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Minutes of second meeting of Korean-French collaboration on FCI 

 

Thursday 18 March 2004, Aquabella hotel, Aix-en-Provence 

 

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

 

Participants  

 

Korean side: JinHo Song, KAERI 

  Namduk Suh, KINS 

 

French side: Alain Porracchia, CEA/DSNI 

  Gérard Cognet, CEA/DSNI 

  Daniel  Magallon, CEA/DTN 

  Renaud Meignen, IRSN 

  Julien Lamôme, IRSN 

 

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

 

Agenda:  Appended 

 

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

 

1. Status of actions from previous meeting 

 

A. Porracchia  reported that the agreement had be fully endorsed by CEA, but that the 

signature is still pending for administrative reasons. It is expected to be signed very soon. 

Amendment to include IRSN and KINS is under signature at IRSN and will be signed 

immediately after by CEA. 

 

Concerning the special agreement  for the use of MC3D, KAERI and KINS will send an 

official request to IRSN. 

 

 

2. Exchange of information on activities performed since previous meeting 

 

The status of the FCI activities were presented in turn by the various organisations.  

 

KAERI performed a series corium experiments in TROI aiming at understanding the role of a 

number of parameters such as pool depth, triggering conditions, corium composition and 

system pressure on steam explosion response.  

 

IRSN reported on the analysis of the TREPAM experiments, now finished, which had the 

scope to improve knowledge of the heat transfer mechanisms and laws between the fragments 

and the coolant (PhD work in progress). A PhD work on explosivity is  also in progress at 

IRSN. KAERI will send TROI movies to IRSN (and CEA) to help in this matter.    

 

CEA reported on the progress of KROTOS installation, which should be restarted first half of 

next year.  

 



KINS presented how they evaluated the FCI risk. They performed calculations with TRACER 

and IFCI , which show that the containment may be damaged in case of steam explosion, but 

not the steel liner. On the other hand, PSA2 studies demonstrate that the probability is low 

(<10
-6

/year). Consequently, their current position is that effort on FCI research is not justified 

presently, although FCI may affect accident management procedures.  

 

 

3. Definition of complementary TROI-KROTOS test(s) 

 

After discussing various possible options for concrete collaboration work and for establishing 

a complementary TROI-KROTOS test matrix, it was found necessary to have first a good 

view of the technical objectives of each programme. KAERI and CEA will communicate each 

other their objectives in the following weeks and will discuss the technical collaboration in 

more details afterwards. June was given as a reasonable deadline for finalising this action.    

 

 

4. Collaboration TROI-MC3D 

 

There are no immediate development plans for MC3D being SERENA the priority. Partners 

agreed to discuss this point further later. 

 

 

5. PSA-2 analysis 

 

IRSN presented how they used MC3D for the current PSA level 2 studies in ex-vessel and in-

vessel situations. KINS position was already presented in topic 2. IRSN will present the main 

lines of the French licensing process at next meeting.  

 

 

6. Conclusions and recommendations for follow-up actions 
 

Summary of actions: 

 

1. CEA, IRSN: Finalise the signatures of the agreement and amendment; 

2. KAERI, KINS: Send official request to IRSN for the use of MC3D; 

3. KAERI, CEA: Inform on the objectives the TROI and KROTOS programmes, 

respectively; 

4. KAERI, CEA: Establish the technical content of the collaboration;   

5. KAERI: Send TROI movies to IRSN and CEA.  

 

 

    

 



Agenda of the CEA-IRSN-KAERI-KAERI second meeting on FCI collaboration 

Thursday 18 March 2004, Aquabella hotel, Aix-en-Provence 

13.30 – 18.00 

 

 

 

1. Status of actions from previous meeting  (items 2 to 4 of the minutes)      A. Porracchia  

 

 

2. Exchange of information on activities performed since previous meeting 

 

• TROI tests performed and planned (summary)   JinHo Song (KAERI) 

• Status of KROTOS preparation (summary)   D. Magallon (CEA) 

• TREPAM results and quick-look on analysis   R. Meignen (IRSN) 

• PhD work on explosivity        J. Lanôme (IRSN) 

• Activities at KINS      N. Suh (KINS) 

 

 

3. Definition of complementary TROI-KROTOS test(s) 

 

• Presentation of TROI proposed set of conditions  JinHo Song (KAERI) 

• Presentation of CEA views and KROTOS possibities  D. Magallon (CEA) 

• Discussion to come to an agreement    All 

 

  

4. Collaboration TROI-MC3D 

 

• Proposal of TROI tests for calculation by MC3D  JinHo Song (KAERI) 

• Schedule for providing data, calculation, analysis  All 

 

 

5. PSA-2 analysis 

 

• Methodology at IRSN for in- and ex-vessel situations  R. Meignen (IRSN) 

• Methodology at KINS      N. Suh (KINS) 

• Discussion        All 

 

 

6. Conclusions and recommendations for follow-up actions 
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CEA/KAERI Amendment  (Dec 3, 2003) 

 

부록부록부록부록 4.  KAERI/KINS/CEA/IRSN  4.  KAERI/KINS/CEA/IRSN  4.  KAERI/KINS/CEA/IRSN  4.  KAERI/KINS/CEA/IRSN 공식공식공식공식    협력협력협력협력    의정서의정서의정서의정서 
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ACCESSION AND AMENDMENT AGREEMENT  

TO THE GENERAL COOPERATION AGREEMENT  

IN THE FIELD OF NUCLEAR RESEARCH AND DEVELOPMENT 
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BETWEEN :  

 

 

 

 

The COMMISSARIAT à l’ENERGIE ATOMIQUE, a national French scientific, technical 

and industrial agency, 

having its principal office at 31/33, rue de la Fédération, 75752 Paris Cedex 15, FRANCE 

represented by Mr Alain BUGAT, Administrateur Général,  

 

 hereinafter referred to as “ CEA ” 

 

           

 

 

AND  

 

 

The KOREA ATOMIC ENERGY RESEARCH INSTITUTE, a corporate body duly 

authorized and existing under and by virtue of Korea Atomic Energy Research Institute Law, 

whose office is at 150 Dukjin-dong, Yusong-ku, Taejon, Republic of Korea 

 

represented by Dr In-Soon CHANG, President 

 

 hereinafter referred to as “ KAERI” 

 

 

AND           

 

The Institute for Radiological Protection and Nuclear Safety, a national French industrial 

and commercial agency, having its principal office at 77-83, Avenue du Général de Gaulle, 

92140 Clamart, FRANCE, duly represented by Mr Jacques Repussard, Directeur Général,  

 

 hereinafter referred to as “IRSN” 

 

AND 

 

The Korean Institute of Nuclear Safety, a national Korean regulatory expert body entrusted 

by the Ministry of Science and Technology(MOST) of Korea, having its head office at 19 

Gusung-dong, Yusung-gu, Taejon, Republic of Korea, represented by Dr. Young Soo Eun, 

President,  

 

 

 hereinafter referred to as “KINS” 
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P R E A M B L E 
 

Whereas France and Korea are equipped with a large number of nuclear power plants and 

nuclear research centers and are involved in nuclear R&D related issues such as safety, waste, 

plant dismantling, through respectively CEA and KAERI ; 

 

Whereas CEA and KAERI have maintained long term relationships, especially through a 

general cooperation agreement in the field of nuclear research and development dated April 

11, 1997 for an intial 5-year period renewed pursuant to an amendment dated April 11, 2002 

for another 5-year period as of April 11, 2002 both enclosed in Appendix 2 (the agreement as 

amended hereinafter being referred to as “ the Agreement ”) ;  

