouple 

Thermocouple inside bead 

Debris bed 

TN_000_050 

TN_-100_050 TN_050_050 

TN_050_010 

TB_050_010 

 

TN_D100_050 

TB_D100_050 
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Fig. 4 - 180 mm test section 
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f. Reflooding tests 

 

First reflooding tests carried out involved a debris bed of 4 mm particles inside a 110 mm external 

diameter, and 100 mm height test section ;.parameters investigated were :  

 Inlet water velocity (mm/s):  1,3,6,8 

 Power (W/kg): 300 ( maintained or not during the reflooding phase) 

 Initial temperature before reflooding: 150°C, 230°C, 310°C. 

 

Figure 5 gives the temperature evolution during the reflooding phase (inlet water: 1mm/s, 310°C, 

300W/kg). In this case the power is maintained during reflooding. One can remark the difference 

between the thermocouple inside and outside the beads. For a same location, cooling time of particle 

lasts 4 seconds more than in the porosity. It can be also noticed that the cooling of the thermocouples 

in the bottom part of the bed is much shorter than the cooling of the thermocouples in the upper part. 

Thermocouples inside the debris bed offer a fine illustration of the different phases of reflooding. 

 

  

 

Fig. 5 Temperature inside the reflooding of a 4mm debris bed with 300W/kg power deposit 

inside particles 
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4. Conclusion 

 

To address the damaged core coolability issue, an experimental program devoted to study reflooding 

of debris beds has been launched at IRSN. A step-wise approach has been adopted, with feasibility and 

scoping reflooding tests in PRELUDE facility and more complex representative tests in a larger 

facility –PEARL- to address the multi-dimensionnal thermal-hydraulic processes involved in 

reflooding situations.  

 

PRELUDE results obtained so far show that the chosen technology is able to deposit a sufficient 

power density during the reflooding phase. Moreover the level of 1000°C is reached accurately with 

induction… 

 

These results will be extended with reflooding experiments on a homogenous debris bed from 400°C 

up to 1000°C. These tests will qualify the measurement of the steam flow rate generated during 

reflooding and the measurement of pressure inside the debris bed. Jointly, work on PEARL facility 

design will be complete in order to start PEARL experiments second-half of 2010. 
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Abstract  

 

The development of a corium pool in the lower head and its behavior is still a critical issue and is of 

great importance to assess the severe accident progression consequences to ensure the nuclear plant 

safety. Therefore, experimental efforts are a vital element of the assessment process, providing hard 

data and insights of the complicated multi-component, highly turbulent corium pool dynamics. 

Impossibility of one-to-one scaled prototypic experiments naturally brought highly advanced 

computational tools as another vital element of the assessment process. Since the difficulties in 

understanding and realization or demonstration of the phenomena are very deep and the uncertainties 

related to the severe accident progressions are vaguely wide, developmental efforts of computational 

tools by simulating well defined experiments are an inescapable step to take. It is essential to consider 

the whole evolution of the accident, including e.g. formation and growth of the in-core melt pool, 

characteristics of corium arrival in the lower head, and molten pool behavior after the debris re-

melting. These phenomena have a strong impact on a potential termination of a severe accident. The 

general objective of the LIVE program at the Forschungszentrum Karlsruhe (FZK) is to study these 

phenomena resulting from core melting experimentally in large-scale 3D geometry and in supporting 

separate-effects tests, with emphasis on the transient behavior.  

 

1.  Introduction  

 

During the late phase of anticipated severe accident in Light Water Reactors (LWR) the melt 

pool behavior in the lower head of the RPV is one of the critical issues to assess the vessel 

integrity. External reactor vessel cooling (ERVC) is considered as a promising severe accident 

management strategies for in-vessel corium retention (IVR). The success of ERVC is 

determined by heat removal capacity which is strongly depended on melt pool behaviour in 

thermal hydraulic transient state and in steady state. In thermal hydraulic steady state 

(freezing rate R=0), there is no net mass transfer between the solid and liquid phases and the 

interface temperature is equal to the liquidus temperature of the actual liquid [1]. The thermal 
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behavior of a single-phase melt pool during steady state can be meanwhile well modeled [2]. 

However, uncertainties still exist in the description of the transient melt behavior, such as the melt 

solidification process under various pool formation patterns and initial cooling conditions which are 

plant and accident sequence dependent [3-5]. These initial parameters influence crust solidification 

process and crust thermal conductivity, and the crust physical properties impact in return the vertical 

and horizontal heat flux distribution along the vessel wall. The initial conditions also determine the 

crust growth period or, in other words, the time period required reaching melt pool thermal hydraulic 

steady state. Therefore, an improved understanding of these processes is needed to help to define 

accident management procedures for accident control in present reactors as well as for code 

development in the field of reactor safety. Based on this necessity, the experimental research program 

LIVE (Late in-Vessel Phase Experiments) has been started at FZK to investigate transient and steady 

state melt behavior in the reactor vessel lower plenum under various relocation scenarios and outside 

cooling conditions [6-8].  

 

The experimental results are being used for the assessment of correlations and development and 

validation of mechanistic models for the description of molten pool behavior.  

 

2.  LIVE experiments  

 

The main part of the LIVE test facility is a 1:5 scaled semi-spherical lower head of the typical 

pressurized water reactor (PWR), as shown in Fig. 1. The diameter of the test vessel is 1 meter. The 

top area of the test vessel is covered with an insulated lid. The test vessel is enclosed in a cooling 

vessel to simulate the external cooling. The cooling water inlet is located at the bottom and the outlet 

is positioned at the top of the cooling vessel. The volumetric decay heat is simulated by means of 6 

heating coils in the test vessel. Each heating coil can be controlled individually to simulate 

homogenous heat generation in the melt pool. The maximum homogenous heating power is 18 kW.  

 

The test vessel has extensive instrumentation [9]. The temperatures of the vessel wall inner surface 

and outer surface are measured at 5 latitudes and 4 locations at each latitude. Heat flux distribution 

through the vessel wall can be calculated based on these temperatures. Crust solidification process can 

be monitored with thermocouple trees intruding from the inner wall into the melt at three locations. A 

precise crust detection lance can detect the crust front and measure the crust/melt boundary 

temperature as well as the melt pool vertical temperature profile. Two video cameras and one infrared 

camera are used to visualize the convection of the melt pool. 
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The melt is prepared in an external heating furnace. The melt can be poured from the heating furnace 

into the test vessel either centrally or near the vessel wall. A vacuum pump extracted the residual melt 

at the end of test back to the heating furnace uncovering the solid crust formed in the experiment.  

A binary non-eutectic mixture of 80 mole% KNO
3 
- 20 mole% NaNO

3 
is selected as simulant melt for 

the experiments described in this study. The maximum melt temperature is 360 °C. Above this 

temperature the melt is chemically unstable. The solidus temperature and the liquidus temperature of 

this composition are about 225°C and 284°C respectively.  

 

Although KNO
3
-NaNO

3 
mixtures are widely used to simulate corium melt in the nuclear safety 

research and as thermal storage mediums, the phase diagram of this system is still under discussion 

[10]. Therefore FZK has measured the liquidus temperature from 100% KNO
3 

to 50 mole % KNO
3 

- 

50 mole% NaNO
3 

with both slow heating process and slow freezing process. The results from both 

methods differ maximum 4 °C. Fig. 2 shows the measured liquidus temperature of KNO
3
-NaNO

3 

system obtained in the heating up method. 

 

 
 
Three LIVE tests are selected for this work in comparable test conditions, which are given in Table 1. 

The melt volume in all tests was 120 liter, corresponding to ~70% of the total core inventory if scaled 

to reactor case. The melt pool height was 313 mm. The initial melt temperature was 350 °C and the 

Rayleigh numbers of the tests were in the range of ~10
14

. The cooling water flow rate was about 50 

ml/sec after water flooding. The test conditions were different in the following parameters:  

 

1) cooling condition: either air cooling followed by water flooding (L1 and L3), which is 

named “air/water cooling” in this study, or water cooling from the beginning of the melt pouring to the 

end of the test (L3A), which is called “water cooling” in this study;  

 

2) melt pouring position: either centrally (L1) or near the vessel wall (L3, L3A). 
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2.1  Test results  

 

Melt temperature and heat balance. 

  

Depending on the initial heating and cooling conditions the behavior of melt temperature was very 

different. The melt temperature evolution under air/water cooling and water cooling are shown in Fig. 

3. In case of air/water cooling (Fig. 3, top), the melt temperature decreased slightly at the very 

beginning and then increased again due to the insufficient external air cooling and high heating power. 

The initial crust layer up from 30° of the polar angle on the sidewall was completely molten during the 

air cooling period. Therefore the effect of the asymmetric pouring position on the crust growth was 

negligible. After the water flooding, the melt temperature decreases slowly to a constant value. The 

crust layer along the upper part of the vessel wall built up symmetrically after the water flooding. In 

contrast, when the test vessel was externally cooled with water at the beginning of test, as the case in 

L3A, the melt temperature decreased continuously to the steady state (Fig. 3, bottom). In this case, the 

crust layer formed in the initial cooling period kept its form and properties during the whole test 

period. 
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Due to the good insulation of the vessel upper surface, about 80%-90% of the heating power was 

removed through the vessel wall to cooling water during the steady state. Table 2 gives the percentage 

of the heat removed through vessel wall under different initial cooling condition. The results implied 

that the higher the heat generation, the higher the fraction of the heat was removed through the vessel 

wall to the cooling water. 
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Steady state heat flux distribution.  

 

Heat flux through the wall during the thermal hydraulic steady state increased significantly with the 

vessel polar angle. As shown in Fig. 4, the maximum heat flux was measured just below the melt 

surface. However, the heat flux distribution at one latitude was not symmetric even if the effect of 

asymmetric melt pouring position is negligible, as in the case of L3 after water flooding (Fig. 4, left). 

The asymmetry of the heat flux distribution became larger when the melt pouring position was located 

near the vessel wall and the vessel was cooled by water from beginning of the test. The pouring 

position near the wall was located at the polar angle of 65.5°, and the azimuth angle between 112.5° 

and 202.5°. The results from L3A, which was performed under water cooling and the melt was poured 

near the wall, show that the heat flux near the melt pouring area is almost 1.4 times higher than the one 

at the opposite side (Fig. 4, right). 
 

  
 

Crust growth rate and crust thermal conductivity. 

 

The crust growth rate and the crust thermal conductivity were determined by three thermocouple trees 

intruding into the melt at different vessel height. Each thermocouple tree has 7 thermocouples 

arranged parallel to the vessel wall in 5 mm or 3 mm distance. When the crust front reaches the 

position of a thermocouple the measured temperature deviates from the regular cool down curve due to 

the phase transition process. In this way the crust thickness, the solidification temperature and the 

corresponding time point during the crust growth process can be determined. Also the temperature 

distribution within the crust layer during the steady state can be obtained. Based on the temperature 
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difference within the crust layer and the local heat flux through the wall, the crust thermal conductivity 

can be calculated. 

  

The crust growth rate at the polar angle of 52.9° is shown in Fig. 5. It is noted that the melt solidified 

distinguishingly faster under the water cooling (L3A case) than that under the air/water cooling (L1 

and L3 cases). Although the crust layer under the water cooling condition was thicker at the beginning 

of the melt pouring than the crust layer formed under the air/water cooling, the time period of the crust 

growth under the water cooling condition was also shorter, thus the final thickness of this crust layer 

was thinner than those formed under the air/water cooling condition. 

 

 
 
The thermal conductivity of the crust corresponds adversely to the crust growth rate. As shown in Fig. 

6, the crust layer formed during the water cooling has lower thermal conductivity than the one formed 

during air/water cooling condition. This results from the crust crystal structure and the crust porosity 

which are strongly depended on the solidification rate.  

 

The porosity of the crusts formed during the water cooling (L3 test) and during the air/water cooling 

(L3A test) is given in Table 3. The outer layer was formed during the 10 kW heating period, whereas 

the inner layer was formed during the 7 kW period. The general observation is that the porosity of the 

crust formed under air/water cooling is lower than the one formed under the water cooling. This 

difference is especially significant in the fine pore-size range, which indicates the influence of the 

solidification rate on the formation of fine pores. Also the difference in the volume of fine pores 

between the outer layer and inner layer is noticeable. Since the outer crust layer (adjacent to the vessel 

wall) solidified faster than the inner layer (adjacent to the melt pool), the difference in the porosity 

demonstrates the dependence of crust porosity on solidification rate.  

 

The results described above suggest the interaction among the solidification parameters: the initial 

cooling condition determines the solidification rate, which influences the microstructure and the 

porosity of crust. The microstructure of the crust exerts in return impacts on the crust thermal 

conductivity and the final crust thickness. This phenomenon observed in the simulant melt implies a 
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general character of the solidification process of a non-eutectic melt. Therefore it could also appear in 

corium melts. However the existence of such phenomenon in corium can only be demonstrated in 

prototypical melt experiments. 

 

 
 

 
 
3.  CONV code application to the LIVE-FSt4 test  

 

To simulate the FSt4 test the CONV code [11, 12] was used. CONV is a 2-D/3-D thermohydraulic 

CFD code for the simulation of heat transfer due to conduction and convection in complex geometry, 

crust formation, etc. It was developed at IBRAE (Nuclear Safety Institute of Russian Academy of 

Sciences, Moscow). Two calculations were performed: in the first one the homogeneous heating of 
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liquid was assumed, in the second one the heating system of the LIVE facility (spiral heaters) was 

modelled.  

 

The objectives of the LIVE FSt4 test were to a) to test the facility operation and instrumentation and b) 

to provide data on the behaviour of water pool in well-defined initial and boundary conditions. Though 

the results can not be applied directly to the behaviour of the real corium melt, they can be used for the 

validation of the computational tools such as the CONV code. Moreover, the test data were used to 

verify the heating concept of LIVE facility for future tests with high-temperature molten salts and 

oxide melts, i.e. to make sure that the LIVE facility which uses the circular volumetric heating system 

can adequately represent thermal conditions of the homogeneously heated liquid. That is why the 

relatively simple test scenario and water as a working liquid were chosen in order to avoid additional 

complicating factors (such as crust formation taking place in the tests with salt mixtures, for example).  

 

In the beginning of the experiment the LIVE vessel was filled with 210 litters of water at room 

temperature, corresponding to about 43.5 cm of the pool height (almost fully filled vessel). The outer 

vessel wall was cooled by cooling water at 20 °C and flow rate of 1.4 l/s, to provide a quasi-uniform 

temperature distribution at the outer vessel wall.  

 

During the first 17930 sec. of the test the total heating power of app. 10 kW was applied to heat the 

water pool. After reaching the steady-state conditions (maximum pool temperature being app. 65°C) 

the power was switched off to observe the temperature distribution in the liquid pool and distribution 

of the heat fluxes through the vessel wall during the cool-down phase. 

  

During the test temperatures were continuously measured during the test at several locations inside the 

pool and at the inner and outer surfaces of the vessel. At the heat-up and steady-state phases of the test 

the Rayleigh number was estimated as Ra=1.2x10
14

.  

 

As it was mentioned above, one of the objectives of the calculations was to check if the LIVE heating 

systems adequately represents the homogeneous heat generation in the liquid pool. Since it can not be 

demonstrated experimentally, one of the possible ways is to use the advanced computer tools, like 

CONV, provided that they are qualified against the available analytical solutions [13, 14] and well-

instrumented and well-defined experiments [15]. Moreover, the use of water as a simulant material 

allows to concentrate on thermal-hydraulics effects only, avoiding the overlapping with complex 

behaviour of binary melt mixtures, such as changes in melt viscosity, solidification, crust formation 

etc. Therefore, two calculations were performed with CONV code: a) assuming the homogeneous heat 

generation in the water pool and b) heat generation using the spiral heaters.  

 

In the first calculation the 10 kW were homogeneously distributed in the whole melt pool volume. In 

the calculations orthogonal curvi-linear grid was used. The grid was condensed near the liquid/solid 

boundary and near the upper surface of the liquid. In the first calculation, where no spiral heaters were 

considered and the homogeneous heating of water was assumed, the nodalization 101×101 was 

applied. 
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The comparison of measured and calculated temperature evolution at two locations in the bulk of 

liquid is given in Fig. 7 and Fig. 8. In the middle of the pool (Fig. 7) during the heat-up and steady-

state phases the results are in a good agreement with the experimentally measured, however a slight 

overestimation during the cool-down phase can be seen. In the upper half of the pool the code trends 

to underestimate (by about 10 %) the temperatures measured in the transient and steady-state phases 
(Fig. 8). Generally, satisfactory representation of the measured temperatures by the code can be 

reported.  

 

In the second calculation the heating with wire spiral heaters was modelled instead of homogeneous 

heat generation. It is noted that in the FSt4 test the maximum level of the heaters is at ~29 cm so no 

heat was generated above this level. In order to describe the location of the heaters in more details the 

number of meshes was increased: 201×201 nodalization was used in the calculations. The comparison 

of measured and calculated temperature evolution at two locations in the bulk of liquid is given in Fig. 

9 and Fig. 10.  

 

Calculations correctly describe heat-up and cool-down phases with minor overestimation of the 

temperature values in the upper part of the bulk during the steady-state phase of the test. In the lower 

part more considerable overestimation can be observed (app. 15%). 
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The comparison of the measured (at four locations) and calculated heat flux to the vessel wall is given 

in Fig. 11 (during the transient phase of the test) and in Fig. 12 (during the steady-state of the test). 

There is acceptable agreement between experimental data and calculation results. 

 

 
 
The results obtained demonstrate that the difference between the two calculations is quite comparable 

with the uncertainty of the experimental data.  

 

At the pool angle range from 20° to 65° the second calculation result exceeds the first one; at the 

angles above 65° one has opposite picture. The obtained results show that there is no critical 

difference in the heat flux distribution at the vessel wall for these two cases, indicating that the LIVE 

facility adequately represents thermal conditions of the homogeneously heated liquid.  

 

The calculated vertical velocity distribution along the symmetry axis of the pool is presented in Fig. 

13. It is characterized by a stagnant zone in the lower part of the pool (much higher in the case of 

homogeneous heating) and sharp increase of the vertical velocity in the upper part where the liquid is 

well-mixed due to intensive convection.  
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In Fig. 14 the temperature distribution along the facility vertical symmetry axis is presented. Liquid 

stratification with respect to temperature in the lower part of the pool (somewhat irregular due to 

specific location of the heaters in the case of the second calculation) can be clearly observed, whereas 

the temperature in the upper part of the pool is almost uniform which is in agreement with the axial 

vertical velocity distribution from Fig. 13. At the vicinity of the upper liquid surface a sharp 

temperature drop in the boundary layer takes place. 

 

 
 
The difference between two calculations observed in Fig. 7, 8 and Fig. 9, 10, as well in Figs. 11-14 

can be explained in the following way. In the case of heating with the heaters the heat is generated 

only below the level of 29 cm. Thus, we have different generated heat distribution in the two cases. In 

the case of heating by heaters the temperature appears to be higher (in comparison with the 

homogenously heating case) in the lower stratified part of the pool since all the heat is released here, 

and lower in the well-mixed upper part of the pool (Fig.14), since the total amount of heat is equal in 

the two cases considered. Higher temperatures in the lower part lead to higher values of heat flow to 

the side vessel wall in the case of heating by heaters at the pool angle range from 20° to 65°; 

correspondingly, at the upper part of the pool this heat flow lower in comparison with the 

homogeneous heating (Fig. 11-12).  

 

Since the thermocouples were mainly located in the lower part of the pool one has mentioned above 

underestimation of temperature in the case of homogeneous heating (Fig. 7 and 8) and overestimation 

of temperature in the case of heating with the heaters (Fig. 9 and 10).  

 

Besides difference in the generated heat distribution the heaters represent on the one hand the heat 

source giving rise the buoyancy driven motion of liquid in the vicinity of a heater, and on the other 

hand they represent a kind of obstacle to the large-scale motion of liquid. All these factors lead to the 

difference in the velocity distribution in the two cases (Fig. 13) which in turn affects the form of the 

temperature distribution curves (Fig.14). 

 
4.  Conclusions  

 

Within the LIVE experimental program several large-scale tests have been performed with water and 

with non-eutectic melts (KNO
3
-NaNO

3
) as simulant fluids. The results of these experiments performed 

in nearly adiabatic and in isothermal conditions, allow a direct comparison with findings obtained 
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earlier in other experimental programs (SIMECO, ACOPO, BALI, etc.). Besides the transient 

behavior, for which the LIVE tests provide unique data concerning temperature evolution and crust 

growth, the experiments address other important phenomena, such as the top/sideways splitting and 

local distribution of heat flux, and the influence of solidification on the thermal-hydraulics of the pool, 

i.e. the possible existence of a mushy region and its impact on the heat transfer. The information 

obtained from the LIVE experiments includes also the melt temperature evolution during different 

stages of the test, the heat flux distribution along the reactor pressure vessel wall in transient and 

steady state conditions, the crust growth velocity. In the post-test analysis crust thickness profile along 

the vessel wall, the crust composition and the morphology are determined.  

In comparison with air cooling followed by water flooding, water cooling from the beginning of the 

test leads to higher crust growth rate, lower crust thermal conductivity and final thinner crust layer for 

the same local heat fluxes. Melt pouring near the vessel wall at the beginning of the test results in 

considerable asymmetric heat flux distribution even during the steady state. Both the post-test analysis 

and the analytical evaluation indicate that the simulant melt used in LIVE tests was solidified under at 

least constitutional supercooling condition. The time period of the solidification ranges from 50 

minutes to several hours, depending on the cooling conditions and the position of the melt/crust 

interface. Shorter transient periods were observed under water cooling from the beginning of the test.  

 

The experimental results are being used for the assessment of correlations and development and 

validation of mechanistic models for the description of molten pool behavior. These calculations are 

complemented by analyses with the CFD code CONV (thermal hydraulics of heterogeneous, viscous 

and heat-generating melts) which was developed at IBRAE (Nuclear Safety Institute of Russian 

Academy) within the RASPLAV project and was further improved within the ISTC 2936 Project. The 

CONV code was applied to simulate the LIVE FSt4 test: a) assuming homogeneous heat generation in 

the liquid and b) accounting for wire heaters. Though the results of calculations demonstrate 

satisfactory agreement with the experimental measurements, in the first case the temperatures in the 

upper half of the liquid pool were slightly underestimated. In the second case the code tends to 

overestimate the temperatures in the upper half of the pool. This may be explained by difference of the 

generated heat distribution in the two cases and by the fact that the thermocouples were located in the 

lower part of the pool.  

 

The influence of spiral heaters on the velocity distribution in the molten pool and consequently on the 

axial temperature profile have been demonstrated by the calculations. The difference of the stagnant 

fluid heights in the two cases is due to difference of the generated heat distribution and the effect of 

the heaters on the liquid motion in their vicinity. However, this result is indicative and can not be 

directly compared with the experiment. The liquid motion velocity is measured in the LIVE 

experiments only at the upper surface and not within the pool.  

 

The calculated values of the heat flux through the vessel wall are about 10-20 % higher in the case 

with heaters in the angle range 25-65° compared to the case with homogeneous heating and lower at 

the angles above 65°. However, taking into account the experimental uncertainties in determination of 

the heat flux, it can be concluded that the LIVE facility adequately represents thermal conditions of the 

homogeneously heated liquid.  

 

The presented analysis showed that the LIVE FSt4 experiment can be quite accurately predicted by the 

CFD simulation. It is expected that the future analyses with the CONV code will be applied to high-

temperature LIVE tests with molten salts and binary oxidic melts thus providing valuable support for 

understanding and improvement of modeling in severe accident codes. 
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External Vessel Cooling Experimentation : the CNU Facilities. 
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Abstract 

 

Two facilities have been built up in CEA Cadarache to reproduce the thermal-hydraulics conditions 

existing during external cooling of a PWR Reactor Pressure Vessel (RPV) : CNU-M1 and CNU-M2. 

These facilities aim at testing a mitigation circuit devoted to refrigerate the RPV in case of severe 

accident in order to perform In Vessel Retention (IVR). This circuit is a natural circulation loop 

evacuating the heat from the RPV wall to the Reactor Containment Vessel (RCV) wall. 

 

The paper gives an overview of the facilities and the on-going experimental programme. The aim of 

the tests is to check the ability of the circuit to evacuate the heat. A set of about 15 tests have been 

performed at various pressures (0.1, 0.4 and 0.7 MPa), sub-cooled water temperatures, water heads 

(for natural convection, from 1 to 4 m), and heat fluxes (level and profiles). 

 

1.  Introduction 

 

One way to mitigate a severe reactor accident leading to core melt is to perform In Vessel Retention 

(IVR). Different circuits devoted to mitigate the consequences of such an hypothetical accident are 

necessary since different physical phenomena would occur, with different associated risks : RPV 

failure, steam explosion, hydrogen explosion…In order to keep the corium into the RPV, a dedicated 

external RPV cooling circuit, working with natural convection, could be of great interest, evacuating 

the decay heat from the melt core to the Containment Vessel, and in fine, outside the Containment 

Vessel. 

 

This circuit is mainly composed of (as described on Figure 1): 

 

  A water tank in the containment vessel, 

 a Free Space (FS) surrounding the RPV (in between RPV wall and insulation walls), 

 venting pipes at the top of FS, to communicate with the Containment Vessel, 

 cold CV walls. 
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The working principle is rather simple, based on a thermo-siphon, as described below : 

 

–  when activated, this circuit allows cold water to flood the Free Space from the Water Tank 

surrounding the RPV (gravity flooding), 

 

–  The water is then heated by the hot RPV wall and, depending on various parameters, steam 

can be produced. Hot water and steam being lighter than cold water, convective movements 

may induce a global natural convection flow from the bottom to the top of the Free Space, 

 

–  The flow (either liquid, steam or 2 phase-flow) passes by the venting pipes and goes into the 

CV where heat exchange occurs with the cold walls, allowing heat to be evacuated out of the 

CV, 

 

–  Liquid water runs from the CV into the water tank where it comes from, and the circuit is 

completed. 

 

However, limitations may exist due to the possible occurrence of a Critical Heat Flux (CHF): the best 

heat exchange is obtained when nucleate boiling occurs but if CHF is reached, the heat exchange 

drastically decreased and the integrity of the RPV can be in danger. 

 

Code calculations can be used to help in designing such a circuit, but tests have to be performed to 

check the efficiency of the system and to determine the margins from CHF: 

 

–  Lot of parameters influence CHF occurrence : T, P, G, geometry, roughness,…and instability 

may also exists which makes it difficult to qualify such a circuit only using calculations. 

 

–  Further more, heat flux profiles on the RPV wall are estimated by calculations from the core 

melting. These profiles also depend on lot of parameters linked to the concerned accident 
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scenario and on the melt core behavior (stratification, focusing effect, …) so experimental 

determination of margins from CHF is also highly recommended. 

 

These are the reasons why experimental facilities have been built up and are currently used to get more 

detailed data regarding such a kind of circuit. 

 

2.  Facilities description 

 

There are two mock-ups : a small one (CNU-M1) and a larger one (CNU-M2). The characteristics are 

the following: 

 

The CNU-M1 facility is a small scale mock up allowing to study pool boiling, including: 

 

 a 0.1 m3 pool, open to ambient pressure, with a constant level of water ; 

 a vertical heated wall (electrical heating) with 2 zones : 

o [ 0.013 m² @ 600 kW/m²] 

 

o [ 0.037 m² @ 100 kW/m²] ; 

 

 TC instrumentation (wall and fluid). 
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The CNU-M2 facility is a large scale facility simulating the complete mitigation loop, as shown on 

figure 3 below : 
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The facility is composed of the different following parts : 

 

 The Reactor Pressure Vessel is simulated by a 2.6 m diameter and 4 m height vessel 

 

 The free space in which water flows is limited on 1/10th of the vessel surface by an external 

piece bolted to the vessel; 
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 The Corium is simulated by an electrical heating (1/10th of the vessel internal surface) : 

o 3.6 m² heated surface; 

 

o 400 electrical heating wires (D =3 mm) implemented in 400 grooves (5 mm x 3 mm); 
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o 12 zones to reproduce thermal flux profiles (including focusing effect) : 

8 zones in the bottom head + 4 zones in the cylindrical shell 

 

o 700 kW heating power installed / 360 kW simultaneous heating power ; 

 

 The Containment Vessel is simulated by a capacity designed at 0.7 MPa, 200°C, able to 

evacuate 

 up to 400 kW; 

 The mitigation circuit can work in 2 ways : natural and forced convection (up to 5 m3/h). 

 The facility is fully equipped with instrumentation, about 260 sensors, including : 

o Tfluid : TC placed all along the circuit, from the bottom to the top; 

 

o Tsteel : TC placed at different locations (height, azimuth and depth in the RPV wall) 

allowing for wall temperature survey and protection (CHF detection) and for 

calculating conductive heat flux crossing the RPV wall; 

 

o Pressure and P 

 

o Water level 

 

o Flow rate meter (1 for natural circulation and 1 for forced circulation); 

 

o Electrical power delivered. 

 
3.  On-going experimental programme 

 

A programme is on-going on CNU-M2 in order to test the influence of the following parameters : 

 

 Pressure :      from 0.1 to 0.7 MPa to simulate different pressures in the CV; 

 Inlet Temperature :    from 80 to 120°C to simulate different water sub-coolings ; 

 Water head :      from 1 to 4 m to simulate different water heads in the CV; 

 Heat fluxes profiles :   to simulate different core melts + focusing effect; 

 Different geometric gaps : 20, 30 & 40 mm in the cylindrical shell ; 

50, 60 & 70 mm in the bottom head; 

 Different water circulation modes : natural and forced circulation (1.5 m3/h and 4.5 m3/h). 

A set of about 15 tests have been performed and analysis of the results is on-going. 
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In order to illustrate the behaviour of the system, the graph on figure 4 gives the temperature of the 

fluid from the bottom (0 m) to the top of the circuit (4 m) in the conditions : pressure 0.7 MPa, inlet 

temperature 100°C and a heat flux profile leading to a total power about 80 kW. 

 

The tests were realised with forced circulation (2 tests : 4.5 and 1.5 m3/h) and natural convection (4 

tests : from 4 to 1.5 m height). 

 



 When forced circulation (CF) is imposed, temperature increases all along the circuit. The 

 temperature at the end of the exchange zone is lower than Tsat : the fluid goes out in 

subcooled 

 conditions. Of course the lowest the flowrate, the highest the outlet temperature. 

 When natural circulation (CN) is used, the fluid temperature rapidly reaches Tsat (it takes 

less than 0.5 m for all the tests). It means the flow is a 2 phase flow. Depending on the water 

head, the flow can leave the circuit with a mixture of steam and water (water head 4m & 

3m): then the temperature of the fluid is equal to Tsat. When water head is lower, all the 

water is vaporized and the flow is only made of steam at the outlet (water heads 2m & 1.5m) 

: then the exiting steam appears to be superheated. 

The preliminary data obtained allow to make coherent power balance in between 1) consumed 

electrical power, 2) conductive flux in the wall thickness and 3) power evacuated by the fluid, as 

presented below. 

Nota 1 : the conductive flux in the wall is determined by couples of TC placed at different locations in 

the thickness of the RPV wall. 

Nota 2 : when the outlet flow is 1 phase, the flow rate is directly given by the flow meter at the inlet of 

the circuit. When it is a 2 phase flow at the outlet, the steam is evacuated from the circuit via 

regulation valves and the corresponding flowrate is given by the water added to maintain the water 

head at a constant value (pressure is maintained constant). 
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4.  Conclusion 

 

The CNU-M2 is a unique experimental set-up, large scale, dedicated to the study of two-phase flow 

with steam production around a heated RPV geometry. 

 

An experimental program is on-going to determine the ability of this kind of circuit to ensure efficient 

ex-vessel cooling. The influence of numerous parameters, both thermal-hydraulic and geometric ones, 

will be studied under different heat fluxes (values and profiles). The analysis of the first results is 

ongoing. 

 

Experiments to test the influence of surface conditions (roughness) could be performed on CNU-M1. 

 

Support : 

 

This work has been performed with the financial support from the Direction de la Propulsion 
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Phenomenological Analysis of In-Vessel Melt Progression 

J.M. Seiler, CEA Grenoble 

B. Tourniaire, CEA Grenoble 

 

Abstract 

The analysis of In Vessel corium Cooling (IVC) and Retention (IVR) requires the description of very 

complex and transient physical phenomena. In order to get round this difficulty, bounding situations 

are often emphasized for the demonstration of corium coolability, by vessel flooding and/or by reactor 

pit flooding. This approach however comes up against its proper limitations. More realistic melt 

progression scenarios are required in order to provide plausible corium configurations and vessel 

failure conditions. 

 

An effort towards the development of more realistic melt progression scenarios has been achieved at 

CEA, in collaboration with EdF. These developments have been achieved for the French PWRs 1300 

MWe, considering both dry scenarios and the possibility of flooding of the RPC and/or flooding of the 

reactor pit. 

 

The main conclusions are as follows: 

 

a) After beginning of corium melting and at low pressure (~1 to 5 bar), corium retention in the vessel 

only by RPV reflooding is questionable, 

 

b) If the vessel is not cooled externally, the vessel can fail due to local heat-up well before the whole 

core is relocated in the lower head. 

 

c) When the vessel fails, the corium that flows out is mainly oxidic and the mass that can flow out is 

~2 to ~20 tonnes. The higher values are obtained in the case of reactor pit flooding. 

 

d) The vessel breach is most likely located on the lateral surface of the vessel. The failure is most 

likely local. 

1.  Issues and objectives 

The phenomenology of in-vessel melt progression has important consequences in terms of i) long-term 

vessel coolability (in case of reactor pit reflooding), of ii) location, time delay of vessel failure and 

failure conditions, iii) initial conditions for ex-vessel fuel coolant interaction (FCI), and iv) initial 

conditions for corium-concrete interaction (MCCI). For instance, the existence of a liquid metal layer 

on top of a molten oxidic corium pool, and the related focusing effect, can lead to fast vessel failure. 

The description of the phenomena in the calculation tools is mainly based on “bounding situations” 

[Theofanous, 1995], [Sehgal, 2001]. The approach based on “bounding situations” is mainly imposed 

by the absence of alternative approaches, due to the complexity of the phenomena. But limitations 

associated to the bounding approach have been identified [Rempe et al., 1998]: a situation that is 

considered to be bounding for a given issue (In Vessel Coolability) may i) be unrealistic, ii) transient 

dependent (bounding situations are mainly considering steady state situations) and iii) not be bounding 

in regard to other issues (evaluation of consequences of FCI). As the In-Vessel Melt Progression is a 
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key to the evaluation of latter situations and finally to SAM measures, a more realistic description of 

In Vessel Melt Progression is required. 

2. Methodology 

As the different melt configurations in the lower head proceed from the melt behavior during the 

preceding stages of melt progression, the analysis must start from the situation preceding the first melt 

delivery into the lower head. This situation corresponds to partial core melting with a corium pool 

being formed within the core. This initial situation is supposed to be described in a more or less 

realistic way by existing codes (such as MAAP, ASTEC, …). The analysis then proceeds step by step:  

- a best estimate consequence of the initial situation is elaborated (example: location of first 

corium flow, evaluation of the mass of the flow, composition of the flow), 

- a new situation is elaborated that corresponds to the relocation of corium in the lower head. 

This situation might be different depending on the availability of reflooding water in the 

primary circuit, 

- the evolution of the corium masses in the lower head are quantitatively analyzed, taking into 

account the occurrence of several corium flows from the core to the lower head at different 

time intervals. Consequences of 3D effects must also be considered, because they have 

important impact on vessel failure conditions. As 3D effects are affected by uncertainties 

(3D pool geometry, etc..) the analysis takes into account the consequences of these 

uncertainties, 

- the evolution of the thermal loads and the heat-up of the vessel wall are evaluated for two ex-

vessel situations (dry and flooded reactor pit), 

- time to failure, thermal loads at this time and failure conditions are evaluated (location, mass 

of corium, internal pressure,…). 

 

This work is tedious and cannot be described in details in the present paper. Also, many uncertainties 

affect the calculations. Only main physical consequences will be discussed here together with the main 

physical reasons that lead to these consequences. This work has been performed for French PWRs. 

Due to the complexity of the subject and to the limitation to French PWRs, there is space for 

improvements and consolidation, in the frame of an international collaboration. 

 

The main issues of the study are as follows: 

- derive more realistic corium configurations (compared to bounding situations) for In-Vessel 

Retention (IVR), 

- analyze effects of In-Vessel and Ex-Vessel reflooding on melt coolability. Evaluate impact 

of reflooding on melt progression, 

- derive realistic vessel failure conditions (initial conditions for ex-vessel FCI and MCCI). 

