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Previous meetings organised by the Nuclear 
Society of Slovenia

• First Meeting of Nuclear Society of Slovenia, Bovec, Slovenia, June 1992

• Regional Meeting: Nuclear Energy in Central Europe, Present and Perspectives, Portorož, 
Slovenia, June 1993

• PSA/PRA and Severe Accidents ‘94, Ljubljana, Slovenia, April 1994

• Annual Meeting of NSS ‘94, Rogaška Slatina, Slovenia, September 1994

• 2nd Regional Meeting: Nuclear Energy in Central Europe, Portorož, Slovenia,  
September 1995

• 3rd Regional Meeting: Nuclear Energy in Central Europe, Portorož, Slovenia,  
September 1996

• 4th Regional Meeting: Nuclear Energy in Central Europe, Bled, Slovenia, September 1997

• Nuclear Energy in Central Europe `98, Čatež, Slovenia, September 1998

• Nuclear Energy in Central Europe `99 with Embedded Meeting Neutron Imaging Methods to 
Detect Defects in Materials, Portorož, Slovenia, September 1999

• 20th International Conference on Nuclear Tracks in Solids, Portorož, Slovenia, August 2000

• Nuclear Energy in Central Europe 2000, Bled, Slovenia, September 2000

• Nuclear Energy in Central Europe 2001, Portorož, Slovenia, September 2001

• Nuclear Energy for New Europe 2002, Kranjska Gora, Slovenia, September 2002

• Nuclear Energy for New Europe 2003, Portorož, Slovenia, September 2003

• Nuclear Energy for New Europe 2004, Portorož, Slovenia, September 2004

• Nuclear Energy for New Europe 2005, Bled, Slovenia, September 2005

• Nuclear Energy for New Europe 2006, Portorož, Slovenia, September 2006

• Nuclear Energy for New Europe 2007, Portorož, Slovenia, September 2007

• Nuclear Energy for New Europe 2008, Portorož, Slovenia, September 2008

• Nuclear Energy for New Europe 2009, Bled, Slovenia, September 2009

• Nuclear Energy for New Europe 2010, Portorož, Slovenia, September 2010

• Nuclear Energy for New Europe 2011, Bovec, Slovenia, September 2011

• Nuclear Energy for New Europe 2012, Ljubljana, Slovenia, September 2012

• Nuclear Energy for New Europe 2013, Bled, Slovenia, September 2013

• Nuclear Energy for New Europe 2014, Portorož, Slovenia, September 2014

• Nuclear Energy for New Europe 2015, Portorož, Slovenia, September 2015

• Nuclear Energy for New Europe 2016, Portorož, Slovenia, September 2016

• Nuclear Energy for New Europe 2017, Bled, Slovenia, September 2017
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Welcome
Nuclear Society of Slovenia welcomes you at the traditional meeting of professionals from nuclear 
research organizations, educational institutions, nuclear utilities, industrial companies and 
regulatory bodies. This meeting has a long tradition as it has evolved from a national conference 
to a regional meeting and after a decade it has gained a true international character.

The 2018 conference’s invited lectures span from the role of nuclear energy in a carbon-
constrained world to status and perspectives of nuclear power in Europe and USA, as well as 
modern methods in neutron transport calculations and plans for new devices for fusion research. 
Contributed papers cover a wide range of current developments in different fields related to 
nuclear industry, research, education and regulation. The opportunities and challenges for 
nuclear power generation will be highlighted and discussed. Professionals who recognize nuclear 
power’s importance in securing Europe’s energy and environmental future are very welcomed to 
attend this annual conference.

Place and time of conference
The conference will take place in Grand Hotel Bernardin in Portorož, Slovenia. GH Bernardin is the 
first and the largest convention hotel in Slovenia. Its wonderful location close to the sea provides 
inspiring working atmosphere.

St. Bernardin Resort
Grand Hotel Bernardin
Obala 2
6320 Portorož

Lectures and posters sessions will be held in the Europa Convention Halls “A” and “C“ on the 
12th floor of Grand Hotel Bernardin.

From: Monday, September 10, at 16:00
To: Thursday, September 13, at 14:00

St. Bernardin Resort Grand Hotel Bernardin

Hotel Vile Park
Hotel Histrion

Piran

Portorož
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Presentations
Oral presentations are limited to 20 minutes. Authors are kindly asked to present their papers 
in 15 minutes to allow 5 minutes for discussion. A laptop PC with Microsoft PowerPoint will be 
available. 

Participants are asked to deliver their presentation files (CD, memory stick, ...) to the organizer  
at least one break before their scheduled presentation time. For video projectors or any additional 
questions please contact the organizers.

Posters should fit within the 95 cm (width) x 110 cm (height). Authors are kindly requested to 
post their presentations on Tuesday, September 11 morning and remove them by Thursday,  
September 13, 13:00. Poster sessions with authors present at their posters are scheduled for 
Tuesday, September 11 at 16:00 and for Wednesday, September 12 at 10:10. 

The best poster presentation will receive a special award.

Proceedings
The Proceedings containing full-length papers presented at the conference, and accepted after 
peer review, will be published on the DVD after the conference and sent to the participants. 

Contest of Young Authors
Award will be given for the best paper prepared by the first author aged no more than 32 years in 
2018. Full papers should have been submitted by August 24, 2018 in order to enter the contest.