 

Whereas, within the framework of the Agreement, CEA and KAERI wish to cooperate in  the 

“ Management of severe accidents in LWR cores” and to involve, in that specific field, French 

and Korean organizations specialized in the field of nuclear energy in the terms and conditions 

set forth in Article 2.1 of the Agreement ;  

 

Whereas IRSN and KINS has an expertise in the field  of “ Management of severe accidents in 

LWR cores”’;  

 

WHEREAS CEA and KAERI wish to associate IRSN and KINS within their cooperation in 

this field; 

 

THEREFORE IT IS HEREBY AGREED AS FOLLOWS : 
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ARTICLE 1 – DEFINITION 

 

In this Addendum the following words used with a capital letter shall have the following 

meanings unless the context clearly indicates otherwise: 

 

1.1 “Addendum” shall mean the present accession and amendment agreement as well as the 

Appendixes hereto; 

 

1.2 “Participating Organizations” shall mean the participating organizations referred to in the  

Agreement and in particular in its Article 2.1;1.3 “Participation” shall mean the 

participation of the Participating Organizations within the Specific Cooperation as defined 

hereunder ;1.4 “Parties” shall mean CEA and KAERI; 

 

1.3 “Specific Cooperation” shall  mean the cooperation organized by the Agreement between 

CEA and KAERI in the field of “Management of severe accidents in LWR cores”; 

 

1.4 “STC Sheet” shall mean a document in the form enclosed in Appendix 1.  

 

 

ARTICLE 2 - PURPOSE 

 

The purpose of this Addendum is to associate, pursuant to the Agreement and in particular to  

 

Article 2.1,  IRSN and KINS to the Specific Cooperation under the terms and conditions set 

forth hereafter. 

 

 

ARTICLE 3 – ACCESSION 

 

3.1 As of the signature of this Addendum, IRSN and KINS hereby: 

 

- accept to act as Participating Organizations; 

 

- represent and warrant to have been informed of the terms and conditions of the 

Agreement; 

 

- accept to be bound as Participating Organizations and comply with the terms and 

conditions of the Agreement as amended and complemented by this Addendum. 

 

3.2 The Parties hereby accept the accession of IRSN and KINS to the Agreement as 

Participating Organizations. 

 

 

ARTICLE 4 – AMENDMENT TO THE AGREEMENT 

 

4.1 Due to the accession of IRSN and KINS to the Agreement and for the purposes of the 

Participation only, IRSN, KINS and the Parties shall conclude appropriate 

implementing arrangements in the terms and conditions set forth in Article 5 of the 
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Agreement. In that respect, the STC Sheet form set forth in Appendix 1 of the 

Agreement is replaced, for the purposes of the Participation only, by Appendix 1 of 

this Addendum. It is understood between the Parties, IRSN and KINS that the content 

of the STC Sheet shall, under no circumstances, depart from the provisions of the 

Agreement amended and complemented by this Addendum. 

 

4.2   Due to the accession of IRSN and KINS to the Agreement and for the purposes of the 

Participation only, the provisions set forth in Article 8 of the Agreement shall be replaced 

by the following provisions: 

 

“RIGHTS OF USE – CONFIDENTIALITY 

 

 8.1 Each Party and/or each Participating Organizations will have, for its own 

research and development activities in the fields of cooperation in its own 

country, rights to use, free of charge, data and other information, whether 

protected or not, received from the other Party and/or Participating 

Organizations. 

 

 For the present paragraph 8.1, Party is understood to mean, on the one hand, 

CEA and research and development laboratories to which CEA entrusts the 

execution of all or part of its research programme and, on the other, KAERI 

and research and development laboratories to which KAERI entrusts the 

execution of all or part of its research programme.  

 

8.2 Except as provided to the contrary in the following, the data and other 

information which the Parties and/or Participating Organizations 

communicate mutually must be considered as confidential and may not be 

disclosed to third parties by the Party and/or the Participating Organization 

which receives them, without prior written agreeement of the Party and/or the 

Participating Organization which provides them or without proof that they are 

already in the public domain. 

 

 However, each of the Parties and/or Participating Organizations has the right 

to disclose information received from the other Party and/or Participating 

Organization to its governmental authorities and its national safety authorities 

after the Party and/or the Participating Organization has obtained the respect 

of the latter for the confidential nature of the information provided.” 

 

4.3 Due to the accession of IRSN and KINS to the Agreement and for the purposes of the 

Participation only, Article 9 of the Agreement shall be complemented as follows: 

 

“9.1  Without prejudice of rights of transmission and rights of use granted under 

implementing arrangements, IRSN and KINS shall remain the owner of any 

information, patented or not, transmitted to the Parties. 

 

9.2  In general, unless otherwise agreed in the implementing arrangements, the 

intellectual property of the results obtained thanks to the Participation of IRSN 

and/or KINS shall belong jointly to the Parties. Nevertheless, IRSN and/or 

KINS may be granted, on a case by case basis and upon the Parties’ prior 
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approval, a free non transferable right of use of the aforementioned results 

only for IRSN and/or KINS’ own research and development activities in their 

own country. Under no circumstances, such a right shall be construed as an 

assignment to IRSN and/or KINS of any intellectual property rights on the 

aforementioned results. 

 

Should the results obtained thanks to the Participation of IRSN and/or KINS be 

protected by literary and artistic property rights (software and/or authorship 

rights), the Parties, IRSN and KINS shall apply the ownership and the 

licensing rules spelled out in the Article 9.2 here above. To that end, IRSN and 

KINS undertake to transfer to CEA and KAERI, as required and on a free of 

charge basis, any literary and artistic property rights arising out the 

aforementioned results through the signature of a separate agreement. 
 

 “ 

 

 

 

4.4 Due to the accession of IRSN and KINS to the Agreement and for the purposes of the 

Participation only, the provisions set forth in Articles 10 and 11 of the Agreement shall 

apply mutatis mutandis to the Participating Organizations. According to the context 

Party under Articles 10 and 11 may mean Party or Participating Organization. 

 
 4.5  Article 12 of the Agreement shall be replaced by the following provisions: 

 

 “ARTICLE 12 – SETTLEMENT OF DISPUTES – APPLICABLE LAW 

 

       12.1 SETTLEMENT OF DISPUTES 
Any dispute arising out of the execution of the Agreement shall be settled amicably if possible 
and, if necessary with the assistance of one or more independents experts.  

All disputes which cannot be settled shall be finally settled under the Rules of 

Arbitration of the International Chamber of Commerce by a single  arbitrator 

appointed in accordance with the said Rules. 

 The place of arbitration shall be : 

-          Paris, FRANCE if KAERI or KINS initiates the arbitration ; 

-          Taejon, KOREA if CEA or IRSN initiates the arbitration. 

Proceedings shall be conducted :  

- in English in accordance with French procedural law if KAERI or KINS 

initiates the arbitration 

 - in English in accordance with Korean procedural law  if CEA or IRSN 

initiates the arbitration. 
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     12.2 APPLICABLE LAW 

The Parties agree to apply  sections 17.1 and 17.2 of the Rules of Arbitration of the 

International Chamber of Commerce."  

 

 

 

 

 

ARTICLE 5 - OTHER PROVISIONS 

 

All other provisions of the Agreement, not specifically modified by the Addendum shall 

remain in full force and effect without modification and apply to this Addendum. 

 

 

ARTICLE 6 – EFFECTIVE DATE 

 
This Addendum shall become effective as of the date of signature. 