 

The reactor that has been considered in the analysis is a French PWR (1300 MWe). Following features 

affect the melt progression (Fig 1):  

- the core is surrounded by a baffle and a core barrel, 

- a sphere-cylinder connection piece exhibits a flat, downward oriented surface at the top level 

of the lower head (local reduction of the critical heat flux) 

- the vessel is surrounded by a thermal insulation (porous to water) 



 NEA/CSNI/R(2010)11 

265 

- mainly low pressure situations are considered (depressurization is required as SAM measure 

against the risk of DCH) 

- for the scenarios involving no reflooding of RPV, we consider that there exists always a 

minimum volume of stagnant water in the lower head (20 to 30 m
3
) 

lateral internal structures

baffle

core barrel

baffle plates

downcomer

core

lower internal structures
sphere-cylinder
connection

guide tubes, instrumentation

thermal
isolation

lower head

{

 
Fig 1: Considered reactor configuration 

3.  Main results concerning in vessel corium coolability by primary circuit reflooding 

At low pressure, corium coolability is strongly reduced. TMI2 has evidenced that the vessel was near 

to failure; the RPV pressure was kept near to, or above, ~100 bars. The phenomenon that controls 

coolability is related to Critical Heat Flux (CHF on the surface of corium pool, CHF in debris beds, 

CHF in gap). CHF varies approximately as p  which means that it is reduced by approximately a 

factor ten at 1 atm in comparison to the TMI2 situation. Separate effect analyses have confirmed this 

trend for debris beds [Müller et Günther, 1982] and gap cooling [Seiler, 2006]. In other words, debris 

coolability, corium pool coolability and gap cooling are highly questionable at low pressure.  

 

From the analysis it is estimated that, at low pressure: 

 

- molten corium cannot be stabilized when it is imbedded in debris beds, 

 

- not more than approximately 7 to 15 tonnes of molten corium could be cooled within the 

core remnants, 

 

- the gap cooling is limited to low heat flux (~0,01 MW/m²). 

 

At low pressure (1 to 5 bars), once core melting has begun it seems very difficult to demonstrate that, 

only by primary circuit reflooding, the vessel will not fail. 
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4.  Main results concerning corium transfer into the lower head 

Corium flows from the core region to the lower head in several steps. This behavior is a consequence 

of the fact that the maximum heat flux in a corium pool is located in the radial direction and at the top 

side of the pool. Thus, the corium pool in the core propagates radially and reaches the baffle plates 

before the core is molten in its lower part. The heat load on the baffle plates is elevated (~500 kW/m² 

to 1 MW/m²) which results in baffle plate melt-through. Since the melt-through occurs at the upper top 

level of the pool, only the melt located above the melt-through zone flows initially into the lower head. 

The rest of the molten corium is kept within the core. It might be cooled within the core (as in TMI 2) 

or flow latter-on into the lower head (second flow).  

 

In the core, the heat transfer on top of the pool is compatible with corium solidification on its surface. 

The amount of molten corium that flows into the baffle corresponds to the isothermal top volume of 

the molten pool. 

 

The time duration of complete melt transfer, in case of dry primary circuit, from the core to the lower 

head is typically several hours. One consequence will be that the vessel may fail (in case of dry reactor 

pit) well before the complete inventory of core is transferred into the lower head. 

 

The masses that relocate from the core region into the lower head decrease from typically ~25 tonnes 

for the first flow to less than 10 tonnes for the final flows. The metal may undergo inverse 

stratification in the core [Tourniaire et al., 2008], depending on the degree of Zr oxidation. If inverse 

stratification occurs, only oxidic corium is considered to flow into the lower head. On the contrary, if 

inverse stratification does not occur, molten metal flows into the lower head either before oxidic 

corium or at the same time as oxidic corium (through the lateral breach). The amount of molten metal 

is small (maximum ~5 tonnes that represents a layer of ~6 cm thickness above corium pool in the core 

region). The metal flow is not expected to lead to vessel failure by jet impact because i) the jet is 

fragmented in the residual water, ii) the mass of metal is small iii) the metal loses its superheat during 

the flow and iv) the impact location will move due to the variation of jet driving pressure (variation of 

the height of molten metal layer). 

5.  Relocation of first corium flow into the lower head 

The first corium flow (metallic or oxidic) through the baffle plates relocates partially in the baffle (~5 

to 10 tonnes), but is not predicted to plug completely the baffle plates. 

 

The liquid corium flow is azimuthally re-distributed by the horizontal baffle plates. Thus, the flow into 

the lower head is split into numerous jets that drop from the periphery of the core support plate. The 

flow distribution is not uniform azimuthally, thus inducing 3D relocation patterns just as observed in 

TMI2 [Ackers et Wolf, 1993]. 

 

The presence of water in the lower head induces jet fragmentation which results in debris bed 

formation. Calculations show that 1 m
3
 of water in the lower head can potentially lead to the 

fragmentation of ~1 tonne of corium. Taking into account a volume of 20 to 30 m
3
 of residual water in 

the lower head, we consider that only part of the corium flow is fragmented (10 to 15 

tonnes)(formation of dense layer in TMI2, formation of cake in FARO [Magallon et al., 1999]). After 

relocation, the size distribution of debris is not predictable with present knowledge. Large debris 

(centimeters) may co-exist with very small debris (<<1mm) that are likely to be produced by local 

Fuel-Coolant-Interaction (FCI) phenomena. At the end of the flow, and according to observations 

derived from TMI2 [Ackers et Wolf, 1993], dense layers may form. These layers are generated by 
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liquid corium flowing inside solid crusts (like lava tunnels). The dense layers are considered to fill 

some of the free space that is left between the solid debris hills. 

  

Metallic debris are located: 

- either at the bottom of the lower head (if liquid metal layer flows first) 

- either within the oxidic debris (if liquid metal flows together with oxidic corium) 

 

The metal could be partially oxidized during the flow into the lower head. 

6.  Debris remelting in the lower head 

From the quantitative evaluations it is concluded that: 

- In the absence of reflooding, the solid oxidic debris do not remelt before the second corium 

flow from the core region into the lower head (the heat-up rate of adiabatic debris is 

approximately 0,3 K/sec; if the debris are quenched at 500 °C, it will take ~ 2 hours to heat 

the debris to the melting temperature of oxidic material and an additional half an hour to 

melt them completely). 

- The heat up of the debris and dense layers will probably not be spatially uniform. This will 

induce localized transient hot spots on the vessel wall. This effect will be increased in the 

case of primary circuit reflooding. 

 

Metal will remelt first (melting range 1500°C-1900°C), before the oxidic debris (melting range 

~2300°C-2850°C). In the frame of the MASCA program, it has been concluded that molten metal can 

undergo gravity relocation within debris of large size (> 2 mm). Penetration of smaller debris is 

observed at 2100°C, which is still below the melting temperature of oxides (ZrO2 + UO2). The 

consequences are: 

- molten metals may relocate downwards within solid oxidic debris, forming a “mixed layer” 

at the bottom of the lower head, 

- the increase of heat transfer efficiency associated with a continuous metal phase induces a 

hot spot on the vessel wall,  

- the temperature in the relocated metal zone will tend to stabilize below the melting 

temperature of oxidic material, 

- oxidic corium may remelt above this zone. Molten oxidic corium will be separated by a crust 

and will be mechanically supported by the oxidic debris that are surrounded by liquid metal. 

 

In this situation, molten metals will stay trapped in the lower part of the debris. 

This “mixed layer” is not predicted to induce a hot spot that is sufficient to lead to vessel failure before 

the second corium flow. 

7.  Second corium flow; relocation in dry primary circuit 

The second corium flow from the core is predicted to be delivered either through the non-blocked 

volume of the baffle plates or after melt-through of the core barrel. It will thus be highly 3D with 

localized jets. Since residual water has almost been evaporated, the second corium flow will relocate 

mostly as dense or liquid corium into the lower head. 
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Fig 2: Situation after relocation of second corium flow in the lower head. Dry primary circuit. 

 

The situation in the lower head after relocation of the second corium flow in the absence of primary 

circuit reflooding, could resemble to the situation depicted on fig 2. A molten pool is expected to form 

within the debris hills that result from the first corium pour. This molten pool should have a limited 

volume (1 to 2 m
3
) and is expected to relocate in a 3D geometry. Thus, this pool may contact locally 

the vessel wall and induce a hot spot. 

 

A liquid metal layer, flowing from the core with the oxidic corium, can form on top of the molten 

oxidic volume and induce a focusing effect on the vessel wall (with limited azimuthal extend), which 

turns into vessel failure. This layer is expected to have a reduced thickness (few centimetres).  
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8.  Second corium flow; relocation in reflooded RPV (Fig 3) 

hard layer
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debris

baffle plugging
      ~ 10 to 20 tonnes 

core

residual corium
pool

 
Fig. 3: Situation after relocation of second corium flow in the lower head. 

Reflooded primary circuit 

In comparison to the previous case: 

- more solid debris are formed 

- hard layers, and plausibly small volumes of molten corium, fill the valleys between solid 

debris hills. The resulting geometry is highly 3D and local hot spot can be induced on the 

vessel wall (due to contact between vessel and relocated dense layer or molten material). 

9.  Vessel failure by localized focusing effect 

Quantitative evaluations of the situation depicted in figure 2 (dry RPV) lead to the conclusion that, if a 

liquid metal layer forms after the second corium flow on top of a corium pool, the vessel wall will 

melt-through quite fast.  The situation that has been considered for the evaluation of the vessel melt-

through is depicted in Fig 4. For the calculation of the focusing effect we used the heat transfer models 

derived from BALI-metal tests [Bonnet et Seiler, 1999], which evidenced that the heat is transported 

laterally very efficiently even for shallow metal layers. This type of melt-through is predicted to occur 

even if the vessel is externally cooled. 

 

At the time of failure, only the mass of molten metal will then flow into the reactor pit through a local 

breach. This mass is reduced (between 500 kg and 2 tonnes) and the mass of metal is not superheated. 

If the reactor pit is dry, the oxidic corium will flow out after a time delay. If the reactor pit is flooded, 

the external vessel cooling can maintain the molten oxidic corium in the vessel, at this stage. In the 

latter case, the water in the reactor pit can penetrate into the RPV through the vessel breach. 
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Fig 4: Vessel attack by thin metallic layer: geometry and considered heat transfer mechanisms 

10.  Expansion of molten corium in the lower head and vessel failure in dry reactor pit 

At low pressure (< 5 bars), a local molten pool is not expected to be coolable in a debris bed. This 

molten pool will expand (mainly in the radial direction) until it touches locally the vessel wall. The 

delay to vessel failure (presented in table 1) has then been estimated assuming different initial size of 

the corium pool that touches the wall. 

Radius of molten pool (m) Characteristic time delay to vessel failure 

0,5  ~1 to 2 hour 

1 ~ 30 minutes to 1 hour 

1,5 ~15 to 30 minutes 

2 ~10 to 20 minutes 

Table 1: Delay to vessel melting in dry reactor pit. A local contact with a limited volume corium 

pool of variable size is considered. The time delay corresponds to the difference between the 

instant of contact between molten corium and the instant of vessel failure. 

 

An important conclusion is that, in a dry reactor pit, the vessel will plausibly fail well before the entire 

inventory of the core is transferred into the lower head.  

 

At the time of vessel failure only a reduced part (2 to 20 tonnes) of oxidic corium is liquid. The main 

mass of corium in the lower head is still solid. Furthermore, the mass of liquid will not be transferred 

in a single event into the reactor pit: only the molten volume situated above the breach is transferred 

into the reactor pit. 

11.  Corium behaviour in the case of reflooded reactor pit (Fig 5) 

Under conditions of external vessel cooling, the corium pool can be stabilized in the lower head until 

the critical heat flux is reached on the external surface of the vessel. This situation can occur when: 

- a liquid metal layer is created on top of the molten oxidic pool: 

o when the primary circuit is dry, such a molten metal layer will lead to local vessel 

failure by focusing effect,  

o when the primary circuit is reflooded, the molten metal layer can be cooled from the 

top and the focusing effect is suppressed, 
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- the free surface of the corium pool reaches the level of the junction between the 

hemispherical and the cylindrical parts of the vessel (strong decrease of the CHF is expected) 

A time delay of ~1 hour to ~1h30 min after the second corium flow from the core will be necessary to 

reach a pool of 30 to 40 tonnes in the lower head. The average heat flux on the vessel wall reaches 

then ~0,6 to 0,8 MW/m². 

rupture
mass of corium
flowing out
(upper layer)

{
localized
critical heat flux
at level of vessel 
connection ?

(dry PC)

(wet reactor pit)
 

Fig 5: Vessel failure conditions in the case of flooded reactor pit with dry primary circuit. 

The critical heat flux on the external surface of a hemispherical vessel with optimized external flow 

path is taken at ~1,3 to 1,5 MW/m²[Rouge et al., 1998 & 2004]. This heat flux may nevertheless be 

smaller in the case of French PWRs for two reasons: 

- the flat, downward oriented surface at the top level of the lower head causes probably a 

reduction of the critical heat flux to a level that is not known; 

- the vessel is surrounded by a thermal insulation (porous to water) that does not offer an 

optimized flow path for external cooling. 

As a first approach, we have considered that the vessel failure is certain when the corium level in the 

vessel reaches the level of the flat surface. This means that, to the maximum, a mass of 50 to 70 tonnes 

of corium can be kept in the lower head. 

 

Vessel failure may occur due to focusing effect (during the formation of an upper liquid metal layer) 

or due to critical heat flux.  

- If the vessel fails by focusing effect (transient build up of the metal layer), only the molten 

metal (typically a few tonnes) will flow into the reactor pit with a temperature near to the 

melting temperature; the flow of oxidic corium will be delayed, 

- If the vessel fails by CHF, the breach is due to the melt-through of the wall and will be 

located near to the upper surface of the oxidic corium pool. The melting of the residual 

thickness of the wall due to CHF will occur within ~minute after CHF and is most likely 
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localized (due to the non-uniformity of the external flow, and non-symmetry of the external 

insulation). The breach may extend to the height of the isothermal upper zone in the corium 

pool (i.e. ~ 20 cm). This means that ~10 to 30 tonnes of oxidic corium with a superheat of 

~250 K can typically flow into the reactor pit. 

 

In both cases, the corium flow is lateral and can hit the concrete surface of the reactor pit and water 

may enter the vessel by the breach. 

 

12.  Summary of vessel failure conditions 

 

Table 2 presents a summary of expected vessel failure conditions. 

Following conclusions can be outlined: 

1) A massive liquid corium flow (150 tonnes) through a large breach at the bottom of the lower head 

is not likely, 

2) The situations that lead to the most important masses (~20 tonnes) of ejected molten corium are 

encountered when the reactor pit is flooded. The breach is located on the lateral surface of the 

vessel, 

3) We did found a single situation where a significant liquid metal flow occurs. This situation 

corresponds to the formation of a molten metal layer (on top of a corium pool) under reflooded 

primary circuit conditions with a limited water inventory. This is followed, by the evaporation of 

the reflooding water, dry out of the pool surface and consequent remelting of the metal layer. 

 
RPV is DRY RPV is Reflooded 

Vessel is not 

cooled externally 

~RPV failure : 1h30 to 2 hours after first 

corium flow 

~corium mass pour : 10 to 20 tonnes of 

oxydic liquid 

~mass remaining in the lower head :  ~30 

tonnes solid debris  

Vessel failure mode : Local hot spot on 

lateral vessel surface 

~2 to 3 h after first corium flow 

 

~2 to 8 tonnes of molten oxidic corium 

 

 

Local hot spot on lateral vessel surface 

Vessel is 

externally cooled 

~2h to 3h after first corium flow ~several hours after first corium flow 

~20 tonnes mainly oxidic liquid may flow into reactor pit 

Local hot spot on lateral vessel surface 

Table 2 Summary of typical vessel failure conditions for the explored scenarios 

 

The mass flow rates of ejected corium depend on the assumptions concerning the initial size of the 

breach in the vessel. Following features could be derived: 

- for a gravity driven flow (no internal pressure), the maximum flow rate of liquid corium is 

~0,05 m
3
/s (i.e.~50 kg/s) 

- If the pressure difference is ~10 bars, the maximum flow rate is 0,3 to 0,5 m
3
/s. In that case 

the corium jet could impact the concrete wall of the reactor pit. 
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13  Corium transfer into the reactor pit after vessel failure 

Table summarizes the expected corium transfer conditions into the reactor pit. 

 RPV is DRY RPV is reflooded 

Vessel is not 

cooled externally 

Complete corium transfer into the reactor 

pit may take between 4 to 15 hours after 

first corium flow into lower head 

Up to 40 or 60 tonnes of  corium can be 

retained in the vessel 

Transfer of 40 to 60 tonnes in the reactor pit 

(successive corium flows). [Water from 

primary circuit is supposed to flow into 

reactor pit and flood the pit]. 

Vessel is 

externally cooled 

Idem 

Table 2 : Summary of expected corium transfer conditions into the reactor pit for a French PWR 

14.  Synthesis 

Following main conclusions can be derived, in the frame of this study for a French 1300 MWe PWR : 

1. At low pressure (p<5 bars), corium retention in the vessel only by RPV reflooding is questionable, 

2. When the vessel fails, the liquid corium is mainly oxidic with potentially some metal (~500 kg to 

2 tonnes). Only one scenario with significant metallic flow has been found (related probability 

should be determined more precisely). 

3. The mass of corium that can be ejected in the reactor pit at vessel failure is estimated between 2 

and 20 tonnes, 

4. The largest masses (20 tonnes) of ejected corium are found for the case of external vessel cooling. 

5. The breach is most probably located on the lateral surface of the vessel. 

6. Only local breaches have been found; vessel unzipping is not expected. 

7. If the reactor pit is flooded, 40 to 60 tonnes of corium are expected to be retained in the vessel. 

8. If the vessel is not externally cooled, the failure will probably occur well before the complete core 

inventory is transferred into the lower head 

Following uncertainties have important impact on the conclusions: 

1. Critical heat flux on external surface of vessel for the specific French reactor designs; this critical 

heat flux controls the amount of corium that can be kept in the lower head. Demonstration of 

azimuthal non-simultaneity of CHF, 

2. Critical heat flux on core-barrel (internal surface of downcomer), 

3. What is the real initial size of a breach in the vessel? (in case of melt-through due to CHF or to 

focusing effect). The breach section controls the corium flow rate (and related effects on FCI) 

4. How does the steel relocate that melts at the interface between vessel wall and corium pool 

(downwards or upwards)? This question controls the possibility of steel stratification above 

corium pool and fast vessel failure due to transient focusing effect  

5. How does molten steel relocate within oxidic debris in a temperature gradient? 

6. What is the heat flux distribution in a corium pool with 3D geometry? 

Some of these uncertainties were expected to be analysed in the frame of the CORTRAN project. 
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Only main physical consequences were discussed here together with the main physical reasons that 

lead to these consequences. This work has been performed for French PWRs. Due to the complexity of 

the subject and to the limitation to French PWRs, there is a large space for improvements, 

consolidation and extension, in the frame of an international collaboration. 
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Abstract 
 

During a very unlikely severe accident in a pressurized water reactor (PWR), the reactor core would be 

progressively damaged and its geometry would evolve. To slowdown the progression of the accident, 

water can be injected at several stages of the transient but the efficiency of reflooding is not 

demonstrated for all situations. The probability of success of reflooding depends on both the geometry 

of the damaged core and on the thermalhydraulic conditions (pressure, injection flow rate, ...). 

 

The behaviour of debris beds cooled by two-phase flows has been studied extensively, both 

experimentally 

and theoretically. Those studies were focused mainly on the estimation of the dry-out heat flux (DHF) 

which corresponds, after multiplication by the height of the debris bed, to the decay power in the 

particles, above which a local dry-out appears in the debris bed. The dry-out region is then likely to 

heat-up and melt, initiating the propagation of a non coolable molten pool. 

 

Knowledge gained from dry-out experiments and the associated modelling may be used, to some 

extent, to 

understand and model the reflooding of a debris bed. However, significant differences also exist, 

which require new experimental data in order to propose relevant models. Contrary to the dry-out 

phenomenon which is controled by counter-current flow limitation in the debris bed, the reflooding 

involves mainly the co-current flow regime which has not been studied much in hot particle beds. Of 

course, counter-current flow may also exist during reflooding, if water is injected from the top or if 

water is able to reach the top of the debris bed before its complete reflooding or quenching. Another 

important feature is the temperature difference between the fluid and the particles. In dry-out 

experiments, the particles temperature is close to the saturation temperature and only nucleate boiling 

occurs. During reflooding and quenching, several boiling regimes occur, in particular film boiling and 

transition boiling which may exist for a long time if the particles are initially very hot (the most 

probable case). 

 

This paper makes a short recall of existing models, initially used to predict dry-out. The necessary 

extensions for reflooding are discussed and some proposed improvements are made, in particular to 

deal with film boiling. Selected tests from existing reflooding experiments are compared with 

calculations obtained with the model developed at IRSN in the ICARE/CATHARE code. Although the 

agreement is generally satisfactory, remaining uncertainties or even deficiencies are pointed out. A 

short discussion brings out the needs for new experimental data to improve the modelling by providing 

data relevant for the reflooding of high temperature debris beds. The experimental program PEARL, 

carried out by IRSN, is designed to contribute to this goal. 
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Introduction 
 

In case of a hypothetical severe accident in a pressurized water reactor (PWR), the destruction of fuel 

rods and melting of materials in the core lead to the accumulation of core materials, which are 

commonly, called ”debris bed”. It is very likely that the debris bed is formed following the quenching 

of very hot and oxidized rods during the reflooding of the core, as it was observed in TMI-2 reactor 

above the core molten pool, with debris size of the order of several millimeters Broughton et al. 

(1989). The coolability of debris beds has been the subject of numerous studies in the last thirty years. 

Indeed a non-coolable debris bed is assumed to quickly rise in temperature, due to the residual decay 

heat, then melt and form a large pool of superheated materials that would expand even when 

surrounded by water, and finally threaten the integrity of the vessel. Many experimental studies and 

theoretical models have focused on the determination of the ”dry-out” heat flux, i.e. the maximum 

volumetric power that can be removed from a debris bed by water. In most cases, one-dimensional 

debris beds were considered Lipinski (1984), with the assumption that debris remain at a temperature 

close to the saturation temperature. On the other hand, the reflooding of hot debris beds has received 

less attention. Some experimental studies are available Armstrong et al. (1981), Cho et al. (1984), 

Tutu et al. (1984), Ginsberg et al. (1986), Wang & Dhir (1988), Konovalikhin et al. (2000) and a few 

models have been proposed Tutu et al. (1984), Sozen & Vafai (1990), Duval et al. (2004). Knowledge 

gained from dry-out experiments and the associated modelling may be used, to some extent, to 

understand and model the reflooding of a debris bed. However, significant differences also exist, 

which require new experimental data in order to propose relevant models. Contrary to the dry-out 

phenomenon which is controled by counter-current flow limitation in the debris bed, the reflooding 

involves mainly the co-current flow regime which has not been studied much in hot particle beds. Of 

course, counter-current flow may also exist during reflooding, if water is injected from the top or if 

water is able to reach the top of the debris bed before its complete reflooding or quenching. Another 

important feature is the temperature difference between the fluid and the particles. In dry-out 

experiments, the particles temperature is close to the saturation temperature and only nucleate boiling 

occurs. During reflooding and quenching, several boiling regimes occur, in particular some regimes 

which could be similar to the film boiling and transition boiling which have been identified in pipe 

flows. Those regimes may exist for a long time if the particles are initially very hot (the most probable 

case). This was observed experimentally, on a single sphere, by Dhir and Purohit Dhir & Purohit 

(1978). However the results obtained for a single sphere or particle are difficult to extrapolate to 

particle debris beds where the influence of neighbouring particles is strong. Because of the lack of 

experimental data on real debris beds, models must rely on several assumptions. 

 

In this paper, we discuss the particular aspects that must be taken into account to model the reflooding 

phase in a severely damaged reactor core. The focus is made on the thermalhydraulics and the other 

difficult problems of debris bed formation and oxidation of debris are not adressed in details but it 

must be kept in mind that they have a strong impact on the thermalhydraulics. The existing approaches 

to deal with debris beds dry out are first discussed to show the importance of friction laws and the lack 

of knowledge to accurately determine those laws. Specific reflooding flow patterns resulting from the 

film boiling regime are then examined and their impact on heat and momentum transfers are discussed 

to emphasize the new features that must be included in models to deal with reflooding. A model is 

proposed and briefly presented. The progression of water and the timing of quenching are compared 

with experiments made by 

Tutu et al. (1984) in a one-dimensional configuration. Currently, models cannot be significantly 

improved because the existing database is quite scarce and limited to flow regimes where nucleate 

boiling is predominant. The needs for new experimental studies which could bring new insight to the 

process of reflooding and provide additional data are examined. Then, a two-dimensional experimental 

set-up is proposed. It consists in a bed with two regions with different particle sizes which is presumed 

to be representative of a realistic reactor configuration. The progression of the quench front is 
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calculated and the specific features of the two dimensional progression are discussed. The sensitivity 

to the injection velocity, the pressure and the smallest particle diameter is analysed. A similar 

configuration is planned to be studied experimentally in the PEARL facility of IRSN. 

 

Existing models for dry-out studies - limitations 
 

Several analytical and experimental studies were conducted in the late 70’s and early 80’s and 

provided a large amount of results about the “dry out heat flux” (DHF) in a heated debris bed. This 

heat flux is defined as the maximum volumetric power, integrated along the bed height, that may be 

released in the debris bed without local dry-out. Most of the experimental devices were one-

dimensonal. The main outcome of those studies was the identification of countercurrent flow in the 

debris bed as the limiting process to extract residual power and the derivation of models able to predict 

the CHF. Among the most reliable models, the main differences were in the form of the postulated 

friction laws. 

 

Pressure drops for a two-phase flow in porous medium 
 

The friction forces on the fluid phases are taken into account by using the classical extension of 

Darcy’s law to twophase flows. This means that viscous and inertial drag forces are calculated with 

relative permeabilities and passabilities coefficients, depending mainly on the void fraction. The 

interfacial drag force between the liquid and gas phases was proposed in a few models, to explain 

some discrepancies with experimental results, as it was demonstrated by Schulenberg & Müller (1987) 

and Buck et al. (2001). However, the experiments used to derive the interfacial friction law were made 

with air and water, which cannot be considered as representative of steam and water, in particular 

because steam is more “wetting” than air. 

 

More important, the extension of Darcy’s law, as it is used in most models (including the model 

derived in the present paper) is based on a single correlation for the relative permeability and a single 

correlation for the relative passability: this implies that a single flow regime is assumed, whatever the 

thermalhydraulic parameters (void fraction, debris temperature, etc...). This may not be justified when 

there is a stable steam film around the debris. In such a case, liquid water is not the ”wetting” phase, 

and most classical correlations may not apply since they were generally determined for water-air 

flows, with water being the wetting phase. Unfortunately, no experimental studies have been able, up 

to now, to clearly identify the possible flow regimes that could exist in a self-heated debris bed at high 

temperature. 

 

Among all the theoretical models which have been developped at that time, Lipinski’s model Lipinski 

(1982) has been widely used because it is able to predict the dry-out heat flux for a wide range of 

parameters (particle diameter, bed height, ...) in a one-dimensional debris bed. One advantage of 

Lipinski’s model is that it does not need a large number of parameters. One of the most complete 

modelling was later proposed by Tung & Dhir (1988). Their model introduces several flow regimes 

depending on flow characteristics and phases geometric configurations. They found a fair agreement 

with existing experimental data in both co-current and counter-current flow conditions. In particular, 

their model is able to describe the essential features of the flooding phenomenon (for isothermal 

counter-current flows). This 

model was recently compared to new experimental data by Buck et al. (2001). They found that it gives 

a much better agreement than classical pressure drop models based only on relative permeabilities and 

passabilities.  

 

More recently, Fourar & Lenormand (2000) have investigated the inertial effects in two-phase flows 

through fractures. They suggest that, following several authors (Lipinski, 1982, Saez & Carbonnell, 
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1985, Lee & Catton, 1984), the relative permeability and passability can be chosen equal. The 

resulting momentum equation contains only two unknown functions which are the relative 

permeabilities. They show that it can be identified with Lockhart-Martinelli approach (Lockhart & 

Martinelli, 1949). They propose an empirical correlation that differs from the classical forms for the 

relative permeabilities but provides a good agreement with their own experimental measurements. 

They also show that the use of 

the ratio of flow rates instead of the void fraction is a better parameter to correlate the relative 

permeabilities. It is worth noticing that the flow rates were already introduced in Tung and Dhir 

model. 

It appears clearly that the form of the momentum equation for a two-phase flow in a porous medium is 

still a matter of investigations. More studies are necessary, both theoretical and experimental, to take 

into account both co-current as well as counter-current flows and to deal with a non-wetting liquid. It 

is a serious limitation to further progress on modelling and, as a consequence, the same ”simple” 

friction models have been used for more than thirty years now. 

 

Momentum balance equations 

 

According to the knowledge gained from models predicting the CHF, it is easily possible to extend 

them to transient flows. The main uncertain closure laws remain the interfacial drag and the relative 

permeabilities and passabilities. The momentum balance equations have a rather classical form, as 

proposed in B´echaud et al. (2001), Tr´egour`es et al. (2003), Duval et al. (2004), Fichot et al. (2006): 

 

 

 

In these equations, , μand are respectively the average pressure, density, dynamic 

viscosity and velocity of the -phase (= g, ℓ). These variables are defined as volume averages over 

a representative volume including all phases. Fi represents the interfacial drag term, which is set to 

zero in the applications shown in the present paper, because of the highly uncertain form and 

magnitude of this term. The capillary pressure is introduced in the equations to represent 

macroscopically the effect of the pressure jump across the non-wetting/wetting phase interface. 

However, in the calculations presented in this paper, capillarity is negligible because of the relatively 

large size of the particles. 
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Requirements for reflooding models 
 

The CHF models were based on several assumptions which limit their applicability to reflooding. In 

particular, all phases, including the solid debris, were assumed to be in thermal equilibrium at the 

saturation temperature. This assumption is rather justified in the boiling regions, but it cannot be 

retained to extend the model to reflooding situations, or even post-dry-out situations, where the flow 

of overheated steam must be calculated accurately. Extended models, involving one energy 

conservation equation for each phase are necessary. 

 

Energy balance equations 

 

Macroscopic energy conservation equations of the three phases can be obtained by averaging the local 

energy conservation equations Quintard et al. (1997), Duval (2002), Duval et al. (2004). In this 

method, local thermal non-equilibrium between the three phases is considered. For further details on 

the averaging process, the reader may refer to Quintard & Whitaker (1994), Quintard et al. (2000). 

Heat transfers occuring in the porous medium are expressed according to temperature differences 

between the phase temperature and the saturation temperature or the solid (wall) temperature. 

The resulting macroscopic energy conservation equations are expressed as follows: 

 

 
In these equations, and are the macroscopic enthalpy and the temperature of the -phase 

respectively (= g, ℓ, s for the gas, the liquid and the solid phases respectively). is the effective 

thermal diffusion tensor. More details about the heat transfer coefficients (i.e. hsl) will be given in the 

next section. The phase change rate, which is obtained by adding the three phase equations and 

neglecting diffusion terms, is then given by the relation: 
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Several applications of the model have been done, first with the aim of assessing the model by 

comparing with experimental data, mostly in 1D configurations. One-dimensional dry-out cases were 

first calculated with the model to show its validity by comparison with theoretical and experimental 

results found in the literature. Those results were presented in B´echaud et al. (2001) where the dryout 

heat flux (DHF) was determined for beds with different heights and particle diameters. To summarize 

the results, we may say that the one-dimensional calculations well predict the DHF trends with respect 

to the particle diameter and the bed height and that such results consitute a partial validation of the 

model for isothermal two-phase flows. Tr´egour`es et al. (2003) have applied the model to 1D 

reflooding configurations and compared the results with experimental data obtained by Tutu et al. 

(1984) for bottom reflood conditions and byGinsberg (1982, 1985), Ginsberg et al. (1986) for top 

reflood conditions, for rather low initial temperatures of the particles (below the Leidenfrost 

temperature). The results show that the phenomenology of the quenching of a debris bed under bottom 

flood conditions is described reasonably well by the model. The transition from a slowly rising quench 

front for low inlet liquid velocities to a more complex quenching process for high liquid inlet 

velocities is reasonably well captured. However, for the highest velocities, agreement was not 

satisfactory. In the following section, we propose to extend the range of application of the model to 

take into account the flow regimes that occur when the particle temperature is above the Leidenfrost 

temperature, which is also refered to as “minimum stable film” temperature (Tmfs). 

 

Flow regimes above Leidenfrost temperature 

 

When the average solid surface temperature is greater than the Leidenfrost temperature, the liquid is 

no longer able to get in contact with the particles, thus reducing significantly the wall friction of the 

liquid phase and the heat transfers from the particles to the liquid. In this configuration, the behaviour 

of the liquid phase differs significantly from the one observed in experiments involving water and air. 

The impact on the momentum and energy transfers must be taken into account in order to properly 

model the film boiling region. However, local observations of the flow or local measurements of phase 

temperatures have been impossible up to now due important experimental difficulties. Therefore, 

modelling must rely on relevant assumptions made from either physical intuition or experiments made 

with single spheres or even 

results of DNS at the scale of a few particles. A postulated view of the flow regimes involved during 

the quenching of a high temperature porous medium is represented in Fig. 1. 
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When the average particle temperature is above the Leidenfrost temperature, we assume that there are 

actually parts of the control volume where the temperature is close to saturation temperature (i.e. areas 

of prolonged contact with water) and other parts where the actual particle temperature is above the 

Leidenfrost temperature. To determine the fraction of porous medium which is already rewetted by 

water, it is proposed to estimate the probability that the local temperature is below Tmfs. In order to 

estimate that probability, we define a parameter which allows to distinguish between a volume 

fraction of liquid (1−)(1−) which is in stable contact with the particles and a volume fraction 

(1−) which flows between the particles, separated by a stable steam film. If at some point of the 

porous medium, water is in contact with a particle, this particle will quickly cool down and this will 

create a local minimum of temperature. Heat diffusion, by contact with the neighboring particles, will 

decrease the temperature of surrounding particles and therefore favor the development of a liquid 

channel from the initial “wetted particle”. We assume that the flow structure corresponds to a 

distribution of steam channels with either small liquid bubbles or liquid slugs. Such slugs of the non-

wetting phases were observed by Avraam & Payatakes (1995) in isothermal flows. They also 

measured the relative permeability for such flow and observed that the behaviour was almost linear. A 

simple adaptation of the chosen model to a situation where only a part of the liquid phase is wetting 

and the other part behaves as a non-wetting fluid may be proposed. It is assumed that the non wetting 

liquid flows through particles with an increased “apparent” diameter, due to the presence of the gas 

film. A similar assumption was proposed by Tung & Dhir (1988) for the opposite case of gas slugs 

flowing over a liquid film around the particles. However, in the present case, the thickness of the film 

ef (typically a few hundred μm) is small with respect to the particle diameter. 

 

 
The derivation of the heat transfer coefficients is obtained by combining two elementary coefficients: 
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Below , as given in Duval et al. (2004). It is assumed that the phases are 

stratified, with theliquid phase separating the solid from the gas (see Fig. 2). Above Tmfs, a 

symmetrical formula give the coefficient .Above Tsat, it is possible to take into account nucleate 

boiling heat transfer in the formulation. In a first attempt, thefunction was chosen as depending only 

on the void fraction, with a cubic dependence. 

 
 

Comparisons with 1D reflooding experimental data 

 

The experiment chosen for the assessment of the model was made at Brookhaven National Laboratory 

by Tutu et al.(1984). It is a column of steel particles (diameter 3.14 mm), with a porosity 0.39. The 

balls are uniformly overheated and water is injected from the bottom. The pressure is 1 bar. Several 

thermocouples were located in the debris bed and the outlet steam flow rate was measured. In one set 

of experiments, the initial temperature was 441 degrees above the saturation temperature Tsat, i.e. also 

above the Leidenfrost temperature which can be estimated as Tsat +170 under the conditions of the 

experiment. This set was chosen to check the ability of the developed model because the flow remains 

for a rather long time in the “film boiling” regime. First, the evolution of temperature at various 

elevations in the particle bed are compared with measurements of thermocouples. 

 

For the low injection velocity (Jl0 = 1.01mm/s, Fig. 3), the temperature remains almost constant or 

changes very slowly and then drops sharply. This is well represented in the calculation. The 

progression of the quench front (i.e. the successive times when the sharp temperature drops are 

observed) is in agreement with experimental observation. 