Best Poster Award
Posters will be evaluated according to their clarity, technical content and visual attractiveness. 
Posters must be displayed from Tuesday, September 11, 2018 in order to participate in the 
contest.

Registration
Registration desk opening hours:
Monday, September 10:  9:30 to 10:30 (only workshop participants) 

Monday, September 10: 14:30 to 18:00
Tuesday, September 11:  8:00 to 17:00
Wednesday, September 12:  8:00 to 12:00
Thursday, September 13:  8:00 to 12:00
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Social Activities

Conference Lunch Tuesday, Wednesday and Thursday
Lunch on Tuesday, Wednesday and Thursday is included in the registration fee and will be served 
from 12:30 to 13:30 at Grand Restaurant at the 10th floor of the Grand Hotel Bernardin.

Welcome Reception Monday, September 10
The Welcome Reception will start at 19:30 in Grand Garden terrace at 11th floor of the Grand 
Hotel Bernardin with welcome drink. 

Conference Trip Wednesday, September 12 
An afternoon boat trip along the Slovenian coast will be organized on Wednesday afternoon.

Conference Dinner Wednesday, September 12
The Conference dinner will be another opportunity for relaxed discussions. It will be held at 19:30 
on the Terrace International, located by the square with the church, between hotels Bernardin 
and Histrion. In case of bad weather the dinner will take place in the Sunset Restaurant on the 
10th floor of the Grand Hotel Bernardin. The Young Authors Award and the Best Poster Award will 
be presented during the dinner. 

the Terrace InternationalHotel Vile Park

Hotel Histrion

All social activities are free of charge for registered conference participants.
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Monday, Sept. 10 Tuesday, Sept. 11 Wednesday, Sept. 12 Thursday, Sept. 13

Invited lecture 
Leiming Shang 

8:30 - 9:10

Invited lecture 
John Kelly 
8:30 - 9:10

Invited lecture 
Radomir Panek 

8:30 - 9:10

200 
Reactor physics I 

9:10 - 10:30

500 
Severe accidents I 

9:10 - 10:10
600 

Fusion 
9:10 - 10:30

Posters with coffee 
break

SuperMC Workshop 
10:30-12:30

Coffee break Coffee break

200 
Reactor physics II 

10:50 - 12:30

500 
Severe accidents II 

10:50 - 12:30

700 
Nuclear materials 

10:50 - 11:50

800 
Radioactive waste 

11:50 - 12:30

Lunch break  
(meal not included)

Lunch Lunch Lunch

SUSD3D Workshop 
13:30-15:00

300 
Thermal hydraulics 

14:00 - 16:00

Conference trip 
14:00 - 18:00

Conference opening 
16:00

Invited lecture 
David Petti 

16:20-17:00 

Posters with coffee 
break

coffee break
400 

Radiation measurements 
and dosimety 
16:40 - 18:00

Invited lecture 
Stanislav Rožman 

17:20 - 18:00

100 
Nuclear energy and 

society 
18:00 - 18:40

Welcome reception 
19:30

Conference dinner 
19:30

Conference Timetable
All lectures and posters sessions will be held in Grand Hotel Bernardin at Europa Convention 
Halls “A” and “C“.
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Conference Program

Monday, September 10

 16:00 Conference Opening

 Invited lecture
	 Chairperson:	 Igor	Jenčič,	Slovenia	

16:20 1 David Petti –	USA
 MIT Study on the Future of Nuclear Energy in a Carbon-Constrained World

17:20 2 Stanislav Rožman,	Janez	Krajnc,	Božidar	Krajnc	–	Slovenia
 Safety Improvements of Operating PWR Reactors in EU

Session 1 18:00 Nuclear Energy and Society
	 Chairpersons:	 Borut	Mavko,	Slovenia

	 	 John	Kelly,	USA

18:00 101 Tomaž Nemec,	Siniša	Cimeša,	Andreja	Peršič,	Tom	Bajcar,	Tomi	Živko	-	Slovenia
 Regulatory Approach to Licensing of Design Extension Conditions (DEC)   
 Modifications of the Krško NPP Safety Upgrade Program 

18:20 102 Helena Janžekovič	-	Slovenia
 Five Major Mistakes in Industrial Radiography 
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Tuesday, September 11

 Invited lecture

08:30	 3	 Liqin	Hu,	Jing	Song,	Fang	Wang,	Tao	He,	Lijuan	Hao,	Bin	Wu,	Shengpeng	Yu,		
	 	 Guangyao	Sun,	Jun	Zou,	Quan	Gan,	Lei	Wang,	Bin	Li,	Guomin	Sun,	Yican	Wu,		
	 	 Team	Fds	–	China
 Development of Super Multi-functional Calculation Program for Nuclear Design  
 and Safety Evaluation (SuperMC)

Session 2 9:10 Reactor Physics I
	 Chairpersons:	 Ivan	Kodeli,	Slovenia

	 	 Davor	Grgić,	Croata

9:10 201 Gerald Rimpault,	Ivo	Kodeli,	Virginie	Huy	-	France	
 Integral Experiment Analyses in support to the OECD/NEA benchmarks on  
 Uncertainty Analysis in Modelling (UAM) for Design, Operation and Safety  
 Analysis of SFRs (SFR-UAM)