 

 

Done in four (4) original copies in English and French versions, 

 

        

 

  

 

For CEA For KAERI 

Alain BUGAT In-Soon CHANG 

Administrateur Général President 

Date : Date : 

  

 

 

 

 

 

 

For IRSN For KINS 

Jacques Repussard,  Young Soo EUN 

Directeur Général President 

Date  Date : 
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 APPENDIX 1 
 

CEA/KAERI/IRSN/KINS 
 

COOPERATION AGREEMENT IN THE FIELD OF 

Management of severe accidents in LWR cores 
 

SPECIFIC TOPIC OF COOPERATION Ref. : 

STC Sheet n° Date : 

 

TITLE OF THE SPECIFIC TOPIC OF COOPERATION : 
 

 

CONTENT OF THE SPECIFIC TOPIC OF COOPERATION : 
 

 

1- Purpose 
 

 

 

 

 

 

2- Scope 
 

 

 

 

 

 

3- Specific Provisions :  
 

 

 

 

 

 

4- Organizational scheme : 
 

 

 

 

 

 

5- Duration / Schedule : 
 

 

 

 

 

KAERI 
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 Technical 

Correspondent 

Coordinator Address 

KAERI Name    

 Signature    

CEA Name    

 Signature    

KINS Name    

 Signature    

IRSN Name    

 Signature    
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APPENDIX 2 
 

 

KAERI CEA 
 

 

 

 

 

 

GENERAL COOPERATION AGREEMENT 

 

IN THE FIELD OF NUCLEAR 

 

RESEARCH AND DEVELOPMENT 
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 APPENDIX 1 
CEA/KAERI/IRSN/KINS 

 

COOPERATION AGREEMENT IN THE FIELD OF 

Management of severe accidents in LWR cores 
 

SPECIFIC TOPIC OF COOPERATION Ref.: 

STC Sheet n Date: 

 

TITLE OF THE SPECIFIC TOPIC OF COOPERATION: 
 

Fuel-Coolant Interaction 

 

CONTENT OF THE SPECIFIC TOPIC OF COOPERATION : 
 

1- Purpose 
Cooperate on Steam Explosion Risk research 
 

2- Scope 
Perform complementary work on Fuel Coolant Interaction (FCI) as a function of the specific capabilities 
and know-how of the involved organizations (KAERI, KINS, CEA and IRSN, see Annex), thus 
optimising the use of available resources and being ready to propose a complementary programme of 
activities for phase 2 of the OECD SERENA project. 

 

The parties mutually agree on: 
 

� The exchange of information on FCI modelling, code validation and experimental results:  
o Provide selected TROI experimental results for interpretation with MC-3D (KAERI)  
o Provide results of MC-3D interpretation of TROI tests (IRSN) 
o Provide experimental results on TREPAM as well as associated modelling (IRSN)  
o Exchnage of information on the physical properties of Molten corium (All) 
o Define a series of complementary tests to be performed in KROTOS and TROI that takes the 

best advantage of the peculiarities of both installations, and exchange the data produced 
(KAERI, CEA)  

o Share information on the methodologies for the evaluation of FCI risk (KINS, IRSN)  
 

� The definition of a complementary test matrix to address the remaining issue as  could come out 
from the SERENA phase 1 OECD programme, to be implemented in SERENA phase 2 if it is 
launched. 

 

� The exchange of information on the following experimental techniques and instrumentation as a 
function of their specific Know how:   
o Impedance void fraction measurements (mainly CEA know-how); (IRSN, CEA) 
o High temperature measurement techniques using pyrometers; (IRSN, CEA) 
o Levitation techniques to produce well controlled molten droplet; (IRSN, CEA) 
o The use of flash X rays to quantify fragmentation in single droplet experiment; (IRSN, CEA) 

 

 

 

 

1- Specific Provisions :  
Unless otherwise mutually agreed in writing by the parties, each party shall bear all costs of its 
activities under this agreement. 
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All proprietary information transferred under or arising from the use of information transferred under 
this agreement may be made available for non-commercial programs of either party, but shall not be 
disseminated or published or transferred to third parties without mutual written agreement of the 
parties. 
 
 

2- Organizational scheme : 
The basic methods of cooperation include the transfer of information from one party to the other, 
meetings organized to discuss specific and agreed topics, visits of individuals representing one party to 
facilities of other parties, and implementation of joint research projects or specific projects sponsored 
by either party. 
 

3- Duration / Schedule : 
This cooperation program shall come into force upon signature by both sides and shall remain valid for 
three (3) years. This cooperation may be amended or extended by modification of this Specific Topic of 
Cooperation (STC). Three (3) months before the date of expiration, the Parties shall consult each other 
in order to envisage the possible extension of this program. Either side may terminate this cooperation 
at any time after providing six months written notice to the other side.  
 

 

 

 

 Technical 

Correspondent 

Coordinator Address 

KAERI Name    

 Signature    

CEA Name Daniel Magallon   

 Signature    

KINS Name    

 Signature    

IRSN Name    

 Signature    
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ANNEX 
 

Pre-existing know-how, codes and facilities 

 

 
 

� KAERI: 

• Owns the TROI experimental facility and conducts the tests among them 
spontaneous explosions have been observed between corium and water; 

• Is preparing a single drop fragmentation experiment in which flash X rays 
will be used; 

• Used the TEXAS V FCI Code (from the University of Wisconsin) which is 
being extended to 2D, then 3D; 

• Used the TRACER II FCI Code (from Korean Maritime University) which is 
also being developed. 

 

� CEA: 

• Owns and is re-building the KROTOS facility (transferred from the EC JRC 
Ispra) in which the steam explosion behaviour of various corium-water 
systems will be studied and pre-mixing characterised by using dual low- and 
high X-ray cinematography; 

• Has a significant know-how developed over the years on physical models, 
experimental techniques and instrumentation at high temperature in relation 
to FCI; 

• Conducts analytical FCI experiments for IRSN (TREPAM and MICRONIS); 

• Develops the MC-3D code for IRSN. 
 

� IRSN: 

• Leads the TREPAM experiment (performed by CEA) in which the transient 
heat transfer between a melt fragment and coolant is measured. 
Experiments at ambient pressure are already performed. Experiments at 
higher pressure (up to 25 MPa) are started; 

• Leads the single drop fragmentation experiment MICRONIS which is under 
preparation (will be performed by CEA) in which triggers of various strength 
and flash X rays will be used; 

• Leads the MC-3D FCI code development for more than ten years and uses 
it. 

 

� KINS: 
               

                •    Has reviewed the FCI loads of the APR 1400 which has been calculated 
using TEXAS V and TRACER II Code. 

•   Intends to perform an independent audit calculation for the  APR 1400  

FSAR licencing review. 

                •   Used the IFCI 6.0 code to participate in the SERENA program 

                •   Intends to develop a methodology which will serve KINS to conclude 

reasonably on the FCI risks with the current knowledge of the phenomena, 
taking into account the uncertainties. 
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1. Scope of Collaboration 

 

Perform complementary work on Fuel Coolant Interaction (FCI) as a function of the 

specific capabilities and know-how of the involved organizations (KAERI, KINS, CEA 

and IRSN, see Annex), thus optimising the use of available resources and being ready to 

propose a complementary programme of activities for phase 2 of the OECD SERENA 

project. 

 

 

2. Pre-existing know-how, codes and facilities of the participant 

 

KAERI: Owns the TROI experimental facility and conducts the tests among them 

spontaneous explosions have been observed between corium and water; Is preparing a 

single drop fragmentation experiment in which flash X rays will be used; Used the 

TEXAS V FCI Code (from the University of Wisconsin) which is being extended to 2D, 

then 3D; Used the TRACER II FCI Code (from Korean Maritime University) which is 

also being developed. 