 
For an intermediate injection velocity (Jl0 = 1.98mm/s), similar results were obtained (not presented 

here, see in Fichot et al. (2009)) with some differences observed in the upper part of the bed 
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(thermocouples 21 and 22). At those elevations, a significant “pre-cooling” is observed before the 

temperature drops sharply. This is also well represented in the calculation. 

 

For a high injection velocity (not presented here, see in Fichot et al. (2009)), two-dimensional effects 

were observed in the experiment, with a faster cooling along the wall and slower in the center. We 

may only assume that our model provides an average evolution of the front. 

 

Finally, the evolution of the flow rate of steam produced is compared with measurements. In order to 

be consistent with the results of Tutu et al. (1984), it is represented as an enthalpy flux. In Fig. 4, 

several features can be noted. First, the heat flux is almost constant for the low inlet velocity (Jl0 = 

1.01mm/s). This corresponds to the propagation of a steady quench front. It is very well predicted in 

the calculation. For Jl0 = 1.98mm/s, the average heat flux value is also well predicted but the shape of 

the curve is not well reproduced. For the two highest inlet velocities, the experimental observations 

show a strong peak in the beginning of quenching and no steady-state behaviour. The calculated 

shapes of heat fluxes reproduce this behaviour but the intensity of the peaks are rather different than 

those observed (overestimated by a factor 1.5). The timings of quenching are rather well predicted. 

However, it should be reminded that the experiments have not been reproduced and that, for such 

highly unsteady phenomena, the measured heat flux might vary from one experiment to another. 

Therefore, the results are considered satisfactory, although some discrepancies still have to be 

investigated. 

 

Needs for new experimental data 
 

As it was explained previously, the improvement of models depends a lot on the availability of new 

experimental data allowing to better understand two-phase flow, in particular in the film boiling 

regime and the transition regime. For both regimes, the friction laws and the heat transfer coefficients 

are unknown and can only be modelled by making simplistic assumption or analogies. In addition, the 

complete range of experimental conditions (in particular high temperature and pressure higher than 1 

bar) has not been explored. Several experimental difficulties exist. 

 

Measurements 

 

Up to now, in existing experiments, the only available measurements have been temperatures in the 

particle bed and steam production at the outlet of the facility (for reflooding tests). The location of 
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thermocouples inside the bed 

 
introduces an uncertainty because they do not measure exactly the particle temperature but rather the 

temperature in the fluid surrounding the particle. For a reflooding experiment, it means that the 

thermocouple will indicate a decrease of temperature as soon as it is hit by water droplets. But the 

surrounding particles may still be hotter, in particular if their diameter is larger than the thermocouple 

diameter, which is the case in all the existing reflooding experiments. Therefore, it is not possible to 

interpret a sudden decrease of the measured temperature as the real presence of the quench front. 

 

The steam flow measured at the outlet of the facility is a good way to estimate the efficiency of the 

reflooding and it allows to make a global energy balance of the debris bed when comparing to the 

temperature evolutions. 

 

But the main missing data which prevent further validation of models are the void fraction and the 

phase velocities. They are too difficult to measure with current technical limitations. It is a serious 

obstacle to improve models because, as it was seen before, the heat transfer and pressure drop 

coefficients depend strongly on the void fraction and also on the velocities (but the dependence is 

weaker). Very accurate pressure measurements could allow an indirect estimate of the void fraction, at 

least in cases where the hydrostatic pressure gradient is large compared to the friction pressure drops. 

Currently, from an experimental point of view, one of the biggest challenges, is to provide more 

quantitative data about 

the evolution of void fraction during reflooding. 
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Representativity : heating method, water injection, fluids 

 

Another difficulty in making relevant experiments is the representativity. Among the most important 

parameters to consider for representativity are the heating method, the fluid properties and the method 

of water injection. The heating method is supposed to represent the decay heat released in the debris 

particles. For experiments which cannot be made in a reactor, there are mainly two alternatives : 

induction heating and electrical wires. Induction provides a power release inside the particles but it 

may not be uniform across the debris bed. Electrical wires allow a better control of the energy release 

and the homogeneity but it creates local peaks of heat release which may have a strong influence on 

the flow. Indeed, in order to produce the same volumetric power, the power released locally by 

electrical wires must be much larger than if it was distributed in all particles. This creates around the 

wires regions where the void fraction is much higher and the heat transfers are modified significantly. 

Therefore it is quite difficult to interpret properly experiments where heating is produced by electrical 

wires. The fluid properties, and in particular the wetting angle and surface tension, are crucial to 

estimate the shape of the liquid-steam interface, the possible formation of droplets and the 

characterisitcs of contact between the liquid and the particles. This is why air-water flows are not 

representative of steam-water flows, especially with high temperature particles. Air-water data, 

although widely used, must be considered with caution with respect to modelling of reflooding. In 

addition, it is reminded that the complete range of experimental conditions that would be 

representative of a reator accident goes far beyons the range that was explored in previous or present 

experiemnts. In particular high temperature (well above 1000K) and pressure upt to 5 or even 10 bar 

correspond to conditions that would be very likely. 

 

Multi-dimensional effects 

 

Recently, a renewed interest has led to reconsider the conclusions that could be drawn from classical 

models such as Lipinski’s. It was argued that in a debris bed formed in a reactor, the existence of 

heterogeneities (in porosity, debris size, power, etc...) would lead to the formation of preferential flow 

paths for steam and water, resulting in multi-dimensional flow patterns, far from the idealized one-

dimensional situation. Experimental results (D´ecossin, 2000, Konovalikhin et al. , 2000) have shown 

that two-dimensional effects due to heterogeneities in the bed or at the boundaries may increase 

significantly the DHF. At the same time, new two-dimensional theoretical models, such as DECO-2D 

(Likhanskii et al. , 1998) and WABE-2D (Mayr et al. , 1998), presented the same trends. In reflooding 

situations, multi-dimensional effects may be even more important because water is likely to ”by-pass“ 

and surround areas of low permeability, leading to a non-uniform progression of the quench front and 

possibly multiple fronts moving in different directions. Although their experiment was rather small 

and assumed to be one dimensional, Tutu et al. (1984) had already suspected that multidimensional 

effects were responsible for the different behaviour of the quench front observed at different locations. 

In the following section, we will show complementary results, in a reflooding situation, that confirm 

the previous observations and show the necessity to take into account multi-dimensional effects in 

order to properly calculate reflooding in a debris bed. 

 

An example of 2D reflooding from bottom 

 

In the real situation of a particle bed resulting from the collapse of fuel rods, the fragmentation process 

is stochastic and non-uniform because it depends on the temperature and oxidation degree of the 

claddings. Therefore, it is likely that particle diameters, permeability or even porosity will not be 

homogeneous in the particle bed. In particular, there may exist regions where the rods have not 

collapsed. Such regions would be characterized by a much higher permeability than the debris bed. 

Therefore, it is more relevant to study situations where the particle bed is surrounded by a higher 

permeability channel. Such configuration leads to the progression of a two-dimensional quench front 
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which may be quite different from the one obtained in a one-dimensional particle bed. A new 

configuration is defined, as represented in Fig. 5. The debris bed is initially at a tempeature of 1200K. 

In addition, a constant volumetric power of 200 W/kg of steel 

 
is disspated in the particles in order to simulate the residual power that would exist in nuclear fuel 

particles. Water is injected from the bottom. Several parameters were varied : inlet velocity, outlet 

pressure, particle diameter of the main bed. As expected, in most cases, the quench front is two-

dimensional because water is able to flow more easily in the lateral by-pass and, therefore, enters the 

debris bed from the bottom and from the side. In some cases, water spreads over the top of the debris 

bed before its complete quenching and a large steam zone remains at the top of the bed. Such features 

are quite different from the one-dimensional situation. The sensitivity study shows that the most 

sensitive parameters are the inlet velocity and the particle diameter. A sensitivity to model parameters 

was done but not presented here. It was observed that the sensitivity to model parameters may be as 

large as the sensitivity to parameters characterizing the debris bed (diameter) or the transient 

conditions (pressure). 

 

For low velocities, the global quench time (time to remove all the superheat of the particles) appears to 

vary linearly but with a different slope than for high velocities. At high velocities, water quickly 

reaches the top of the particle bed and water penetration is driven by a constant pressure gradient along 

the bed, which can be estimated as :  . At lower velocities, water cannot 

reach the top of the debris bed and the quench front is almost one-dimensional. Therefore, it is worth 

noticing that there is a threshold velocity above which the quench time decreases significantly. 

Interestingly, that threshold correspond to the value which leads to the maximum peak production of 

steam (not shown here). In the context of nuclear reactor safety, that threshold value of the injection 

velocity corresponds to a minimum injection rate which guarantees an efficient quenching, in a 

reasonable time. 
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The dependence with the particle diameter is more obvious since we observe that the local quench 

time (time to quench the center of the debris bed) varies linearly with the permeability (as shown in 

Fig. 7), i.e. the inverse of the square of the particle diameter (consistent with the choice of Carman-

Kozeny correlation). For high particle diameter, that dependency is not followed and the local quench 

time increases slightly with diameter. However, this can be explained by the increase of the 

characteristic time for heat conduction in the particles which, in any case, remains relatively small 

compared to the time of complete flooding of the particle bed. In the conditions of a reactor accident, 

it may be assumed that, if particles remain uncooled for more than 1000 to 2000s, they would melt and 

the configuration would evolve to a non coolable molten pool. In Fig. 7, it can be observed that such 

situation would be reached if the particle diameter is smaller than 0.25-0.5mm. As expected, the 

dependence to the outlet pressure indicates that there is an optimum pressure (around 30 bars) which 

gives a fast and efficient quenching. Below that pressure, quenching is slower and above it, it is not 

faster but slightly less efficient (results not shown here). This is consistent with earlier results 

Hitchcock & Kelly (1985). 
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Conclusions 

 

In this paper, we have examined the most widely used models for dry-out heat flux in debris beds in 

order to check their applicability to situation of reflooding of debris beds. It appears that those models 

are mostly one-dimensional and their key part is the correlation for pressure drops (either wall or 

interfacial friction). Friction models determine the conditions for counter-current flow limitation inside 

the bed and, therefore, the conditions for local dry-out. For reflooding applications, friction models 

also play a very important role to calculate the velocity of water progression through the debris bed. 

However, additional flow regimes must be considered in order to deal with regions of the bed where 

the temperature is above the saturation temperature and above Leidenfrost temperature. In such cases, 

water wets only partially the particles or even not at all. This, of course, has a significant impact on the 

friction laws. Currently, there are no models but also no experimental data for those flow regimes. 

 

The issue of thermal non-equilibrium was also identified. In a reflooding situation, the particles are 

much hotter than the saturation temperature and a significant overheating of steam may be expected. 

Specific models for that already exist. One of them was presented. It is a three-temperature model for 

two-phase flow in debris beds. This model is implemented in the ICARE/CATHARE code, developed 

by the French Institut de Radioprotection et de Sûreté Nucléaire (IRSN) to study severe accident 

scenarios in Pressurized Water Reactors. It is assumed that, when the average particle temperature is 

above the Leidenfrost temperature, the flow structure corresponds to separate steam and water 

channels, which leads to large local variations of the particle temperature. Correlations for heat 

transfers are proposed. They are assessed by comparing with an experiment conducted by Tutu et al. 

(1984) in a bed of overheated steel balls (up to 770K). Comparisons of temperature evolutions at 

different elevations show that the model is able to predict the quenching velocity, at least for low inlet 

flow rates. For high flow rates, two-dimensional effects were observed, which cannot be predicted by 

the model. The pre-cooling observed experimentally is rather well predicted by the model. The overall 

steam production is also in rather good agreement with observations, but quantitative discrepancies 

exist for high inlet velocities. 
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In order to be able to make progress in the models, new experimental data must be obtained. Technical 

limitations make such experiments difficult. In order to provide useful data, new reflooding 

experiments should use a prototypical heating method (i.e. with distributed power rather than 

localized), reach high temperatures (typically above 1000K) and provide sufficient measurements in 

order to get an idea of the evolution of void fraction in the debris bed. Such task is obviously very 

challenging. New experiments in large debris beds where multi-dimensional flow would occur would 

also be very useful to validate new models which all include a multi-dimensional formulation now. In 

order to illustrate this need for new experiments, an application of the model to a two-dimensional 

particle bed with two different permeability regions was calculated. It was observed that the injection 

velocity and the particle diameter are the main parameters governing the quench time. But it is 

important to mention that another sensitivity to model parameters was done (but not presented here) 

and showed that model parameters could produce the same variability in the results as parameters 

characterizing the debris bed or the thermalhydraulics initial and boundary conditions. 

 

A large, two-dimensional experimental facility (PEARL) is currently being built-up in IRSN to obtain 

more data and to study 2D effects during quenching, in a configuration similar to the one chosen in the 

last section of this paper (Fig. 5). 
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1.  Introduction 

 

In pressurized water reactors (PWR), the emergency core cooling systems (ECCS) are designed to 

provide core cooling for different postulated accidents up to and including the design basis loss-

ofcoolant accident (LOCA). If, however, it is assumed that all protection systems failed, a severe 

accident would occur and the reactor core, inadequately cooled, would be progressively damaged. If 

available again, water can be injected into the degraded core to slowdown the progression of the 

accident. But reflooding of an overheated core can result in a renewed temperature rise due to strong 

oxidation reactions, additional release of fission products, and in a increased hydrogen production. To 

determine the consequences of reflooding, model developments must be carried out following the 

steps described below: 

 

Accurate description of the geometry of a severely damaged core and of debris beds expected 

to form during quenching as many physical models strongly depend on geometrical 

parameters. This relies on a good description of degradation phenomena and of debris bed 

formation. In particular, the modelling of geometrical properties must be performed carefully. 

 

Accurate prediction of multi-dimensional two-phase flows in porous media. The development 

of such a model has been performed at the French Institut de Radioprotection et Sûreté 

Nucléaire (IRSN) and numerical applications of this model, implemented in 

ICARE/CATHARE, have been presented. Nevertheless, there is a need for further validation, 

in particular for the flow regime map and the closure laws. This is the aim of the PEARL 

experimental program. 

 

This paper, based on a bibliographic survey, is focussed on the first item and especially on the 

geometrical characteristics of debris beds expected to form during reflooding. The consequences of a 

severe accident on the geometry of the reactor core will be examined in paragraph 2. The observations 

show that the top of the damage regions consist of debris particles of a wide range of sizes. To clarify 

this particle size distribution, data on fuel fragmentation under operating and LOCA conditions have 

been gathered and will be presented in paragraph 3. Then, in paragraph 4, we have looked for cladding 

failure criteria so as to determine whether the rapid cooling may lead to the collapse of the embrittled 

oxidized claddings. Using these data has finally enabled us to determine in paragraph 5 the extent and 

the composition of the debris bed formed during reflooding of a French 900 MW PWR during a six 

inches LOCA. 
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2.  Review of reactor core geometries after severe accident conditions and reflooding 

 

During a severe accident, the reactor core geometry strongly evolves. The first modification in the 

reactor core geometry arises when cladding rods burst. As temperature continue increasing, chemical 

reactions, melting and liquefaction occur. This relocation of molten material into cooler core regions 

completely change the core configuration. Another phenomenon is the formation of debris beds 

resulting from the collapse of solid material onto the blockages (solidified materials and grid spacers). 

These phenomena were observed in severe accident tests or in the TMI-2 core and are more precisely 

described below. 

 

Even if not ended by reflooding, the results of the PBF SFD 1-4 experiment, conducted by Idaho 

National Engineering Laboratory in 19851, are given here to show the overall post-test condition of the 

bundle. It seems that the damage zones produced in the centre fuel bundle are very similar to those 

observed in the LOFT LP-FP2 test or in the TMI-2 core2, despite quite large differences in scale, 

system pressure, steam supply, water elevation in the vessel, bypass flow area, fuel burn-up, duration 

of transient, method of heating and method of transient termination. Metallographic examination of 

the bundle along with the neutron radiograph revealed four distinct damage regions in the bundle (see 

figure 1). The upper region was a rubble bed of fuel fragments, extending from about 0.95 m down to 

0.60 m. The mid-bundle region between 0.60 and 0.30 m was severely damaged, but partial fuel 

pellets in more of a rod-like geometry and the remnants of dissolved fuel remained. Molten ceramic 

accumulated in the lower bundle between 0.30 m and ≈ 0.17 m. Metallic melts resided at and below 

the lower spacer grid. 

 

Very similar observations were performed in test LOFT LP-FP23
 and the TMI-2 accident4

 a metallic 

blockage formed at the lower spacer grid, a ceramic blockage occurred above the lower blockage, and 

a rubble bed of fuel fragments rested on top. In tests PBF SFD 1-4 and LOFT LP-FP2, the absence of 

cladding remnants in the rubble bed suggests that Zircaloy melted and relocated downward in the 

bundle. Without restraint from cladding, fuel fragments were free to crumble from pellet stacks to 

form a rubble bed, especially upon reflooding. In test results reports, it is mentioned that the particle 

size distribution in the rubble bed is set primarily by the crack distribution within fuel stacks in the 

fuel rods prior to the transient. The next section will be devoted to cracks development in the fuel 

pellets under normal conditions as it seems to play an important role in the particle size and 

morphology of the debris bed. In the TMI-2 core, the top of the lower material consisted of debris 

particles of a wide range of sizes and compositions (fuel pieces, cladding chunks, foamy/porous 

material, composite material and metallic particles). It is assumed that a large portion of the upper part 

of the core fuel cladding would have reached the melting point of ZrO2 and/or would have been highly 
 

 
 

 

1 Petti et al., Power Burst Facility (PBF) Severe Fuel Damage Test 1-4 Test Results Report, Idaho National 

Engineering Laboratory, 1989, NUREG/CR-6160/EGG-2542, prepared for U.S. Nuclear Regulatory 

Commission. 

 

2 Hobbins R. R. and McPherson G. D., A summary of results from the LOFT LP-FP-2 test and their relationship 

to other studies at the power burst facility and of the Three Mile Island Unit 2 accident, Proceedings of LOFT 

Open Forum, 1990, Madrid. 

 

3 Jensen S. M., Akers D. W. and Pregger B.A., Postirradiation examination data and analyses for OECD LOFT 

fission product experiment (LP-FP-2) Volume 1, EGG Idaho Inc., 1989, OECD LOFT-T-3810. 

 

4 Akers D. W., Carlson E.R. and Cook B.A., TMI-2 core debris grab samples, examination and analysis, Sandia 

National Laboratory, 1986, GENF-INF-075. 
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oxidized. Therefore, it is expected that large amount of fuel rod material would have melted and 

relocated, or would have been embrittled. The thermal or mechanical shock of these embrittled 

material during reflooding would have lead to the formation of large amount of debris. The conditions 

of cladding embrittlement is consequently the second key parameter in debris bed formation and will 

be studied in the third paragraph. 

 

3.  Fuel fragmentation under operating and LOCA conditions 

 

Due to the low thermal conductivity of oxide fuel, pellets undergo very high radial temperature 

gradient during use. In operating conditions of a PWR, the temperature difference between the centre 

part and the periphery of the pellet varies between 500 and 700°C. As the core of the pellet expands 

more than the peripheral zone, the fuel is subjected to high thermal stress right from the first power 

increase to nominal conditions. When stresses exceed the rupture strength, crack forms going from the 

centre to the edge in a star shaped pattern (see figure 2a). A lot of post-irradiation examinations have 

been performed leading to the following conclusions on radial cracking5, 6: 

 

at low burn-up, the number of radial cracks only depends on the rod power. It seems that a 

minimum power of about 60 W/cm is necessary to initiate cracking. The number of pieces 

increases slowly with the power to reach a maximum value of 10 to 14 pieces for UO2 fuel 

 

during irradiation, the number of fragments increases with burn-up to reach an upper limit of 

10 to 15. 

 

The observations carried out in the framework of the FR2-LOC program7
 conducted by the 

Kernforschungszentrum Karlsruhe in Germany are in agreement with the previous conclusions. In 

these experiments, unirradiated and irradiated (up to 35 GWd/tU) PWR-type test fuel rods were 

exposed to temperature transients simulating the second heatup phase of a LOCA. It was observed that 

fuel pellets in previously irradiated rods were already cracked during normal reactor operation (see 

figure 2a). The size of the fragments does not depend so much on the burn-up and the mean particle 

size is 2.78 mm. Nevertheless, it must be emphasized that the fuel is not highly preirradiated and there 

is a lack of data for burnup ranging from 40 to 60 GWd/tU. The Halden experiments8
 have shown that 

very highly pre-irradiated fuel can be fracturated to very fine fragments (see figure 2b). The 

mechanism of rim formation, detailed below could explain this trend but its influence on fuel 

fragmentation for moderate burn-up (ie up to 60 GWd/tU) has not been quantified precisely. 

 

A restructuration of the UO2 fuel occurs at the pellet periphery (generally called the rim structure) in 

high burn-up LWR fuel. This structure starts to form when the burn-up reaches 50-55 GWd/tU. One of 

the characteristics of this structure is the subdivision of original grains into fine sub grains, less than 1 

μm. Oberlander8 assumes that small fragments stem from the high burn-up structure. But these small 

fragments  

 
5 Pince A., Fragmentation du combustible dans les REP. Synthèse des résultats, CEA, CEA/DRN/DMT 93-677-

1 à 4, 1994. 

6 Walton L. A. and Husser D. L., Fuel pellet fracture and relocation in Water reactor fuel element performance 

computer modelling, John. H. Gittus Ed., London, 1983. 

7 Karb E.H. et al., LWR fuel rod behavior in the FR2 in-pile tests simulating the heatup phase of a LOCA, KfK 

3346, 1983 

8 Oberlander B. C., Espeland M. and Solum N. O., PIE results from the high burn-up (92 MWd/kg) PWR 

segment after LOCA testing in IFA 650-4, Proceedings of enlarged Halden Programme group meeting, Loen 

(Norway), 2008 
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could also come from the centre of the pellet since another mechanism – the fission gas distribution – 

could play an important role in fine fragmentation under temperature transient conditions. Gas atoms 

result from the fission of uranium or plutonium atoms and are implemented in the oxide fuel matrix. 

Since fission gases are not thermodynamically soluble in UO2, they tend to be trapped in fabrication 

porosities and grain boundaries (intergranular gas) or will accumulate on irradiation defects 

(intragranular gas), which leads to the formation of bubbles. In the rim structure, another mechanism, 

the formation of micrometer size pores occurs. Thus, fission gas are distributed between intergranular 

gas, intragranular gas and pores. For fragmentation mechanisms, it seems that intergranular gas and its 

distribution on the grain boundaries has a major influence. Indeed, during thermal transient, 

intergranular bubbles can grow leading to unstable crack propagation9, favoured by high gas content 

and fast transient. The high temperature reached at the centre of the pellet increases the diffusion of 

gaseous atoms from the interior of grains to the grain boundaries and thus favour the formation of 

intergranular bubbles. We can consequently assume that the center of the pellet, where the part of 

intergranular gas is the highest, is more likely to crack under fast transient conditions. 

 

The mechanism of pellet breakage due to thermal stress is well known and the subsequent particle size 

and number do not differ so much from one study to another. The main uncertainty lies in the 

mechanisms occurring at high burn-up. Firstly, the restructuration of the pellet periphery could be an 

explanation for fine fragmentation. But another mechanism, the high intergranular gas concentration in 

the centre of the pellet, could also be responsible for this. Further experiments would be necessary to 

determine which mechanism is likely to produce the fine fragmentation of highly irradiated fuel. A 

granulometric analysis would be helpful to precise the fragment size distribution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
9 DiMelfi R. J. and Deitrich L. W., Modeling the effects of grain-boundary fission gas on transient fuel behaviour, Nuclear 

Technology 43, 1979. 
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 4.  Cladding failure criteria 

 

After having determined the size of the pellet fragments that form during use, we must evaluate the 

number and the position of rods segments that will collapse as a result of the thermal chock during 

reflooding. To answer this question, we have examined in a first time the embrittlement criteria for 

Zircaloy fuel cladding used to determine the margin of performance of ECCS’s in LWR’s. In a second 
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time, the results of a small scale test rig that has investigated the cracking of the oxide layer occurring 

on quenching are summarized. 

When designing ECCS’s, it must be demonstrated that they can cope with a LOCA without major 

damage to the plant or hazard to the public. Two of the criteria, adopted by the U. S. Atomic Energy 

Commission (AEC) on 1973 to insure the fulfilment of the above requirement are: 

 

The peak cladding temperature shall not exceed 1477 K, 

 

The maximum cladding oxidation shall nowhere exceed 0.17 times the total cladding thickness 

before oxidation. 

 

These criteria are linked with the capability of Zircaloy cladding to withstand thermal shock and 

mechanical loads under LOCA. Numerous works on Zircaloy embrittlement have been carried out 

after this time. They gave rise to other criteria, among which the most popular is the Chung and 

Kassner10 criterion: 

 

The Zircaloy cladding can withstand thermal chock if the thickness of the phase, with ≤ 0.9 

wt % 

oxygen, exceeds 0.1 mm 

 

The main advantage is that this criteria is irrespective of the specimen thickness, oxidation 

temperature, and total oxygen of the cladding. 

 

Under severe accident, less conservative criteria should be used to determine as precisely as possible 

the extent of debris beds expected to form upon quenching. In the framework of the QUENCH 

program, conducted by the Forschungszentrum Karlsruhe, a small scale test rig was built in which it 

was possible to quench short Zircaloy fuel rod segments11. In these tests, single tube specimens are 

filled with ZrO2 pellets, heated by induction to a high temperature and then cooled down by injection 

of water (90°C, 1.5 cm/s flooding rate) or cold steam (140°C, 2 g/s). The experimental parameters 

investigated are: the extent of cladding pre-oxidation (0, ≈ 100 μm, ≈ 300 μm ZrO2 layer thickness) 

and the temperature of the Zircaloy tube at onset of quenching (1000°C, 1200°C, 1400°C and 

1600°C). It was observed that the mechanical behaviour of the cladding tube depends on the initial 

oxide scale thickness and the tube temperature at onset of quench. Large cracks, penetrating the oxide 

layer and the embrittled -Zr(O) metal substrate, can be observed with an initially 300 μm thick oxide 

layer thickness (whatever the cooling fluid, water or steam). This cracking leads to the fragmentation 

or the breakage of the specimens either in the facility or during handling. The formation of the crack is 

more pronounced if the quench is initiated from low temperatures (1200°C). These experiments were 

supplemented by additional tests12
 leading to the following conclusion: Cracking of the cladding 

occurs under quenching if the zirconia thickness exceeds 150 μm. 

 

 
 

 
10 Chung H. M. and Kassner T. F., Embrittlement criteria for Zircaloy fuel cladding applicable to accident 

situations in lightwater reactors: summary report, EG&G Idaho Inc., NUREG/CR-1344 - ANL-79-48, 1980 

 

11 Hofmann P. et al., Quench behavior of Zircaloy fuel cladding tubes. Small-scale experiments and modeling of 

the quench phenomena, Forschungszentrum Karlsruhe, FZKA 6208, 1999. 

 

12 Hofmann P. et al., Physico-chemical behavior of Zircaloy fuel rod cladding tubes during LWR severe 

accident reflood, Forschungszentrum Karlsruhe, FZKA 5846, 1997 
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5.  Application to debris bed formation in a French 900 PWR 

 

The results of the bibliographic survey can be used to improve the models developed in severe 

accident codes. They can enable us to predict more precisely the extent and the composition of a 

debris bed expected to form upon reflooding. Hereafter is an example of the characteristics of the 

debris bed that could form in a French 900 MWe PWR core following a six inches LOCA. To perform 

this computation, we have followed the steps described below : 

 

Computation of fragment size distribution: 

We have considered the realistic fuel loading13
 represented in figure 3 (average burn-up of 30 GWd/tU, 

corresponding to a reactor end of life). The reactor core contains 157 assemblies coming from 7 

different batches (each having a different burn-up). In our computation, the active part of the core is 

divided in 22 axial meshes, 6 radial meshes and one azimuthal mesh. For each mesh, the proportion of 

rods belonging to each batch is assessed. It enables us to know, in each mesh, the number of rods 

whose burn-up lies in the following ranges: 5-10,10-15, 15-20, 20-25, 25-30, 30-35, 35-40, 40-45, 45-

50 and 50-55 GWd/tU. The computation of the number of radial fragments (Nb_fr) can then be 

computed using the following equation: 

 
Where [Nb_fr] power, which is the number of fragments that initially forms, is linked to the power by 

the relation proposed by Oguma14 (see figure 4). BU is the burn-up in GWd/tU. 

 

The first main assumption is that the maximum number of radial fragments is 16, in agreement with 

the observations carried out on low to intermediate burn-up fuel (see paragraph 3). But in our case, 

this number is probably underestimated since some assemblies have quite high burn-up (up to 50.5 

GWd/tU for the central assembly) and could be fragmented in more pieces. But due to a lack of 

quantitative data on this additional fragmentation for high burn-up fuel, it is not taken into account 

here. The result of the calculation at an elevation of 2 meters is given in the table below. 

 

  

 

 

 

 
 

 

13 EDF, private communication 

 

14 Oguma M., Cracking and relocation behavior of nuclear fuel pellets during rise to power, Nuclear 

Engineering And Design 76, 1983 
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For transversal fragmentation, we assume that three transversal cracks form. There are actually not 

many data for transversal fragmentation and the number of transversal cracks differ from one study to 

another ranging from 1 to 4. An intermediate value is taken here. 

 

The subsequent computation of fragment size distribution is based on the assumption that fuel pieces 

are spherical and have all the same size inside a pellet. This leads to a minimum fragment size of 2.75 

mm (see figure 5). Our next step will be to consider a mean size and a distribution to take into account 

the scattering in fragment sizes. 

  



NEA/CSNI/R(2010)11 

 324 

Computation of core degradation and fuel rods collapse under refooding: 

The degradation progression of the reactor core following a six inches LOCA has been calculated with 

the severe accident code ICARE/CATHARE15. At each time step, we have determined for each mesh, 

if the cladding rods were embrittled enough to collapse under reflooding. If the given failure criteria 

was fulfilled in a mesh, the debris bed was supplied with fragments whose size was determined 

previously. The failure criteria we used is the melting of the zirconium cladding (according to the 

observations carried out on the LOFT LP-FP2 and PBF SFD 1-4 bundles). The result of the 

calculation is given in figure 6. The claddings start to melt 2550 seconds after the beginning of the 

transient. The quantity of fuel rods fragments that would result from reflooding consequently starts 

increasing. At that time, the debris form in the inner, upper part of the core. Then, the degradation 

propagates both axially and radially. At t=2800 seconds, we can notice that the quantity of expected 

debris decreases. This is due to the fact that fuel has started to melt, providing less solid particles to 

the debris bed. At t=2900 seconds, the claddings in the most peripheral mesh start melting supplying 

the debris bed with large particles (4-5.5 mm size range). The maximum quantity of debris (26 tons of 

fuel namely 32% of fuel in the core) is formed 3350 seconds after the beginning of the transient. At 

that time, the fuel particles in the debris bed come from the three external meshes located in the upper 

1.5 meters. In the inner part of the core, fuel has melted and relocated downward and does not 

contribute to the formation of the solid particles debris bed. 

 

This example shows that it is possible to predict quite precisely the amount and the composition of the 

debris bed possibly formed upon reflooding. The uncertainty linked to the geometry of the debris bed 

can still be reduced by providing more accurate data on fuel fragmentation and rod cladding failure. 

Especially, it is important to get more information on the additional fragmentation that could occur for 

high burn-ups fuel (due to the rim structure and/or the growth of gas fission bubbles under transient 

conditions). This could increase the proportion of fine fragments. A sensibility study to the cladding 

failure criterion would also be interesting and could provide a confidence interval for the amount of 

material collapsing under reflooding. Finally, the same calculation could be repeated for different fuel 

loading and different accidental scenarios. 

 

6. Conclusions 

The objective of this paper was to precise the geometry of debris beds expected to form during the 

reflooding of a severely damaged reactor core. This was achieved by gathering data on fuel 

fragmentation under operating and LOCA conditions and on fuel cladding failure criteria. It was 

shown that these data can be used in severe accident codes to predict the amount of claddings that 

would collapse under reflooding and the subsequent particle size distribution. The main uncertainty 

that remains is the number and the size of particles resulting from fragmentation of highly irradiated 

fuel. Moreover, our modelling relies on strong assumptions (for instance the fuel fragments are 

spherical and of identical size in one pellet). We plan to improve our modelling by taking into account 

the distribution in fragment sizes inside a pellet and the non-sphericity of the fuel pieces. A sensibility 

study of the debris bed characteristics to the model parameters (number of transversal cracks, 

additional fragmentation of high burn-up fuel, cladding failure criterion…) is also envisaged. 
  
 

 

 

 

 

 
 

 

15 Drai P., Marchand O., Chatelard P., Fichot F., and Fleurot J., Improvement of core fusion modeling in 

ICARE/CATHARE. Application to the calculation of a six inches LOCA leading to severely degraded situation, Nuclear 

Technology, 2009 
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Manfred Bürger, Institut für Kernenergetik und Energiesysteme (IKE) 
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Abstract 

 

Particulate debris beds may form during different stages of a severe core melt accident. E.g., in the 

degrading hot core, due to thermal stresses during reflooding, in the lower plenum, by melt flow from 

the core into water in the lower head. Melt pool formation or coolability of particulate debris is a 

major issue concerning melt retention in the core and the lower head. 

 

In this paper the actual validation status of the MEWA model is shown, which is being developed as a 

module for the German system code ATHLET-CD for the description of in-vessel behavior during the 

late phase of severe accidents, taking into account the effects of possible core re-flooding. A brief 

description of the major modeling assumptions, governing conservation equations and constitutive 

laws used in the MEWA model are given in the present paper. A short summary of the validation work 

that has been done on the two-phase thermal hydraulics under boil-off conditions, addressing the 

longterm coolability, is presented. 

 

The focus of the paper is on the validation of MEWA related to quenching of superheated, initially dry 

debris. Results are presented for various experiments. In general it is found that, except in cases with 

large forced bottom injection, water moves into the debris bed in a slowly propagating front due to 

high friction, and the quenching is rapid enough to occur in a thin front (“frontal type”). Thus, a 

detailed modeling of heat transfer regimes is not that important, rather an appropriate description for 

the friction is essential. It is shown that quenching from the bottom is more effective then top-

flooding, due to co-current flow of water and steam. 

 

Finally, examples for the quenching of debris under reactor severe accident conditions are presented. 

These highlight the importance of multi-dimensional effects allowing water ingression along the 

boundaries of the bed or through bypasses, which provides a mechanism to facilitate quenching, 

together with the cooling effects of steam flows through the hot dry zone. 

 

1. Introduction 

 

Considerations on severe accidents with heavy core damage in LWRs finally yield the question 

whether and by which means even such events can be managed and safely cooled states can be 

reached. The accident in TMI-2 has shown that an important role has to be attributed in this context to 

the behavior of particulate debris beds. Particulate debris may be formed in the core region due to the 

mechanical failure and fragmentation of the fuel rods, or after relocation of melt in the lower plenum 

of the pressure vessel as a result of melt jet breakup and mixing with water. Besides the question 

whether a given particulate debris bed configurations is coolable at all, i.e. whether in a long termsense 

the heat that can be removed from the bed exceeds the decay heat, the coolability problem ninvolves 

also the question whether an initially hot dry bed can be quenched in due time, before further heatup 
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and melting, possibly accelerated due to enhanced oxidation during the quench process, leads to a 

finally uncoolable melt pool configuration. 

 

The MEWA (MElt and WAter) code is under development at IKE, University of Stuttgart. It is also 

integrated as a module in the German system code ATHLET-CD for the description of in-vessel 

behavior during the late phase core of severe accidents and is designed to describe the processes of late 

phase core degradation up to the relocation of melt to the lower head, taking into account the effects of 

possible core re-flooding. Basically, MEWA is a combination of the late-phase module MESOCO1, 

describing the processes in the core with massive melting, melt relocation, molten pool formation and 

behavior, and the WABE module2 describing the two-phase thermalhydraulics in a strongly degraded 

core or a particulate debris bed in the lower head. MEWA is based on a quasi-continuum approach in 

two-dimensional cylindrical geometry. Solid, melt and two-phase fluid (gas/steam) are modeled as 

separate phases with thermal non-equilibrium between all phases. A brief description of the major 

modeling assumptions, governing conservation equations and constitutive laws used in the MEWA 

model are given in Section 2. 

 

A fair amount of validation work for the MEWA model has already been done on the two-phase 

thermal hydraulics under boil-off conditions. It particularly highlighted the importance of adequate 

constitutive laws for the friction, especially the explicit consideration of water/steam interfacial 

friction, and a significant extension of the coolability limits due to combined water supply from the 

bottom and the top of a debris bed under realistic multi-dimensional configurations, either via 

downcomer-like structures or due to the shape (e.g. mound shape) of the bed. A summary is presented 

in Section 3. 