09:30 202 Ville Valtavirta,	Mohammad	Hessan,	Jaakko	Leppänen,	Vid	Merljak,	Dušan	Čalič,		
	 	 Žiga	Štancar,	Luka	Snoj	–	Finland
 Time-dependent modelling of the JSI-TRIGA with Serpent 2

09:50 210 Marjan Kromar,	Bojan	Kurinčič	-	Slovenia	
 Recent improvements in the isotopic composition library of the CORD-2   
 package

10:10 204 Bor Kos,	Ivo	Kodeli,	Scott	W.	Mosher	–	Slovenia
 Coupling of the SUSD3D S/U Code with the Denovo Deterministic Transport  
 Solver

Session 3 10:50 Reactor Physics II
	 Chairpersons:	 Helmuth	Böck,	Austria

	 	 Marjan	Kromar,	Slovenia	

10:50 205 Christian Castagna,	Antonio	Cammi,	Stefano	Lorenzi	-	Italy	
 A multi-physics modelling approach for the analysis of Lead Fast Reactors

11:10 206 Feride Kutbay,	Mohammad	Allaf,	Senem	Senturk	Lule,	Uner	Colak	-	Turkey	
 Doppler Broadening Effect on Reactivity Feedback in ITU TRIGA MARK II   
 Research Reactor

11:30 218 Klemen Ambrožič,	Luka	Snoj	-	Slovenia	
 JSIR2S Code System for delayed radiation field calculations

11:50 211 Andrej Trkov,	Roberto	Capote	-	Austria	
 Progress in evaluated nuclear data for applications

12:10 209	 Thibault	Cordier,	Ivo Kodeli,	Karl-Heinz	Schmidt,	P.	Dossantos-Uzarralde	-	Slovenia	
 Data assimilation methods to derive covariance matrices and improve nuclear  
 data
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Session 4 14:00 Thermal Hydraulics
	 Chairpersons:	 Bernd	Jaeckel,	Switzerland

	 	 Boštjan	Končar,	Slovenia

14:00 301	 Fabio	Mirelli,	Davide Rozzia,	Katrien	Van	Tichelen,	Rafael	Fernandez	-	Slovenia	
 Pretest Analyses of Table Top Experiments in Support to the Development of  
 Double-Wall Innovative Heat Exchanger

14:20 302 Dante De Santis,	Afaque	Shams	-	Netherlands	
 Towards the Direct Numerical Simulation of Thermal Mixing in a T-junction  
 configuration

14:40 303 Samanta Estevez-Albuja,	Gonzalo	Jimenez,	Kevin	Fernández-Cosials,	César		
	 	 Queral		–	Spain
 Analysis of the AP1000® equipment and instrumentation qualification criteria  
 for a large break LOCA with a 3D GOTHIC model

15:00 304 Parikshit Bajpai,	Antonio	Cammi,	Stefano	Lorenzi	-	Italy	
 A Multiphysics Model for Analysis of Inert Gas Bubbles in Molten Salt Fast  
 Reactor – Part 1: Numerical Modelling

15:20 305 Matej Tekavčič,	Boštjan	Končar,	Ivo	Kljenak	-	Slovenia	
 The effect of interface compression on the simulated frequency of liquid waves  
 in vertical churn flow

15:40 306 Arkadiusz Siwiec	-	Poland	
 Thermal-hydraulic analysis of GFR demonstrator - Allegro

Session 5 16:00 Poster Session            Poster session will also be held on Wednesday at 10:10

	 Chairpersons:	 	Ivo	Kljenak,	Slovenia

	 	 Gonzalo	Jiménez,	Spain

	 	 Sabina	Markelj,	Slovenia

Nuclear Energy and Society
 103 Matjaž Koželj,	Vesna	Slapar	Borišek	-	Slovenia	
 Safety Culture in Radiation Protection

 104 Török Szabina,	Endre	Börcsök	-	Hungary	
 Environmental benefits of nuclear cogeneration development in Hungary

 105 Sergey Makovskiy,	Anton	Kuryndin,	Andrey	Kirkin,	Dmitriy	Sorokin	-	Russian		
	 	 Federaton	
 Development of Problem Oriented Computer Programs for Technical and  
 Scientific Support of Regulatory Body in the Field of Safety Handling of Spent  
 Nuclear Fuel and Emergency Response

 106 Helena Janžekovič -	Slovenia	
 Radiation Sources used for Security Purposes

 107 Marko Čepin	-	Slovenia	
 Human Reliability Assessment as a Part of Shutdown Probabilistic Safety  
 Assessment
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 108 Tomaž Skobe	-	Slovenia	
 Experiences and Good Practices by Using Quality Assurance System in Nuclear  
 Training Centre

 109 Radko Istenič,	Igor	Jenčič	-	Slovenia	
 Public Opinion about Nuclear Energy – Year 2018 Poll

 110 Anže Jazbec,	Sebastjan	Rupnik,	Vladimir	Radulović,	Klemen	Ambrožič,	Borut		
	 	 Smodiš,	Luka	Snoj	-	Slovenia	
 The Jožef Stefan Institute TRIGA Research Reactor Activities in 2017/2018

 111 Andreja Peršič,	Tomaž	Nemec,	Tom	Bajcar	-	Slovenia	
 New Safety Requirements for Power Reactor Spent Fuel Storage 

Reactor Physics
 203 Jakub Lüley,	Branislav	Vrban,	Stefan	Cerba,	Filip	Osuský,	Vladimir	Nečas	-			
	 	 Slovakia	
 Assembly Homogenization Technique for VVER-440 Reactor Multi-group   
 Calculations