 

CEA: Owns and is re-building the KROTOS facility (transferred from the EC JRC 

Ispra) in which the steam explosion behaviour of various corium-water systems will be 

studied and pre-mixing characterised by using dual low- and high X-ray 

cinematography; Has a significant know-how developed over the years on physical 

models, experimental techniques and instrumentation at high temperature in relation to 

FCI; Conducts analytical FCI experiments for IRSN (TREPAM and MICRONIS); 

Develops the MC-3D code for IRSN. 

 

IRSN: Leads the TREPAM experiment (performed by CEA) in which the transient heat 

transfer between a melt fragment and coolant is measured. Experiments at ambient 

pressure are already performed. Experiments at higher pressure (up to 25 MPa) are 

started; Leads the single drop fragmentation experiment MICRONIS which is under 

preparation (will be performed by CEA) in which triggers of various strength and flash 

X rays will be used; Leads the MC-3D FCI code development for more than ten years 

and uses it. 

KINS: Has reviewed the FCI loads of the APR 1400, which has been calculated using 

TEXAS V and TRACER II Code. Intends to perform an independent audit calculation 

for the APR 1400  FSAR licensing review. Used the IFCI 6.0 code to participate in the 



SERENA program. Intends to develop a methodology, which will serve KINS to 

conclude reasonably on the FCI risks with the current knowledge of the phenomena, 

taking into account the uncertainties. 

 

3. Characteristic of the TROI Program 

 

Background: While there was a belief that the real material would not lead to energetic 

steam explosion near the completion of FARO and KROTOS program, KAERI started 

TROI (Test for Real cOrium Interaction with water) program to investigate the 

energetics of corium for the quantification of FCI risk for APR-1400, which is planned 

to be in commercial operation in 2010. 

 

An energetic spontaneous steam explosion found in TROI program (Song et al., 2002, 

Song et al., 2003) triggered a revisit of the issue of the energetics of real material. 

JAERI is performing an experiment using a mixture of AL2O3 and ZrO2 and reported an 

energetic steam explosion and CEA plans to reinstall KROTOS program.  

 

 

Main Feature of TROI program: A corium at various composition of UO2 and ZrO2 

mixture up to 30 kg melt mass ( not the mass in the water at the time of explosion) is 

used for the FCI experiment. Until now more than 20 tests were performed using 

corium. Test facility, instrumentations, and results of the experiments can be found in 

open literature (1,2,3). The proposed test matrix and results of recent steam explosion 

experiments can be found in attached power point file. 

 

 

Some of the Findings from TROI: Major findings from TROI are (1) Corium at 

70:30 weight percent of UO2/ZrO2 resulted in a spontaneous steam explosion. (2) 

Hydrogen generation found in a series of TROI experiment was order of magnitude 

lower than that of FARO. (3) There was a strong effect of composition for the triggering 

of steam explosion. Corium at 80:20 percent hardly resulted in spontaneous steam 

explosion. 

 

Scope of the TROI program in near future: (1) Investigate the effect of composition 

on the energetics of steam explosion by performing a triggered steam explosion 

experiments (2) Maximize the energetics of steam explosion by performing a series of 



experiments at pressurized environment using 1-D test section, 70:30 weight percent 

composition  

 

 

Objective of the program: Quantify the energetics of steam explosion by measuring 

the conversion ratio using a prototypic material, which can be used to determine the 

load to the containment structure and reactor vessel. As a secondary objective, provide a 

test data for the qualification of the steam explosion computer code 

 

1. Fuel Coolant Interaction Experiments in TROI Using a UO2/ZrO2 Mixture, J. H. 

Song et al., Nuclear Engineering and Design, Vol.222, 1-15, 2003.  

2. Experiments on the Interactions of Molten ZrO2 with Water Using TROI Facility, J. H. 

Song et al., Nuclear Engineering and Design, 213, 97-110, 2002  

3. An Effect of Corium Composition Variations on Occurrence of a Steam Explosion in 

the TROI Experiments, J. H. Kim et. al., Proceedings of Korean Nuclear Society 

Meeting, Fall, 2003. 

 

 

3. Characteristics of KROTOS Experimental Program 

    

Industrial Background: In French existing reactors, severe accident management 

strategy is based on corium retention in the cavity. Evaluation of ex-vessel corium/water 

explosion energetics is necessary to put reasonably conservative estimates on the loads 

on the cavity and containment walls. This may positively impact on water management 

strategy during melt relocation in the cavity. 

 

For new generation reactors, in-vessel retention is envisaged as a possible alternative 

severe accident management concept. Therefore, demonstrating that steam explosion 

occurring at whatever stage of melt relocation does not challenge the vessel integrity is 

crucial. In this case, vessel failure is generally considered as a residual risk that still has 

to be addressed, which sends back to the previous situation. 

 

CEA needs to continue developing and maintaining its competence in this domain in 

order to help French and European industry to answer safety questions on these issues. 

 

 



Scientific Background: KROTOS experiments performed at JRC-Ispra in the 90's 

revealed that the alumina/water system produced very energetic explosions, while 

corium 80% UO2 20%ZrO2 water system in the same geometrical configuration 

produced noticeably milder explosions.  

 

This triggered an extensive analysis worldwide to understand the reasons for such 

differences. It became rapidly evident that just varying the melt properties usually taken 

into account in the codes, mainly melt density, energy and temperature data, was not 

sufficient to reproduce this result. In particular, some phenomena that might play a 

significant role for corium but considered so far of secondary importance, e.g., 

hydrogen production, crust formation and mechanical melt behaviour in general, were 

not or scarcely understood and modelled. 

 

Consequently, investigating the role of melt thermo-physical and mechanical properties 

in well-characterised conditions was considered as a necessary step to make significant 

progress  towards understanding propagation and energetics of steam explosion, and 

realistically evaluating the loads in reactor situations. 

 

 

KROTOS Objectives: The objective of the KROTOS programme at CEA Cadarache is 

understanding the role of melt properties in steam explosion propagation and energetics 

and, in particular, steam explosion behaviour of prototypical corium melts.  

 

In order to reach this objective, steam explosion experiments will be performed in well 

characterized conditions for a large spectrum of conditions and melt compositions of 

interest for both in- and ex-vessel situations. A trigger will be applied as a rule.  

 

Advanced technology and instrumentation will be used to reduce uncertainties on initial 

conditions and characterize the various phases of an explosion, with emphasis on high 

energy X-ray cinematography to qualify pre-mixing. This advanced instrumentation 

should enable the measurement of detailed variables to qualify the MC-3D code. 

 

KROTOS Status: The use of high energy X-rays made it necessary to construct a new 

building to house the facility and its components. Delivery of the building is planned for 

December 2004, installation and start-up tests during first semester 2005 and first test 

with UO2-based melt in second semester 2005. 



Technological improvements and X-ray imaging system will be operational at start-up. 

 

 

KROTOS Tentative Test Program: Remake Ispra UO2-ZrO2 test(s) with improved 

melt release method and X-ray visualization, Vary progressively melt composition, from 

different oxide mixtures to corium containing metallic phases, bounded by plausible 

compositions in reactor situations, Vary radial constraint to investigate impact on pre-

mixing and explosion energetics, Change contact mode to cope with advanced accident 

management strategies. 

 

 

Modelling: The results obtained in KROTOS experiments are used to set-up models 

whenever required and/or made the necessary improvements in MC3D code.  