 

Section 4 focuses on the validation of the modeling for quenching of superheated, initially dry debris. 

Calculation results are presented for various experiments. Debris quenching under forced water flow 

from the bottom is investigated in comparison with experiments of Tutu et al.3, performed with 

spherical particles at Brookhaven National Laboratory. In calculations on DEBRIS experiments of 

IKE4, quenching of particulate debris beds composed of steel spheres is investigated under top and 

bottom flooding conditions. Calculations for POMECO experiments5 performed at KTH Stockholm 

with alumina sand address the quenching of non-uniform, irregularly shaped particles of small size 

under top and bottom flooding conditions as well as effects of vertically stratified bed configurations 

and downcomers. Stratification and downcomer effects are also studied in calculations for experiments 

of Tung and Dhir6, using spherical particles of larger size. 

 

 
 
1 Buck, M.: Modelling of the late phase of core degradation in Light Water Reactors. Dissertation, ISSN-0173-

6892, IKE 2-153, Universität Stuttgart, November 2007. 

2 Bürger M., Buck M., Schmidt W. and Widmann W.: Validation and application of the WABE code: 

Investigations of constitutive laws and 2D effects on debris coolability. Nucl. Eng. Des. 236 (2006), pp. 2164–

2188. 

3 Tutu N.K., Ginsberg T., Klein J., Klages J., Schwarz C.E.: Debris bed quenching under bottom flood 

conditions.Brookhaven National Laboratory, NUREG/CR-3850, BNL-NUREG-51788, 1984. 

4 Schäfer P., Groll M. and Kulenovic R.: Basic Investigations on Debris Cooling. Nucl. Eng. Des. 236 (2006), 

pp. 2104-2116. 

5 Nayak A.K., Stepanyan A.V., Sehgal B.R.: Experimental investigations on the dryout behaviour of a radially 

stratified porous bed. 11th International Topical Meeting on Nuclear Reactor Thermal-Hydraulics (NURETH-

11), Avignon, France, October 2-6, 2005. 

6 Tung, V.X., Dhir, V.K.: Quenching of debris beds having variable permeability in the axial and radial 

directions. Nucl. Eng. Des. 99 (1987), 275-284. 
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In general it is found that, except in cases with large forced bottom injection, water moves into the 

debris bed in a slowly propagating front due to high friction, and the quenching is rapid enough to 

occur in a thin front (“frontal type”). Thus, a detailed modeling of heat transfer regimes is not that  

important, rather an appropriate description for the friction is essential. It is shown that quenching 

from the bottom is more effective then top-flooding, due to co-current flow of water and steam. In 

cases with quenching from the top, non-homogeneities (stratification) or downcomers feature the local 

penetration of water to the bottom, with subsequent quenching of the remaining bed from the below, 

which provides an effective mechanism for faster cooling. Inclusion of capillary effects becomes 

important to explain the behavior in cases with small particles sizes (~ 1mm), especially with 

nonhomogeneities and stratification. 

 

Finally, examples for the quenching of debris under reactor severe accident conditions are presented in 

section 5. These highlight the importance of multi-dimensional effects allowing water ingression along 

the boundaries of the bed or through bypasses, which provides a mechanism to facilitate quenching, 

together with the cooling effects of steam flows through the hot dry zone. 

 

2.  Description of the MEWA-2D code 

 

With the MEWA code, the processes in a strongly degraded core or a particulate debris bed in the 

lower head or in the reactor cavity are described in a quasi-continuum approach using a 

twodimensional description in either cylindrical or Cartesian coordinates. Solid, melt and two-phase 

fluid (gas/steam) are modelled as separate phases with thermal non-equilibrium between all phases 

(see Figure 1). As the investigations in the present paper concentrate on the behaviour of particulate or 

porous debris beds under boil-off or quenching conditions, we restrict the description here to the 

modelling which is relevant for the two-phase flow of water in a solid debris bed. 

 

The mass conservation equations of the fluids are: 

 

 

Where  is the porosity,  is the void fraction,  and  are the superficial velocities of gas and 

liquid respectively and  is the phase change rate, representing either evaporation or condensation. 

Under the assumption of dominant friction between the particles and fluids, temporal and spatial 

derivatives of the velocities can be neglected which leads to the following simplified momentum 



NEA/CSNI/R(2010)11 

 340 

 
 

conservation equations 

 

 
 

For the particle-fluid drag forces, the classical Ergun law (originally proposed for single-phase flow 

through porous media) is adapted to two phase flow by introduction of relative permeabilities and 

passabilities: 

 

 
 

where the basic permeabilities ( K ) and passabililities ( η ) are from Ergun formula: 



 NEA/CSNI/R(2010)11 

341 

 
 

 is the particle diameter. Two phase effects are considered by relative permeabilities and relative 

passabilities. Different authors introduced different formulations, mostly as powers of the liquid 

respective vapour saturations. In general, it has been found important to consider explicitly also the 

interfacial friction between vapour and liquid (see e.g. Bürger et al.2). Constitutive laws for expressing 

the interfacial friction can be found in the literature (e.g. Schulenberg and Müller7, Tung and 

Dhir8). In MEWA, a modified version of the model of Tung and Dhir is applied. Especially, the 

transitions between the flow patterns of bubbly, slug and annular flow have been modified to yield a 

more rapid transition towards slug and annular flows with smaller particle diameters, due to deficits 

detected for smaller particles and physical plausibility. Details can be found in9.  

 

Capillary effects are considered through different pressures for liquid and vapor used in the 

momentum equations. The pressures are related by: 

 

 
 

Here,  is the capillary pressure. For the capillary pressure an empirical approach using a saturation 

dependent Leverett function according to Hofman and Barleon is used. 

 

In the energy conservation equations of gas and liquid, mechanical work due to friction and pressure 

forces is generally neglected. Radiation heat transfer is implicitly considered in the solid energy 

conservation equation through an effective thermal conductivity. For the gas, energy conservation 

yields: 

 

 
 

The respective terms on the right hand side of the equation denote conduction, heat transfer between 

flowing gas and the solid, heat transfer between gas and the gas/liquid interface as well as the enthalpy 

fluxes associated with the mass transfer (evaporation/condensation). The energy conservation for the 

liquid phase yields: 

 
 
7 Schulenberg T., Müller U.,"A refined model for the coolability of core debris with flow entry from the 

bottom," Proceeding of the Sixth Information Exchange Meeting on Debris Coolability, University of California, 

Los Angeles, EPRI NP-4455, 1986. 

 

8 Tung V.X., Dhir V.K. "A hydrodynamic model for two-phase flow through porous media". Int. J. Multiphase 

Flow, 14(1), 47-65, 1988. 
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9 Buck, M., Pohlner, G., Rahman, S.: Documentation of the MEWA code. Report IKE 2 FB 30 , Universität 

Stuttgart, August 2009 (unpublished). 

 
 

Here, heat conduction, heat transfer between flowing liquid and the solid, heat transfer between liquid 

and the gas/liquid interface as well as the enthalpy fluxes associated with the mass transfer 

(evaporation/condensation) are considered. For the solid, energy conservation yields: 

 

 
 

Here, heat conduction in the solid, the volumetric heat source from radioactive decay (or 

electrical heating in experiments) and the heat going to the vapour-liquid interface (leading to 

evaporation) are considered. Direct heat transfer between solid and gas, , is mainly important in 

dry regions, while heat transfer between solid and liquid, , is only considered under subcooled 

conditions. 

 

Heat transfer and evaporation are based on thermal non-equilibrium between the phases. Superheated 

particles, subcooled water and superheated steam are taken into account. The mass transfer rate is then 

given as the sum of the heat fluxes directed into the gas/liquid interface, divided by the latent heat of 

evaporation, 

 

 
 

Boiling at the surface of solid particles is calculated in MEWA using correlations for film or pool 

boiling, depending on the solid temperature. A minimum film boiling temperature is defined as 

 

 
 

If the solid temperature is below the minimum film boiling temperature, , pool boiling is  

assumed. Above a maximum pool boiling temperature, 
 

 
 

film boiling is assumed. The heat transfer coefficients for pool respectively film boiling are calculated 
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using classical correlations of (Rhosenov, Lienhard). In a transition region between and , 

the 

heat transfer coefficient is obtained by linear interpolation between the pool boiling heat transfer 

coefficient, calculated at and the film boiling coefficient, calculated at . 

3  Validation with respect to coolability limits of debris beds: dryout heat flux results 

 

The main objective concerning the validation is to further elaborate a unified description which can be 

used in the multi-dimensional codes considered as necessary to analyse adequately the coolability 

under reactor conditions. Under boil-off conditions, starting with an initially saturated bed, the 

modelling of heat transfer between the phases is of minor importance, due to only small deviations 

from saturation conditions. Rather the friction effects are decisive, determining how much water can 

enter into the heat generating bed and how fast the produced steam can be removed. 

 

In order to support such questions, the DEBRIS facility at IKE4 aims at model-oriented experiments 

for improvement of constitutive laws for friction and heat transfer as well as study of specific 2D 

effects under top and bottom flooding conditions at varying system pressure. Inductive heating allows 

the simulation decay heat in debris beds with a diameter of 125 mm and height of 640 mm. 

Measurement of pressure loss in axial segments of the debris bed have demonstrated4 that classical 

friction laws of Lipinski, Reed or Hu/Theofanous not including explicitly interfacial friction terms can 

in principle not reproduce these pressure drops in a large range of conditions. Including an interfacial 

friction term as e.g. in the Tung/Dhir6 and Schulenberg/Müller7 friction laws, at least the qualitative 

behaviour can be reproduced. However, a clear decision between different approaches on the basis of 

the pressure measurements is not yet possible. Difficulties of sufficiently precise measurements and 

sensitivity of the quasi-local pressure drops are to be mentioned, especially in the critical range 

corresponding dryout. 

 

Therefore, more global results of available experiments have to be used as well. This concerns 

extended measurements of dryout heat flux (DHF) for top and bottom flooding. The DHF denotes the 

maximum heat flux that can be removed from the surface of the debris bed without occurrence of dry 

spots. By bottom flooding we denote cases were water is provided to the bottom of the bed (in 

addition to water from a pool above) by downcomer like structures. The bottom inflow is then mostly 

driven by a lateral water column of the height of the bed. As an example, Figure 2 shows the 

comparison of the DHF calculated with MEWA with the experimental results of DEBRIS tests10 for a 

poly-dispersed bed composed of 6/3/2 mm particles (mass composition: 50% 6 mm, 30% 3 mm, 20% 
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10 Rashid, M., Chen, Y., Kulenovic, R., Laurien, E.: Experiments on the Coolability of a Volumetrically Heated Particle Bed 

with Irregularly Shaped Particles, 7th Int. Topical Meeting on Nuclear Reactor Thermal Hydraulics, Operation and Safety 

(NUTHOS-7), Oct. 5-9, 2008, Seoul, Korea, 2008. 
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2 mm) for top and bottom flooding. A significant improvement with the new friction description 

(MTD) can be observed considering the aim of a unified description, here for both top and bottom 

flooding. Further, the DEBRIS results confirm the strong increase (about twice) of the DHF with 

bottom versus top flooding also for the poly-dispersed debris. 

 

In order to confirm these results, MEWA was validated against further experiments, trying to cover a 

large band width of bed configurations and conditions. Mainly results from three test facilities were 

used: STYX11, POMECO12
 and DEBRIS4,10

 experiments. 

 

Experiments in the DEBRIS facility were carried out with mono- and poly-dispersed beds of spherical 

particles. Further, also experiments with a mixture of irregularly shaped alumina particles (coming 

from PREMIX experiments13), about 48 volume%, between 2 and 5 mm in diameter, and spherical 

steel particles, 19% with 3 mm and 33% with 6 mm diameter were performed. Mixtures of particles 

(alumina sands) of different sizes and irregular shapes are used in the STYX experiments11
 performed 

at VTT, Finland, applying a broad particle size distribution based on the data from different 

international fragmentation tests, especially the FARO experiments. Noteworthy is also the relatively 

large size of the bed (max depth 65 cm, diameter 30 cm). In contrast to DEBRIS, the bed is heated by 

heating wires embedded in the debris bed. Most tests were done with top flooding only, but some 

recent test also applied external downcomers. In the POMECO experiments12
 at KTH the bed (350 X 

350 X  450 mm) is composed of sands with relatively small size (mean particle size usually below 1 

mm) and porosities. Electric heaters are uniformly embedded in the bed to provide internal heating. In 

POMECO experiments also non-homogeneous configuration with horizontal and vertical layers of 

different particle and porosity as well as configurations with internal downcomers were studied. 

The results for the measured dryout heat flux in selected experiments from the different test facilities 

together with the MEWA predictions are summarized in Table 1 for a variety of bed configurations 

and pressures under pure top flooding as well as top and bottom flooding conditions. The agreement 

with the experimentally measured dryout heat fluxes is generally quite satisfying, with the exception 

of the POMECO test with very low porosity (dp = 0.8 mm and ε = 0.26). Here, MEWA predicts a 

much smaller DHF than reported from the experiment. In principle, this needs further clarification. 

However, particulate debris beds with such a low porosity have to be considered as non-coolable 

anyway under severe reactor accident conditions, so they are not of major interest here. Further, the 

MEWA results are conservative for this case (i.e. do not over-estimate the DHF). 

 

It has especially to be noted that MEWA consistently predicts the significantly improved coolability 

for the cases with combined top and bottom flooding. This is of high importance in view of real, 

multidimensional configurations to be considered under severe reactor accident conditions, where 

coand counter-current flow situations occur simultaneously. 

 

4.  Validation with respect to quenching of hot debris 

 

Quenching of hot particulate debris has been investigated in fewer experiments, although quenching 

versus heat-up by decay heat mostly determines the coolability question in reactor scenarios. 

 
11 Lindholm I., Holmström S., Miettinen J., Lestinen V., Hyvärinen J., Pankakoski P. and Sjövall H.: Dryout 

Heatflux Experiments with Deep Heterogeneous Particle Bed, Nucl. Eng. Des. 236 (2006), pp. 2060-2074. 

12 Konovalikhin M.J.: Investigation on melt spreading and coolability in a LWR severe accident, Ph. D. thesis 

of Royal Institute of Technology, Stockholm, November 2001. 

13 Kaiser W., Schütz W., Will H.: Excerpt from FZKA 6380: PREMIX Experiments PM12-PM18 to Investigate 

the Mixing of a Hot Melt with Water. Inst. für Reaktorsicherheit, Prog. Nukl. Sicherheitsforschung, FZK GmbH, 

Karlsruhe. 
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4.1  Experiments of Tutu et al. 

 

MEWA was used to simulate experiments of Tutu et al.3, with bottom injection of water in hot 

particulate debris at fixed flow rates. Figure 3 shows results for a case from reference3 using a bed of 

spherical particles of 3.2 mm diameter, porosity 0.39 at 1bar system pressure, initial bed temperatures 

of 775 K and different, fixed superficial water injection velocities at bottom. A major result with 

respect to bottom flooding is that cases of smaller water flows with resulting plateau-like heat and 

steam fluxes and cases of  

 



 NEA/CSNI/R(2010)11 

347 

stronger water flows with resulting peaks of heat and steam fluxes can be distinguished. The 

difference is roughly spoken related to a more rapid quenching than water progression (plateau) versus 

the opposite (peak). The latter behaviour is favoured by film boiling stability and means the 

establishment of an extended heat transfer (boiling) zone with extended heat release after breakdown 

of film boiling resulting in the peak. 

 

Additional calculations with a driving water column indicate that only the lowest inlet velocities (< 2 

mm/s) are realistic under such conditions and a column and bed height of about 40 cm. Thus, a thin 

quenching front due to slow progression of water in the bed yielding the plateau behaviour may be 

more typical and may also be valid for reactor conditions. This facilitates the heat transfer description. 

Details in the thin quenching zone are less important. 

 

4.2  DEBRIS experiments 

 

In the DEBRIS quenching tests4 the cool down behaviour of strongly superheated particles of 6 mm 

diameter under ambient pressure was investigated. The bed was heated up to the desired temperature 

(initial temperatures up to 900° C) and, after switching off the heating power, quenched with cold 

water. Top and bottom flooding have been investigated, the latter driven by a lateral water column.  

 

Results of the latter case are reproduced in Figure 4 in comparison with MEWA calculations. With the 

lower particle temperatures, higher quench front velocities, measured by the thermocouples, than the 

water velocities applied by Tutu et al are obtained, which can be understood by the smaller friction 

with the larger particles. However, a strong decrease of quench front velocities results above 670 K 

particle temperature. This could not be reproduced with MEWA calculations and thus needs further 

analyses. It is assumed that the flow regime plays an important role, as the deviations between the 

experiment and the calculation become large for temperatures in the range of stable film boiling. 

 

In the top quenching experiments it was observed that at an early stage of the quenching process the 

water penetrates preferably at the crucible wall into the bed. This can be explained by the lower bed 

temperature and the higher porosity (wall effect) near the crucible wall. The quenching front never 

covered the whole cross section of the bed but penetrated the bed always in individual flow streaks. 

Once a streak reached the bottom of the bed, an upward filling process of the bed started. While filling 

up the bed, the remaining superheated regions were quenched. From temperature measurements it can 

be seen that this filling process has a more or less one-dimensional character. 
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Experimental results for the quench front propagation in a case with initial temperature of 787 °C are 

given in Figure 5 together with MEWA simulation results. If in the simulation a non-uniform 

temperature profile over the cross-section was imposed, a streak-like inflow resulted and a similar 

behaviour as in the experiment was obtained with sufficiently thick streaks. The experimental data are 

approximately met according to Figure 5, but more detailed analyses over a larger spectrum of 

conditions remain still to be done. The present result indicates a significantly more rapid quenching in 

the fill-up phase than the time required for the penetration of a streak to the bottom. 

 

4.3  Experiments of Tung and Dhir with stratified geometry 

 

In the experiments of Tung and Dhir6 cooling conditions of debris beds with variable permeability in 

the axial and radial direction were investigated. The experiments used steel particles varying in 

diameter heated inductively up to 630° C. The beds were flooded either from the top or the bottom. In 

the bottom flooding experiments, the water entered through a pipe connected to a large reservoir 

which provided a constant hydrostatic pressure head. Figure 6 gives the results for an experiment with 
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a vertically stratified bed, were the lower half was composed of spheres of 3.18 mm diameter and the 

upper half of 6.35 mm spheres. The driving pressure for bottom flooding was provided by a water 

column of 50 cm. The quench front progression predicted by MEWA lies well within the experimental 

range measured in the middle and the periphery of the bed. 

 

As a further case, top flooding of a radially stratified bed was simulated. Here, an inner region (50 mm 

diameter) was composed of spheres of 3.18 mm diameter and the outer region (up to 85 mm diameter) 

with spheres of 6.35 mm diameter. The radially stratified configuration is especially interesting since it 

imposes a multi-dimensional behavior which gives the opportunity to check the code also with this 

respect. Figure 7 shows the comparison of measured and predicted quenching behaviour. The quench 

front progresses much faster downwards in the outer region with higher permeability. Part of the inner 

region is quenched from the bottom after the water has reached the bottom in the outer part. This 

behaviour is well reproduced in the MEWA simulation. MEWA just overestimates somehow the 

downward quenching progression in the centre part (see point for inner region at 33.0 cm height). 

 

4.4  POMECO experiments with quenching of radially stratified beds 

 

Like in the experiments discussed in the previous section, also some POMECO tests have been carried 

out with quenching in a radially stratified configuration5. The bed was composed of three layers, the 

two outer with higher permeability (particle diameter 0.92 mm, porosity ε 0.38) and the middle layer 

with lower permeability (particle diameter 0.80 mm, porosity ε 0.26). Due to the quite small particle 

size and porosity, consideration of capillary effects in the model becomes very important for this kind 

of bed. This has already been outlined by Rahman et al.14
 concerning boil-off conditions. Figure 8 

illustrates the different  

 
14

 Rahman, S. et al.: Analysis of Dryout Behaviour in Laterally Non-Homogeneous Debris Beds using the 

MEWA-2D Code.13th International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-13), 

Kanazawa City, Japan,September 27-October 2, 2009. 
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kind of quenching behaviour obtained with and without consideration of capillary effects. Due to 

symmetry, only one half of the bed is shown. Without capillary effect, a similar behaviour is obtained 

as in the case of the Tung and Dhir experiments with larger particles presented in the previous section: 

faster downward progression of the quench front in the higher permeability region and subsequent 

partial quenching of the low permeability region from below. With capillary effects, water is drawn 

sideways from the higher permeability to the lower permeability region, so the quench front 

progresses more uniformly. 

 

This different behaviour is also reflected in the time that is required for complete quenching of the 

respective layers. Table 2 gives the quenching times obtained in the POMECO experiments with the 

radially stratified bed (initial particle temperature, T0 = 630 C) in comparison with MEWA results with 

and without consideration of capillary effects. Besides the test with quenching from the top, also a test 

with a central downcomer is included, which yields combined top/bottom quenching. Without 

consideration of the capillary effects, the quenching time for the higher permeability layer is 

underestimated and that for the lower permeability layer significantly overestimated, in both cases 

with and without downcomer. With consideration of the capillary effect, the quenching times 

calculated with MEWA agree qualitatively and partly quantitatively quite well with the experiments. It 

has however to be mentioned that a more detailed evaluation of the time and space dependent quench 

front progression by means of all thermocouple signals shows some discrepancies between model and 

experiment. This requires further analyses. 
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5.  Application of MEWA to reactor cases: quenching of hot debris in core and lower head 

 

As an example of a reactor application, Figure 9 shows the results of a calculation performed with the 

modules MEWA and VECO (VECO is the module for the modelling of corium behaviour in the lower 

plenum and includes MEWA for the description of (partially molten) debris beds). In the calculation, 

failure of cooling of a already degraded core is assumed. After boil-off of the water in the core, 

melting leads to the formation of a molten pool. After about 3 hours and 40 minutes in the scenario, 

corium is released to the lower plenum (row 1 in Figure 9). Melt breakup in the residual water in the 
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lower plenum leads to formation of a debris bed of about 30 tons (row 2 in Figure 9). After about 4 

hours and 10 minutes, flooding of the vessel at a rate of 150 kg/s is assumed. The calculation show 

that quenching in the core is reached by flooding via the downcomer, with water rising in lateral, 

intact core regions, then penetrating from the sides into the degraded parts, driven by the external 

water head. Also the debris bed in the lower plenum is quenched. Clearly, multi-dimensional aspects 

govern the success of cooling. 

 

Flooding of hot debris in the lower head has also previously been investigated with MEWA2 and 

ICARE/CATHARE15. It was shown that water inflow from the sides along the wall is decisive. 

Continued heat-up in the debris acts against quenching. Related to considerations of Seiler16, who 

assumed a small porosity of the cake in the lower head of TMI as essential for the cooling (cooling by 

steam via water inflow through gap below), a calculation with MEWA has been performed with a 

dense region of about 50 cm thickness in the centre, low porosity of 0.1 (still high compared to 

expected porosity in the cake16, a thick gap of about 10 cm (i.e. excluding influences of CHF in 

usually assumed gaps of some mm thickness), particle diameter 2 mm and porosity 0.4 in the upper 

bed of 1 m height assumed above the cake, i.e. another ~ 60 t of corium debris, much more than in 

TMI. A power of 200 W/kg has been applied, about twice that assumed by Seiler. An initial 

temperature of 1270 K has been assumed in the initially dry debris and a system pressure of 60 bar. In 

the gap, the same conditions as in the upper bed have been assumed. 

Figure 10 shows results of the temperatures and water velocity fields after 920 s and 2940 s. While the 

debris with higher porosity is rather rapidly quenched, with still a temporary increase of temperature 

up to about 1400 – 1500 K, the quenching of the cake region takes a much longer time and 

temperatures go beyond 1700 K at 2940 s, although in a reduced region in the cake. Obviously, steam 

cooling is effective here in the cake, at least avoiding rapid heat-up until melting. This enables slow 

quenching by water flowing around and partially into the low porosity area. The calculation gives a 

perspective to evaluate the competition between heat-up by decay heat and quenching, under 

conditions with additional handicaps. 

 
15 Fichot F., Duval F., Trégourès N., Béchaud C. and Quintard M.: The Impact of Thermal Non-Equilibrium and 

Large-Scale2D/3D Effects on Debris Bed Reflooding and Coolability, Nucl. Eng. Des. 236 (2006), pp. 2144-

2163. 

16 Seiler J.M.: Analytical Model For CHF in Narrow Gaps on Plates and in Hemispherical Geometries, Nucl. 

Eng. Des. 236 (2006), pp. 2211-2219 
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6.  Conclusions 

 

The validation basis of the MEWA model was presented. Analyses of the coolability limits under 

boiloff conditions particularly highlighted the importance of adequate constitutive laws for the 

friction, especially the explicit consideration of water/steam interfacial friction. The significant 

enhancement of the dryout heat flux due to combined water supply from the bottom and the top of a 

debris bed which is observed in experiments is consistently also predicted with MEWA. This is 

important for realistic multi-dimensional configurations, where combined top/bottom flooding is 

provided either via downcomer-like structures or due to the shape (e.g. mound shape) of the bed. 

 

Validation calculations for quenching of superheated, initially dry debris beds were performed for 

different experiments, addressing various aspects of quenching: 

 

 different flooding conditions with forced water flow from bottom, water flow from bottom 

 driven by hydrostatic head and top flooding; 

 quenching of particulate debris beds composed of steel spheres and of alumina sand address 

the quenching of non-uniform, irregularly shaped particles; 

 effects of vertically stratified bed configurations and downcomers; 

 effects of particle size. 

In general it was found that, except in cases with large forced bottom injection, water moves into the 

debris bed in a slowly propagating front due to high friction, and the quenching is rapid enough to 

occur in a thin front (“frontal type”). Thus, a detailed modelling of heat transfer regimes is less 

important, rather an appropriate description for the friction is essential. It was shown that quenching 

from the bottom is more effective then top-flooding, due to co-current flow of water and steam. In 

cases with quenching from the top, non-homogeneities (stratification) or downcomers feature the local 

penetration of water to the bottom, with subsequent quenching of the remaining bed from the below, 

which provides an effective mechanism for faster cooling. Inclusion of capillary effects becomes 

important to explain the behaviour in cases with small particles sizes (~ 1mm), especially with 

nonhomogeneities and stratification. 

 

Finally, examples for the quenching of debris under reactor severe accident conditions highlighted the 

importance of multi-dimensional effects allowing water ingression along the boundaries of the bed or 

through bypasses, which provides a mechanism to facilitate quenching, together with the cooling 

effects of steam flows through the hot dry zone. 

 

For further clarification and support of modelling of the quenching process, additional experiments are 

underway in the frame of the SARNET-2 programme. In addition to new DEBRIS experiments with 

top and bottom flooding (using also irregular debris) as well as specific 2D effects (lateral inflow via 

downcomers or lateral regions), larger experimental facilities will be used, as QUENCH (FZK) with 

formation of debris beds and the new PEARL experiments of IRSN. 
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Abstract 

 

The QUENCH-03 test was performed on the 21
st
 of January 1999 at FZK (Forschungszentrum 

Karlsruhe) to investigate the behaviour on reflood of PWR (Pressurized Water Reactor) fuel rods with 

little oxidation.  

This paper presents results of the simulation of QUENCH-03 performed with the version V1.3 of the 

integral code ASTEC (Accident Source Term Evaluation Code) which is being developed by IRSN 

(Institut de Radioprotection et de Sûreté Nucléaire) in cooperation with GRS (Gesellschaft für 

Anlagen- und Reaktorsicherheit) and with the program version 2.1A of the mechanistic code 

ATHLET-CD (Analysis of Thermal-hydraulics of Leaks and Transients – Core Degradation) which is 

under development by GRS. 

At first the QUENCH test facility and the QUENCH test program in general are described. The test 

conduct of the test QUENCH-03 follows as well as a description of the used codes ASTEC and 

ATHLET-CD with the associated modeling of the test section. 

The results of this calculation show that during the heat-up and transient phase both codes can 

calculate bundle and shroud temperatures as well as the hydrogen production in good approximation to 

the experimental data. During the quench phase and up to the end of the test only the oxidation model 

PRATER of ASTEC simulates the hydrogen production very well, the other oxidation models of 

ASTEC cannot calculate to some extent the measured amount of hydrogen. ATHLET-CD under-

estimates the integral amount at the end of the test. In the ASTEC calculations the temperatures during 

the quench phase show qualitatively good results, only time delays on some elevations of the bundle 

could be noticed. ATHLET-CD reproduces the thermal behaviour up to the first temperature 

escalation very well, after that the temperatures are partly over-estimated. The time delay recognized 

in the ASTEC calculations are seen as well. 

The results of the integral code ASTEC emphasize that the calculation of QUENCH-03 is possible and 

leading to good results concerning hydrogen release and corresponding temperatures. Because the 

QUENCH-03 test was heated up with an electrical tungsten heater (non reactor typical) an electrical 

resistance value for the calculations is needed. In the calculations with ASTEC the electrical resistance 

value significantly differs to the recommended one. This has to be taken into consideration for blind or 

pre-test calculations. 

However ATHLET-CD calculates the temperatures in good approximation to the test, but under-

predict the amount of produced hydrogen. Accordingly, the modelling of the Zr/H2O –reaction during 

reflood might be improved and is under development.  

 

1. Introduction 

 

Failure of the main and emergency cooling-systems can lead to an accident with severe core 

degradation even with core meltdown. To prevent total meltdown of the uncovered and overheated 

core reflooding with water is an unavoidable accident management measure. The fast supply of water 

and the resulting increased available amount of steam can lead to crack formation and break up of the 
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oxide layer of the fuel rods. The additionally exposed surface could result in an increased release of 

hydrogen due to a supplementary exothermal zirconium-steam-oxidation reaction. Within the frame of 

the QUENCH test-program realised by FZK loss of coolant accidents in LWR (Light Water Reactor) 

are analysed using an experimental reactor core to determine the produced amount of hydrogen, the 

so-called hydrogen source term. Additionally the behaviour of the bundle with different absorber rod 

and cladding materials is being analysed.  

Based on the post-test calculations of the QUENCH tests with the severe accident code systems 

ASTEC and ATHLET-CD the capability of the codes can be established and evaluated. In the 

following the post-test calculations of the QUENCH-03 test with ASTEC V1.3 and ATHLET-

CD 2.1A are discussed. 

 
 

2. QUENCH bundle tests 

 

The QUENCH program was initiated at FZK in 1996 as a follow-up program of the former CORA test 

series, which investigated the interactions of the materials in case of hypothetical severe accidents. 

The main focus of the QUENCH tests lies on the analyses of the hydrogen generation especially 

during the reflood, because in the CORA tests temperature escalations together with a high hydrogen 

production were detected, but the mechanisms therefore were not fully understood at that time [1]. The 

following chapter deals in general with the QUENCH facility at FZK and especially with the test 

conduct of test QUENCH-03. 

 

2.1.  QUENCH facility and test matrix 

The QUENCH facility essentially consists of the out-of-pile bundle. This bundle includes  

20 heated rods, 1 unheated central rod, which can be used for measurement devices or as a control rod, 

as well as 4 corner rods. The 21 simulator rods have a length of about 2.5 m, while approximately 1 m 

of the heated rods is electrically heated. For the experiment as well as for the calculations the 

beginning of the heated length is defined as height 0 m (compare Figure 1). The tungsten heaters 

(outer diameter: 6 mm) are surrounded by annular pellets made of ZrO2 simulating the fuel pellets, 

which are bordered by Zircaloy-4 claddings (outer diameter: ~ 11 mm). The 21 rods and the 4 corner 

rods are arranged in a 5x5 matrix (compare Figure 1). To be able to detect fuel rod failure, the heated 

rods are filled with argon-krypton or helium, which can be detected by a mass spectrometer in the off-

gas pipe. The 4 corner rods made of Zircaloy are implemented for additional thermocouple 

instrumentation as well as to enable the measurement of the axial oxide layer profile by withdrawal the 

corner rods at different times during the test progress [1]. The bundle is surrounded by a shroud of 

three layers, which is made of Zircaloy at the inner side (outer diameter: ~ 85 mm), followed by a 

central ZrO2 insulation layer and a double-walled cooling jacket made of steel at the outer side, to 

provide the encasement of the bundle and to simulate surrounding fuel rods in a real fuel element. The 

whole test section with the shroud is encapsulated by a steel containment (Figure 1). Generally each 

QUENCH test consists of different phases: Heat-up, pre-oxidation, which is optional and not used in 

QUENCH-03, transient and a quenching phase, which means that the bundle is quenched by water or 

cooled by saturated steam. Before the quench phase superheated steam and argon are injected at the 

bottom of the facility as carrier gas to be able to transport and measure the reaction products from the 

test section. 

Until now 15 QUENCH tests were performed. A review of objectives and boundary conditions is 

given in [2]. Two were performed with B4C control rods (CR), one with a AgInCd CR, all the others 

used an unheated but instrumented fuel rod simulator. The latest QUENCH tests deal with the 

behaviour of different cladding materials. 



 NEA/CSNI/R(2010)11 

375 

 

  

Figure 1 Test section and bundle cross section of the QUENCH bundle [3] 

 

 

2.2 QUENCH-03 test conduct 

 

In the test QUENCH-03, the pre-oxidation phase can be neglected because at the beginning of the 

transient phase the claddings should only be lightly oxidized with an oxide layer of approximately 

30 µm as it is in the normal operation state of a pressurized water reactor (PWR). The progression of 

the QUENCH-03 test can be seen in Figure 2.  

The first phase of QUENCH-03 is the heat-up phase, where the bundle was heated by a series of 

stepwise increases of electrical power from room temperature to approximately 900 K in an 

atmosphere of flowing argon (3 g/s) and steam (3 g/s). To stabilize the test set-up the reached 

temperature was hold for about 8000 s with an electrical power input of 3.75 kW. During this 

stabilization phase, shortly before the end, the data logging was switched on. The transient phase 

follows and started at about 900 s and lasted roughly 2600 s. The bundle was ramped from 3.75 kW at 

0.42 W/s per rod to 18.4 kW giving an average temperature increase of about 0.4 K/s between 900 K 

and 1400 K and about 1.6 K/s between 1400 K and 2070 K. At the end of the transient phase the 

electrical power reached a value of about 18.4 kW and 30.1 MJ of electrical energy in total was put 

into the system. Afterwards the thermocouples in the upper area of the shroud and upper bundle 

elevations show the same behaviour, due to the exothermal zircon-steam-reaction that runs faster at 

higher temperature levels. This reaction gave an additional energy input of 18.4 MJ into the system 

from which 16.3 MJ was released during quenching. The thermocouples at 750 mm bundle elevation 

detected a maximum temperature of over 2400 K causing a thermocouple failure at that elevation and 

higher. Reaching the defined temperature of 2400 K inside the bundle at 2600 s led to the initiation of 

the final quench phase, in which the reflood water was injected firstly at a high rate of 90 g/s for 25 s 

to fill the lower plenum. With the initiation of reflooding the electrical power was increased from 

18.4 kW to 44 kW to compensate the convective heat losses occurring due to the boiling of the 
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inserted water at the hot structure material. At 2625 s the water injection rate was reduced to 40 g/s. 

The water mass flow resulted in a local flooding rate at the bottom of 1.3 cm/s. After reaching the 

maximum at 2627 s the electric power was reduced to 37.5 kW until 2747 s. During this period 

substantial temperature escalations occurred in the upper bundle area so that the claddings and the 

shroud collapsed at about 2627 s. Due to this collapse it came to melt formation and relocation which 

results in an increase of the surface available for oxidation which resulted in an additional massive 

hydrogen production. In the period from 2747 to 2762 s the electrical power was reduced from 37.5 to 

4 kW to simulate the typical decay heat of a LWR [3]. 
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Figure 2 Progression of the QUENCH-03 test 

 

3.  Code description  

 

The simulation of the test QUENCH-03 has been done with the codes ASTEC and ATHLET-CD. The 

integral code ASTEC is developed by IRSN in cooperation with GRS, since 1994 and allows the 

calculation of the entire sequence of a severe accident in a light water reactor from the initiating event 

up to the possible release of fission products into the environment, i.e. the source term, covering 

important in- and ex-vessel phenomena. Fields of application of this code are probabilistic safety 

analysis level 2 studies as well as accident sequence studies. The code is divided into several modules, 

describing the behaviour of e.g. the thermohydraulic in the core (CESAR) or containment (CPA), the 

core degradation (DIVA) or else the fission product release (ELSA) and transport (SOPHAEROS). 