 207 Romain Henry,	Armin	Seubert,	Kiril	Velkov,	Robert	Kilger	-	Germany	
 Neutronics modelling of Superphénix Benchmark with SERPENT and PARCS 

 212 Stefan Cerba,	Branislav	Vrban,	Jakub	Lüley,	Filip	Osuský,	Vladimir	Nečas	-	Slovakia	
  Development of Multi-Group XS Library for VVER-440

 213 Áron Vécsi	-	Hungary	
 The simulation using point kinetics compared with advanced reactor physics  
 model

 214 Martin Lovecky,	Jiří	Závorka,	Jana	Jirickova,	Radek	Skoda	-	Czech	Republic	
 Burnable Absorber Layer in HTR Coated Particles for OTTO Fuel Cycle

 215 Jiří Závorka,	Martn	Lovecký,	Radek	Škoda	-	Czech	Republic	
 Fuel Pebble Optimization

 216 Ivo Kodeli,	Gerald	Rimpault,	Pierre	Leconte	-	Slovenia	
 Assessing the uncertainty of reactivity worth scale measurements

 217 Ivo Kodeli,	Gerald	Rimpault,	Laurent	Buiron	–	Slovenia
 Nuclear Data Uncertainty Analyses of the OECD/NEA sub-exercise benchmarks  
 on Uncertainty Analysis in Modelling (UAM) for Design, Operation and Safety  
 Analysis of SFRs (SFR-UAM)

 219 Christian Castagna,	Antonio	Cammi,	Stefano	Lorenzi	-	Italy	
 Development of a new technique for burnup calculations

 220 Carolina Introini,	Antonio	Cammi,	Stefano	Lorenzi	-	Italy	
 A Dynamic Mode Decomposition Approach to the Study of PWR Free Dynamics

 221 Carolina Introini,	Antonio	Cammi,	Stefano	Lorenzi	-	Italy	
 Dynamic Mode Decomposition for the Control of Nuclear Power Plants
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 222 Fadime Ozge Ozkan,	Mohammad	Allaf,	Senem	Senturk	Lule,	Uner	Colak	-	Turkey	
 Monte Carlo Analysis of Control Rod Worth for ITU TRIGA Mark II Research  
 Reactor

 223 Vid Merljak,	Marjan	Kromar,	Andrej	Trkov	-	Slovenia	
 Numerical assessment of dynamic reactivity overshoot as observed after  
 control rod repositioning

 224 Dušan Čalič –	Slovenia
 A comparison of neutron leakage models at assembly level 

 225 Dušan Čalič,	Bor	Kos,	Gašper	Žerovnik,	Alexey	Stankovskiy	-	Slovenia	
 Nuclear data uncertainties for BEAVRS benchmark core

 226 Sang-Il Ahn,	Jin-Hwan	Cho,	Minjoong	Gim	-	South	Korea	
 Optimize fuel inserts shuffle time during refueling outage in Pressurized Water  
 Reactor (PWR)

 227 Branislav Vrban,	Stefan	Cerba,	Jakub	Lüley,	Filip	Osuský,	Vladimir	Nečas	-			
	 	 Slovakia	
 Multigroup Cross Section Libraries for MCNP 

 228  Davor Grgić,	Radomir	Ječmenica,	Štefica	Vlahović,	Siniša	Šadek
 Comparison Between ORIGEN2.2 and ORIGEN-S Calculated Source Term

Thermal Hydraulics
 307 Jure Oder,	Iztok	Tiselj	-	Slovenia	
 Direct Numerical Simulations of Thermal Fluctuations in a Flow Over a   
 Backward Facing Step With Solid Walls 

 308	 Boštjan	Zajec,	Anil	Kumar	Basavaraj,	Marko Matkovič	-	Slovenia	
  Preliminary Measurements of Flow Boiling along the Fuel-Rod-Like Test Section

 309 Mira Chitt -	France	
 Simultaneous Measurements of Temperature and Velocity by Optical Methods:  
 Application to the Upper Plenum of Sodium Cooled Nuclear Reactor ASTRID

 311 Young Seok Bang,	Andong	Shin,	Joo-Suk	Lee	-	South	Korea	
 Multiple Fuel Rods Modeling for LBLOCA Analysis of APR1400 under High  
 Burnup Condition 

 312	 Ahmet	Gultekin,	Mohammad Allaf,	Uner	Colak	-	Turkey	
 Numerical investigation of a single droplet impact onto hot surface by VOF  
 method at high Weber numbers

 313	 Blaž	Kamenik,	Matej	Tekavčič,	Jure	Marn, Ivo Kljenak	-	Slovenia	
 Simulation of flow conditions in the inlet plenum of a PWR steam generator

 314 Boštjan Zajec,	Jure	Oder,	Marko	Matkovič	-	Slovenia	
 Two-dimensional PIV measurements of water flow over a backward-facing step

 315	 Anil	Kumar	Basavaraj,	Boštjan	Zajec,	Marko Matkovič	-	Slovenia	
 Accurate Measurements of the Local Heat Transfer Coefficients along the  
 Dedicated Test Section
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 316 Andrej Prošek -	Slovenia	
 Simulation of L9-1/L3-3 experiment with multiple failures on LOFT facility