 

 

4. Comparison of the Range of Test condition and reactor Condition  

 

In the third meeting of SERENA, the typical reactor conditions for the computer code 

analyses were determined for the in-vessel and ex-vessel steam explosion case. Table 1 

provides the major initial and boundary conditions. Also, the capabilities of 

TROI/KROTOS test facilities are described in Table 2. As can be seen from the Table, 

they are quite similar. When compared with the prototypic reactor conditions, most of 

the parameters can be implemented. Only the amount of melt cannot be achieved.  

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1. Initial and boundary conditions for reactor base case calculations 

 

 Ex-vessel In-vessel 

Lower head geometry Hemispherical Hemispherical 

Pit geometry Cylindrical  

Vessel diameter, m 4.0 (inner), 4.4 (outer) 4.0 (inner), 4.4 (outer) 

Pit diameter, m 5.5  

Jet configuration Single Central Jet  Multi-jet: 25 jets uniformly 

distributed in a circular 

surface of 2 m
2
 at centre 

Diameter lower core plate, m  3.4 

Jet diameter, m  0.50 0.08 

Jet entrance velocity, m/s Gravity pour
 

Gravity pour 

Melt composition 80 w% UO2, 20 w% ZrO2 80 w% UO2, 20 w% ZrO2 

Melt density, kg/m
3
 8000 8000

 

Melt mass, 10
3
 kg  100 

Melt height in lower head, m 1.66  

Melt temperature, K 2950 2950 

Melt superheat, K 100 100 

Vessel pressure, MPa 0.2 0.5 

Cavity pressure, MPa 0.2  

Atmosphere  Air Saturated steam 

Water temperature, K  Tsat (424) 

Water subcooling, K 50  

Water pool height, m 4.0 2.5 at centreline 

Jet free fall in gas, m 1.0 0.20 

Trigger Bottom, centre; 

At melt-bottom contact  

Bottom, centre; 

• At melt-bottom contact 

and 

• At 4 s from start of 

calculation 

Free-board volume, m
3
 100  Corresponding to 5 m above 

the support plate lower 

surface 

Walls Rigid, adiabatic Rigid, adiabatic 

 

 

 



 

Table 2 Complimentary TROI/KRTOS test Matrix 

 

 

 Reactor Condition TROI KROTOS 

Ambient pressure 0.1 - .5 MPa 0.1 - .5 MPa < 1.0 MPa 

Water temperature Up to saturation Up to saturation Up to saturation 

Melt temperature ~ 3000 K > 3000 K < 3300 K 

Pool depth < 7 m  70 – 160 cm  < 1.5 m 

Free fall < 5 m 3.8 – 2.7 m  ~ 0.5 m 

Composition UO2/ZrO2, metal UO2/ZrO2 UO2/ZrO2, metal 

Jet diameter 0.05 – 1.0 m 6 – 10 cm 3 cm 

Mass > 50 ton 10 –30 kg 5 kg ( in water) 

External Trigger Probable Yes/No Yes 

Multi-dimensional Yes, and multi-jet Yes 1-D (2-D later) 

 

 

 

 

 

5. The Focus of the Joint Proposal 

 

The joint experimental research will focus on the two technical objectives.  

 

The first objective is to investigate the conservative conversion efficiency in highly 

constrained geometry, which would envelope the upper range of reactor situation. The 

effect of the material property will be investigated.  

 

The second objective is to provide well-defined set of experimental data to resolve the 

highly uncertain issues necessary to evaluate the steam explosion risk at reactor scale. 

Advanced instrumentations, such as, high energy X-ray will be employed to define the 

fuel distribution during the pre-mixing phase.  
 

 

 

 

 

 

 

 



Appendix A Expert Opinions on the Key Questions and Future Experiments   

 

 

Response from Prof. M. Corradini, U of Wisconsin:  

 

Dear Dr. Song, 

 

I think you have focused on the key questions relative to FCI's and future experiments. 

 

For the moment let me not address if the physics we are discussing is risk relevant. In 

the US, energetic FCI's based on the SERG 1 and SERG 2 documents suggest that 

enough is known about the phenomena to bound the FCI behavior and the bounding 

behavior is not risk dominant in the current NPP PRA's. My working hypothesis will be 

any further information on lower energetics provides margin for alpha-mode failure as 

well as vessel and cavity damage via dynamic pressurization. 

 

The suggested changes in TROI you mentioned will help in the test interpretation. As 

for why the KROTOS tests show lower energetics with urania-zirconia than with 

alumina, no root cause has not been identified but the reasons you mention are what 

may be root causes. 

 

I have done for JRC in 1995-97 time frame analyses of KROTOS for the two fuel 

compositions and you do see some minor energetics differences given you have a 

trigger and given that the presence of hydrogen or fuel solidification processes do not 

affect FCI propagation. 

 

Thus, my conclusion is that solidification is the key culprit and not hydrogen production, 

because it can affect both triggering and propagation in non-linear ways. But to really 

document this one needs not only propagation expts but also triggering studies. Then 

one can isolate effects to conclude what is the root cause. We once suggested this to the 

NRC but risk relevance mitigated the need for such testing. 

 

I hope this helps.     

 

 

Questions from KAERI:  

 



Dear Prof. Corradini 

 

We plan to change the set up of TROI instrumentaion to minimize the thermal effect on 

the dynamic pressure transducers, which could have effect after using the small 

diameter test section. The diameter was 30 cm and the melt jet was somewhat off-

centered. So, we have changed the locations for the sensors.  

 

Also, we would like to increase the melt mass, as one of the point made in the SERENA 

meeting was that TROI has such a lean mixture. In the first step, we plan to decrease the 

free fall by 50 cm, which is available right now. Then, we plan to use some kind of melt 

catcher to maximize the melt in the water.  

 

Wish us luck. This kind of experiment is difficult and not easy to change something.  

 

Recently, I was reviewing the KROTOS experiment and I have a question in my mind 

in the aspect of analytical modeling improvement and future experiment.  

 

The KROTOS experiment indicates there is a difference in corium and Alumina. One is 

enrgetic and the other is not. Can we predict the difference with the current model ? If 

not, what would be the necessary element to be put in ? The candidates could be the 

hydrogen generation, crust formation, and effect of radiation.  

 

However, the change in melt super heat did not show any drastic changes in Alumina 

experiments in KROTOS and in TROI corium experiment. Also, the zirconia 

experiment with less mass and similar amount of super heat resulted in a much bigger 

explosion in TROI.  

 

Also, the hydrogen generation could be specific to facilities. FARO and KROTOS 

showed quite amount of hydrogen generation, but TROI did not.  

 

So, I was lost in all three points. Can you please correct my thought process to come up 

with a better understanding of the physics?  

 

 

 

 



Appendix B Expert opinions for the Approach for the Evaluation of the Steam 

Explosion Risk in Reactor Case   

 

Questions from KAERI  

 

Dear sir  

 

The meeting was quite effective and beneficial, though I still need to digest other 

partners' contribution more.  I hope I will dig it out more, when the presentation 

materials are available on the SERENA website. Below, I have briefly summarized what 

I understood and questioned during the meeting. It is just for the informal discussions, if 

anyone participates. There could be some misunderstanding due to my poor English and 

little knowledge. However, I dare to send my thoughts to learn more. Please forgive my 

mistakes, I assume there are many.  