ASTEC has the opportunity to start different modules as stand-alone modules or in combination with 

other modules. To analyse QUENCH-03 the module “Degradation In Vessel during Accidents” 

(DIVA) is used. The DIVA module is based on the IRSN mechanistic core degradation code  

ICARE2 [4]. 

The mechanistic in-vessel code ATHLET-CD is under development by GRS for the simulation of 

design basis and beyond design basis accidents with core degradation in LWR. It enables the 

assessment and the support of accident management measures by means of forecasting the sequences 

of such events with adequate accuracy [5]. The code structure is highly modular in order to include a 

manifold spectrum of models and to offer an optimum basis for further development [6], [7]. 

The ATHLET code is divided into five modules reflecting the main physical processes to be simulated 

[8]. The CD part of ATHLET-CD mainly deals with the early and the late phase core degradation in 

severe accidents [9]. 
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3.1 Input Modeling of the QUENCH-03 test 

 

Figure 3 gives an overview of 

the schematic representation of the 

test-bundle in the ASTEC input 

dataset. The sketch of the QUENCH-

facility includes the rod bundle and 

the shroud only. The rod bundle 

contains one central unheated rod, 

eight heated rods in the inner ring 

and twelve heated rods in the outer 

ring represented by respectively one 

model with multiple parameters. 

Each of the rods is combined out of 

several macro-components, which 

model the appropriate parts of the 

rods. The macro-components for the 

rods are hardly similar, just the 

numbers in the macro-component-

acronym varies. Inside the bundle 

there are several grid spacers, which 

are considered as macro-components. 

This grid spacer may influence the 

stream and heat transfer. The rod-like 

element on the right side represents 

the shroud which consists of a 

zircaloy layer and five zirconia fiber 

insulations. The bundle with the 

shroud is encapsulated by a stainless 

steel cylinder.   

 

Figure 3 ASTEC Nodalization [10] 

In ASTEC the argon and steam flow is modelled with one vertical channel of the type FLUIDGAS 

which represents a two-phase channel. Both gases are upwardly injected at the bottom. The quench 

water injected through the FLUIDGAS channel also, is modelled as STEAM instead of WATER, but 

with the associated boundary conditions coming from the experimental data. When quench water is 

injected, the argon flow injection is turned over from bottom to top and the steam flow is stopped.  

 

The simulation with the mechanistic code ATHLET-CD is based like in ASTEC on an input deck, 

which includes the specific properties of the facility components as well as initial and boundary 

conditions. Concerning the modelling the main focus lays on the TFO (Thermo-Fluid-Object) 

“BUNDLE”, which represents the main fluid channel through the bundle (compare Figure 4). The 

upper and lower plenums are also modelled as TFOs, which are connected to the bundle. The 21 fuel 

rod simulators are combined due to their position in the bundle and modelled as three HEAT objects 

(RODs), which allows the simulation of structure failure and melting. Each ROD is coupled with the 

“BUNDLE” and connected with each other. The four corner rods are not implemented in the input 

deck, because they are needed for the measurement of the oxide layer only and do not significantly 

influence the results. The shroud, the grids, as well as all other structures are implemented as heat 

conducting objects (HECU). The inner side of the HECU object “SHROUD” is connected to the 

“BUNDLE” and at the outer side the shroud is coupled with a fluid channel of the 

secondary cooling system “JACKETTUBE”. While structure failure and melting can be simulated for 
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the HEAT objects representing the rods, it is not possible to simulate the melting and failure of HECU 

structures using ATHLET-CD. 

 
Figure 4 ATHLET-CD Nodalization [11] 

 

4.  Simulation Results 

 

The calculation results depend on the used zirconium oxidation models and correlations given in 

ASTEC and ATHLET-CD. Different simulations have been performed to analyse the behaviour of the 

single oxidation models. For the ASTEC simulation the three oxidation models PRATER, 

CATHCART and URBANIC are used. The models 15 from Cathcart and Prater/Courtright, 16 from 

Cathcart and Urbanic/Heidrick as well as the model 19 from Leistikow and Prater/Courtright have 

been chosen for ATHLET-CD. Subsequent the temperatures of the bundle as well as the hydrogen 

generation are presented: 
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4.1  Calculated Bundle Temperatures 
 

The temperatures of the bundle, calculated with ASTEC and exemplarily given at one elevation in 

Figure 5, are in very good agreement to the measured ones in the heat-up and transient phase. In the 

quench phase the temperatures are calculated with a time delay to the experiment. Here ASTEC 

calculates with the oxidation model PRATER only a temperature escalation which probably appears in 

the quench test. The calculated temperatures reach up to approximately 3000 K which means, that the 

material melts and relocates. At 2660 s the temperature decreases and reaches almost 400 K. The 

temperatures of the other both oxidation models do not reach to some extent the measured 

temperatures and descend immediately during flooding with quench water. This lower temperature is a 

result of the missing oxidation reaction and with that the additional thermal energy. 
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Figure 5  ASTEC cladding temperatures compared to the measured  

   bundle temperatures at 950 mm height 

 

On the other heights the calculated temperatures show a comparable progression. The temperatures, 

calculated with PRATER, show escalations at heights above 550 mm, too. At the height 550 mm there 

is only one escalation which can be traced back to rivulets which flow down the bundle. Below this 

height, the temperatures show approximately the same progression measured in the experiment. The 

progressions of the other both oxidation models show above 550 mm no escalations and 

approximately the same behaviour seen in Figure 5. At the heights where no relocation occurred in the 

experiment (below 550 mm) a progression comparable to the experiment can be noticed. This 

behaviour can be seen in the produced amount of hydrogen, as well (cp. Figure 7). Because the 

QUENCH-03 test was heated up with an electrical tungsten heater (non reactor typical) an electrical 

resistance value for the calculations is needed. In the calculations with ASTEC the electrical resistance 

value significantly differs to the recommended one. The recommended value for the QUENCH-03 test 

is about 4 mΩ for room temperature. This value depends on the various single resistances from the 

materials used in the QUENCH-facility and was taken over for calculations with the SCDAP/RELAP5 

code, used at the FZK, as well as for calculations with the integral code MELCOR and mechanistic 

code ATHLET-CD [10], [11], [12]. However, for the simulation with ASTEC the electrical resistance 

used is reduced to 0.29 mΩ to be able to simulate the physical behaviour of the facility. This has to be 

taken into consideration for blind or pre-test calculations. 
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The temperatures, calculated with the mechanistic code ATHLET-CD, are presented for the same 

elevation (cp. Figure 6). Like ASTEC, the heat-up and transient phase is calculated in good agreement 

to the measured results. In the quench phase ATHLET-CD calculates with all three oxidation models 

escalations and high temperatures, but the calculated temperatures do not reach the measured ones. 

The time delay recognized in the ASTEC calculations are seen as well. The other heights show a 

deviating progression. Whereas the temperatures above 750 mm are underpredicted, the temperatures 

below 750 mm are over predicted. This behaviour is shown using all three oxidation models.  

For completeness, the thermocouple TFS 5/13 at an elevation of 950 mm fails some seconds before 

the quench phase.  
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Figure 6 ATHLET-CD cladding temperatures compared to the measured  

   bundle temperatures at 950 mm height 

 

4.2 Hydrogen generation  

 

In Figure 7 the hydrogen generation in the experiment, reduced by the amount resulting from elements 

which are not considered in the codes, is compared with the simulated results. The measured amount 

of hydrogen can be calculated with both codes in good agreement up to 2600 s [13]. At this time point, 

simulations with ASTEC oxidation model PRATER and ATHLET-CD oxidation model 19 (Leistikow 

and Prater/Courtright) show almost the same amount measured in the experiment. The calculations 

with the other models slightly underpredict the mass of produced hydrogen. During the quench phase 

the single oxidation models show huge differences in the results. Whereas calculations with ASTEC 

oxidation model PRATER show nearly the same amount of hydrogen as measured in the experiment, 

calculations with the other models from ASTEC as well as with the ATHLET-CD oxidation models 

underpredict the measured amount of hydrogen. With the model PRATER, ASTEC calculates the 

oxidation and with that the additional energy input very well. This has been seen in the calculated 

temperatures, also, because the escalations are an indication for the additional energy input. With the 

other models, namely CATHCART and URBANIC, ASTEC calculates just a slight oxidation and 

energy input, which has been seen in the progression of the temperatures, too. This leads to the 

underprediction of the amount of produced hydrogen.  
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ATHLET-CD, which has calculated nearly the same temperatures with the used oxidation models, 

underpredicts the hydrogen generation with all oxidation models used. The simulations with 

ATHLET-CD oxidation models reach just a third of the measured amount of hydrogen.  
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Figure 7 Comparison of the calculated and the measured hydrogen generation 

 

5.  Conclusions 

 

The results of the simulation of the fuel rod bundle test QUENCH-03 show that a calculation of the 

experiment is possible with both severe accident codes. The physical behaviour of the experiment can 

be calculated qualitatively well from ASTEC oxidation model PRATER, because it reaches nearly the 

measured amount of hydrogen and the calculated temperatures have almost the same progression seen 

in the experiment. Both other ASTEC models show a deviating behaviour, because there is only a 

slight oxidation and with that a low additional energy input. A possible reason for the calculation of 

the low temperatures and with that the low amount of hydrogen may be insufficient oxidation 

correlations for higher temperatures. Preliminary results of simulations with the latest ASTEC version 

V2, show approximately the same results for the oxidation models CATHCART and URBANIC. 

Additionally, for the ASTEC simulation with the version V1.3, it has to be taken into consideration for 

blind or pre-test calculations, that the experiment was calculated with a deviating electrical resistance 

value, which significantly differs to the one, used in other codes and suggested from FZK.  

The temperatures calculated with ATHLET-CD show approximately the same progression noticed in 

the experiment, but they are slightly underpredicted at the upper heights of the bundle and over 

predicted at the lower heights. The calculated amount of produced hydrogen is during the quench 

phase clearly underestimated with all three oxidation models used. This wasn’t expected due to the 

calculated temperatures. During the quench phase the code calculates high temperatures which may be 

affiliated to an oxidation reaction and with that an additional energy input. A possible reason for this 

deviating behaviour may be the shroud oxidation, which is underpredicted due to the fact that shroud 

failure can not be calculated. This means that new released oxidisable surfaces resulting from the 

shroud failure can not be considered. Additionally, local effects of fuel rod melting being modelled as 

a ring with the same thermal behaviour at one cross section, cannot be calculated in azimuthal but only 

in radial direction. By varying parameters, related to the oxidation models, an increased amount of 
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hydrogen could be calculated, but for the given simulation it was intended to use default values if 

possible. Preliminary results of simulations with the latest ATHLET-CD version 2.2A show a 

considerably higher amount of hydrogen, because the shroud and melt oxidation was improved, but 

they still do not match the experimental data.  

These results show in general for codes under investigation here a further demand for an improvement 

in modelling the oxidation of severe damaged structures during a reflood scenario. But it has to be 

considered as well, that the shroud and the electrodes are non reactor typical components, although 

they can have a large contribution to the hydrogen generation in the experiments.  
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1. Introduction 
 

The main consequences of a loss of coolant accident (LOCA) in a pressurized water reactor (PWR) are 

the core dry-out and the fuel rod temperature increase, driven by the residual decay heat. If the safety 

injection system is not available, the heat-up continues, and above 1000 K, is accelerated by the 

exothermal oxidation of zirconium. The melting and failure of rods and metallic structures may lead to 

different kinds of configurations in the core. From the point of view of coolability, we may distinguish 

between three main configurations: quasi-intact rods (covered or not by relocated melt), debris bed and 

molten pool. All these configurations have been observed in TMI-2 reactor
1
, where they have existed 

simultaneously during the late phase of the accident transient.  

 

To stop, or at least slow down, the core degradation and avoid the reactor vessel rupture, the prime 

accident management procedure consists in injecting water in the reactor core, by means of various 

safety injection devices. Nevertheless, the success of a core reflood is not guaranteed because of 

possible negative effects: temperature escalation, enhanced hydrogen production, enhanced release of 

fission products, core degradation due to the thermal shock, shattering, debris and melt formation. The 

success of a core reflood depends mainly on the core state (geometry and temperature), the primary 

pressure and the injection rate
2
.  

 

The description of the reflooding phase, for any core configuration, is one of the objectives of 

ICARE/CATHARE V2 code, developed by the Institut de Radioprotection et de Sûreté Nucléaire 

(IRSN). This task involves a careful revision of existing models, for all the configurations mentioned 

above. With this objective, the existing model for quasi-intact rod configuration was recently modified 

and improved in order to be more accurate. This new thermal-hydraulic model is used to detect the 

quench front position and to calculate the heat transfer between the fuel and the fluid in the quench 

front region. It has already been qualified
3
 by comparison with thermal-hydraulic tests from 

PERICLES loop (CEA Grenoble) and RBHT loop (Penn State University). 

 

In this article, the results of the Quench 11 test calculation are presented. The Quench 11 test was 

designed to investigate the hydrogen source term resulting from the water injection into an uncovered 

                                                      
1
 Broughton, J.M. and Kuan, P. and Petti, D.A. and Tolman, E.L., A scenario of the Three Mile Island unit 2 

accident, Nuclear Technology, Volume 87, pp. 34-53, 1989 
2
 W. Hering, C. Hofmann, Criteria for Successful Core Reflood Under Severe Accident Conditions, Proceedings 

of ICAPP, Paper 4294, 2004  
3
 N. Chikhi,  Modélisation du renoyage d’un cœur de REP en configuration structures intactes , IRSN Technical 

Report, 2009 
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and overheated core. Thermal-hydraulic phenomena are also coupled with chemical reactions and fuel 

melting. Thus, it permits to show the model validity in severe accident conditions. 

 

2. ICARE-CATHARE Modelling 

 

Reflooding is a key point of reactor accidental management. Physically speaking, it is characterised by 

the injection of large amounts of water on the very hot structures of the core
4
. 

The resulting flow pattern is usually split into three zones (Fig. 1): 

 Nucleate boiling zone: below the quench front, all the temperatures are under the burn-out 

temperature and the walls are wet; 

 Transition boiling zone: just above the quench front, a non-stable two-phase flow establishes 

at the wall side; here, very large axial temperature gradients can drive the cooling; 

 Dispersed flow zone: well above the quench front, the gas phase is predominant, possibly 

entraining droplets and/or water slugs. 

 

 
Figure 1: Flow regime map in the quench front region 

 

The description of the transition boiling zone is difficult because its length, varying from 4 to 10 cm 

according to PERICLES tests
5
, is largely shorter than the typical mesh size used by Icare-Cathare code 

for reactor transient calculations (mesh size ~ 20 cm).  

 

In this region, the fuel temperature increases by two hundred degrees above the burn-out temperature 

(Tbo) to the stable film minimum temperature (Tmfs). This large temperature gradient implies top-

bottom conductive transfer in the wall. Around the quench front, the walls are wet and the heat is 

                                                      
4
 G. Yadigaroglu, R.A. Nelson, V. Teschendrorff, Y. Murao, J. Kelly and D. Bestion, Modeling of reflooding, 

Nuclear Engineering and Design, vol 145, pp 1-35, 1993 

5
 J. M. Veteau, A. Digonnet, J. P. Blanc and M. Lambert. Programme PERICLES : Essais de renoyage à basse 

pression d’un assemblage de REP, CEA Grenoble Technical Report, 1986  
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released to the liquid (at saturation) which evaporates widely, sputtering droplets downstream. The 

wall-to-fluid heat transfer is maximum at the quench front and is equal to the critical heat flux (CHF).  

 

The ICARE-CATHARE reflooding model is based on two main assumptions. First, the temperature 

profile in the transition boiling region is approximated by “a step”. The step elevation is defined as the 

quench front position, with the help of three different mesh temperatures (Fig 2). Two wall 

temperatures are considered in the quench front mesh. These temperatures are equal to the wall 

temperature in the neighbour meshes.  

 

 
Figure 2: Clad temperature approximation 

 

Second, the wall-to-fluid heat flux profile follows a Nukiyama curve. The heat flux decrease, in the 

transition boiling zone, is described by an exponential function with a typical length proportional to 

the Capillary number : 

,,, 1
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where LV  is the liquid velocity, L  is the liquid viscosity, and L  is the surface tension, at quench 

front. 

The heat transfer in the quench front mesh is calculated by integrating the above function (Fig. 3). 

This is an original way as the heat flux do not depend on the delta “Tw-Tsat” but mainly on the 

quench front position. Actually, this method is more realistic as it is well known that the critical heat 

flux does not depend on the wall temperature.  
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Usually, for severe accident codes, the heat transfers are determined by introducing heat transfer 

coefficient: Φ=h*(Tw-Tsat). This option has some advantage from the point of view of numerical 

stability and convergence : the heat flux tends to zero as the wall temperature tends to the saturation 

temperature. Nevertheless, some problem appear with this method when the quench front passes 

through a mesh. The heat flux is very important at the beginning because the difference  “Tw-Tsat” is 

important too. But, as the wall temperature decreases, the heat flux decreases. Thus, the heat flux 

evolution, at quench front, is irregular and the quench front progresses with a periodicity correlated to 

the mesh size. This is not realistic.  

 

The new ICARE-CATHARE modelling enables a smooth progression of the quench front according 

to a better estimation of the heat transfer.  

 

3. Quench  11 Test calculations 

 

Facility 

 

The QUENCH experiments are designed to investigate the hydrogen source term resulting from the 

water injection into an uncovered and overheated core. The QUENCH test bundle (Fig.4) is described 

precisely in 
6
. Twenty fuel rod simulators are electrically heated over a length of 1,024m. They are 

made of tungsten heater surrounded by annular ZrO2 pellets and Zircaloy cladding. The unheated 

central rod is filled with ZrO2 pellets. The four corner positions are occupied by removable Zircaloy 

rod. The test bundle is surrounded by a large shroud made of Zircaloy with a ZrO2 fiber insulation. 

 

                                                      
6
 W. Hering, et al, Results of Boil-Off Experiment QUENCH-11, FZK Technical Report 7247, 2007  
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Figure 4: Quench 11 Test Facility and Test Section 

 

Test Conduct 

 

At the beginning, the bundle is filled with water. The conduct is divided into three phases (Fig. 5). The 

first phase is a steady boil-off and a corresponding top-down uncovery of the test bundle, by applying 

power from an electric auxiliary heater at the bundle bottom in addition to the electric bundle power. 

The second phase starts when the water level has reached the bundle bottom. Then water is injected 

into the lower plenum at a rate of 1 g/s maintening a nearly stable water level and an extension of the 

boil-off phase. During the third phase, quenching of the bundle is performed at a maximum measured 

bundle temperature of 2040 K with a rather low mass flow rate of water  (18 g/s). 
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Figure 5: Quench 11 Test Conduct 

 

As a consequence of reflooding, rod and shroud cladding oxidation accelerate significantly in the high 

temperature region leading to an important hydrogen production, temperature escalation and melting 

formation in the upper part.  
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Results  

 

The Quench test calculation is done with the ICARE-CATHARE V2 code, using the data deck 

prepared (Fig. 6) by G. Bandini for the SARNET benchmark 
7
. The results are close to those obtained 

by G. Bandini with an exception for the hydrogen production that will be discussed in next section. In 

the following, we summarize the comparisons between code predictions (RED, PURPLE) and 

experimental measurements (BLACK, BLUE). 

 

 
Figure 6: Quench 11 Bundle Nodamization 

 

                                                      
7
 G. Bandini, Post-Test Analysis of QUENCH-11 Experiment with ICARE-CATHARE Code, ENEA Technical 

Report, FPN-P9D0-004, 2007  
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Water level and steam flow 

 

The figures 7 and 8 represent the water level and the steam flow evolution, which permit to distinguish 

the three conduct phases. There is no important difference between code and experimental results, 

with an exception for the final water level. The code underestimates the evaporation during the boil-

off phase and also overestimates the water level. The discrepancy for the final level is due to the 

shroud failure at 0.8 m, observed during the experiment which the code can not predict (Fig. 12).  

 

Clad temperature  

 

As the water level falls down, the clads are no more in contact with liquid water and the wall-to-fluid 

heat transfer also decreases. The electrical power injected in the fuel simulator leads to the bundle 

heat-up. The code predictions for clad temperature fit well the thermocouple measurements at different 

elevations (Fig. 9).  

 

Quenching phase  

 

The code reproduces rather well the axial distribution of bundle temperature at 5490s (i.e. just before 

quenching, see Fig. 10). Between the elevation 0.15m and 0.8m, the code underestimates slightly the 

clad temperature despite the good prediction of the maximum temperature at elevation 0.95m. The 

prediction of Zr corner-rod oxid thickness is in good agreement with experimental results (Fig. 11).  

Despite temperature escalation and melting in the upper part of the bundle, the water injection enables 

to cool the bundle. The quick temperature decrease is well calculated (Fig. 9). Nevertheless, the code 

underestimates the hydrogen production during the reflooding (about 10 %), possibly due to the melt 

oxidation which is not described with good accuracy by the code (Fig.13).    

 

                 

Figure 7: Water level Evolution                       Figure 8: Outlet Steam Flow  Evolution 
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Figure 9: Clad Temperature Evolution at z = 0.45m, z = 0.65m, z = 0.85m 

 

                      

Figure 10: Temperature Profile at t = 5497s    Figure 11: Zr-Rod Oxide thickness at t = 5497s 

 

                        
Figure 12: Final state of Quench 11 Bundle       Figure 13: Cumulated Hydrogen Production 

 

4. Discussion 

 

The new reflooding model is used to detect the quench front position and to calculate more accurately 

the wall-to-fluid heat exchange in the transition boiling zone. It has been qualified by comparison with 

pure thermal-hydraulic tests from PERICLES loop and RBHT loop. 
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The QUENCH-11 test calculation permits to show the model validity in severe accident conditions: 

 High temperature (above 2000K) 

 Coupling with Zirconium oxidation 

 Melting of materials. 

 

Clad temperature 

 

The evolution of clad temperature during reflood is well predicted (Fig. 9) for different initial 

temperature: from 800K to 2300K. It proves that the heat transfers are estimated with good accuracy. 

The figure 14 focuses on the quench phase and propose comparisons between experiment results 

(BLACK), code prediction with (RED)and without (PURPLE) new model activation. The application 

of the new model leads to an heat transfer enhancement that is in agreement with the physical 

observation: the clad temperature decreases faster.  

 

           
Figure 14: Clad Temperature Evolution at z = 0.25m, z = 0.45m, z = 0.55m 

 

Hydrogen production 

 

The figure 15 represents the cumulated hydrogen production versus time. Most of the hydrogen is 

produced during reflood. Both calculations give values lower than the experimental measurement. 

Nevertheless, it is interesting to notice that the prediction is improved by 20%, using the new thermal-

hydraulic model.  

 

 
Figure 15: Cumulative hydrogen production 
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Let us interpret this result.  

The reflooding leads to an acceleration of the oxidation kinetic. It causes vapour starvation. In such 

conditions, the hydrogen production is limited by vapour avaibility.  

 

The figure 14 shows that the heat transfer is enhanced by using the new reflooding model. Then, more 

vapour are generated and it increases the hydrogen production.  

 

We see that the thermal behaviour of cladding and the hydrogen generation are closely coupled. The 

improvement of thermal-hydraulic model has important consequences concerning the hydrogen hazard 

prevention and also severe accident management. In this framework, the understanding of thermal-

hydraulic phenomena should not be underestimated.  

 

5. Impact of the injection flow rate on the hydrogen production 

 

In this section, the impact of the injection flow rate on the hydrogen production is investigated. 

Several calculations have been done by using QUENCH-11 test scenario. Two parameters are tested: 

the initiation time of injection and the mass flow rate (Tab. X). Obviously, the maximum clad 

temperature increases as quenching is delayed.  

 

As expected, the hydrogen production increases as the quench initiation is delayed. This results is in 

agreement with the Zirconium oxidation kinetic: the reaction is exothermal and accelerates with the 

heat-up. 

 

The other main result is that the greater the flow rate is, the lower the hydrogen production is. 

Furthermore, there is a threshold rate, at high temperature (>1800K), such that hydrogen production is 

greatly enhanced for flow rate lower than approx. 25 g/s . 

 

Time Maximu

m TC 

Q = 63 

g/s 

Q = 

27,14 g/s 

Q = 19 

g/s 

Q = 16 

g/s 

5350 s ~1700 K 8,25 g 8,75 g 9 g 9,5 g 

5400 s ~1750 K 8,9 g 9 g 10,3 g 11 g 

5450 s ~1800 K 9,5 g 10,7 g 12 g 12,5 g 

5500 s ~1850 K 11 g 15,5 g 98 g MELT. 

5525 s ~1880 K 12 g 28 g 128 g 165 g 

Table 1: Hydrogen production for several injection rate and initiation time 
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Impact of the injection flow rate on 

hydrogen production

1

10

100

1000

0 10 20 30 40 50 60 70

Injection Flow Rate (g/s)

H
y

d
ro

g
e

n
 P

ro
d

u
c

ti
o

n
 (

g
)

Max. Temp. ~ 1700K

Max. Temp. ~ 1750K

Max. Temp. ~ 1800K

Max. Temp. ~ 1850K

Max. Temp ~ 1880K

 
 

Comparison with the recommendation of the French Severe Accident Management Procedure (SAMP) 

 

It appears that injecting water in a over-heated core is not an obvious safety procedure. This 

observation is in agreement with the French SAMP which recommends a minimum flow rate for 

reflooding.  

 

According to the above figure, the threshold rate is approximately 25 g/s, or Q_simu=1g/(s*rod). The 

electrical power is about 9.4kW, i.e. 470 W/rod. For 1300MWe PWR, it is equivalent to 0.66% of the 

nominal power.  In case of a reactor trip (SCRAM), the residual power decays to this value after 10 

hours. The minimum flow rate recommended by SAMP for reflooding in such situation is equal to 

Q_samp=0.6g/s*rod.  

 

The SAMP value results from the consideration of many different risks and postulated evolutions. 

Nevertheless, it is worth noticing that both flow rate Q_simu and Q_samp are very closed. 

 

6. Conclusions 

 

A new reflooding model has been implemented in the ICARE-CATHARE V2 code, improving 

significantly the tracking of quench front and the accuracy of heat transfer calculation in the transition 

boiling zone.  

 

It has been qualified on QUENCH 11 test showing that the model is also valid for very high 

temperature of claddings and when rods are slightly damaged. The new model changes the thermal-

hydraulic behaviour and results in a better prediction of hydrogen production. It confirms that the 

understanding of thermal-hydraulic phenomena is a key point in the safety management, as important 

as the kinetic of oxidation. At high temperature, kinetic rate is so fast that the reaction is limited by 

steam availability. 

 

The impact of the injection on the hydrogen production has been studied. The conclusion is that 

injecting water during a severe accident is not an obvious procedure. If the flow rate is too low, the 

hydrogen production may increase significantly. 
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Abstract 

 

Thermal-hydraulic phenomena play a decisive role for the course of severe accidents in light water 

reactors. Therefore, the simulation of such accidents with computer codes requires comprehensive and 

detailed modelling of these processes. The system code ATHLET-CD is being developed for a 

realistic simulation of accidents with core degradation and for the evaluation of accident management 

measures. It applies the detailed and validated models of the thermal-hydraulic code ATHLET in an 

efficient coupling with dedicated models for core degradation and fission product behaviour. The 

capabilities of the current code version are demonstrated by a calculation of the TMI-2 accident. 

 

The first three phases of the accident, up to the melt relocation into the lower plenum, were 

successfully simulated by the code in a reasonable computing time. The calculated system pressure 

and pressurizer level after pump trip, during pump restart and until core slump are in acceptable 

agreement with the measured data. The calculated hydrogen production up to pump restart is in 

accordance with the value deduced from plant examination. However the hydrogen generation during 

the quench phase following the pump restart as well as the amount of liquid melt at the end of Phase 3 

are underestimated in comparison with deduced values. Further model extensions mainly regarding the 

quenching of degraded core material, fracture and relocation of solid fuel rods as well as the 

simulation of the debris bed behaviour are necessary to further improve the simulation. 

 

Keywords 

 

Severe accidents, In-vessel core degradation, Thermal-hydraulics, Accident analysis, Quenching, Code 

development, ATHLET-CD 

 

1.  Introduction 

 

The analysis and evaluation of the accident at Three Mile Islands Unit 2 (TMI-2) in 1979 [1, 2] have 

been a challenge to all computer codes aiming to simulate severe accidents. It provides not only a 

unique opportunity to compare calculations with an event in a real plant but it also demonstrates the 

importance of reliable thermal-hydraulic models. The accident has been thoroughly analysed in the 

frame of international activities [3, 4]. A new international activity to identify the progress made since 

1990 in the simulation of severe accidents by benchmarking different codes to an alternative TMI-2 

accident scenario has been organized by the OECD/NEA and recently concluded [5]. 

 

The quenching of a degraded core at high temperature may result in high hydrogen generation in very 

short time as seen in the LOFT-LP-FP2 experiment, in the CORA and QUENCH test series, and as 

deduced for the TMI-2 accident from the pressure history. The realistic simulation of the core  
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quenching requires the correct description of different conditions and processes: (1) the system 

pressure, (2) the amount of water delivered to the core or the flooding rate, (3) the sub-cooling of the 

water, (4) the temperature of the fuel rods and structure materials, (5) the configuration of the core 

materials or degree of core degradation, (6) the oxidation of cladding and grids, intact, molten or 

refrozen, and subsequently (7) the quench-front propagation and (8) stress cracking or spalling of 

cladding due to thermal shock. 

 

The simulation requires two-phase flow models handling with high thermal and mechanical 

nonequilibrium as well as the simulation of one or more additional gases up to very high temperatures. 

The heat and mass transfer comprise different regimes, including evaporation and condensation under 

the presence of non-condensing gases as well as the evolution of a moving quench front. The 

development of the code ATHLET-CD is strongly oriented on the simulation needs of this accident 

[6,7] 

 

2.  Modelling the TMI-2 power plant with ATHLET-CD 

 

2.1  Short description of the code ATHLET-CD 

 

The system code ATHLET-CD (Analysis of THermal-hydraulics of LEaks and Transients with Core 

Degradation) is designed to describe the reactor coolant system thermal-hydraulic response during 

severe accidents, including core damage progression as well as fission product and aerosol behaviour, 

to calculate the source term for containment analyses, and to evaluate accident management measures 

[6]. It is being developed by GRS in cooperation with the Institut für Kernenergetik und 

Energiesysteme (IKE), University of Stuttgart. ATHLET-CD includes also the aerosol and fission 

product transport code SOPHAEROS which is being developed by the French Institut de 

Radioprotection et de Sûreté Nucléaire (IRSN). 

 

The ATHLET-CD structure is highly modular in order to include a manifold spectrum of models and 

to offer an optimum basis for further development (Fig. 1). ATHLET-CD contains the original 

ATHLET models for comprehensive simulation of the thermo-fluid-dynamics in the coolant loops and 

in the core. The ATHLET code comprises a thermo-fluid-dynamic module, a heat transfer and heat 

conduction module, a neutron kinetics module, a general control simulation module, and a 

generalpurpose solver of differential equation systems called FEBE. The thermo-fluid-dynamic 

module is based on a six-equation model, with fully separated balance equations for liquid and vapour, 

complemented by mass conservation equations for up to 5 different non-condensable gases and by a 

boron tracking model. Alternatively, a five-equation model, with a mixture momentum equation and a 

full-range drift-flux formulation for the calculation of the relative velocity between phases is also 

available. Specific models for pumps, valves, separators, mixture level tracking, critical flow etc. are 

also included in ATHLET. 

 

The rod module ECORE consists of models for fuel rods, absorber rods (AIC and B4C) and for the 

fuel assemblies including BWR-canisters and -absorbers. The module describes the mechanical rod 

behaviour (ballooning), zirconium and boron carbide oxidation (Arrhenius-type rate equations), Zr-

UO2 dissolution as well as melting of metallic and ceramic components. The melt relocation (candling 

model) is simulated by rivulets with constant velocity and cross section, starting from the node of rod 

failure. The model allows oxidation, freezing, re-melting, re-freezing and melt accumulation due to 

blockage formation. The feedback to the thermal-hydraulics considers steam starvation and blockage 

formation. Besides the convective heat transfer, energy can also be exchanged by radiation between 

fuel rods and to surrounding core structures. 
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The release of fission products is modelled by rate equations or by a diffusion model within the 

module FIPREM. The release of aerosols is described by rate equations. The release of control rod 

materials (Ag, In, Cd) is based on temperature functions taking into account the partial pressure of the 

material gases. 

The transport and retention of aerosols and fission products in the coolant system are simulated by the 

code SOPHAEROS. The nuclide inventories are calculated by a pre-processor (OREST) as a function 

of power history, fuel enrichment and initial reactor conditions. The release and the transport of 

nuclides consider the decay heat (α, β, γ) and further decay by means of motherdaughter chains 

calculated within the module FIPISO. 

 

For the simulation of debris beds a specific model MEWA is under development with its own 

thermalhydraulic equation system, coupled to the ATHLET-thermo-fluid-dynamics on the outer 

boundaries of the debris bed. The transition of the simulation of the core zones from ECORE to 

MEWA depends on the degree of degradation in the zone. The code development comprises also late 

phase models for core slumping, melt pool behaviour and vessel failure. 

 

The code system ATHLET/ATHLET-CD is coupled to the containment code system COCOSYS, and 

it is the main process model within the German nuclear plant analyzer ATLAS. The ATLAS 

environment allows not only a graphical visualisation of the calculated results but also an interactive 

control of data processing. 

 

The code validation is based on integral tests and separate effect tests, proposed by the CSNI 

validation matrices, and covers thermal-hydraulics, bundle degradation as well as release and transport 

of fission products and aerosols. Recent post-test calculations have been performed for the out-of pile 

bundle experiments CORA-17, CORA-33, PARAMETER SF2, QUENCH-11 and QUENCH-13 as 

well as for the in-pile experiments PHÉBUS FPT2 and FPT3. The TMI-2 accident is used to assess the 

code for reactor applications. 

 

2.2  Input model for the TMI-2 analysis 

 

The ATHLET-CD input data set used for the present analysis is strongly based on the data set used for 

the benchmark exercise organized by the OECD/NEA [5]. The adopted nodalization is shown in Fig 2. 

It consists of the reactor pressure vessel (RPV), the two coolant loops A and B with the once-through 

steam generators, four cold legs with main coolant pumps, four high pressure injection lines connected 

to the cold legs and one let-down in loop A1, as well as the pressurizer with the surge line connected 

to the hot leg of loop A, heaters, spray line and pilot operated relief valve (PORV). 

 

The RPV comprises the downcomer, lower and upper plenum, upper head, the core region and the 

core bypass. The vent valves between downcomer and upper plenum are modelled as check valves. 

The core is modelled by five concentric rings with 22 axial nodes (20 within the active core region) 

and with cross flow connections to allow flow deflection due to fuel rod deformation and blockage 

formation caused by refreezing of molten material. The three inner core rings include fuel and AIC 

control rods. The fourth ring contains only fuel rods. The fifth channel contains no rods and is defined 

to avoid a complete core flow blockage in case of strong melt relocation. 

 

The simplified model of the secondary system consists of two components (loop A and B) simulating 

the riser, with 16 axial volumes, and steam dome as well as the boundary conditions for feedwater 

injection and steam outlet flow, simulated by fill components. In total, the nodalization comprises 280 

control volumes, 401 flow paths, as well as 153 heat slabs (not including fuel and control rod 

components) for the modelling of RPV structures and pipe walls. The geometrical data, material 

properties, axial and radial core power distribution and boundary conditions (secondary pressure, 
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auxiliary feedwater flow, make-up and letdown flow) are based on TMI-2 reports [8, 9] and 

previousATHLET-CD analyses [10]. 

 

The analysis was performed with the most recent code version ATHLET-CD Mod. 2.2 Cycle A. For 

this calculation only the modules ATHLET (thermal-hydraulics), ECORE (core degradation), 

OREST/FIPISO (nuclide properties and decay heat calculation) and FIPREM (release of fission 

products and structure materials) have been applied. 

 

The system thermal-hydraulics was simulated with the six-equation model (fully separated balance 

equations for liquid and vapour), complemented by an additional mass conservation equation for 

hydrogen as a non-condensable gas, except for the pressurizer and for the steam generator secondary 

sides, where the five-equation approach (one mixture momentum equation) together with the mixture 

level tracking model was used. The quench front model, which takes into account both top and bottom 

reflooding, has been applied for all rod components. 