 317 Martin Draksler,	Boštjan	Končar,	Leon	Cizelj	-	Slovenia	
 On the capability of scale-adaptive simulation of multiple impinging jets

 318 Byung Soo Shin	-	South	Korea	
 Best Estimate Anaysis for MSGTR Accidents in APR1400 Considering Control  
 Systems

 319 Davor Grgić,	Štefica	Vlahović,	Tomislav	Fancev,	Siniša	Šadek,	Vesna	Benčik	-		
	 	 Croata	
 NPP Krsko IB Modelling with GOTHIC and MELCOR Codes

 320 Parikshit Bajpai,	Stefano	Lorenzi,	Antonio	Cammi	-	Italy	
 A Multiphysics Model for Analysis of Inert Gas Bubbles in Molten Salt Fast  
 Reactor – Part 2 : Application and Results

Radiation Measurements and Dosimetry
 405 Marko Štrok,	Borut	Smodiš,	Ljudmila	Benedik,	Leja	Rovan,	Mihajela	Črnko,	Adis		
	 	 Krečo	-	Slovenia	
 Flipped Classroom Approach in Teaching Analytical Radiochemistry

 406 Vladimir Radulović,	Thiollay	Nicolas,	Andrej	Trkov,	Christophe	Destouches,		
	 	 Hubert	Carcreff	-	Slovenia	
 Nuclear Reactions Suitable for Epithermal Neutron Dosimetry Using Boron- 
 Based Filters: Preparation of an Experimental Campaign at the JSI TRIGA   
 Reactor

 407 Andrea Di Ronco,	Antonio	Cammi,	Francesca	Giacobbo	-	Italy	
 Application of the Dynamic Mode Decomposition approach to the Dispersion of  
 Radioactive Contaminants in Air 

 408 Sefa Bektaş,	Mohammad	Allaf,	Senem	Senturk	Lule,	Uner	Colak	-	Turkey	
 Dose Rate Calculation for Different Configurations of ITU TRIGA-MARK II Spent  
 Fuel Pit

 409 Pavel Gabriel Lazaro,	Andrei	Razvan	Budu	-	Romania	
 Radon Monitoring for University Politehnica of Bucharest Passive house

 410	 Naeem	Hatefi,	Mohsen Kheradmand Saadi	-	Iran	
 Optimization of an Am-Be Neutron Source Shielding by Advanced Materials  
 Using MCNP Code

 411 Antonio Guglielmelli,	Federico	Rocchi,	Fulvio	Mascari	-	Italy	
 Implementation of a WinMAACS 3.11.2 model for the evaluation of some  
 off-site consequences due to a Krško NPP postulated severe accident for   
 Emergency Preparedness and Response purposes

 412	 Sándor	Kiss,	Sándor Lipcsei,	Gábor	Házi,	Tamás	Parkó,	István	Pós,	Zoltán	Kálya	-		
	 	 Hungary	
 New refueling neutron monitoring and reactivity measurement systems for  
 Paks NPP
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Severe Accidents
 510 Matic Kunšek,	Ivo	Kljenak,	Leon	Cizelj	-	Slovenia	
 Parametric study of a single rising bubble scrubbing

 511 Marie-Noelle Ohnet,	Olivia	Leroy,	Karine	Boucault,	Cedric	Gomez	-	France	
 Effects of different parameters on the ruthenium transport  in the RCS in case of  
 a PWR severe accident

 513 Liviusz Lovasz,	Sebastan	Weber,	Marco	K.	Koch	-	Germany	
 Comparison of a Hypothetical Strongly Asymmetrical Severe Accident Using the  
 Standard and the New Nodalization Method with the Code System AC2

 514 Sukyoung Pak,	Kukhee	Lim	-	South	Korea	
 Evaluation of the penetration failure on the reactor lower head by using   
 PENTAP Plus code 

 515	 Eleonora	Skrzypek,	Maciej Skrzypek	-	Poland	
 Thin metallic layer on the top of the molten corium pool study, under severe  
 accident conditions with its impact on the core support plate - CFD software  
 application.

 516 Matjaž Leskovar,	Mitja	Uršič	-	Slovenia	
 Analysis of Severe Accident in Safety Upgraded Krško NPP with MELCOR 1.8.6

 517 Janez Kokalj,	Matjaž	Leskovar,	Mitja	Uršič	–	Slovenia
 Model for premixed layer formation in stratified melt-coolant configuration

 518 Rok Krpan,	Ivo	Kljenak	-	Slovenia	
 Scaling of experiment on containment atmosphere mixing from PANDA   
 experimental facility to Krško NPP containment

 519	 Fulvio	Mascari,	Juan	Carlos	De	La	Rosa	Blub,	Antonio Guglielmelli	-	Italy	
 Analysis of a postulated 2-inch CL LOCA unmitigated transient progression in a  
 PWR-like 900 MWe with MELCOR code

 520	 Žan	Kogovšek,	Matej Tekavčič,	Mitja	Uršič,	Matjaž	Leskovar	-	Slovenia	
 Numerical simulation of heat transfer around melt fragments

 521 Mitja Uršič,	Matjaž	Leskovar,	Vasilij	Centrih	-	Slovenia	
 Effect of sub-cooling on initial conditions for potential energetic fuel-sodium  
 interaction