 

Observation 1: As the parameters in the partners’ computer code were generally 

optimized for the previous KROTOS tests, the analysis results for KROTS-44 were 

quite similar to the experimental results except VESUVIUS. On the other hand partners 

needed to adjust the parameters for the FARO L-33 and TROI experiments. However, 

the ways to adjust the parameters were different among participants; JAERI mentioned 

need for modeling leading edge, IKE pointed out the partition of heat from between 

liquid and gas was needed, CEA/IRSN changed particle diameters and partition of heat, 

UCSB changed beta, UW changed efficiency of explosion fragmentation, KAERI 

changed break up model. Also, they claim that TROI-13 explosion is rather sporadic 

and weak, because the fuel fraction is very low compared to the coolant.  

 

My question 1: It was not clear to me how they can extrapolate their methodology for 

the reactor case. It was not discussed in the meeting, I guess. I assumed that they would 

employ either the KROTOS-44 parameters or FARO L-33 parameters. The question is 

did we make reasonable progress either in the understanding of the physics or reduction 

of uncertainties in the FCI risk evaluation in a systematic way or did we learn 

something from other partners’ efforts? 

 

Observation 2: Also, a strong belief that the difference in the strength of explosion 

between corium and alumina is due to the amount of super heat and hydrogen blanket 

effect was quite dominant. It is also claimed that the reason for the not-strong explosion 



in TROI with enough superheat and little hydrogen is due to the nature of the 

experiment, which is multi-dimensional and lean fuel fraction. The fact that the debris 

in TROI experiment is in particle shape rather than cake could be a strong evidence that 

the particles were solidified during the flight, while the debris in Alumina test is a kind 

of cake. Also, there was an argument that the reason for the non-energetic explosion for 

on the no-eutectic composition could be due to the temperature difference between 

liquidus temperature and solidus temperature and associated material properties, such as 

very high viscosity. There would not be any magic material effect ! 

 

My question 2: These observations are quite reasonable. However, non of them was 

ever proved directly by experiments, just assumptions. The experimental results at 

FARO, KROTS, and TROI tell us something still we do not know what they are. There 

should be a clever way of disclosing the secrets of steam explosion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Response from Dr. R. Meignen from IRSN 

 

Dear Jin-Ho and other partners 

 

Here is rapidly my opinion on the questions you raised. 

 

1 - parameters tuning:  

 

This point is evidenced by the fact that we calculate 3 different experiments. It should 

be pointed out in the analysis of the models that will be provided. Modification of 

parameters clearly show the weaknesses of the models. Each partner should explain its 

calculation. I have raised the same question during the meeting for the models 

themselves, and particularly for the fuel breakup. Each code has a problem in 

extrapolating either the ex-vessel (large jet => drops ? vessel ejection patterns ? jet 

model ?...) either for the in-vessel case (central jet to multi-jet extension in 2-D ?) There 

is no general management of the calculation and everybody manages the way he wants. 

But I think these points, among others, should be clearly explained for the reactor 

calculations.  

 

2 - material effect ? 

 

The objective of SERENA phase 1 is not to resolve problems but to point them out. I 

guess that in the conclusions of SERENA a number of technical and physical points will 

be raised as being badly understood. Phase 2 is, into my opinion, devoted to the 

proposal of works and experiments to address to most crucial unknowns in FCI. This 

particular point could then be addressed in phase 2. 

 

 

 

 

 

 

 

 

 

 



Response from Dr. H. Jacob of FzK 

 

In general I very much agree with what Manfred and Michael have written. More 

specifically, I’d like to point out: 

 

Ad question 1:  

Anyone wanting to claim that his (reactor) calculations are conservative, must make 

sure that his model is able to describe the most energetic events known and, as long as 

we don’t consider ECO tests, these are the KROTOS alumina tests. So, it is clear that 

for reactor calculations, the parameter settings used for recalculating KROTOS must be 

used. 

 

I don’t find it astonishing at all, that with these parameter settings, FARO L-33 is 

overestimated. Practically, when fixing the initial conditions for the explosion 

calculation, we ‘forgot’ (abstained from) to account for a fraction of melt that is already 

solidified to such an extent that it doesn’t participate in the explosion. In view of the 

low superheat of the melt in FARO there must be such a fraction. I tend to believe that 

this fraction is overestimated in my premixing calculation (where it is 80 %), but it must 

be appreciable. Has anybody else evaluated this figure for his premixing calculation(s) 

of L-33? In my opinion these figures must be discussed in the evaluation of the results 

for the L-33 explosion. 

 

Here I’d like to stress also a point that I have made before: In my understanding it is an 

essential task of SERENA, to find out whether present models can give conservative 

estimates of steam explosion loads (without being so overly pessimistic as to be useless). 

This means that we have to test the predictive capabilities of our codes. In my 

understanding, again, this means that our recalculations of experiments (premixing and 

explosion) must not be influenced by the choice of parameters (in models or initial and 

boundary conditions) that are not required by the known (or at least expected) 

experimental conditions. Any parameter variation that is arbitrary or – even worse - 

based on the knowledge of the outcome of the experiment makes the exercise useless – 

at least from this point of view. (It may have its merits from other points of view.) 

 

Ad question 2:  

Concerning the infamous ‘material effect’ there really seems to be a unanimous 

expectation that this was due to melt freezing – at least I got this impression at the 



meeting (like JinHo) and I am certainly among those who think that way. In my 

understanding this is not an assumption but an idea – or, to put it more scientifically – a 

working hypothesis (that must be tested on experiments). 

 

The task to deduce lessons from experiments (disclosing the ‘secrets’ of nature) starts 

with understanding what has been going on in these experiments. This includes the 

knowledge of the initial and boundary conditions. Now, if the melt temperature is 

thought to be one of the controlling parameters, it is of course necessary (at least 

desirable) to know the melt temperature at the time of triggering (in some cases the 

temperature at melt-water contact might already be sufficient). Unfortunately this tends 

to make things difficult. But I think it is necessary to tackle this question in order to 

make progress. 

 

The (I’d still say ‘preliminary’) finding from the TROI tests that the eutectic mixture 

70/30 explodes more easily than the 80/20 mixture is rather shocking as it seems very 

strange that such a small difference in constitution should make a clearly detectable 

difference in behavior. It would, however, become understandable, if the temperature of 

the melt was just above the liquidus temperature during the critical time period (the 

period in which triggers might be acting), so that the eutectic was still fully liquid while 

the non-eutectic melt would already contain UO2 crystals and if these increased its 

viscosity to such an extent that fine fragmentation was suppressed. (For the sake of 

simplicity I have here left aside the questions of temperature gradients within a melt 

drop and dynamics of crystal growth.) But at least the fact that all melt drops in TROI 

are sufficiently solidified not to merge when arriving at the bottom, indicates that the 

time period during which eutectic melt is liquid and non-eutectic melt is ‘mushy’ occurs 

while the drops are in flight – most probably through the water. 

 

 

 

 

 

 

 

 

 

 



Response from M. Burger from IKE, Germany  

 

Dear JinHo and other partners, 

 

thanks for starting (continuing) discussion which could help to clarify different views 

also between metings. There is obviously a need for such a more intensive 

communication. Major points addressed in your observations and questions are the 

following: 

 

1) Different ways of adjusting parameters for KROTOS-44, FARO L-33 and TROI. 

 

2) How to extrapolate to the reactor case on this basis? What is or can be learned from 

the meeting for this (understanding of physics, reduction of uncertainties in risk 

evaluation)? 

 

3) Differences between corium and alumina? Superheat, hydrogen? 

 

4) No strong explosion in TROI. Reason for this? Multi-dimensional? Lean fuel 

fraction? 

 

5) No direct proof for assumptions? Just assumptions! 

 

As a first step to improve understanding, we tried to elaborate the different patterns 

behind different calculations respectively between their inherent physical pictures. 