 

The main input data relevant for the core degradation are summarized in Table 1. They are basically 

the same as applied for the TMI-2 benchmark exercise [5]. Fuel rod relocation is simulated in rod-like 

geometry (candling model) assuming a constant relocation velocity of 3 cm/s for metallic melt and 1.5 

cm/s for ceramic melt, respectively. Radial melt spreading outside a core ring is not taken into 

account. 

 

3.  Discussion of results 

 

The aim of this calculation was mainly to assess the core degradation models as well as the quenching 

during the pump B restart (174 min). Therefore, special attention has been given to the time from 100 

to 224 min, i.e. the accident phases 2 and 3 up to the time of core slumping into the lower plenum. 

Phase 1 is a conventional small break transient. The objective of its simulation was to provide as far as 

possible a correct prediction of the water and energy distribution in the system at time 100 min, when 

the coolant pumps in loop A have been stopped. 

 

Figure 3 compares the calculated and the measured primary pressures. Both curves agree well up to 

the start of the pump B2 transient at time 174 min. During the quench phase the calculated pressure 

increase due to the strong steam generation is overestimated. After 190 min the primary pressure 

decreases due to the twice short opening of the relief block valve and due to the high pressure injection 

(60 kg/s) into the cold legs. 

 

In figure 4 the calculated mixture and collapsed levels in the pressurizer are compared with the signal 

of the level measurement. This signal is however affected with large uncertainties due to the operation 

beyond design limits. The calculated mixture and collapsed levels are equal as long as the pressurizer 

block valve is closed. The results indicate that the pressurizer behaviour and the sealing effect of the 

surge line are satisfactorily reproduced. 

 

The hydrogen generation is shown in Fig. 5. The beginning of the oxidation at about 135 min agrees 

well with the pressure stabilization at this time, short before the pressurizer valve has been closed (139 

min). From the plant data a total mass of about 300 kg has been estimated before the quench phase, 

and 400 to 500 kg after it [11]. The calculation predicts 303 kg before pump transient and 371 kg at 

the end of phase 3. The calculated amount of hydrogen production during the quench phase is higher 

than in previous calculations [10] but it seems still underestimated, also according to experimental 

findings like in the QUENCH tests. During the first opening of the pressurizer block valve at time 192 

min, about 58 kg of hydrogen are released to the containment. Fig. 5 shows also the contribution of 
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melt oxidation to the total hydrogen production, whose modelling has been improved in comparison 

with previous code versions. 

 

The collapsed levels in the core and reflector bypass are depicted in Fig. 6. After the pump stop at 100 

min the two-phase mixture collapses and the coolant is accumulated in the lower plenum and in the 

lower core region. Continuous loss of coolant results in a slow level decrease up to 140 min. The water 

level is then at 1.1 m and decreases slightly faster after control rod failure and beginning of absorber 

melt relocation at 144 min. With the start of metallic melt relocation at 162 min, the levels in the five 

parallel channels develop differently, according to the degree of blockage. The pump restart at 174 

min leads to a sharp level rise, more pronounced in the outer rings than in the inner rings. Afterwards, 

the core dries out again. At time 200 min core reflooding starts due to the high pressure injection. 

 

The melt and crust masses are shown in figures 7 and 8. The metallic melt consists of molten cladding 

and dissolved fuel, and candles down after clad failure. The ceramic melt includes molten fuel and 

molten zirconia from the oxidized cladding that relocate after reaching the rod failure temperature and 

complete melting. The metallic melting and crust formation starts at 162 min. The sum of liquid melt 

and crust reaches 13 Mg before pump restart at 174 min. Ceramic melting starts shortly before the first 

quench phase. In contradiction to the observations made in the plant and to previous calculations [10] 

core refilling during pump transient is enough to cool down liquid melt almost completely. One reason 

for this unexpected result is related to the calculation of the decay heat within the module FIPISO, 

under the assumption of no retention of volatile fission products within the liquid melt. Fig. 9 

compares the decay curve as calculated by FIPISO with the decay curve given in table form in 

previous calculations. With the start of melt formation at 162 min volatile fission products are released 

leading to a reduction of up to 20% of the core-wide decay heat production in comparison to previous 

calculations. 

 

Fig. 10 depicts the fuel rod temperatures in the innermost core ring (ROD1) at different elevations. 

After trip of the pumps in loop A and inception of core dry-out, the core temperatures above the water 

surface steady increase continuously. In the upper core regions, temperature escalation due to 

oxidation starts shortly before 160 min, until the failure criteria are reached, leading to melt formation 

and relocation. During the first quenching phase (pump restart) the upper core regions are refilled with 

water. Due to melt relocation and flow channel blockage, temperatures in the lower, central core 

region increase. The molten material is cooled mainly from the top. Quenching of this region is 

enhanced after the start of the high pressure injection at 200 min. 

 

The thermal-hydraulic behaviour during the quench phase is illustrated in the figures 11 to 14, with the 

spatial distribution of the water in the primary coolant system and the core status (rod temperatures 

and relocation profiles) for the time points 174 and 210 min. The colour scale for water distribution 

goes from blue (only water) to white (no water) and for the rod temperatures from dark blue (0 K) to 

light yellow (2500 K). The core status is represented by the four concentric rings of fuel elements, 

from the central (ROD1) to the outer ring (ROD4), together with the corresponding groups of control 

rods. 

 

At the time of pump restart a clear separation of water and steam/hydrogen exists. The water level in 

the core is about 1 m and in equilibrium with the level in the downcomer (Fig. 11). Loop A is nearly 

empty, only about 6000 kg remained in the loop seal. The letdown is connected to the loop seal of this 

loop (cold leg A1), while the make-up flow feeds into loop B (cold leg B1) between pump and 

pressure vessel. Fuel rod melting occurs mainly in the innermost core channel, creating a cavity 

between the elevations 2.1 and 2.9 m above the core bottom, with a maximum diameter of 1.6 m (Fig. 

12). This fuel melt relocates to lower core regions, leading to a partial flow channel blockage. The 

outer fuel rods do not melt significantly. With the pump restart, coolant water penetrates the core 
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region mainly through the outer channels and through the core bypass. In this phase, the melt pool 

could only be cooled from the sides, leading to the formation of a crust of refrozen material, which in 

turn acts as an additional resistance to further melt quenching. At about 178 min the core water level is 

high enough to allow water flow into the cavity, partly from the core bypass and upper plenum, partly 

due to cross-flow from the outer core rings. This water flow quenches then the melt pool from the top. 

After the pump transient the core dries out again. During this phase, molten material relocates into 

lower core elevations. 

 

With the start of high pressure injection the reactor core refills (Fig. 13). Core debris accumulates 

mainly in the lower, central core regions (Fig. 14). The total mass of molten materials at this time 

point amounts to 32 Mg. 

 

4.  Conclusions 

 

The capabilities of the code ATHLET-CD have been demonstrated with this calculation. The first 

three phases before core slump into the lower plenum (about 4 h) were successfully simulated in a 

reasonable computing time (about 12 h). This is a proof of the coupling technique between the 

thermal-hydraulics and core degradation processes. The calculated pressure history after pump trip, 

during the pump restart and until core slump is in good agreement with the measured data. The 

calculated hydrogen generation before the pump restart is in accordance with the deduced value. 

Contrary to estimates based on the system behaviour, only a relatively small increase of hydrogen 

production was calculated during the quench phase. The debris bed and melt pool formation was 

underestimated due to the lack of a model for embrittlement and relocation of solid fuel fragments as 

well as due to the assumption of a complete release of volatile fission products from the melt and 

consequently to the reduction of the decay heat power in comparison to previous analyses. Further 

model extensions regarding the quenching of degraded core material and the fracture and relocation of 

solid fuel rods are necessary to further improve the simulation. 
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Abstract  

In the frame of the OECD/NEA Working Group GAMA a benchmark problem was conducted in order 

to determine the ability of current advanced codes to predict core degradation in nuclear reactors. For 

this purpose, the TMI-2 reactor was selected with a well defined core degradation scenario following a 

small hot leg break, specified with simple initial and boundary conditions so that the influence of 

uncertainty of these conditions was minimized. 

  

The benchmark sequence can be divided in three parts. For the initial transient, up to the primary 

system pumps trip, the calculated results are in good agreement. For the degradation phase, up to the 

reflooding of the core, the results show also a rather good agreement among all participants for global 

results like total hydrogen production and total mass of molten materials. The variability in these 

results is comparable or even better than the variability obtained in recent benchmarks on integral 

tests. In the final phase, the reflooding phase, some results may be questionable as they are apparently 

in contradiction with experimental findings and with the TMI-2 assumed evolution. Sensitivity studies 

performed by parti- 
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cipants have shown that variations of some key empirical models could induce variations in calculated 

results of a single participant, which are of the same order of magnitude as the variation obtained when 

comparing different codes and/or participants. This indicates that some physical processes are still 

poorly known and inadequately modelled.  

 

In summary, the results show a strong robustness of the current codes and a good agreement with large 

parts of the proposed alternative TMI-2 sequence. That is an evidence for the considerable progress 

made within the last 20 years.  

 

Keywords  

 

Severe accidents, In-vessel core degradation, Thermal-hydraulics, Accident analysis, Code 

development  

 

1.  Introduction  

 

The experimental database on core degradation and melt relocation is limited to small-scale 

experiments which are only partially representative of what could occur in a reactor. Hence, there is 

uncertainty in the capability of codes to predict core degradation in postulated severe accident 

transients of nuclear power plants. Therefore, the OECD/NEA GAMA (Working Group on the 

Analysis and Management of Accidents) has launched an action in order to determine the ability of 

current advanced codes to predict core degradation in nuclear reactors. For that purpose, the TMI-2 

reactor was selected using a postulated core degradation scenario, specified with simple initial and 

boundary conditions so that the influence of uncertainty of these conditions was minimized [1]. This 

exercise was the first benchmarking of severe accident codes promoted by NEA since almost 20 years.  

 

The objective of this action was to do the benchmark on a well-defined plant and with prescribed 

boundary conditions, in order to avoid additional and unwanted sources of discrepancies between code 

predictions and to focus on the ability of the codes to predict core degradation. In addition to the 

comparison of the different results, sensitivity studies were also done. For that purpose, it was decided 

to perform a further calculation with the same core degradation parameters for all codes.  

 

The following organizations have participated in the benchmark study: ENEA (using ASTEC V1.3), 

GRS (ATHLET-CD Mod 2.1A), IVS (ASTEC V1.3), NRC-SNL (MELCOR 1.8.6), University of Pisa 

(MELCOR 1.8.5), IRSN (ICARE/CATHARE V2.1), Seoul National University (MAAP 4.03), IKE 

(ATHLET-CD/MEWA).  

 

In the following section, the proposed accident scenario and the definition of the boundary conditions 

are presented. After that, the set of physical parameters chosen for comparison of results is described, 

followed by the discussion of the results and their comparison. A short conclusion and an outlook to 

possible extensions of the work in the future are given at the end of this paper. 

 

2.  Scenario and parameters  

 

2.1  Definition of the Alternative Scenario  

 

For a prediction as accurate as possible of the TMI-2 transient, an essential point is the proper 

definition of boundary conditions and plant characteristics. Since some of these data are either 

unknown or difficult to estimate, extensive efforts have been required from code users in order to 

estimate them. In particular, the data for make-up and let-down flows were not recorded during the 

TMI-2 accident. To avoid such problems, a new benchmark exercise was proposed, based on an 
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alternative scenario. The idea was to do the calculations on a well-defined plant similar to TMI-2 in 

order to avoid further, unnecessary origins of discrepancies between the results.  

 

At first, the standard TMI-2 plant with the complete primary circuit (loops A and B) and a simplified 

secondary circuit is modelled. The initial plant state corresponds to the standard TMI-2 accident 

sequence. Then, the accident is initiated by a small break with a size of 0.001 m² located at 4 m along 

the hot leg A, followed by the stop of the main coolant pumps when the primary coolant inventory 

drops below 85 tons. The high pressure injection (HPI) operation with 30 kg/s per loop is delayed until 

5000 sec after the stop of primary pumps. Another assumption is that no pilot operated relief valve 

failure and no let-down flow occur. This scenario leads to a significant degradation and core melting 

before the reflooding of the core. At last, the calculation is stopped a few thousand seconds after the 

HPI operation or as soon as the core is completely cooled down.  

 

The initial core power is 2700 MW and thermal heat losses from primary system to containment are 

not taken into account. The make-up flow in primary system amount to 3.0 kg/s and the boundary 

conditions for secondary system are given by the regulation of steam generator pressures and water 

levels. In the core with an active length of 3.66 m, there are 177 fuel bundles of type 15x15 and 208 

fuel rods per assembly. The UO2 mass amounts to 93650 kg, the zircaloy mass to 23050 kg, and the 

AIC mass (Ag + In + Cd) to 2750 kg.  

 

2.2  Choice of Physical Parameters to Compare  

 

In order to compare the results, the appropriate choice of physical parameters is a crucial requirement 

for a benchmark study. For this purpose, the selection of a parameter set was made according to three 

criteria: the relevance for safety and/or severe accident management (i.e. primary pressure, hydrogen 

production), the monitoring of the reactor state (i.e. water inventory, mass of molten materials), and 

the significance for more detailed comparisons of models (i.e. break flow rate, mass of dissolved 

UO2). In the benchmark study, many parameters were used to compare the results. We present some of 

them in the following section.  

 

In order to claim that a set of results is in good agreement with another one, it is necessary to define 

subjective criteria reflecting the level of uncertainty that is acceptable for a specific physical parameter 

predicted by a code. The used parameters are selected by comparing with uncertainties obtained in 

previous benchmarks (previous TMI-2 benchmark [2], PHEBUS-FPT1 benchmark [3], and 

QUENCH-11 benchmark [4]). In addition, some further variables are chosen to judge the quality of 

agreement. In comparison to previous benchmarks most uncertainties could be reduced considerably, 

as it can be seen in Table 1. 

 

3.  Discussion of results 

  

The comparison of the predictions of core degradation and reflooding was the main goal of the 

benchmark exercise. But the initial phase of any severe accident sequence is a purely thermal-

hydraulic, transient phase which can last a significant time, depending on the scenario. The influence 

of that initial transient on the subsequent degradation is essential because it determines the time of 

core uncovery and heat-up. The steady state at the beginning is well predicted by all codes. 

Differences in the predicted values are not significant and can be considered as acceptable.  

 

The whole sequence of the accident was divided into three phases: the initial thermal-hydraulic phase, 

the core degradation phase, and, finally, the reflooding phase. The first phase lasts up to the stop of 

main pumps at a point in time of about 5000 sec when the mass of water contained in the primary 

system is lower than 85 tons. Afterwards, the phase of core degradation is following. In this time, the 
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HPI was delayed until 5000 sec after the stop of primary pumps and then, the third phase starts with 

the refilling of the vessel.  

 

3.1 Initial Thermal-hydraulic Phase  

 

In the initial phase, the mass flow rate at the break and the heat transfer to the secondary circuit 

determine the further events of the accident sequence. In Fig. 1 we can observe a good agreement in 

the mass flow rates for most of the codes, five of the curves are even almost identical. Here, the 

discharge from the break can be divided in three parts: liquid discharge up to the reaching of saturated 

conditions at about 200 sec, two-phase discharge flow until about 4500 or 5000 sec when the main 

pumps are stopped, and steam discharge up to the start of the reflooding phase at about 10000 sec. 

However, the UPI-Melcor calculation shows a slightly different behaviour of the break mass flow rate 

during the two-phase discharge, which becomes constant after some time, instead of slowly decreasing 

like the other ones. This leads to an earlier reaching of the criterion for the stop of pumps. By contrast, 

the SNU-MAAP4 calculation predicts a slightly lower flow after the initial rapid depressurization, but 

also the latest time for pump stop. 

  

As expected, the evolution of the primary mass predicted by all participants is very similar to the mass 

flow rate at the break, see Fig. 2. The heat transfers with secondary side, the behaviour of the steam 

generators, the core temperatures, and the pressurizer level show good agreement among almost all 

codes. A few significant discrepancies exist at the water levels in the core. The reason of this may be 

several differences in the modelling of heat transfer between coolant and assemblies, of pump 

behaviour or of fluid stratification in the primary circuit.  

 

3.2 Core Degradation Phase  

 

When the pumps stop, the mass flow rate at the break is significantly reduced due to phase separation, 

and the primary mass decreases more slowly (Fig. 1 and Fig. 2). Simultaneously, the heat transfer to 

the secondary side is strongly reduced and the evolution of the primary pressure becomes independent 

of the secondary pressure. A progressive dry-out with a resulting uncovery of the core occurs, 

followed by the increase of temperature of the rods and the oxidation of the claddings.  

 

As a consequence of the pumps stop, water in the loops is drained down into the vessel, leading to an 

increase of water volume in the vessel. All codes predict this increase of the collapsed level, as Fig. 3 

illustrates. Following this rapid variation of the level, a progressive decrease of the water level is 

predicted, corresponding to the dry-out and core uncovery. All the curves show a similar behaviour, in 

particular, all the results agree on the prediction of the core dry-out. Only in the time of beginning of 

core uncovery exist some differences. 

 

All codes show a slow decrease of the mass flow rate at the break, from a value of approximately 10 

kg/s to a rather stable value of approximately 4 kg/s before reflooding, see Fig. 1. Only SNU-MAAP4 

drops to zero and remains to the end of the calculation. Besides that, the primary mass decreases in all 

calculations.  

However, the evolution of core temperatures show several differences, see Fig. 4. The curves may be 

divided into three parts: heat-up before oxidation, oxidation runaway, and “late phase” heat-up 

following the first relocation of molten materials. For the heat-up phase before oxidation, the slope is 

very similar for all curves, except for the IVS-ASTEC and the ENEA-ASTEC calculations which 

predict a delayed but steep heat up. The main discrepancy is the time of beginning of heat-up which 

varies from 500 sec to 1800 sec after pump stop, with a variance of 40%. The delay between curves is 

partly a consequence of the delay of core uncovery. Another cause is probably the differences in the 

melt relocation models or cladding failure criteria which lead to a different velocity or time of 
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propagation of the “hot” oxidation front. For the oxidation run-away, we can observe a surprising 

agreement among several results which predict this effect between 7500 sec and 8000 sec. The 

increase of temperature due to temperature escalation is very comparable for most results. The 

maximum predicted temperature after escalation is approximately 2300 K, which is related to the 

cladding failure criteria.  

 

The predicted rate of hydrogen generation is similar for most results (approximately 0.6 kg/s in 

average). Relating to the delays observed in the core temperature curves, the main differences are the 

times of maximum production, as Fig. 5 shows. However, the cladding failure and first melting 

relocation are predicted at approximately the same time for most codes, which is a direct consequence 

of the good agreement on the time of oxidation run-away.  

 

In contrast to the hydrogen production, the evolution of the total mass of molten materials show some 

differences, see Fig. 6. In some calculations, the predicted molten mass increases simultaneously, 

which means that the energy brought by oxidation is directly converted into latent heat to melt the 

oxides. By contrast, in other calculations the molten mass increases smoothly, even a long time after 

the oxidation run-away, which indicates that the oxidation energy is “stored” in the core materials. 

One reason for that discrepancy is the choice of melting temperature of the oxides. If this temperature 

is far from the temperature reached after the end of the oxidation run-away, then the melting must 

occur later than the oxidation. But there is a rather good agreement on the final mass of molten 

materials, the maximum variation obtained is 35%. The predicted mass of molten metal has even only 

a variation of 16%, according to the good knowledge of melting temperatures of metals.  

 

The predicted states of the core at the beginning of the oxidation run-away appear to be rather 

consistent. The temperature distributions are similar, the core is divided into a cold lower part and a 

hot upper part which is uncovered. However, some calculations predict the position of the maximum 

temperature at the top of the core and others predict it slightly below the top. The states of the core at 

the beginning of the melt relocation (not shown here) show larger differences and the location of the 

first damages or melting varies significantly from one calculation to the other. Addionally, a difference 

is also observed in the predicted level of the “cold” zone, which is covered with water. Differences in 

pressure drops or heat transfer coefficients and flow distribution are probably the main causes for these 

discrepancies. Thus, the states of the core predicted just before the reflooding show both a very 

different distribution of materials and a very different temperature field. Some calculations show a 

large empty area at the top of the core, resulting from the collapse or melting of fuel rods. Other 

calculations show standing rods at the top of the core and a more limited molten area in the center of 

the core. But almost all calculations predict a very compact region of accumulated materials at 

approximately 1 m elevation. This may be interpreted as a “crust” or “crucible” made of relocated 

materials. 

 

3.3  Reflooding Phase  

 

All codes predict a fast increase of the water level in the core and the core by-pass with approximately 

the same velocity. In some calculations, discontinuities in the increase of the water level are observed, 

but they are probably due to the numerical tracking of the water level. At the end of the calculation, 

most calculations indicate a stable water level in the core, but the ASTEC-ENEA calculation shows a 

surprising decrease of the water level. The stabilized level varies between 3 m and 4 m in the different 

calculations.  

The average predicted pressure increase of about 50 bars is in agreement with the real TMI-2 scenario, 

in which the pressure increase after the restart of the pumps is also in the order of 50 bars. There, the 

increase was attributed to a strong generation of steam and a strong oxidation resulting in a lot of 
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hydrogen. By contrast, in the calculations considerably less hydrogen is produced during reflooding, 

so that the increase of pressure originates mainly from the steam formation.  

 

Most codes of the benchmark exercise predict a fast quenching of the core at all elevation. However, 

the ATHLET/CD-GRS calculation predicts the non coolability of the inner ring at the bottom of the 

core and both ASTEC-IVS and ICARE/CATHARE-IRSN predict the non coolability of the middle of 

the core. Because the issue of coolability is crucial for safety studies, the reasons for such non 

coolability should be investigated more thoroughly.  

 

A few codes predict some hydrogen production during reflooding but it is quite limited. Although a 

few codes yield a finite hydrogen production, in most calculations the oxidation is predicted to stop as 

soon as the reflooding starts and no additional hydrogen is produced during reflooding. Those 

predictions do not agree with experimental findings as it was demonstrated by QUENCH program that 

the reflooding of a very hot but still undestroyed core should lead to a large hydrogen production. And 

the same observation was made during the TMI-2 accident where a considerable amount of the total 

hydrogen output was supposedly produced during reflooding. Recent studies suggest that hydrogen 

produced during reflooding mainly comes from the oxidation of melt containing Zr. Therefore, we 

may assume that there is an inadequate modelling of this phenomenon in current codes. This may also 

be a consequence of an inaccurate modelling of melt formation and relocation.  

 

There is no significant increase of the degradation or core melting during reflooding. Hence, the 

predicted final state of core is very similar to the state before reflooding in almost all calculations. This 

result is contrary to observations in the QUENCH program in which it has been shown that the 

reflooding could lead to the melting of cladding and to a significant relocation of materials. But 

QUENCH tests are not fully representative of a core since there are no UO2 pallets. Besides, the 

average predicted core temperature in this scenario is much higher than that in the QUENCH 

experiments. On account of this it is not possible to infer solely from experimental results that the code 

predictions are wrong.  

 

3.4.  Sensitivity Studies  

 

Discrepancies between code results may have different origins. One of them observed in several 

previous benchmarks is the so-called “user effect”. User effect may result from an improper checking 

of the data or from a wrong use of the code by an insufficiently trained user. In order to avoid this 

effect, recommended values of the parameters used in the models are usually provided to code users in 

calculation benchmarks.  

 

All the reference calculations of this benchmark were done with the recommended values of physical 

parameters. Therefore, it was decided to perform a second calculation with the same core degradation 

parameters for all codes in order to asses the discrepancies due to the user effect. For that purpose, aset 

of parameters known to have a significant impact on degradation calculations (like e.g. Zr oxidation 

correlation or melting temperature of oxides) were selected and given to participants.  

 

Since standard core degradation parameters are somewhat different for each code, direct comparisons 

between sensitivity calculation results cannot be made. However, some conclusions can still be drawn. 

The variation of the melting temperature of oxides has a strong impact on the final mass of molten 

material causing a variation which is of the same order of magnitude as the variation obtained with 

different codes and/or users. This shows that the physical understanding of fuel rod melting and 

collapse is still too limited. The variation of cladding failure criteria also causes a variation which is 

comparable to the variation obtained with different codes and/or users. However, the impact of the 
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variation of the selected parameters on the reflooding phase and on the final state of the core seems to 

be more limited.  

 

4.  Conclusions 

  

This benchmark exercise has been the first exercise supported by the NEA, since the TMI-2 exercise 

which took place almost 20 years ago, to assess the ability of current codes to predict severe accidents 

in real reactors. In the framework of the benchmark, an “alternative” TMI-2 scenario with some fixed 

boundary conditions was defined, in order to minimize the uncertainties coming from the thermal-

hydraulic calculation, and to focus the exercise on the uncertainties coming from the core degradation 

calculation.  

For the initial thermal-hydraulics phase, up to pumps trip, the predicted results are in good agreement 

and most of the discrepancies can probably be explained by different modelling approaches. The states 

of the core and the primary circuit predicted by all codes are very similar at the time of pumps stop. 

For the degradation phase, up to reflooding, the results show a rather good agreement among all 

participants for the global parameters such as the total hydrogen production and the total mass of 

molten materials. These results are much better than in the benchmark exercise performed 20 years 

ago. For the reflooding phase, there is a general agreement on the predicted hydrogen production and 

the increase of degradation. However, although all codes agree, the results may be questionable as 

they are apparently in contradiction with some experimental results and with the TMI-2 assumed 

evolution. There is a disagreement between the predicted quenching efficiency. Although the abilities 

and robustness of codes have been considerably improved, compared to the previous TMI-2 

benchmark exercise where almost none of the codes were able to calculate the reflood phase, it can be 

concluded that more effort on modelling and assessment should be done before codes can be 

considered as reliable enough to predict accurately the reflooding phase.  

 

Altogether, the results of this exercise benchmark are quite encouraging. All codes used in this 

exercise succeeded in calculating the scenario from the beginning to the end, with only very little 

tuning of parameters or optimization of input decks. This demonstrates the robustness of current codes 

and is evidence of a great progress in comparison to the state of codes 20 years ago. It appears that the 

predictions of codes are significantly more consistent than in previous benchmarks.  

 

Taking into account that, from a regulatory point of view, it is essential that uncertainties in best-

estimate calculations be well studied and assessed, it is suggested that systematic uncertainty analysis 

be included in future extension of this benchmark, using uncertainty analysis techniques. The 

BEMUSE program action, which is being carried out in the frame of GAMA, could be a good 

reference for that. This benchmark exercise could also be extended to study the consequences of 

severe accident management (SAM) actions and how such actions can be simulated by current codes.  
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Assessment of In-vessel Corium Retention for VVER-440/V213 

Peter Matejovic, IVS Trnava 

Miroslav Barnak, IVS Trnava 

Milan Bachraty, IVS Trnava 

Robert Berky,IBOK 

 

1. Introduction  
 

In-vessel corium retention (IVR) via external reactor vessel cooling (ERVC) has been recognised as a 

feasible and promising severe accident management (SAM) strategy for VVER-440/V213 reactors. 

The most important design features of these reactors, favourable for adoption of the IVR concept, are 

low thermal power, reactor pressure vessel (RPV) without penetration in lower head, massive stainless 

steel vessel internals, large volume of residual water in lower head and high driving head for natural 

circulation in ERVC loop. Pioneering work in the area of IVR adoption for this design was performed 

in Finland [1]. The Loviisa NPP equipped with 2 VVER-440/V213 reactors is currently the only one 

operating NPP of this kind in the world, IVR was adopted and approved by regulatory authority as 

SAM measure. However, due to some differences between Loviisa NPP confinement (steel shell 

equipped with ice condenser) and standard VVER-440/V213 units (confinement made of reinforced 

concrete and equipped with bubbler condenser) the application of Finish experience is not 

straightforward.  

 

Contrary to new advanced PWR designs in which the ERVC loop was highly optimised at the design 

stage (e.g. AP-1000), there are certain restrictions in the arrangement of VVER-440/V213 reactors, 

which limit the possible scope of the technical modifications. These modifications are necessary in 

order to allow coolant access to RPV external surface and enable natural circulation in ERVC loop. 

On the other hand, comparing to higher-power advanced PWR designs, significantly lower maximum 

heat flux values are expected. 

 

Recent activities devoted to IVR concept via ERVC for standard VVER-440/V213 reactors were (are) 

performed in the frame of 5
th
, 6

th
 and 7

th
 FW EU Programme (e.g. VERSAFE, ARVI, SARNET, 

SARNET 2) as well as within national programmes performed in the countries operating this type of 

reactors. In total there is 12 VVER-440/V213 reactors operated in Central European Countries. Two 

other units are still under construction in Slovakia (Mochovce units 3&4). There is serious interest for 

the adoption IVR concept for these plants and co-operation on this field is going on between the plant 

operators as well as between technical support organisations.  

 

2. Simple IVR concept for VVER-440/V213 reactors 
 

An IVR concept via ERVC was proposed several years ago by IVS Company for standard VVER-

440/V213 reactors, equipped with bubbler condenser. This IVR concept is based on simple 

modifications of existing plant technology and thus is attractive for plant operators. Main features of 

this IVR design are as follows (Fig. 1):  
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 New inlet valves are installed on two existing ventilation ducts in order to connect 

confinement floor with reactor cavity and thus enable the intentional cavity flooding in the 

case of severe accident (SA);  

 

 The shape of two ventilation ducts upstream the inlet valves is modified to form a isolation 

siphons in order to prevent the coolant losses from reactor cavity;  

 

 The riddles for screening the impurities from coolant are located at the lower part of the 

cavity, where the ventilation ducts are discharging;     

 

 Contrary to solution adopted at Loviisa NP
1
, the coolant access from the flooded cavity to RPV is enabled via closable hole installed in 

the centre of thermal shield instead of lowering this massive structure in the case of SA. 

Buoyancy driven cap of the hole will open passively when the cavity is flooded; 

 

 The large coolant volume from barbotage trays is available for reactor cavity flooding and 

natural circulation in ERVC loop.     

 

The detailed engineering design of this IVR concept was elaborated into implementation form by 

VUEZ Company (Slovakia) and is currently implemented at Bohunice V2 NPP as one of the key 

modifications for plant upgrade to cope with consequences of SA (Bohunice SAM Project). The 

implementation should be completed during the next year.     

                                                      
1
 O. Kymäläinen, H. Tuomisto, T.G.Theofanous: In-vessel retention of corium at the Loviisa plant, Nuclear 

Engineering and Design 169, 1997 
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Fig. 1. In-vessel retention concept for VVER-440/V213 
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3. Analytical support for IVR concept 
 

In general, the avoiding of boiling crisis on outer (cooled) RPV surface is sufficient condition for 

preserving the RPV integrity. Thus, the safety margin of a given IVR concept could be defined as a 

difference between coolability limit on the outer surface (in terms of critical heat flux (CHF)) and 

thermal load acting on inner surface (maximum heat flux).  

 

The crucial point of the proposed IVR concept for VVER-440/V213 is narrow gap between elliptical 

lower head and thermal and biological shield. In the cold conditions the width of this gap is only about 

2 cm and would be even lower in hot IVR conditions, when the reactor wall is subjected to large 

thermal gradients due to temperature difference between the hot inner surface (loaded by corium) and 

cold outer surface (which is cooled by water in flooded cavity). Sufficient gap should remain free for 

coolant flow for the success of the proposed IVR concept. Thus, realistic estimation of thermal load 

and corresponding deformations of reactor wall and their impact on gap width are of primarily 

importance.  

 

Another crucial point of this IVR design is narrow path for steam venting from cavity into 

confinement at the elevation of reactor support structures. 

   

Analytical studies were performed in order to demonstrate that the safety margin of proposed IVR 

concept is sufficient for preserving the RPV integrity during severe accidents. This includes: 

 

 Estimation of thermal loads acting on the inner RPV surface;  

 

 Estimation of structural response of RPV with emphasis on the deformation of outer surface 

and its impact on the profile (width) of annular gap between RPV wall and thermal/biological 

shield; 

 

 Analysis of two-phase natural circulation in ERVC loop and heat transfer regimes from outer 

reactor surface into coolant;  

 

 Severe management aspects (depressurisation of RPV, coolant resources for early cavity 

flooding, etc.).  

 

In this paper the attention is focused only on first two of above-mentioned points.   

  

The modifications outlined in Chapter 2 are aiming on enabling NC in ERVC loop and thus 

enhancement of the coolability limits (CHF) on outer surface. In general, it is hardly possible to take 

any effective measures for reduction of thermal load for given reactor design and postulated SA 

sequence. The magnitude of thermal load (maximum heat flux) is primarily given by core power, 

available coolant volumes, masses of vessel internals, etc.  

 

4. Estimation of thermal load 
 

The estimation of thermal load is the starting point in IVR assessment. The general challenges 

associated with the late phase core degradation, molten pool formation and estimation of thermal load 

acting on RPV wall for IVR applications were thoroughly summarised e.g. in paper
2
. For the 

                                                      
2
 H. Tuomisto, B.R. Sehgal: MASCA results and the case for in-vessel melt retention, MASCA 2 Seminar, 

Cadarache, France, 11-12 October 2007 
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assessment of proposed IVR concept, ASTEC V1.3 rev. 2 code was used. The ASTEC code, 

developed jointly by IRSN and GRS, was (is) widely validated for VVER-440/V213 reactors. 

Regarding the IVR applications, it is worth to mention e.g. the validations against LIVE L1
3
 and 

benchmarking for VVER-440 with the results of other codes
4
. The most important features of ASTEC 

V1.3 code relevant to IVR applications are given in paper
4
. Within the Bohunice SAM Project two 

different approaches were used for the estimation of thermal load.  

 

Steady-state (“conservative”) approach  

 

In the 1
st
 case, a steady-state approach was used. Only lower reactor head was modelled using stand-

alone DIVA module of ASTEC code considering postulated molten pool mass, composition and decay 

heat. Boundary condition (BC) – constant heat transfer coefficient (HTC) and coolant temperature – 

was applied on the outer surface in order to simulate the external reactor vessel cooling. The stand 

alone application of DIVA enables also modelling of radiative heat transfer from the surface of upper 

metallic layer into fictitious BC with prescribed temperature, which represents non-relocated reactor 

structures above the molten pool. As typical for such conservative approaches, it was assumed that 

                                                      
3
 Meeting on Severe Accident Research (ERMSAR 2008), Nesseber, Bulgaria, 23-25 September 2008 M. Buck 

et al.: The LIVE program: tests and joint interpretation within SARNET and ISTC, The 3
rd

  European Review 

4
 D. Tarabelli et al: ASTEC application to in-vessel corium retention, Nucl. Eng. Des. 239, 2009 

Fig. 2. Heat transfer in lower head obtained with steady-state approach for different pool 

configurations: homogeneous (C100), classic (C50), classic (C30) and MASCA (C30). 
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100% of UO2 was relocated into lower head and, consequently, the whole decay heat except of the 

fraction, which corresponds to volatile fission products (FPs), was located here. Besides of UO2 it was 

postulated (based on engineering judgement) that 50 tons of stainless steel and 19 tons of zirconium 

was relocated into lower head. Additional amount of carbon steel was ablated from RPV wall. 

   

Different oxidation index of zirconium Cn ranging from 30 to 100% were considered in the analysis 

and depending on the Cn different molten pool configurations were modelled. These include the 

following arrangements of corium layers: homogeneous for highly oxidised zirconium (C100), standard 

arrangement with presence of light metallic layer on the top of volumetrically heated oxidic pool (30% 

≤ Cn ≤ 80%) and “MASCA” configurations with presence of heavy metallic layer at the reactor bottom 

for lower values of oxidation index (30% ≤ Cn ≤ 50%). For the last case, the mass of heavy metal layer 

was subtracted from light metallic layer (Fe) and oxidic layer (U) depending on the oxidation degree 

of Zr following the work
5
 (the mass of steel, which can be subtracted, rises with the decreasing of Cn). 

The results for 4 representative arrangements of molten pool are illustrated on Fig. 2. The heat flux 

profile through the RPV wall for the analysed cases is given on Fig 4. From these results it follows 

that the maximum heat flux is relatively low. Although the MASCA configurations result in partial 

thinning of upper metallic layer, there is no danger of focussing effect for the analysed corium 

composition.  

   

A weak point of this steady-state approach is the artificial definition of molten pool by the analyst. It is 

obvious that the relocation of 100% of UO2 into lower head represents strongly conservative 

assumption, especially for low-power reactors. Practical advantage of this approach is its simplicity 

what enables to perform large number of sensitivity studies.   