 522 Livia Tiborcz,	Thorsten	Hollands,	Sebastan	Weber	-	Germany	
 Source Term assessment for a severe accident scenario in a generic German  
 PWR with AC2
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Fusion
 602 Jakub Klecka	-	Czech	Republic	
 Optimization of RF-ICP tungsten deposits for plasma facing components
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MIT Study on the Future of Nuclear Energy in a Carbon-
Constrained World

David Petti

Idaho National Engineering and Environmental Laboratory, 2525 North Fremont Ave., P.O.Box 1625, 
Idaho Falls, ID 83415, USA-Idaho

david.petti@inl.gov

Nuclear energy faces significant economic challenges. Many Light Water Reactors (LWRs) in the U.S. are 
not economic compared to available and inexpensive natural gas, and the U.S. and other Western nations 
are struggling to deliver new LWR plants on time and budget.  Internationally, nuclear power is cheaper to 
build in Asia than in the U.S. or Europe, yet is still not as inexpensive as coal in key large growth countries 
like China and India. 

At the same time, new and revived technical designs for advanced nuclear energy systems are under 
development. These advanced systems offer a range of technology innovations that can potentially 
improve economic performance and further enhance safety. Significant opportunities for innovation can 
also come from technologies outside the nuclear industry such as advanced construction solutions and 
seismic base isolation. Further, many of these innovative nuclear energy systems have the potential to help 
meet the load-following demands of an energy economy with a growing fraction of variable renewable 
energy sources. 

We have performed a techno-economic evaluation of future nuclear technology options, and associated 
business and governance models. We have organized our results around the following five major themes: 
(a) opportunities for nuclear energy, (b) nuclear power plant cost, (c) advanced reactor technology, (d) 
business and policy models and (e) nuclear reactor safety regulation and licensing. Our study’s results will 
be presented.
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Safety Improvements of Operating PWR Reactors in EU
Stanislav Rožman, Janez Krajnc, Božidar Krajnc

Nuklearna elektrarna Krško, Vrbina 12, 8270 Krško, Slovenia

stanislav.rozman@nek.si

After Fukushima accident in 2011, stress tests were required to be carried out on nuclear power plants and 
EU countries have developed and submitted to ENSREG the so called National Action Plans [1]. The idea 
that the countries shall commit to the actions identified during the stress tests is positive and indicates 
that the existing level of safety can and shall be improved. At this point, in the absence of EU common 
nuclear regulation and standards, EU countries submitted quite different action plans [3]. In fact, the scope 
of actions depends on plant type, age and national regulations, which are quite different in Europe. Later 
WENRA published the so called Safety Reference Levels for Existing Reactors [2] with the aim of defining 
reference levels for reactors in Europe and incorporating both the lessons learned after the Fukushima 
accident and the results of stress tests.

The Krško NPP is the only nuclear power plant in Slovenia and due to that we are in continuous focus of the 
regulator and the public. It is also important to note that the Krško NPP is a two-loop Westinghouse PWR, 
generation II, built based on the US regulations and standards with the start of commercial operation in 
1983 and with the plan to operate at least 60 years. As part of the requirements for plant life extension, the 
Slovenian Nuclear Safety Administration (SNSA) requested [4] that the Krško NPP prepare and implement 
a Safety Upgrade Program (SUP) to increase the plant safety, to further decrease the probability for 
core damage and to ensure that even in the case of a severe accident, there would be no long-term 
contamination of the environment in the site vicinity. The SNSA also requested us to take into account the 
lessons learned from the Fukushima accident.

As a first step, the Krško NPP reviewed the available methodologies to develop such a program by using 
the approach defined by the IAEA [5]. Moreover, we wanted to learn from others and as a result prepared 
and documented two independent reviews of the safety upgrades in EU countries [6], [7]. In addition, we 
organized several benchmarking with the EU utilities and plants, such as EDF from France, Borselle from 
Netherlands and Ringhalls from Sweden. Based on that, the Krško NPP specific SUP was revised [8], [9] and 
then approved by the SNSA as a precondition for the plant life extension.

In this presentation, we will focus on similar SUPs prepared for GEN II PWR reactors/plants in the EU 
countries [3] that have not decided yet to terminate use of nuclear power to produce electricity (France, 
Sweden, Belgium). We will compare them with the Krško NPP SUP in both areas – DEC A – severe accident 
prevention and DEC B – severe accident mitigation.

References:

[1] http://www.ensreg.eu/category/page-type/documents/reports

[2] http://www.wenra.org/media/filer_public/2016/07/19/wenra_safety_reference_level_for_existing_
reactors_september_2014.pdf

[3] http://www.ensreg.eu/sites/default/files/HLG_p%282013-24%29_120%20Final%20NAcP%20
Workshop%20Summary%20Report.pdf

[4] SNSA licensing amendment request No. 3570-11/2011/7, Required safety improvements for core 
damage prevention and core damage mitigation, dated September 1, 2011

[5] IAEA SAFETY STANDARDS SERIES No. SSR-2/1, SAFETY OF NUCLEAR POWER PLANTS: DESIGN, SPECIFIC 
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SAFETY REQUIREMENTS, Vienna 2012

[6] Review of Safety Upgrades in EU Countries Related to Post Fukushima Safety Improvements and Life 
Extension, Zagreb, October 2014