Major differences in modeling and thus also in adaptations are in our view related to the 

descriptions of fine fragmentation in pressure waves, heat transfer from frag,ments to 

coolant and partitioning of this heat between liquid water, steam and direct evaporation. 

[ We consider here only the explosion phase, although importance of premixing for the 

whole process must be emphasized again. With this respect we presently refer to our 

analysis paper and our emphasis on the void question, i.e. explanations and their 

problems with respect to medium or high void.]  

 

As major modeling lines may be distinguished here  

• hydrodynamic fine fragmentation (of premixed frops in pressure waves) which 

usually yielded strong fragmentation,  



• thermal fragmentation, which mostly yielded relatively little fragmentation,  

• finite or instantaneous heat transfer from fine fragments to coolant,  

• different modes of heat distribution in the coolant, which appeared to be a major 

difference between the models, explaining the difficulties and ways to adapt to 

the experiments:  

o direct evaporation  

o evaporation determined from heat balances  (heat to interface vs. heat to 

bulk liquid and vapour)  

o heatup of only part (microinteractions model) or total water.  

More details about the evaluation of different code results with this respect have been 

given in our contributions and will be continued in future in the analysis paper. 

 

Here, it is important to state that in the frame of ten discussions a decision between the 

different approaches was not possible. What we therefore intended is to firstly elaborate 

the different modeling patterns and, secondly, to ask every approach about its inherent 

consistency and plausibility concerning the application to the experiments and thus to 

the extrapolation philosophy to reactor cases. We consider coherent explanation pictures 

about the experiments as the basis for the latter. 

 

In view of the difficulties to describe the experiments in a unified way, even within a 

certain model, we considered two possible ways as a basis for the reactor applications: 

• Take the strongest explosion, i.e. KROTOS-44, as a basis. This means to assume 

the same key physics (see above, with adapted parameters) as the basis also for 

the reactor calculations. Differences of constraint, premixing conditions and 

material data are not relevant for this. They must be considered to be captured 

by this physics and their impact must be an outcome of the calculations. 

Otherwise, if additional influences must be considered, they must be physically 

justified and clearly described.. Thus, no different treatment presently of corium 

and alumina at this level, especially not by  just changing parameters.  Specific 

understanding and physical description is required here if other conclusions are 

to be introduced. Otherwise, the result will be pre-determined by the input.  

• Try to find common explanation patterns (at first, for every code with the chosen 

modeling approach) for the different experiments. Concerning KROTOS-44 and 

FARO L-33, we considered this for our approach possible by taking into account 

freezing of part of the melt in FARO L-33. We emphasized that with our present 



variation of our heat transfer coefficient from fragments to coolant between K44 

and L33 from 500 kW/(m2K) to 5 kW/(m2K) we could not yet present such a 

coherent picture. We presently conclude the higher heat transfer coefficient as 

our standard.   

We think that points 1) to 3) are essentially answered with these considerations. Point 4) 

refers to TROI. We consider this as a special case, since rather incoherent interactions 

than a clear propagation can be deduced from pressure measurements. Thus, the 

physical basis assumed for the latter should not be valid. Therefore, we rather proposed 

modifications of the experiments to reach pressure escalations with the relevant physics 

being considered for possible strong explosion events. As one cause for the weak, 

incoherent interactions we considered the lean mixture. 

 

In the context of discussing and trying to understand the tendencies obtained in recent 

TROI experiments (for improvement of general understanding and thus also as an 

improved basis for future planning), a special discussion arose about material effects, 

related to corium-alumina, but also specifically to the different corium compositions 

used in last TROI experiments. With this respect, we had the following points:  

 

The final configuration with particulate debris at the bottom resulting from jet breakup 

and quenching is the same for both 80/20 and 70/30 compositions, according to your 

information given at the meeting . This gives strong evidence that in both cases the melt 

droplets at least partly solidify during the flight, in spite of strong initial melt superheat. 

Partial solidification, either crust formation or strong increase of melt viscosity in a 

mushy zone, acts against fine fragmentation of the melt droplets which is necessary to 

obtain explosive interactions. Thus, given your observation that explosions are 

systematically more difficult to trigger with the non-eutectic 70/30 composition, 

different solidification behaviour should be looked at as a possible explanation. Without 

having looked at it in detail, faster growth of crust (or at least of highly viscous regions) 

is to be expected for the non-eutectic composition, due to start of solidification already 

at the higher liquidus temperature and the initial precipitation of an UO2-rich phase, 

which has a lower latent heat than the eutectic. 

 

Finally, just assumptions? Of course, as long as direct proofs are not possible, we have 

to deal with assumptions, we have to deal with possible explanations. As the usual 

approach to find coherent physical explanations is, we have to check the validity by 



checking the coherent applicability of our approaches over a sufficiently wide range of 

conditions, etc. We cannot see another way. Of course, separate effect tests help to 

clarify essential points.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Reponse from Dr. D. Magallon from CEA, France   

 

Dear JinHo,  

 

I appreciate very much your discussion and hope this type of exchange will continue, as 

should have been the case since the beginning of the programme. Let me just give my 

point of view here.  

 

Your observations give a good summary of what was made to try to capture the trends 

of the FARO and TROI experiments, considering that the code parameters had been 

more or less "adjusted" on KROTOS alumina experiments. In the cases no "more or less 

arbitrary" tuning was made, satisfactory agreement with the data could hardly be 

obtained. I find important that these conclusions, maybe already drawn here and there 

by partners out of SERENA, are now consolidated, agreed upon and claimed in an 

international instance.  

 

There are two main exploration routes that have been proposed to try to understand 

these discrepancies: the passage from 1-D to 2- or 3-D configurations, that could be 

called the dimension effect, and the specificity of the system, either alumina/water or 

corium/water, that we generally call the "material effect" referring to the melt only. 

 

Concerning the dimension effect, it is not clear why if for a given system good 

explosion results are obtained in 1-D, fragmentation and/or heat transfer parameters 

would have to be changed to obtain good results when the dimension is increased. In the 

exercise, we changed both the system and the dimension when passing from KROTOS 

to TROI/FARO, so that it is difficult to conclude. It would be interesting to have the 

opinion of the partners on this subject.  

 

Concerning the material effect itself, even if no magic effect is to be expected one can 

only note that, at the minimum, effect of superheat, temperature..., and what deduced 

from the observation of the debris, is not properly taken into account in the models as 

far as experiments are concerned. 

 

In both cases it is clear for me that one piece is missing to the puzzle, and it is the 

calculation of a KROTOS corium experiment with the same parameters than used for 

the alumina tests. But I guess some partners did it out of SERENA anyway, and it 



would be useful to know what they found. 

 

These facts acknowledged, I think nothing more needs to be done in addition until 

reactor calculations are performed. Possible actions to investigate these issues further in 

a Phase 2 will be addressed only if they are still issues for evaluating the loads in 

reactors. What means "still issues for evaluating the loads in reactors" is also a big 

issue, and I am not sure that there is a clear and unique view of it among the partners. 

 

One clear and unambiguous although unrealistic result would be that everybody finds, 

whatever the parameter he uses between those used for KROTOS alumina and those 

used for FARO/TROI, that the loads are safely below the fragility limits of the 

structures. In this case one may reasonably think that the problem is solved. The reality 

will certainly be more contrasted.  