 

Transient (“realistic”) approach 

 

In the 2
nd

 case a transient approach was used. At first, the most limiting SA sequence (from IVR point 

of view) was identified. For VVER-440/V213 such sequence is represented by LOCA with break 

diameter ~ 200 mm without HP and LP injection and assuming flooding of reactor cavity during the 

course of the accident. This sequence combines high thermal load, typical for LB LOCAs, and late 

reactor cavity flooding, because the break size is too small to result in automatic water spilling from 

barbotage trays. Thus, “manual” draining of barbotage trays is necessary in order to get sufficient 

coolant volume for reactor cavity flooding. 

 

For successful adoption of a IVR concept it is required that the accident sequences with dominant 

contribution to core damage frequency are covered. In general, the LB LOCAs without availability of 

active emergency core cooling systems (ECCS) since the beginning of the accident represent only very 

limited fraction (few percent) of total core damage frequency contributors. For the dominant 

contributors the core melting and consequently the thermal loads would be much lower. 

 

The chosen LOCA 200 mm sequence was analysed using all ASTEC modules except of those 

representing ex-vessel phenomena. In this integral application the decay heat was calculated from the 

defined initial FPs inventory (~ 700 isotopes) modelling the transmutation and transport of isotopes. 

When the core heat up started and cladding rupture occurred, release of volatile FPs (and 

corresponding fraction of decay heat) from the core into primary system and hence through break into 

confinement was modelled. The core melting and relocation into lower plenum was coupled with the 

transport of non-volatile FPs and corresponding decay heat together with UO2 into lower head. 

                                                      
5
 J. M. Seiler, B. Tourniaire, F. Defoort, K. Froment: Consequences of material effects on in-vessel retention, 

Nuclear engineering and Design 237, 2007 
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Regarding the core relocation, 1-D candling model was used. User defined arrangement of molten 

pool with light metallic layer above a volumetrically heated oxidic pool was considered. 

 

Regarding the operator interventions, it was assumed that the operator opened the draining valves 

when the core heat up occurred (symptom core exit temperature > 550 °C). As soon as the coolant 

mass on the confinement floor reached the required value, flooding of the reactor cavity was 

considered. At this time the nearly adiabatic BC on the outer reactor surface was replaced by HTC and 

coolant temperature in control volume representing the flooded cavity. The heat flux from RPV 

surface resulted in heating the coolant in cavity and steam generation here, what resulted in slow long-

term confinement pressurisation.  

 

Main output from this integral analysis was the time dependent heat flux profile acting on the RPV 

wall. As can be seen on Fig. 5 the heat flux through RPV wall reached its maximum value ~ 455 

KW/m
2
 after about 10 hours since the beginning of the accident. Another important result was that 

only less than 50% of fuel was relocated into lower plenum. The rest of fuel represented mainly by 

fuel assemblies at core periphery remains on its original position (Fig. 3) and was cooled mainly by 

radiative heat transfer into core barrel and hence into cold reactor vessel, what resulted in the 2
nd

 heat 

flux maximum on this elevation. The maximum heat flux value is similar to those one obtained with 

conservative approach when assuming 100 % relocation of UO2. The reason for this is because an 

integral ASTEC application does not enables modelling of radiative heat transfer from upper metallic 

layer (as it was in previous case). This limitation results in significant (~ 20 –30 %) overprediction of 

maximum heat flux. It is worth to mention, that without considering reactor cavity flooding the RPV 

failure was predicted at about 5 hours since the beginning of the accident.   

 

Besides the above-mentioned limitation for radiative heat transfer, the main other limitations of this 

transient approach are 1-D candling model used for core relocation and user defined arrangement of 

corium layers in molten pool.  

 

5. Structural response of RPV  
 

Structural analysis of RPV subjected to IVR load was performed by IBOK Company using the finite 

element method (FEM) code ANSYS release 10.0. The work includes experimental estimation of RPV 

material properties in wide range of temperatures, determination of numerical model constants in 

accordance with the experimental results and, finally, performing the computational analysis. In the 

ANSYS analysis the time-dependent heat flux profile obtained by ASTEC code was applied as BC at 

the inner and heat transfer due to convection to coolant medium at the outer RPV surface.  

 

In order to estimate the RPV structural response it was necessary to determine the kinetics of the non-

stationary thermal field and stress-strain conditions of the RPV. Due to an extreme thermal load a part 

of the inner reactor pressure vessel wall melts. After exceeding a temperature of about 400°C, a time 

dependent strain relaxation occurs due to creep process, the rate of which depends on the stress and 

temperature. With regard to this, the computations took into account a continuous strain relaxation due 

to the creep mechanism. 

 

RPV material properties 

 

The RPV of VVER-440/V213 is made of 15Ch2MFA steel. To carry out the computational analysis it 

was necessary to specify the following material properties in the wide range of temperatures: 

 

 thermo-physical properties (thermal conductivity, density, specific thermal capacity and latent 

heat of melting); 
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 linear elongation coefficient; 

 

 elasticity module; 

 

 plastic and creep properties. 

The thermo-physical properties and linear elongation coefficient were taken from available literature. 

The thermal inertia (thermal capacity change) of the RPV in computations was taken in account with 

the enthalpy change calculated of the density, specific thermal capacity and latent heat of melting. The 

plastic and creep properties of the 15Ch2MFA steel were determined experimentally using the 

available RPV specimen.  
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Fig. 3. LOCA 200 mm. History of temperature field in RPV 
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Fig. 5.  LOCA 200 mm, integral calculation. Heat flux through RPV wall at different times 
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At first, a chemical and metallographic analysis of the specimen material was performed in order to 

prove that the chemical composition and structure of the experimental material comply with 

15Ch2MFA steel. The general goal of the experimental program was to determine and verify constants 

for the creep numerical model chosen for the computational analysis. With regard to the relative short 

time interval of the analysed accident (~ days) and expected high stresses, the combined model of 

creep
 
(time hardening creep) was chosen that made possible to describe the primary and secondary 

phases of creep. 

 

Computational analysis and the results obtained 

 

At first, an axisymmetric FEM model of RPV was prepared (Fig. 6). The model includes the elliptical 

head and cylindrical shell up to the RPV support flanges. The analysis was performed in two steps. In 

the 1
st
 step, the non-stationary thermal field in the reactor pressure vessel during the accident was 

determined. In the 2
nd

 step the analysis of the stress-strain condition with the time dependent 

component of plastic deformation (creep) was performed, whereas the computational model was 

loaded with the non-stationary thermal field determined in the first step of the solution. 

 

From the results obtained it follows that the wall ablation is initiated at about 6 hours when the heat 

flux is still rising. The wall ablation reached the maximum size at about 10.5 hours (i.e. at about the 

same when the thermal load culminates) and this size doesn’t change during the next course of the 

accident (Fig. 7). The maximum ablation depth of the zone is at the transition part of RPV between 

cylindrical shell and elliptical head.  

 

The conditions for creep relaxation arise when the temperature exceeds 400°C. This process becomes 

more significant after the part of the inner surface of reactor pressure vessel is melted. In the time 

interval from the time of 5.5 hours up to a time of about 24 hours, there are created conditions for 

stress relaxation due to creep within a half-moon shaped zone situated neighbour to the melted zone. 

 

The radial dilatation of RPV due to non-uniform temperature distribution is determined primarily by 

the axial stress in the melted zone area. The wall of RPV in the transition zone from elliptical to the 

cylindrical shell is subjected to an additional bending load whereas the inner (hot) part of wall is in 

compression and the outer (colder) part is in tension. Maximum radial dilatation about 12.7 mm is 

reached at this point between 8.5 and 10.5 hours. Than the dilatation started to decrease due to 

decreasing of heat flux and, consequently, decreasing of wall temperature.  

 

6. Conclusions 
 

From the results obtained it follows, that even when the RPV is subjected to limiting loading 

conditions during SA, there should be sufficient gap width (~ 1 cm) between RPV wall and 

thermal/biological shield for the coolant flow in natural circulation regime alongside the outer surface 

of RPV wall. The coolability efficiency in such ERVC loop geometry was confirmed by RELAP 5 

analysis. Further research should be focused on confirmation of low maximum heat flux values. Here 

the outputs from SARNET 2 project and results of ASTEC V2 analysis should be valuable. The 

coolability limits in given ERVC geometry should be confirmed experimentally on Hungarian CERES 

facility (Cooling Effectiveness on Reactor External Surface), which is just under construction and the 

first experiments are planned to be performed during next year.   
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Fig. 6. RPV nodalisation for ANSYS code  
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Fig. 7.   Temperature field [°C] and axial stress [Pa] distribution at the time 10.5 hours 
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Proposal of In-vessel Corium Retention Concept for Paks NPP 

József Elter, Paks NPP 

Éva Tóth, Paks NPP 

Peter Matejovič, IVS Trnava Ltd. 

 

1. Introduction 

 

The in-vessel corium retention (IVR) via external reactor vessel cooling (ERVC) seems to be a 

promising severe accident management (SAM) strategy not only for new generation of advanced 

PWRs, but also for VVER-440/V213 reactors, which were designed several years ago. In the case of 

advanced PWRs, significant attention was paid at the design stage to optimisation of ERVC loop in 

order to ensure efficient cooling of external reactor vessel surface in natural circulation regime. 

Contrary to the above-mentioned advanced designs, the VVER-440/V213 reactors were designed and 

built according to earlier standards and the possibility of core melting was not accounted for in the 

design stage of these low-powered reactors. Thus, the possibility of additional implementation of 

technical modifications, which are necessary for the creation of an ERVC loop, is rather limited. 

However, this shortcoming is compensated with significantly lower maximum heat fluxes than 

expected for higher-powered reactors. 

 

2. Decay heat removal during IVR 

 

The most limiting condition regarding the thermal loading occurs when the corium in the lower head is 

fully molten (except of the crust on the boundary of oxidic layer) and no decay heat is consumed in 

melting or heating up the debris or the vessel internals. Such a bounding case may not occur in a 

severe accident, but was chosen from licensing considerations. The melt or the RPV wall has to be 

cooled either internally or externally in order to prevent RPV failure. 

 

The operator would flood the vessel containing molten pool in lower head if any water injection is 

available. But the crust formed would drastically limit the transfer to conduction limit, and the internal 

cooling may not be effective enough. 

 

External cooling is a more reliable way to keep outside wall temperature cool and thus to prevent its 

failure and retain the melt inside. Global efficiency of this heat transfer mechanism is higher than the 

upward heat transfer to coolant above the melt pool. Contrary to internal cooling in this case there is 

directly cooled the RPV wall, i.e. the wall which integrity should be preserved. Furthermore, this 

mechanism do not relay on recovery of water supply into RPV. When properly designed, the external 

cooling circuit is capable to remove the decay heat in passive natural circulation regime conserving the 

coolant inventory in the system. The success of IVR depends on the thermal margins: that means the 

difference between the thermal loading (by the melt natural convections) on the inside and the limits 

of coolability (due to boiling crisis) on the outside of RPV. 

 

3. Upgrading of Paks NPP for severe accidents 

 

The Hungarian Paks NPP, equipped with four VVER-440/V213 reactors, is in operation since 1982. 

The target of the accident management program is to increase the overall capability of the plant to 
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respond and recover from a severe accident situation. This capability could be increased by hardware 

modifications and with a guide to use the available resources in an optimal way. The key element of 

this program is SAMG (Westinghouse type) that are already under development. The level 2 PSA has 

been used to assess the risk impact and the risk reduction efficiency of selected SAM actions and to 

identify reasonable design basis for mitigative systems. 

 

The SAM program approved by the regulator contains a set of planned plant modifications. The most 

important ones are described as follows. 

 

Primary circuit depressurisation is necessary measure in order to ensure low-pressure core meltdown 

sequences and to reduce the risk for induced steam generator tube rupture through the circulation of 

hot gases. In case the in-vessel retention of corium strategy is selected, a low primary system pressure 

is also a definite requirement. The recent depressurization capability would reduce the pressure 

sufficiently and it was designed for potential releases of steam, two-phase mixture and water. In order 

to ensure sufficient opening reliability an independent so-called SAM power supply of the valves has 

to be installed. 

 

The PSA results indicate that the risk of large releases dominated by containment bypass sequences 

that caused leaks from primary to secondary side of the steam generators. It is an effective precaution 

against containment bypass to implement blow-down lines on the bottom of the steam generators that 

are directed to the containment. 

 

Severe accident hydrogen is confirmed as a major threat to containment integrity. The rapid onset of 

flammable conditions in an unmitigated severe accident necessitates a means of control. With the help 

of level 2 PSA it was showed that implementation of about 30 large passive autocatalytic recombiners 

would ensure that the containment would not experience high pressures loads in all those sequences 

that dominate the overall risk. 

 

Both, in-vessel corium retention or ex-vessel debris cooling can only be accomplished by the active 

cavity flooding. It is already clear that IVR is potentially feasible but the potential for coolability of 

corium or core debris on the concrete base mat is still under investigation. There are double hermetic 

steel doors with rubber sealing in the sidewall of reactor cavity, which is a part of hermetic boundary. 

In case of ex-vessel cooling the thermal protection of those doors against temperature loads would 

have been solved also. In order to avoid a number of specific loading mechanisms caused by the 

eventual melt ejection into the reactor cavity the necessary plant modifications are needed for corium 

localisation and stabilisation inside reactor vessel gets higher priority in the SAM programme. 

 

Filtered venting is used to prevent late containment failure. It is an effective precaution against late 

containment overpressure to modify operating confinement vent system to use as filtered venting. 

 

The recent paper describes in more detail IVR concept and the plant modifications planned to 

implement. 

 

4. In-vessel retention for VVER-440/V213 NPPs 

 

The basic idea of in-vessel retention of corium is to prevent RPV failure by flooding the reactor cavity 

so that the reactor pressure vessel is submerged in water up to its support structures, and thus the 

decay heat can be transferred from the corium pool through the vessel wall and into the water 

surrounding the vessel and hence into confinement.  
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Necessary condition for keeping efficient heat transfer on the external surface of RPV is that the 

boiling crisis avoided and the heat transfer mode remains in subcooled single-phase convection or 

nucleate boiling mode. Film boiling is characterised by considerably lower heat transfer coefficient. 

Thus, if the heat transfer mode permanently changes to film boiling, then the surface temperature of 

the wall increases dramatically, which would sooner or later lead to failure of the RPV. However, the 

large thermal inertia of RPV wall stabilises the wall temperature and prevents fast temperature 

escalations of the surface even in the case of temporary local drying of the surface. Due to three-

dimensional heat conduction in thick-walled RPV the area on which the film boiling occurs has to be 

of a substantial size. 

 

The thermal loading on the inside is basically given by corium mass, corium composition, thermal 

power and shape of the lower head. Other factors, such as history of core melting, corium oxidation, 

radiative heat transfer from upper metallic layer, etc. may influence the thermal loading, too. In a 

typical estimation of thermal loading it is assumed that the whole fission power except of volatiles is 

relocated into lower head. This is clearly pessimistic assumption, typical for licensing kind of 

analyses. 

 

For an operating reactor there are only limited possibilities to design the cooling loop. Such loop 

should enable either single or two-phase flow circulation in natural circulation regime and should be 

mass-conserving (i.e. assure return of condensed coolant from confinement into reactor cavity via 

“downcomer” of ERVC loop). It is obvious that the cooling efficiency of such additionally 

implemented ERVC loop will be lower than the efficiency of the loop optimised in the design stage of 

advanced PWR designs. 

 

In particular case of VVER-440/V213 reactors the most important design features, favourable for 

adoption of the IVR concept, are as follows:  

 

– low thermal power; 

 

– large coolant volumes in both, primary and secondary systems (long elapsed time before the 

onset of core melting); 

 

– reactor pressure vessel without penetration in lower head;  

 

– massive stainless steel vessel internals, including massive core support plate (obstacle for 

early corium attack to RPV wall, additional heat sink due to capacity and latent heat, 

“dilution” of decay heat, thick metallic layer expected on the top of the molten pool);  

 

– large water volume in lower head (long time since the start of core relocation to molten pool 

formation in lower head);  

 

– high RPV and, consequently, high driving head for natural circulation in ERVC loop; 

 

– presence of large diameter ventilation ducts of cavity cooling system (Fig. 1.) which may be 

used – after certain modifications – for cavity flooding and return of coolant from the 

confinement floor (downcomer of ERCV loop); 

 

– annulus gap (width ~30 cm) between RPV and thermal insulation of cylindrical part of RPV 

(riser of ERCV loop). 
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On the other hand, negative feature for adoption of the IVR concept are two main obstacles for creation of 

efficient ERVC loop: 

 

– presence of massive thermal/biological shield (Figs. 1. and 3.) of lower head which prevent 

coolant access to RPV wall (the gap width between the RPV and this shield is only ~2 cm); 

 

– flow restriction for steam-water mixture venting at the outlet from reactor cavity to confinement 

(gap ~3 cm due to presence of RPV support structures). 

 

The shield can be in principle removed, as in Loviisa NPP or modified, as planned for Slovakian and 

Hungarian VVER-440 units (Fig. 1.). These two solutions and some theoretical assumptions have been 

already analyzed in the paper
1
. In this paper previous activities performed for Paks NPP in 2006

2
. of VUEZ 

and IVS Company (Slovakia) on the area of IVR conception are also presented. 

 

5. IVR proposal for Paks NPP 

 

Presence of coolant pool on the confinement floor is assumed during most of accidents. However, 

relatively large amount of coolant (~750 m
3
) is necessary to reach the elevation of reactor cavity flooding 

valves (+ 6.80 m) and to flood the reactor cavity (Fig. 2.). The inherent water spilling from the bubbler 

condenser barbotage trays is achieved only for larger LOCAs. Manual draining (opening of drainage 

valves by operator) is required for smaller break diameters in order to gain missing coolant for cavity 

flooding. Due to limited diameter of drainage lines this action takes about 70-80 minutes. 
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Fig. 2. Flooding curve of SG box and connected system 

 

Water from the confinement floor enters through two new active inlet valves into large-diameter 

ventilation ducts, which are discharging into lower part of reactor cavity (Fig. 1.). 

 

                                                      
1
 J. Elter, P. Matejovic: Proposal of in-vessel corium retention concept for Paks NPP, MASCA 2 seminar, Cadarache, France 11-

12 October 2007 

2 P. Matejovic, M. Bachraty, M. Barnak: In-vessel retention for Paks NPP, Volume I. “General”, Volume II. “Cooling of the 

reactor external surface”, Volume III. “Timing and coolant resources aspects”, Volume IV. “Analysis of LB LOCA for VVER-

440/V213 confinement” IVS reports, Trnava, October 2006 
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Provisions (isolation siphon) should be also installed to avoid coolant flow through ventilation ducts into 

ventilation centre. 

 

Modification of the thermal/biological shield of RPV lower head is necessary in order to enable coolant 

flow from lower part of the cavity to RPV wall. Main disadvantage of the approach applied for Loviisa 

plant with lowering the shield is the high cost of implementation and need to remove devices for ultrasonic 

inspection of RPV surface, which is located below reactor. On the other hand, the main benefit is the large 

thermal margin between expected and critical heat flux, what was experimentally verified on ULPU 

facility
3
. 

 

In Paks NPP the thermal/biological shield (Fig. 3.) will be not lowered, but a closable opening located in 

the central part of the shield will be installed. This buoyancy driven cover should open passively as soon as 

the water level in lower part of cavity reaches its elevation. 

 

Through this opening water would flow into narrow curved gap between elliptical head and thermal shield. 

This is the critical point of ERVC loop, because the minimum gap and the maximum heat flux could be 

expected here during the accident. Due to the thermal expansion of the RPV under IVR conditions, the gap 

width would be reduced even further. 

 

 
Fig. 3. Thermal/biological shield of RPV elliptical head, Paks NPP 

 

In order to support the implementation of necessary plant modifications for adoption of IVR concept 

licensing analyses have been performed. 

 

                                                      
3 O. Kymäläinen, H. Tuomisto, T.G.Theofanous: In-vessel retention of corium at the Loviisa plant, Nuclear Engineering and 

Design 169, 1997 
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6. Supporting analyses 

 

The analyses were made by IVS
4
 and IBOK

5
 Companies for Paks NPP. Two bounding severe accident 

sequences (LB and SB LOCA) without availability of HP and LP safety injection in power uprate (108 %) 

conditions were carried out. In the 1
st
 sequence main safety concern was the maximum heat flux through 

the RPV wall. In the 2
nd

 sequence attention was paid to ability to depressurise the primary system using 

PORV and 1 (or 2) safety valve. The intentional reactor cavity flooding in the course of the accident was 

considered as a severe accident management measure in both sequences. This action will be included into 

SAMGs that are under development. 

 

At first, integral analysis of both sequences was performed using the ASTEC code, which was jointly 

developed by IRSN and GRS. The most important operator interventions considered in the accident 

scenario were: depressurisation of secondary and primary system, draining of barbotage trays and flooding 

the reactor cavity. 

 

As a next step, the obtained results were used as boundary conditions for structural analysis of reactor 

pressure vessel in order to obtain deformations of reactor outer surface. This analysis was performed with 

ANSYS code. 

 

Finally, a detailed hydraulic nodalization was prepared for RELAP code considering the deformed shape of 

reactor outer surface and the analysis of ERVC was performed for the thermal load which was obtained by 

ASTEC code. 

 

ASTEC results 

 

As it was mentioned, the thermal loading on the inner surface (time-dependent heat flux distribution 

through RPV wall) was estimated using ASTEC integral code (version V1.3 rev.2). Although the main 

concern was “in-vessel phenomena”, analysis of confinement response was also performed. In this 

analysis, made by IVS Company, the reactor cavity flooding is simulated applying appropriate boundary 

condition (heat transfer coefficient + coolant temperature) at the time when the coolant level in reactor 

cavity during flooding process reaches the RPV elevation. Main output from this analysis is the thermal 

loading. Other important outputs are:  

 

– mass, composition and decay heat of molten corium pool in lower plenum; 

 

– overall course of the accident, including confinement response. 

 

In this approach the decay heat is calculated from the defined initial inventory of fission products (FPs) in 

the core. In the course of the accident, volatile FPs escape from the core (after cladding rupture). Non-

volatile FPs together with molten fuel are relocated into lower plenum. This approach represents a realistic 

type of thermal load estimation, because basic corium pool parameters are estimated based on analytical 

estimation instead of postulating corium mass and decay heat in molten pool. Analyzed sequences were: 

 

– LB LOCA (200 mm) without availability of active ECCS; 

 

                                                      
4
 P. Matejovic, M. Bachraty, M. Barnak: In-vessel corium retention for Paks NPP. Analysis of LB and SB LOCA sequences, IVS 

reports, Trnava, August 2009 

5 R. Berky, J. Bosansky: Computational Analysis of Reactor Pressure Vessel Dilatation, IBOK Technical Report, Bratislava, 

August 2009 
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– SB LOCA (10 mm) without availability of active ECCS, with loss of offsite power. 

 

The first sequence represents the largest LB LOCA, which does not result in spilling of coolant from 

barbotage trays. LB LOCAs without active ECCS injection are characterized by rapid depressurisation of 

the primary system at the beginning of the accident. Large coolant leak without availability of active ECCS 

results in early core heat-up, core melting, relocation and thermal attack of the molten corium on RPV 

wall. On the other hand, there is only limited amount of coolant available on the confinement floor. Thus, 

manual draining of barbotage trays is necessary in order to assure sufficient coolant volume for reactor 

cavity flooding, which takes relatively long time. This combination of early core melting and late reactor 

cavity flooding represents the most challenging sequence from the point of view of preserving RPV 

integrity. The main goal of this analysis is to prove that the flooding of the reactor cavity occurs 

sufficiently early for preserving RPV integrity. Heat flux profiles at different times obtained from ASTEC 

analyses for this LB LOCA case are shown on Fig. 4. 
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Fig. 4. LOCA 200 mm. Heat flux at RPV outer surface at different times (x axis represents spread 

distance from RPV bottom to the top along the surface) 

 

The second accident represents a high-pressure sequence. For successful application of the IVR strategy 

the primary system has to be depressurised manually by operator via pressuriser safety and relieve valves 

to a sufficiently low level (p1 < 20 bar). Again, manual draining of barbotage trays is necessary to assure 

sufficient coolant volume for reactor cavity flooding. The main goal of this analysis was to prove whether 

it is possible to depressurise primary system and to flood the reactor cavity before the internal surface is 

subjected to thermal load from molten corium relocated into lower plenum. Heat flux profiles at different 

times for SB LOCA are shown on Fig. 5. Due to late core melting the maximum heat flux values are 

significantly lower than in the previous case. 

 

ANSYS results 

 

The obtained time-dependent heat flux distribution through the reactor inner surface and primary pressure 

were used in the subsequent structural analysis, which was performed using finite element code ANSYS 

(release 10). The prescribed boundary conditions were applied at both, inner (heat flux profile) and outer 
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(HTC and coolant temperature) reactor surface. Main output from this analysis, made by IBOK Company, 

was the time-depended deformation of the reactor outer surface. 

 

The results of analysis of RPV dilatation taking into account stress relaxation due to creep are: 

 

– The radial dilatation of the cylindrical shell of RPV in LOCA 200 mm scenario achieves the 

max. value 10.5 mm on the outer surface in the area of the interface between the cylindrical shell 

and head, at about 7.75 hours from the start of the accident. 

 

– The radial dilatation of the cylindrical part of RPV at the LOCA 10 mm scenario achieves the 

max. value of 7.5 mm, at about 36 hours from the start of the accident. 

 

Results of ANSYS analyses for the analysed LB LOCA case are shown on Fig. 6. and 7. 
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Fig. 5. LOCA 10 mm. Heat flux on RPV outer surface depending on time 
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Fig. 6. LOCA 200 mm. Thermal field in RPV with visualisation of melted zone, time of 7.5 h 
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Fig. 7. LOCA 200 mm. Radial displacement change on outer surface of RPV head during 1. day 

 

RELAP results 

 

In the last step, the analysis of external reactor vessel cooling (ERVC) was performed using the RELAP 5 

code. Based on the information from ANSYS analyses, hydraulic nodalization was prepared considering 

actual deformed “hot-state geometry”. The reactor wall was modelled as heat structure heated on inner 

surface (applied thermal load from ASTEC analysis) and cooled on outer surface (actual convective heat 
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transfer coefficients calculated by the RELAP code based on the actual two-phase flow conditions in 

control volume of ERVC loop, which is adjacent to given mesh point of heated structure). 

 

The gap width between RPV outer surface and thermal/biological shield is locally decreased to minimum 

value ~10 mm for LOCA 200 mm and ~13 mm for LOCA 10 mm. Main goal of the ERVC analysis was to 

demonstrate, that under the IVR conditions there is no boiling crisis on the RPV outer surface and thus the 

integrity of RPV is preserved. Mass-flow-rate with oscillated shape through the ERVC loop for LB LOCA 

case is shown on Fig. 8. 

 

From the results of RELAP analysis it follows that the above-mentioned gap width is sufficient for natural 

circulation of coolant in two-phase flow regime. In general, oscillatory flow behaviour was predicted in 

ERVC loop. Potential danger for RPV cooling could arise from short periods of flow stagnation, when 

higher voiding in the narrow gap between RPV wall and thermal/biological shield may occur. However, 

the heat transfer mode from RPV outer surface remains in subcooled single-phase convection (inlet – 

curved part of the riser) or nucleate boiling mode (rest of the riser). Thus, the boiling crisis was not 

predicted and there were only minor fluctuations of RPV surface temperature. 

 

Efficiency of the ERVC loop in given IVR geometry should be proven experimentally by AEKI on 

CERES facility, which is under construction in Hungary. 

 
 

 
Fig. 5.19.  Coolant mass flow rate in the riser.
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Fig. 8. LOCA 200 mm. Coolant mass flow rate in the riser 

 

7. Conclusions 

 

An IVR concept with simple ECVR loop based only on minor modifications of existing plant technology 

was proposed for Paks NPP. The analyses supported the assumption that the proposed solution is effective 

in preserving RPV integrity in the case of severe accident. Possible uncertainties in code predictions are 

covered by the applied conservative assumptions.  

 

 
 

oscillatory shape  
in the different positions 

of the riser 



 

499 

Based on these encouraging results licensing document for implementation of necessary plant 

modifications was prepared. This engineering design can be characterised as passive, low costs and easy 

implementing one. This solution after having licence from regulatory body is planned to be implemented in 

2011 on the 1
st
 Unit in Paks NPP. 

 

 

 

Abbreviations 

 

ECCS  Emergency Core Cooling System 

ERVC  External Reactor Vessel cooling 

CERES  Cooling Effectiveness on Reactor External Surface 

FPs  Fission Products 

HTC  Heat Transfer Coefficient  

IVR  In-Vessel Retention 

PORV  Pressuriser Relief Valve 

RPV  Reactor Pressure Vessel 

SAM  Severe Accident Management 

SAMG  Severe Accident Management Guidance 
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A Case Study to Support the Sizewell B SAM Strategy - Evaluation of the Optimum Use of Water 

after Core Degradation Has Started 

K. L. Peers, AMEC 

E. Grindon, AMEC 

P. Lightfoot, British Energy Generation 

 

 

Following the onset of core degradation, in some circumstances, it may be possible to prevent or delay 

failure of the lower head by introducing sufficient water into the reactor cavity to immerse the reactor 

pressure vessel (RPV). The use of reflooding models to evaluate the effectiveness of such Severe Accident 

Management (SAM) strategies is now becoming more accepted. This paper reports the results of an early 

and innovative study of the feasibility of in-vessel retention (IVR) for the Sizewell B PWR, where the 

containment includes a modified floor drainage arrangement. This ensures that under accident conditions, 

even without the operation of engineered safeguards, the reactor cavity is flooded to a depth of 1 to 

3 metres.  

 

The main objective of the study was to support the SAM strategy for the optimum use of recovered water 

supplies in the period following the onset of core degradation but prior to RPV failure. The accident 

scenario adopted was based on a station blackout with loss of emergency core cooling system (ECCS) and 

all other safeguards. The study considered four scenarios with recovered water sources at various times and 

considered issues such as water accessibility, prevention of RPV failure and reduction of radiological 

releases to the environment. 

 

One of the significant developments in MAAP4.0.3 was the introduction of a model for the external 

cooling of the RPV, which could for the first time support an integrated investigation of SAM actions to 

externally flood the RPV. However, the MAAP4.0.3 model for heat transfer from the lower head to its 

surroundings was considered too simplistic to support the study and this led to the implementation of a 

number of modelling improvements.  

 

The authors would like to acknowledge the contribution of Dr. M. L. Ang and the late Dr. D.B. Utton to 

this study. 

 

1. Modification of default MAAP4.0.3 modelling 
 

The MAAP code modelled the interactions between the in-vessel core debris, i.e. corium, its surrounding 

crusts, any water present in the vessel and the RPV internal structures including the lower head. Also 

modelled were the energy losses from the lower head outer surface to its surroundings in the reactor cavity 

and heat transfer to the wider containment.  

 

However, the model used in MAAP4.0.3 to determine heat transfer rates between the RPV walls and an 

external water pool was considered an overly simplified representation of the boiling curve which would 

lead to an overestimation of RPV surface cooling rates. Use of the default model would give a general 

indication of heat transfer to a surrounding water pool but the model was not considered adequate for the 

proposed evaluation of the optimum use of recovered water supplies, as it might unduly favour cavity 

flooding.  
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Additionally, whilst the MAAP4.0.3 code contained more detailed geometric modelling of the RPV lower 

head region than the earlier MAAP3.0B, the code only used a single surface temperature for the calculation 

of heat transfer for the entire immersed RPV surface. This average temperature approach was considered 

an over simplification, since the immersed surface nodes would be expected to have widely different 

temperatures during periods when RPV integrity is threatened.  

 

Therefore, it was decided to replace the default modelling with a more detailed model, to assess the 

coolability of the RPV by an external cavity water pool. The model changes are discussed in the following 

sub-sections. 

 

1.1. Heat transfer nodalisation 

 

The default MAAP4.0.3 code calculated the heat transfer from the RPV external surface to the containment 

water pool (and heat transfer from all other primary system heat sinks) in the following way: 

 

a) Calculate RPV surface area covered by the water pool. 

 

b) Calculate average temperature of this surface. 

 

c) Calculate a heat transfer coefficient based on this average temperature. 

 

The RPV outer surface is divided into ten nodes, five of which refer to the lower head. The default model 

used a single temperature for the heat transfer coefficient calculation, based on the average temperature for 

the entire immersed RPV surface. For this study, the source code was changed to use the individual heat 

transfer coefficients for each of the 10 nodes of the RPV external surface. The heat transfer coefficients 

were calculated using a modified boiling curve. 

 

The default model of heat transfer coefficients was used for other parts of the primary system. 

 

1.2. Modified boiling curve 

 

The default model of heat transfer from a surface to an external water pool assumed natural convection if 

the surface temperature was less than the water saturation temperature, and a simplified treatment of 

boiling at higher temperatures. This approximation was based on nucleate boiling calculated using the well 

established Rohsenow correlation
1
, which was modified at surface superheats greater than approximately 9 K, with an upper limit 

corresponding to a critical heat flux (CHF) of 4 MWm
-2

. At greater surface superheats it was assumed that 

the heat flux remains at the CHF value. This curve was considered a reasonable approximation to the 

boiling curve in situations where the RPV surface is heating up and is initially below the temperature 

corresponding to CHF.  

 

This will not be the case in many situations, bearing in mind that this temperature is typically around 

415 K and that the usual PWR operating temperature is in the region of 570 K. Thus, for the majority of 

severe accident sequences, the RPV temperature will exceed that corresponding to CHF and a full 

representation of the boiling curve should be used. Initially heat transfer will be in the film boiling regime 

which can correspond to heat transfer rates an order of magnitude less than CHF. It was concluded that 

there was the potential for a significant overestimation of the coolability of the RPV by an external water 

pool if using the default MAAP4.0.3 code. A modified boiling curve was constructed based on the 

following well established correlations: 

                                                      
1 Rohsenow W M, A method of correlating heat transfer data for surface boiling of liquids, Trans ASME 74 (1952) 969 
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a) nucleate boiling predicted by the Rohsenow correlation, 

 

b) critical heat flux predicted by Ivey and Morris, 

 

c) transition boiling regime which is a logarithmic interpolation between CHF and the minimum film 

boiling temperature, 

 

d) film boiling as predicted by the Bankoff correlation for turbulent films. 

 

The precise form of the boiling curve is a function of the containment pressure and the water temperature. 

Figure 1 shows the curve for a pressure of 0.18 MPa and a temperature of 358 K, which are typical values 

for a severe accident sequence after core degradation has begun, but before RPV failure. 

 

Nucleate Boiling 

 

The onset of nucleate boiling occurs when the surface temperature exceeds the local fluid saturation value. 

It has been studied extensively and is characterised by a non-linear increase in heat flux with increasing 

wall superheat (Tsurf - Tsat). The well established Rohsenow correlation was already used in MAAP4.0.3 

and was retained in the new model for the calculation of heat transfer up to the CHF. 

 

Critical Heat Flux 

 

The increasing steam generation rate with increasing nucleate boiling heat flux eventually limits the rate at 

which water can be replenished at the surface. This sets an upper limit to the obtainable heat flux which is 

termed the CHF. Its value is generally a function of the thermophysical properties of the fluid and their 

dependence on the pressure and the sub-cooling of the bulk liquid.  

 

This phenomenon had been reported extensively in the literature and various correlations proposed. 

Theofanous
2
 reported data from the ULPU-2000 facility which modelled the lower head of an AP 600 

RPV. In addition, Rougé
3
 reported data obtained from the SULTAN facility which also modelled a lower 

head. The data were in broad agreement and indicated CHFs in the region of 1 - 1.5 MWm
-2

 when there 

was a small amount of bulk liquid subcooling due to the hydrostatic head in the facility. 

 

The modified model used a correlation developed by Rohsenow and Griffith
4
 for saturated liquids which 

predicted fluxes similar to those reported in References 2 and 3. 

 

In situations where the reactor cavity has been flooded with recovered water sources, predominantly from 

the refuelling water storage tank (RWST) or townswater supplies, the water sub-cooling can be significant 

and in the range 30 - 60 K at the critical time when the RPV integrity is first under threat by corium 

relocation into the lower plenum. An allowance was made for this by using a correlation developed by Ivey 

and Morris
5
. 

                                                      
2 Theofanous T G, The In-Vessel Retention as a Severe Accident Management Strategy, Proceedings 8th International Topical 

Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-8), Kyoto, Japan, 30 Sept - 4 Oct, 1997 

3 Rougé S, SULTAN test facility for large-scale vessel coolability in natural convection at low pressure. Nuclear Engineering and 

Design 169, 185-195 (1997) 

4 Rohsenow W M and Griffith P, Correlation of Maximum Heat Transfer Data for Boiling of Saturated Liquids, Chemical 

Engineering Progress Symposium Series 52 (18:47) (1956) 

5 Ivey H J and Morris D J, On the relevance of the vapour-quid exchange mechanism for subcooled boiling heat transfer at high 

pressure, UK Report AEEW-R-137, Winfrith 1962 
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Transition Boiling 

 

This region of the boiling curve is characterised by the heat flux decreasing as the wall temperature 

increases. The lower bound is the temperature corresponding to CHF and the upper bound is termed the 

minimum film boiling temperature at which point the surface is blanketed by a vapour film.  