[7] RFQ 5474 Review of Safety Upgrades in EU Countries related to Post Fukushima Safety Improvements 
and Life Extension, Vienna, October 2014

[8] NPP Krško, Program nadgradnje varnosti, Rev. 3, Januar 2017

[9] Krško NPP Safety Upgrade Program – Basis and Scope, 12th International Conference of the Croatian 
Nuclear Society, Nuclear Option for CO2 Free Energy Generation, June 3-6, 2018, Zadar, Croatia
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Development of Super Multi-functional Calculation 
Program for Nuclear Design and Safety Evaluation 

(SuperMC)
Liqin Hu1, Jing Song1, Fang Wang1, Tao He1, Lijuan Hao2, Bin Wu1, Shengpeng Yu1, Guangyao 
Sun1, Jun Zou1, Quan Gan1, Lei Wang1, Bin Li1, Guomin Sun1, Yican Wu1, Team Fds1

1Key Laboratory of Neutronics and Radiation Safety, Institute of Nuclear Energy Safety Technology, 
Chinese Academy of Sciences, Hefei, Anhui, 230031, China
2Vinča Institute of Nuclear Sciences, P. O. Box 522, 11001 Beograd, Serbia

shengpeng.yu@fds.org.cn

Super Multi-functional Calculation Program for Nuclear Design and Safety Evaluation, SuperMC, is a full-
function neutronics simulation software system, including radiation transport, depletion, activation, 
and dose calculations. It supports advanced capabilities including CAD/image-based accurate modeling, 
intelligent data analysis based on multi-D/multi-style visualization and network collaborative nuclear 
analysis on cloud computing platform. 

SuperMC has implemented inner-coupled whole process of neutronics calculation of radiation transport, 
depletion, activation, and dose calculations. By data sharing through memory and full automation of 
the workflow, high-precision and more efficient analysis are realized. Series of advanced methods have 
been developed to accelerate radiation transport calculation, including hybrid Monte Carlo (MC) and 
deterministic methods with region/time/energy coupling, global weight window generator (GWWG), 
etc. By these methods, the calculation efficiency for ITER analysis is speed up by 637 times. In order to 
solve the challenge of large memory consuming (TB-level) in high fidelity simulation of coupled radiation 
transport and depletion, thread-level data decomposition is developed in the parallel calculation scheme. 

SuperMC has been verified and validated by more than 2000 benchmark models and experiments including 
ICSBEP, IRPhEP, SINBAD, PWRs (BEAVRS, HM, TCA), fast reactors (BN600, IAEA-ADS), fusion reactors(ITER 
benchmark model , FDS-II). The results of SuperMC agree well with other codes and experiment results. 
It has been applied in 40 major nuclear engineering projects, such as HPR1000, ITER, Europe DEMO, etc.
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Perspectives on the Future of Nuclear Power in the 
United States

John E. Kelly

American Nuclear Society, 555 North Kensington Avenue, La Grange Park, Illinois 60526, U.S.A.

jekellyans@gmail.com

Currently there are dozens of Light Water Reactors (LWRs) under construction around the world.  Most 
experts expect LWR technology to be the primary source of nuclear power well into the latter half of 
this century.  At the same time there continues to be strong interest in moving to more advanced LWR 
technology (such as Small Modular Reactors) and Generation IV systems.  The presentation will provide 
perspectives on the future of nuclear power in the United States and how the integration of LWR technology 
and Gen IV technology can lead to sustainable nuclear power.
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Conceptual design of the COMPASS-U tokamak
Radomir Panek1, J. Havlicek1, Martin Hron1, Renaud Dejarnac1, Michael Komm1, V. 
Weinzett1, J. Adamek1, P. Bilkova1, P. Bohm1, A. Casolari1, O. Ficker2, O. Grover1, J. Horacek1, 
M. Imrisek3, F. Jaulmes1, M. Peterka1, L. Kripner1, T. Markovic1, M. Tomes1, Jozef Varju1, P. 
Vondracek1, team COMPASS1

1Institute of Plasma Physics, Czech Academy of Science, Za Slovankou 3, 18200 Prague, Czech Republic
2Czech Technical University in Prague, Faculty of Nuclear Sciences and Physical Engineering, Department 
of Nuclear Reactors, V. Holesovickach 2, 18000 Praha 8, Czech Republic
3Charles University in Prague Faculty of Mathematics and Physics, Prague, Czech Republic

panek@ipp.cas.cz

The Institute of Plasma Physics of the CAS in Prague has recently started construction of new COMPASS-U 
tokamak. It will be a compact, medium-size (R = 0,9 m, a = 0,3 m), high-magnetic-field (5 T) device. 
COMPASS-U will be equipped by a flexible set of poloidal field coils and capable to operate with plasma 
current up to 2 MA and, therefore, high plasma density (~ 1020 m-3). The device is designed to generate 
and test various DEMO relevant magnetic configurations, such as conventional single null, double null, 
single and double snow-flake. The plasma will be heated using 4 MW Neutral Beam Injection (NBI) heating 
system with future extension by at least 4 MW Electron Cyclotron Resonant Heating (ECRH) system. 