 

The first reactor calculation round in progress (let say the screening round), should help 

clarify the situation. There is no need to specify more than the initial and boundary 

conditions. Partners just apply their own methodology to extrapolate to the reactor 

calculations. The only thing they have to do is to document what and how they are 

doing. They are free to use the parameters they find the most appropriate. We will 

comment and discuss these choices and results in the analysis. Knowing the history of 

it, from Task 2 and 3, will certainly be helpful in this task. From the results of this 

round, we should be able to identify what should be done in a second round, either 

changing the conditions, specifying parameters, focussing on specific aspects (e.g., 

calculating explosion from given pre-mixtures), or anything else we may find 

appropriate. 

 

 

 

 

 

 

 

 

 

 

 



Response from Dr. Moriyama from JAERI 

 

I am happy hearing from you. Unfortunately, I can not send you the things of your 

request right now.  

 

Regarding my trials on TROI-13 calculation, actually, it is only in the raw output data. 

(I could not contribute to SERENA about TROI because I could not find time to do it on 

time.) But, in summary, the results I have obtained are something like bellow. 

 

- I first tried explosion calculation with the conditions given in your experimental 

descriptions, assuming all the melt is molten in the pre-mixture and at the initial 

temperature. Then what I got is a typical explosion with the pressure pulse of KROTOS 

class (ppeak=30MPa, half height width 2ms. 

 

- I thought that a lot of the melt might be frozen at the time of triggering in reality. Then 

I tried my own premixing calculations. But when I tried that with the initial melt jet 

temperature given in your report, 3500K, still I got very high pressure like KROTOS.  

(In the premixing calc., I set very fast breakup of the jet by playing with a tuning factor 

to mimic the leading edge breakup which possibly took effect in the experiment. 

 

- I tried lowering the initial melt super heat. And only when I set very low temperature, 

2900K, I got pressure peak of 7MPa, something like the one seen in the experiment.  

 

- When I looked into the molten fraction of melt at the time of triggering, the melt was 

all molten in the 2nd case (original premix calc with Tini=3500K) and about 25% 

frozen in the 3rd case (orig. premix calc. With Tini=2900K). - I think there might be a 

large deviation from reality   in my premixing calculations, regarding the fast transient 

coarse breakup and cooling of the melt, possibly because of the short jet and high inlet 

velocity at the water surface. That's all I have right now about TROI calc. 

 

For the recent experimental results, I only have finished a report in japanese for our 

sponsor. It will be authorized and printed by the end of June, hopefully. (It is an open 

material) Then, I can send one to you. Although the text is in Japanese, the plots and 

photos will be useful I hope. Or, maybe you have someone who reads japanese, don't 

you? 
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초        록   

원자로 노심 용융물과 냉각수가 반응할 때 발생하는 증기폭발 현상에 대해서는 아직 

알려지지 않은 부분이 많아서, 신형 원자로 격납 건물 설계, 가동 중 원전의 사고 관

리 전략 수립에 많은 어려움을 겪고 있다. 그래서 OECD/NEA 에서는 증기폭발의 주

요 미해결 쟁점들을 종겨맂을 수 있는 연구를 권고하여, 미국, 프랑스, 독일, 일본, 우

리나라를 포함하는 SERNEA(Steam Explosion Resolution for Nuclear Application) 

국제 공동연구가 2002년부터 시작되었다. 이 국제 공동 연구의 1단계는 해석적인 연

구이고, 2005년도에 시작이 예상되는 2단계는 실험적인 연구가 예정되어 있다. 한․

불은 2002년 KAERI(한국 원자력 연구소)-CEA(Commissariat a I'Energie 

Atomique) 전문가 회의 및 원자력공동위원회의를 통해 SERNENA 2 단곙 usrn에 서

로 협력하기로 원칙적인 합의를 하 다 그 후속 조치를 제안하기 위해 사전 기획 연

구가 필요하다. 연구개발의 내용은 OECD 증기폴발 실험 국제 공동연구를 기획하기 

위한 한․불간의 공동연구를 수행하는 것이다. 그 범위는 국제 공동 연구 기반 구축

을 위한 기술 교류와 OECD 증기 폴발 실험 국제 공동 연구 기획 보고서를 작성하

는 것이다. 그리하여 한․불 증기폭발 전문가 회의를 2회 개최하여 각자읫 실험인 

TROI/KROTOS 에 대한 기술협의를 하 으며, USNRC/CSARP, JAERI 등 국제회의

에서 한국원자력연구소의 TROI 실험 결과를 홍보하여 국제공동연구를 수행할 역량

이 있음을 알렸다. 또 TROI 실험의 문 홈페이지를 구축하고 실험자료를 데이터베

이스화하여 국제적인 홍보 및 한․불 사이의 실험 자료 교환을 가능하게 하 다. 마

지막으로 세계적인 전문가들로부터 KROTOS 협력으로부터 얻을 수 있는 실험 범위

를 도축하고, 국제 공동 연구 기획 보고서를 작성하 다. 본 연구를 통해 

KAERI/CEA/IRSN/KINS 사이의 공식협력이 맺어져서, 증기폭발 분야 및 중대사고 

전반의 기술교류에 크게 기여할 것으로 기대된다. 또한 TROI 실험 문 홈페이지를 

우리 기술을 국제적으로 알려서, 국제협력을 적극 유도할 것으로 기대된다. 

OECD/NEA SERNENA 2 단계 연구가 추진이 가시화되면서, 한․불이 주도하는 국

제 공동연구를 추진할 수 있도록 한다. 
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증기폭발실험, 한․불공동연구, 기획, SERENA, TROI 실험, KROTOS 실험
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   There are some difficulties in design of the new reactor containment and in estabilishment of 

accident management strategy for operating reactors, since there exist a few phenomenological 

uncertainties in a steam explosion which occurs at the time of the interaction between the corium 

melt and coolant. So, the OECD/NEA recommended a research which could finalize the unsolved, 

issues in a steam explosion and then a international collaborative research involving US, France, 

Germany, Japan and Korea, so called the SERENA( Steam Explosion Resolution for Nuclear 

Application) started in 2002. The first phase of this collaborative research is an analytical 

research and the second phase is planned to be an experimental research which will start in 

2005, Korea and France agreed that both countries would cooperate in the second phase of the 

SERENA program at the specialist meetings and collaborative committee between the KAERI 

(Korea Atomic Energy Research Institute) and the CEA (Commissariat a I'Energie Atomique). This 

preparation research is performed in order to carry out the agreement between Korea and France 

and propose a collaborative research to the SERENA second phase. The content of this research 

is to perform a collaborative research between Korea and France to propose an international 

collaborative research on a steam explosion research to the OECD. The scope includes the 

technical exchange for the construction of an international collaborative research and the 

preparation of a proposal for an international collaborative research for the OECD steam explosion 

program. So, two steam explosion specialist meeting were heldto discuss the technical issues in 

the TROI and KROTOS experiments. A formal accession and amendment agreement for the 

collaboration was contracted between the KAERI/KIMS/CEA/IRSN. And the KAERO's capability to 

perform an international collaborative research was proved by advertising the TROI test results to 

the USNRC/CSARP and JAERI. Also, the English homepage and database for the TROI experiment 

were contructed to adveritise the experiment internationallyand to exchange the experimental data 

between Korea and France, respecitively. Finally, a proposal for an international collaborative 

research was prepared with the aid of international specialists on the steam explosion research 

for the remaining unsolved issues. In the future, the agreement between the 

KAERI/KIMS?CEA/IRWN will contribute to the steam explosion research and furthermore to the 

overall severe accident reseach. The TROI English homepage will adveritise KAERI's technology 

worldwide to induce international collaborations. And, the second phase of the SERENA program is 

expected to be led by mainly Korea and France due to the preparation of a proposal for an 

international collaborative research
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