 

There was no well established correlation based on thermophysical properties, consequently the modified 

model calculated the heat flux in this region by using interpolation based on the logarithms of the bounding 

temperatures. 

 

The minimum film boiling temperature was also difficult to establish experimentally and a wide range of 

values and correlations had been published. One of the causes for the wide range in reported values was 

that there appeared to be a difference between values obtained when the surface temperature was increased 

and when surface temperatures were decreased (quenching). A survey of available information indicated 

that, for water at pressures of 1 - 5 bar, a reasonable value was 600 K. 

 

Film Boiling 

 

In the film boiling regime, heat is transferred by conduction and radiation across the vapour film.  

 

Much of the experimental work and the associated analysis was based on small scale facilities where the 

vapour film was laminar. Hsu and Westwater
6
 showed that there was a critical Reynolds number associated 

with the transition to a turbulent film which lead to greater heat transfer rates than would be observed if the 

film remained laminar. It was shown that the transition corresponded to a critical film length of order 1 - 

10 cm for water in the conditions expected during a severe accident. The RPV lower head dimensions are 

an order of magnitude greater so that a turbulent film boiling correlation was appropriate. A correlation 

developed by Bankoff
7
 which was consistent with the experimental data of Hsu and Westwater was chosen 

to be appropriate. 

 

2. Scenarios analysed 
 

In the Sizewell B (3479 MWTh four-loop Westinghouse PWR with a large dry containment) design, the 

floor drainage was modified to ensure that under accident conditions, even without the operation of 

engineered safeguards, the reactor cavity would be flooded to a depth of between 1 and 3 metres before 

vessel failure occurs. With the availability of the engineered safeguards and the RWST inventory, the RPV 

is submerged externally to a height corresponding to approximately mid-height of the active core. This 

inherent cavity flooding capability maximises the likelihood of several important mitigative functions: 

 

 Preventing vessel failure by cooling the outside surface of the RPV,  

 

 Quenching of the core debris if RPV failure occurs, 

 

 Providing long term cooling of core debris and prevent or delaying the onset of molten core 

coolant interaction (MCCI), 

 

                                                      
6 Hsu YY and Westwater J W, Approximate Theory for Film Boiling on Vertical Surfaces, Chemical Engineering Progress 

Symposium Series 56 (15:22) (1959) 

7 Bankoff S G, Discussion of approximate theory for film boiling on vertical surfaces, Chemical Engineering Progress Symposium 

Series, 56 (1960) 
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 Reducing fission product releases by pool scrubbing. 

The main objective of the study was to support the SAM strategy for the optimum use of recovered water 

supplies. The accident scenario adopted was based on a station blackout with loss of ECCS and all other 

safeguards. The study considered four scenarios with recovered water sources at various times in the 

period following the onset of core degradation but prior to RPV failure. It was assumed that one low 

pressure pump and a corresponding water supply i.e. either the RWST or the fire suppression spray 

reservoir was recovered. An additional assumption was that the containment was intact so that 

environmental releases are via leakage paths only. The study considered issues such as water accessibility, 

prevention of RPV failure and reduction of radiological releases to the environment. 

 

Four potential water recovery scenarios were considered: 

 

 Recovery of the containment spray system supplied from the RWST. The sprays terminate when 

the RWST is empty because recirculation cannot be established. 

 

 Activation of the Containment Fire Protection (CFP) system. The sprays terminate when the 

reservoir is empty. 

 

 Recovery of the ECCS low pressure injection system, supplied from the RWST. 

 

 Recovery of a steam generator feedwater system based on low pressure injection/ fire spray pump 

characteristics. 

 

The study investigated each of these four recovery scenarios for two situations: 

 

 the reactor coolant system (RCS) was successfully depressurised by the operator, in accordance 

with the Station Operation Instructions (SOIs), when the core exit temperature reading exceeded 

650°C.  

 

 the RCS remained pressurised, limited only by operation of the pressuriser relief valves (PORVs). 

 

The time that the core exit temperature reached 650°C is referred to as T650 in this paper, regardless of 

whether the operator performed the depressurisation action or not. The timings of recovery of water 

sources and RPV failure are given relative to this time. 

 

The objective of the study was to investigate if there is an optimal use of a water supply should it become 

available following the onset of core degradation. The relative merits of alternative uses of recovered water 

are judged against two success criteria - prevention of RPV failure and reduction of radiological releases to 

the environment. 

 

3. Discussion of Results 
 

Tables 1 and 2 summarise the results of the analysis performed using the modified MAAP4.0.3 code. 
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3.1 Ex-vessel flooding 

 

The flow rate of the containment spray system supplied from the RWST was 218 kg/s. The containment 

spray, located in the upper compartment, preferentially drained into the cavity. The containment spray 

terminated when the RWST emptied due to failure to establish recirculation. The mass of water which was 

discharged filled the cavity relatively quickly and overflowed the kerb linking the cavity to the lower 

compartment. The rate of water level rise in the lower compartment was slow due to the large floor area. 

This level of water meant that nodes 1 to 6 of the RPV external surface were completely immersed and 

node 7 was partly immersed (as shown in Figure 2).  

 

The CFP system had a lower flow rate than the containment spray system but the water supply reservoir 

was approximately 50% greater than the RWST inventory. The lower flow rate resulted in a slower cavity 

flooding rate. However, the greater water supply meant that the final water level corresponded to a further 

immersion of 0.6 m of the RPV. However, this was still below the top of the active core (as shown in 

Figure 2). 

 

The analysis was performed assuming the operator successfully depressurised the RCS when the core exit 

temperature reached 650°C, but the accumulators did not discharge into the RCS.  

 

Within the uncertainties in the overall accident progression timing, it was concluded that either spray 

system may prevent RPV failure if it is initiated in time. In the MAAP model, the ex-vessel cooling 

provided by the spray water prevented excessive RPV wall temperatures even when core melt was allowed 

to progress for approximately 4 hours without external cooling. When the sprays were delayed until 

5 hours after the core exit thermocouples indicated 650°C, by which time most of the core had relocated 

into the lower plenum, there was insufficient time to prevent RPV failure. Given the uncertainties in the 

calculations, it was concluded that 4 hours after the core exit temperature reached 650°C was an upper 

bound for the recovery of spray water in terms of preventing vessel failure. 

 

Although the CFP nozzles are at a lower elevation than the containment sprays, strong natural convection 

currents within the containment provided sufficient mixing to make them broadly equivalent in terms of 

washing out airborne fission products. 

 

3.2 Low Pressure Injection into Depressurised RCS 

 

Depressurising the RPV provides the benefit of reducing the pressure stresses on the vessel and also 

enables additional water inventory to be introduced into the RCS. The ECCS low pressure injection (LPI) 

system can provide internal vessel cooling by pumping water, supplied from the RWST, into the RCS.  

 

This analysis was performed to assess whether water injection into the RPV would be as effective as 

external RPV cooling in preserving vessel integrity. The LPI water quenched the corium and refilled the 

vessel. This internal cooling was sufficient to prevent thermal attack of the RPV wall and weakening of the 

penetration welds. Thus activation of the LPI system was also an effective way of preventing RPV failure, 

for times up to 4 hours after depressurisation. 

 

Although vessel integrity was maintained, the release of fission products into the containment atmosphere 

and off-site were very similar to the results of the base case. This was one disadvantage of using the 

recovered water source for in-vessel water injection, rather than ex-vessel flooding, where containment 

sprays wash some fission products out of the atmosphere. The lower pressure also reduced the 

effectiveness of natural convection in transferring energy from the reactor core to other parts of the 

primary circuit. 
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3.3 Pressurised RCS 

 

Even when the RPV was partially immersed by water, due to ex-vessel flooding, the water depth did not 

exceed the active core height. As a consequence, the code predicted that the immersed lower head was 

coolable but natural convection heated the cylindrical part of the vessel sufficiently to cause it to fail under 

the pressure loads. 

 

3.4 Secondary side water supply 

 

Results indicated that the effectiveness of recovery of steam generator water supplies in preventing RPV 

failure depended on the RCS pressure. At high pressures, natural convection provided sufficient coupling 

to enable the steam generator to dissipate a significant portion of the decay heat and RPV failure was 

prevented. At low pressures the coupling was insufficient and RPV failure was predicted. A number of 

sensitivity studies on the pressure head from the water supply pump were performed. It was found that the 

pressure head must be sufficient to overcome the secondary side pressurisation caused by evaporation of 

the injected water on the hot SG tubes.  

 

3.5. Modelling Uncertainties 

 

The nature and structure of the upper corium pool was an area of uncertainty in the modelling. It has been 

postulated that a corium pool will separate out into two regions, an underlying uranium oxide - zirconium 

oxide pool with a steel - zirconium metal layer on top. The MAAP4.0.3 model postulated a separate metal 

layer but assumed that its behaviour was controlled by convection processes within the underlying oxide 

pool. Thus heat transfer between the layer and the RPV was calculated using their temperature difference 

but the heat transfer coefficient was that between the oxide pool and its crust. In contrast, Theofanous et 

al.
8
 suggested that heat transfer between the metal layer and the RPV be calculated as if the layer behaviour 

is independent of the underlying pool, and so is given by a correlation for natural convection to a vertical 

wall (the RPV) based on the physical properties of the metal layer. These two different models represented 

the lower and upper bounds of heat transfer rates considered.  

 

A limited number of analyses were performed to investigate the impact of heat transfer from the metal 

layer to the RPV wall by replacing the default correlation for heat transfer from the metal layer with the 

Churchill and Chu correlation
9
 as suggested by Theofanous. 

   

Substitution of the appropriate physical parameters for this case study indicated that the predicted heat 

transfer rates using the two models were different by an order of magnitude. 
 

There were also limitations imposed by the general purpose nature of the code structure. In this study the 

metal layer thickness was typically in the range 0.1 - 0.17 m, so that the interface with the RPV wall was 

relatively localised. The MAAP noding scheme for the lower head had five radial and five axial nodes, 

with no thermal conduction in the axial direction. This arrangement was adequate for interactions with the 

larger oxide pool and crust but may not have been sufficiently detailed for a localised thermal load. 

 

In summary, preliminary calculations using MAAP 4.0.3 with a modified boiling curve, and an alternative 

correlation for heat transfer between an overlying metal layer and the RPV wall, indicated that the RPV 

wall may be more vulnerable to attack than was predicted by the default code. 

 

                                                      
8 Theofanous T G et al., In-Vessel Coolability and Retention of a Core Melt, DOE/ID-10460, October 1996 

9 Churchill S W and Chu H H S, Correlating Equations for Laminar and Turbulent Free Convection from a Vertical Plate, 

International Journal Heat Mass Transfer 18 (1323:1329) (1975) 
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4. Conclusions 
 

Comparison of analysis performed with and without the amendments to the MAAP4.0.3 boiling curve 

model indicated that these changes did not have a significant effect on this accident progression. There 

were changes to the detailed RPV surface temperatures in response to the introduction of water. However 

for this geometry and accident scenario the quasi-steady state heat fluxes did not approach the critical 

value (CHF). 

 

The study indicated that late activation of either spray system introduced enough water into the cavity to 

immerse the lower part of the RPV and that the immersed lower head would be coolable provided that 

water is introduced before most of the corium relocates into the lower head. However, if the RCS was at 

high pressure, natural convection would heat the vessel walls sufficiently to cause RPV failure under the 

pressure loads. Strong natural convection was a benefit when the steam generator water supply was 

restored, providing the coupling to enable the steam generators to dissipate heat and reduce the RPV 

thermal load. Activation of the low pressure injection system was also found to be effective in preventing 

RPV failure, provided that corium relocation into the lower plenum had not already occurred.  

 

Figure 1. Boiling Curves 
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Figure 2. MAAP RPV Nodalisation and Water Levels Schematic 
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Table 1. Summary of modified MAAP4.0.3 results with RCS depressurisation at time T650 

 

Source of water 
Time of water 

recovery 
RPV failure RPV failure mode predicted 

None None At T650+5.5h Penetration tube failure 

Containment spray recovery 

 

At time T650 No None 

At time T650+4h No None 

CFP recovery 

 

At time T650 No None 

At time T650+4h No None 

At time T650+5h At T650+5.5h Penetration tube failure 

Low pressure injection 

 

At time T650 No None 

At time T650+4h No None 

At time T650+5h At T650+5.1h Creep rupture of lower plenum 

SG feed recovery 

 up to 18 bar 

 

At time T650 

 

At T650+4.7h 

 

Creep rupture of lower plenum 

 

Table 2. Summary of modified MAAP4.0.3 results with no RCS depressurisation  
 

Source of water 
Time of 

recovery 
RPV failure RPV failure mode predicted 

None None At T650+1.0h Creep rupture of lower plenum 

Containment spray recovery 

 

At time T650 At T650+4.3h 
Creep rupture of cylindrical 

RPV 

At time 0h
(1)

 At T650+4.8h 
Creep rupture of cylindrical 

RPV 

CFP spray recovery 

 

At time T650 At T650+0.9h Creep rupture of lower plenum 

At time T650-1h
(1) 

At T650+4.4h 
Creep rupture of cylindrical 

RPV 

At time 0h
(1)

 At T650+4.3h 
Creep rupture of cylindrical 

RPV 

SG feed recovery 

 up to 6 bar 

 up to 10 bar 

 up to 18 bar 

 

At time T650 

 

At T650+1.6h 

 

Creep rupture of lower plenum 

At time T650 At T650+1.8h Creep rupture of lower plenum 

At time T650 No None 

(1) this scenario is not a practical option but is included for completeness of study 
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Analysis of In-Vessel Coolability and Retention with Control Rod Guide Tube Cooling in Boiling 

Water Reactors 

Francesco Cadinu, Royal Institute of Technology 

Tran Chi Thanh, Royal Institute of Technology 

Pavel Kudinov, Royal Institute of Technology 

 

Extended Abstract  

 

In normal operation of a Boiling Water Reactor (BWR) there is a purge water flow through the Control 

Rod Guide Tubes (CRGTs). The goal of this paper is to develop appropriate simulation tools and study the 

feasibility and the efficiency of the CRGT flow for the cooling of core melt material in the lower head of a 

BWR as a Severe Accident Management measure. 

 

The “focusing effect”, due to the presence of a metal layer atop of the corium pool, is a well known 

limiting mechanism for in-vessel coolability in Pressurized Water Reactors (PWR). A BWR core contains 

considerable fraction of metals which may not be completely oxidized at the moment of core relocation to 

the lower head. Formation of a stratified configuration with a liquid metal layer floating atop of a debris 

pool can not be excluded in case of gradual remelting of core materials quenched during the relocation to 

the lower head water pool. 

 

In order to address the effect of CRGT cooling in case of a stratified heterogeneous configuration of core 

materials, relocated to the lower head, the Phase-change Effective Convectivity Model (PECM) was 

developed (Tran, Kudinov, ICAPP 2009). It was found (Tran, Kudinov, ICAPP 2009) that a strong 

feedback exists between the heat transfer inside the CRGTs and the phase change dynamics in the 

solidifying metal layer. In this study, in order to capture this feedback, a method for coupled simulations of 

the flow inside the CRGTs and the melt pool heat transfer has been developed. The CRGT flow simulation 

is performed by the system thermal-hydraulic code RELAP5 which has been coupled to the PECM for the 

simulation of turbulent natural convection and phase change in the metal layer. 

 

The PECM model of the metal layer heat transfer, implemented on the base of the CFD code Fluent, 

calculates the transient heat fluxes on the CRGTs walls to be used, as a boundary condition, by RELAP5. 

Conversely, RELAP5 provides the temperature of the CRGTs external wall as a boundary condition for the 

simulation of the core melt heat transfer. The coupling between the two codes, which run concurrently, is 

performed by a scripting interface that organizes the exchange of information at each time step of the 

PECM simulation. 

 

The calculations are performed for a prototypical Swedish BWR ABB-Atom vessel design, considering a 

representative 3D slice of the lower plenum, containing six CRGTs and a section of the vessel wall. The 

coupled simulations demonstrate the effect of the CRGT mass flow rate on the melt pool cooling. In order 

to insure its integrity, the CRGT wall temperature, during a transient, should never exceed the creep limit. 

The transient interplay between CRGT flow regime and heat transfer, metal layer solidification and latent 

heat release rates are discussed in detail. 
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1. Introduction 

 

The in-vessel retention of the core molten material generated during a severe accident is an attractive 

strategy for mitigating the consequence of this event. In the case of a BWR vessel, for a severe accident 

leading to the formation of a molten pool in the lower head, the presence of numerous Control Rod Guide 

Tubes (CRGTs) suggests using the CRGT flow as a means to cool the core molten material, thus 

decreasing the probability of vessel failure, or, at least, providing considerable delay of failure time. 

       

The goal of predicting the effectiveness of this measure is, however, complicated by aleatory and epistemic 

uncertainties such as the details of the melt pool or debris configuration, the possibility of chemical 

reactions and the difficulties in the estimation of the heat transfer to the CRGT walls. This paper addresses, 

in particular, the last problem, presenting a method to calculate efficiently the temperature distribution in 

the melt, in the vessel and in the CRGT wall, the integrity of the CRGTs being an essential component in 

ensuring the efficiency of this in-vessel retention strategy. 

 

 

 

Figure 1. 3D slice geometry of the ABB-Atom BWR lower plenum. 

 

The character of the molten pool configuration is uncertain and is very much scenario-dependent. This 

paper assumes an evolution of the severe accident leading to the formation of a stratified melt pool. In this 

hypothetical scenario, a debris bed is formed in the water filled lower plenum. It is assumed that water 

ingress is possible only from the top, resulting in the formation of a coolable debris layer atop, while the 

lower part of the debris bed reheats with time. When the temperature of the bed exceeds the liquidus 

temperature of the metal, the metallic components of the bed will melt and flow downwards, filling the 

pores in the lower part of the debris bed. Given the much higher liquidus temperature of the oxidic part, the 

oxidic particles remain in the solid phase and will be gradually displaced towards the bottom of the bed. 

This process gives rise to a heterogeneous stratified configuration, where a liquid metal layer surmounts a 

pool consisting in a matrix of liquid metals and solid oxidic particulates.  

 

The resulting structure of the pool is that of a porous media with very low permeability, effectively 

inhibiting convection heat transfer in this region. In the liquid metal layer, convection and phase change 

are, instead, considered. In this paper, a metal layer of thickness 20 cm, approximately corresponding to 

50% metal fraction in the debris, is assumed. 
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Even though this final configuration of the molten pool cannot be assumed with absolute certainty, we 

remark that it cannot be excluded a priori. From the point of view of the calculation domain, a 

simplification is made by considering exclusively a representative slice of the lower head containing six 

CRGTs (Fig. 1). The total height Ltot of each CRGT, along with Lv, Ld, Lm, the heights of the regions 

bounded by the vessel, the debris pool and the metal layer, respectively, are presented in Table 1. 

   

 Table 1. Geometrical characterization of the representative Control Rod Guide Tubes. Lengths are 

expressed in meters. 

 

CRGT Ltot Lv Ld Lm 

CRGT-1 1.1704 0.1773 0.7952 0.2 

CRGT-2 1.1442 0.1788 0.7674 0.2 

CRGT-3 1.086 0.1825 0.7055 0.2 

CRGT-4 0.9935 0.1886 0.6069 0.2 

CRGT-5 0.8630 0.1980 0.4670 0.2 

CRGT-6 0.6890 0.2122 0.2789 0.2 

 

1. Methods 

 

Even for this simplified geometry, the goal of predicting the heat transfer to the vessel and the CRGT walls 

by solving a convection-conduction problem with phase change in the debris pool and in the metal layer is 

unattainable with the current computing technology. To address this problem, the Effective Convectivity 

Model (ECM) and the Phase-Change Effective Convectivity Model (PECM) have been developed. 

Without delving into the details of the ECM/PECM, which can be found in the literature
1,2

, its main features can be outlined as follows. The ECM/PECM achieves computational efficiency by 

using, in the conduction-convection equation, characteristic velocities Uup, Udown, Uside instead of the 

instantaneous velocity field  ux,y,z(x, y, z, t). This removes the need for solving the Navier-Stokes equation. 

The characteristic velocities are the means for the directional transport of convective heat from the bulk 

fluid to the cooled boundaries and are determined as a function of the Nusselt number.  The Nusselt 

number is obtained from the Globe-Dropkin correlation to represent the convective heat transfer in the 

vertical direction. The corresponding characteristic velocity is defined as: 

)1Nu(
2

up 
H

U up


, 

H is the height of the liquid layer and the thermal diffusivity. 

 

For the horizontal direction, the Chuchill-Chu correlation is used instead, and  

                                                      
1
 C.T. TRAN and T.N. DINH, "The Effective Convectivity Model for Simulations of Melt Pool Heat Transfer in a 

Light Water Reactor Pressure Vessel Lower Head. Part I: Physical Processes, Modeling and Model Implementation",  

Progress in Nuclear Energy, Volume 51, Issue 8, 849-859. 

2
 C.T. TRAN, P. KUDINOV, "The Effective Convectivity Model for Simulation of Molten Metal Layer Heat 

Transfer in a Boiling Water Reactor Lower Head", 2009 International Congress on Advances in Nuclear Power Plants 

(ICAPP'09), Shinjuku Tokyo, Japan, May 10-14, 2009. 
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W representing the width of the fluid layer.  

 

The phase change in the metal layer is treated by introducing a reduced characteristic velocity UM to 

represent the possible convection in the mushy zone. The mushy velocity UM , in a region of temperature T, 

is defined as a function ),( LM FUfU   where U represents upU  or 
sideU , calculated as above, and the 

liquid fraction FL is: 
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where TLIQ and TSOL are the liquidus and the solidus temperature, respectively. 

 

As it was previously pointed out, the introduction of the characteristic velocities eliminates the need for 

solving the Navier-Stokes equation to determine the local velocity field ux,y,z(x, y, z, t). Thus, at every time 

step, the convective part in the conduction-convection equation and in the enthalpy conservation equation, 
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is reduced to a modified heat source term and only a heat conduction problem has to be solved. The 

reliability of the ECM/PECM has been assessed by validation studies performed against an extensive set of 

experimental data and CFD calculations
40,3

. The ECM/PECM is implemented using the heat conduction 

equation solver of the commercial CFD code Fluent, with the help of a set of user defined functions. 

 

The boundary conditions required by the ECM/PECM are represented by the heat flux on the external 

vessel wall and the CRGT external wall temperature or, in alternative, the heat flux on the internal CRGT 

wall. In previous studies, assumptions were made on the nature of the heat transfer on the internal CRGT 

wall. To eliminate this source of uncertainties, the ECM/PECM is coupled to a simulation of the flow 

inside the CRGTs. The key advantage of the coupled method is represented by the fact that it doesn’t 

require any hypothesis on the heat transfer characteristics on the internal CRGT wall. The heat transfer 

between the wall and the fluid is, rather, calculated by a system code as a function of the hydrodynamic 

boundary conditions and the heat flux on the external CRGT wall. As the latter is the output of the 

ECM/PECM simulation, the only boundary conditions required by the coupled system are the outlet CRGT 

pressure pout, their mass flow rate m , the inlet temperature Tin and the heat flux q on the external vessel 

wall. 

 

The simulation of the flow inside the CRGTs is performed by the system thermal hydraulics code RELAP5 

mod 3.3. Each CRGT is modeled by a RELAP5’s Annulus component, whose flow area matches the actual 

flow area inside the CRGT. The length of each Annulus is taken as the distance between the external vessel 

surface and the top surface of the metal layer in the position where the corresponding CRGT is located. 

The axial nodalization is performed under the constraint that the interfaces between the vessel and the 

debris pool and between the debris pool and the metal layer are located at the junction between two 

consecutive axial volumes.  Thus, the Annulus can be subdivided into three regions of length Lv, Ld and Lm, 

where the corresponding CRGT is surrounded by the vessel wall, the melt pool and the liquid layer, 

respectively. Within each one of these regions a uniform axial nodalization is defined, with 2 axial 

                                                      
3
 C.T. TRAN and T.N. DINH, "The Effective Convectivity Model for Simulation of Melt Pool Heat Transfer in a 

Light Water Reactor Pressure Vessel Lower Head. Part II: Model Assessment and Application", Progress in Nuclear 

Energy, Vulume 51, Issue 8, 860-871. 
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volumes in the vessel region and 3 axial volumes of length 6.6 cm in the metal layer region. The total 

number of axial volumes Ntot along with the number of volumes in the vessel region Nv, in the debris bed 

region Nd and in the metal layer region Nm are presented in Table 2.  

 

Table 2. Nodalization of the Control Rod Guide Tubes. 
 

CRGT Ntot Nv Nd Nm 

CRGT-1 15 2 10 3 

CRGT-2 15 2 10 3 

CRGT-3 15 2 10 3 

CRGT-4 15 2 10 3 

CRGT-5 13 2 8 3 

CRGT-6 10 2 5 3 

 

The hydrodynamic boundary conditions are represented by a constant pressure pout = 3 bar at the outlet of 

each CRGT and by the mass flow rate m  and the temperature of the fluid, 15.330inT K, at the CRGT 

inlet. 

 

Each Annulus is connected to a Heat Structure, a cylindrical shell representing the CRGT wall. Every Heat 

Structure is nodalized using 7 points in the radial direction, while the axial nodalization mirrors the one of 

the corresponding Annulus. A convective boundary condition is used on the internal wall of the CRGT, 

while the heat flux is imposed on its external surface. The thermo-mechanical properties of the Inconel 

alloy are derived from the MATPRO model used in the TRAC code
4
. 

 

The coupling between the System Code simulation and the ECM/PECM is achieved through the boundary 

conditions. The time stepping of the system code from nt  to 1nt  is performed while imposing, on the 

external CRGT wall, a stationary heat flux )( nw tq , the output of the ECM/PECM calculation at time nt . On 

the ECM/PECM side, a constant CRGT wall temperature )( ntT  is used instead; )( ntT  is the external 

CRGT wall temperature as predicted by RELAP5 at time nt .  

   

From the implementation point of view, data is exchanged between the two simulations by means of data 

files stored on disk. A Fluent user defined function, written in C, reads the results produced by RELAP5 

(external wall temperature on each axial volume of every CRGT) and defines an appropriate ECM/PECM 

boundary condition to be used in the next time step. A coupling layer written in Python is wrapped around 

the RELAP5 executable: it post processes the RELAP5 results to extract the desired temperatures and uses 

the heat fluxes calculated by Fluent to build the required restart files for the RELAP5 simulation of the 

next time step (Fig. 2). 

 

                                                      
4
 “TRAC-PF1/MOD2 Theory manual, Appendix B, material Properties”, NUREG/CR-5673 (1993). 
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Figure 2. Implementation of the coupling scheme. 

 

The choice of an appropriate time step is the key for the stability, accuracy and efficiency of the method; in 

fact, while long time steps are desirable to limit the overhead associated with the coupling procedure, small 

time steps might be required when the temperature increases rapidly with time, in order to avoid 

unphysical oscillations in the solution. To obtain a well converged solution throughout the whole transient, 

an adaptive time stepping algorithm is used, based on the evaluation of the time derivative of the solution 

at time tn. 

Let )( ntT   be the external wall temperature in a given axial volume. In this location, the temperature 

change between nt  and ttn    can be estimated via a first order Taylor expansion: 

n

nn
dt

dT
ttTttT 








 )()( . 

Approximating the time derivative with a backward difference scheme and setting a limit on the 

temperature change over a time step, max)()( TtTTtT nn  , one obtains a formulation for t  as a 

function of maxT and the solutions at nt  and 1nt : 
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Furthermore, t  is constrained within the interval
maxmin ttt  . Simulations performed with a fixed 

time step Ft  help determining appropriate values for mint and
maxt . The comparison between the 

solutions obtained with 5.0 Ft  s and  0.1 Ft  s (Fig. 3) shows that a well converged solution, from 

the point of view of the highest temperature reached, can already be obtained with  0.1 Ft  s; on the 

other hand, a choice of  1.0 Ft  s eliminates unphysical oscillations in the first part of the transient 

(Fig. 4). Therefore, the following choice for the free parameters required by the adaptive time stepping 

algorithm is deemed appropriate: 1.0min t  s, 0.1max t  s and 0.6max T  K.  
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Figure 3. Comparison of the temperature transient in the last axial volume of CRGT-3. Calculations 

performed with fixed time steps 5.0 Ft  s and  0.1 Ft  s. 
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Figure 4. Comparison of the temperature transient for CRGT-3 calculated with fixed time steps 

1.0 Ft  s, 5.0 Ft  s and  0.1 Ft  s. 

 

2. Results. 

 

As an example of application of this computational tool, we present an analysis of the effect of the CRGT 

cooling on the thermodynamic evolution of a debris pool surmounted by a metallic layer of thickness Lm = 

20 cm. A constant heat flux boundary condition, q = 50 W/m
2
, is imposed on the external vessel surface. 

As initial condition, a hypothetical bounding scenario with the debris pool and the metal layer at 

temperature of 2000 K was assumed. The initial vessel temperature is 450 K. The volumetric heat source in 

the debris pool is kept constant throughout the whole transient.  

  

The output of the analysis consists in the prediction of the maximum temperature reached by the CRGTs. 

The creep temperature for Inconel, 1374 K
5
, is taken as a limit for CRGT integrity. This is done for the 

sake of conservativeness, even though it could be argued that the CRGT cooling could still be performed 

by CRGTs which have exceeded the creep limit, provided that the regions where the metal undergoes creep 

are surrounded by a solid crust which may withstand mechanical loading.  

 

Previous studies performed with the stand alone ECM/PECM showed that the CRGT cooling, in this 

scenario, could avoid the vessel creep; however, the integrity of the CRGTs could not be properly assessed. 

 

The highest temperature reached in the CRGTs for different values of the CRGT mass flow rate m , is 

presented in Table 3. The hottest spot is always in contact with the metal layer and, in the majority of the 

cases, is the uppermost axial volume of the CRGT. If the flow through the CRGTs is the nominal one, the 

                                                      
5
 J.L. REMPE, S.A. CHAVEZ, G.L. THINNES, C.M. ALLISON, G.E. KORTH, R.J. WITT, J.J. SIENICKI, S.K. 

WANG, L.A. STICKLER, C.H. HEATH, S.D. SNOW, “Light Water Reactor Lower Head Failure Analysis”, 

NUREG/CR-5642, EGG-2618, Idaho National Engineering Laboratory, USA. 
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hottest volume turns out to be the 14
th
 of CRGT-3, at center of the metal layer. The evolution of the 

temperature in this volume and its axial profile at t = 1150 s (when the maximum temperature is reached) 

are presented in Fig. 5 and 6 respectively.   

   

Table 3. Highest CRGTs temperature (K), for different values of the CRGT flow rate m    

   

Mass Flow Rate 
Highest CRGT wall 

Temperature  
CRGT 

Axial 

Volume 

nomm  1500 CRGT-3 14 

2nomm  1471 CRGT-1 15 

3nomm  1431 CRGT-1 15 

4nomm  1210 CRGT-5 13 

 

The comparison between the results obtained with different values of the mass flow rate, shows that, even 

by doubling the CRGT flow, no decisive effect on the CRTG integrity is achieved. This is due to onset of 

dryout and its influence on the heat transfer characteristics on the internal CRGT wall. The simulations 

show that the axial volume where the highest temperature of CRGT-3 is predicted, reaches dryout 

conditions as early as 40 s into the transient, both in nominal conditions and for 2nominal mm  .  
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Figure 5. Temperature transient along CRGT-3 (volume 14) with nominal CRGT flow rate. 
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Figure 6. Temperature profile along CRGT-3 at the time when the highest CRGT temperature is reached 

(t = 1150 s), with nominal CRGT flow rate. 

 

The evolution of the temperature in a particular axial volume is defined by the interplay between the heat 

flux on the external CRGT surface and the flow regime inside the CRGT which determines the efficiency 

of the heat transfer on the internal CRGT wall. Clearly, all the volumes where the creep temperature is 

exceeded are in a post-dryout flow regime. The onset of dryout, then, has to be regarded as a necessary 

condition for CRGT failure. It is not, however, sufficient since, depending on the actual value of the heat 

flux and how early during the transient dryout is reached in a particular axial volume, the creep limit might 

still not be exceeded, also considering the eventual decrease of the heat fluxes. This is the case for 

4nominal mm   where the peak temperature is reached in a volume where the dryout is predicted but, yet, 

the CRGT integrity is not threatened. 

 

3.  Summary and conclusions 

 

A computational tool for the assessment of the CRGT cooling of a molten pool in the lower plenum of a 

BWR vessel has been presented. This technique leverages on the ECM/PECM for the simulation of 

convective heat transfer and phase change in the metal layer and on a system code simulation of the two-

phase flow dynamics inside the CRGTs. These two components are coupled through the boundary 

conditions. An adaptive time stepping algorithm is introduced to improve the computational efficiency and 

accuracy of the coupled code. 

 

In the case of hypothetical bounding scenario of initially hot (2000 K) heterogeneous melt pool 

configuration, with a metal layer floating atop of a debris bed, the simulations show that it is not possible 

to guarantee the integrity of the CRGT wall, with the nominal, purging flow. A fourfold increase in the 

mass flow rate appears to be sufficient, on the other hand, to prevent CRGT creep. The integral effect of 

the CRGT cooling seems sufficient to protect the vessel wall.  
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In- and Ex-Vessel Flooding as Part of the Severe Accident Strategy in the KERENA™ Reactor 

Patrick Levi, AREVA NP GmbH 

Manfred Fischer, AREVA NP GmbH 

 

1.  Introduction 
 

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

reactor with a net electric output of about 1250 MW1. 

 

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

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

 

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

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

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

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

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

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

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

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

of each other by different signals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
1 
W. Brettschuh, and J. Meseth, “SWR 1000: A Next-Generation Boiling Water Reactor Ready for Deployment”, 

Proceedings of ICAPP2005, Seoul, Koreal, Paper 5700, 2005 
2
 D. Pasler et. al., “Customer-Operator partnership: A Boiling Water Reactor developed jointly by AREVA NP and 

E.ON Kernkraft”, Proceedings of the ICAPP2009, Tokyo, Japan, Paper 9459, 2009 
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2.  Passive heat removal systems 

 

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

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

 

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

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

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

systems: 

 

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

flooding pool. 

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

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

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

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

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

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

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

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

3.  Flooding systems 

 

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

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

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

 

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

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

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

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

core relocation into the lower head. 

 

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

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

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

by geodesic forces. 

 

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

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

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

water. 

 

4.  Assessment of the severe accident management strategy 

 

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

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

by dedicated real scale experiments at the INKA test facility in Karlstein, Germany3. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
3
 S. Leyer et. al., “Full Scale Quasi Steady State Component Tests of the SWR 1000 Emergency Condenser at the 

INKA Test 

Facility”, Proceedings of the ICAPP2009, Tokyo, Japan, Paper 9158, 2009 
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The in-vessel core flooding cannot actuate in the postulated case of a high pressure scenario caused by RPV 

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

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

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

flooding system. 

 

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

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

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

decay heat removal is maximized. 

 

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

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

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

system. 

 

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

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

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

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

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

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

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

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

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

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

 

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

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

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

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

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

lower head. 

 

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

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

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

corium configuration. 

 

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

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

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

the melt before the formation of a large oxidic pool. 

 

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

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

 

5.  Melt pool stratification behavior 

 

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

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

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

of steel. 

 

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

cladding, and control rod materials. 

 

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

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

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

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

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

 

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

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

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

experiments, if necessary. 

 

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

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

 

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

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

wall by convection, or radiated off the top surface. 

 

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

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

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

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

safely prevent the focusing effect. 

 

 

 

 

 

 

 
 

 
4
 S.V. Bechta et. al., “Corium Phase Equilibria Based on MASCA, METCOR and CORPHAD Results”, Nucl. Eng. 

Des., 

238: 2761-2771, 2008 
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The light metallic phase typically contains zirconium, which can interact with nitrogen and steam from the gas 

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

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

the analysis and corresponding experimental and theoretical investigations are performed. 

 

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

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

avoids high transient heat fluxes. 

 

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

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

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

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

early phase of the corium pool formation. 

 

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

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

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

the RPV wall, is eliminated. 

 

 
 
6.  Summary 

 

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

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

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

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

 

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

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

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

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

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

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

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

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

 

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

flooding strategy for all relevant SA scenarios. 
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