COMPASS-U will be equipped with lower and upper closed, high neutral density divertors. Due to high 
PB/R ratio COMPASS-U will represent a device which will be able to perform ITER and DEMO relevant 
studies in important areas, such as the plasma exhaust or development of new confinement regimes. The 
divertors will use conventional materials in the first stage, however, in the later stage, the liquid metal 
technology, which represents a promising solution for the power exhaust in DEMO, will be installed into 
the lower COMPASS-U divertor. The metallic first wall will be operated at high temperature (approx. 300°C) 
during plasma discharge, which will enable to explore the edge plasma regimes relevant to ITER and DEMO 
operation. The first plasma is scheduled for 2022. 

In this contribution, we will present the conceptual design of the COMPASS-U tokamak as well as the main 
tokamak components.
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Regulatory Approach to Licensing of Design Extension 
Conditions (DEC) Modifications of the Krško NPP Safety 

Upgrade Program
Tomaž Nemec, Siniša Cimeša, Andreja Peršič, Tom Bajcar, Tomi Živko

Slovenian Nuclear Safety Administration, Litostrojska ulica 54, 1000 Ljubljana, Slovenia

tomaz.nemec@gov.si

After the Fukushima accident several countries decided to upgrade the safety of their nuclear power plants 
for severe accidents. In response to the Fukushima accident, the Slovenian Nuclear Safety Administration 
(SNSA) issued a decision to the Krško NPP to perform Stress Tests. In September 2011, the SNSA also 
issued a decision requiring from the Krško NPP to reassess the Severe Accident Management strategy 
with existing design measures and procedures and to implement necessary safety improvements for 
prevention of severe accidents and mitigation of their consequences. In 2012, the Krško NPP prepared the 
Safety Upgrade Program (SUP) for modernization that includes plant upgrades to address Design Extension 
Conditions (DEC). 

In 2013, the Krško NPP already prepared first SUP modifications, the Passive Autocatalytic Recombiners 
(PAR) and Passive Containment Filtered Venting System (PCFVS) that addressed accidents with core melt 
(DEC B). At the time, the Slovenian regulations and international standards applied by the SNSA in licensing 
process for plant modifications did not contain needed methodology or criteria for review and assessment 
of DEC modifications. Parts of licensing process such as inclusion of DEC safety analyses into the Safety 
analysis report (SAR) remained unresolved at the time and were left for later resolution.

Then in 2014, based on the lessons learned from the Fukushima accident, the WENRA prepared Safety 
Reference Levels for Existing Reactors with extensive requirements for DEC. In 2016, the SNSA transposed 
these requirements into the Rules on radiation and nuclear safety factors (regulation JV5). Important in 
licensing of DEC modifications are also the SNSA practical guidelines, such as Practical guideline 1.04 on 
content of the SAR and Practical guideline 1.06 on states of nuclear facilities.

The paper will present the SNSA experience with licensing of the DEC modifications from the Phase 2 of 
the SUP that include plant upgrades for spent fuel pool cooling, new emergency control room, new set of 
pressurizer bypass relief valves as well as definition of new format of DEC operational limits and conditions 
(DECTS). An overview of DEC analyses that were applied as design bases for these modifications will be 
presented. These DEC analyses were included into the SAR and determined the operational limits and 
conditions in the DECTS.
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Five Major Mistakes in Industrial Radiography 
Helena Janžekovič

Slovenian Nuclear Safety Administration, Litostrojska ulica 54, 1000 Ljubljana, Slovenia

helena.janzekovic@gov.si

Industrial radiography is still one of those radiation practices with the highest frequency of accidents, e.g. 
according to UNSCEAR around 40% of all reported accidents related to clinical consequences are a result 
of an event in industrial radiography. Even a quick analysis of about 20 reported events in IAEA NEWS in 
2018 reveals that five of them are related to industrial radiography. One of the first analysis of accidents in 
industrial radiography has been published decades ago, e.g. the IAEA SRS No. 7 has been prepared already 
in 1998.

As consequences related to unsafe practice handling of sources used in this practice might span from 
exposures bellow deterministic thresholds for radiation effects up to deaths as happened in the 1984 
all involved in this specific practice are taking lessons learned identifying errors and mistakes leading to 
accidents. Namely, reactor operators producing sources, designers of equipment used in the practice, 
suppliers, international standardisation organisations and others are focusing on safety of sources, 
equipment and safety procedures. Radiographers are also workers using the highest number of measuring 
equipment to identify a location of a source or measure exposure of a worker, i.e. usually they are using 
four different types of measurement equipment.

As a rule, accident or incidents are a consequence of a chain of events where not only one person or one 
organisation is involved in the event. Generally, safety rules were not followed, and safety culture was 
not present when managing sources. However, to clearly identify critical mistakes leading to accidents 
in incidents in the last years the present analysis focuses only to five major mistakes leading to reported 
accidents. Identification is done by using flowcharts enabling clear allocation of roles of persons involved in 
an accident. Such approach might help operators of industrial radiography equipment as well as regulators 
to focus on the most critical situations and decisions present in this practice. The analysis might be used 
for training purposes of newcomers or regular retaining of radiographers. In addition, it might be useful in 
communication between industrial radiography company and its client, e.g. NPP operator.

103

Safety Culture in Radiation Protection
Matjaž Koželj, Vesna Slapar Borišek

Jožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia

matjaz.kozelj@ijs.si

Use of term “safety culture” is common among people involved in nuclear technology. It is a non-technical 
term that, according to IAEA definition, describes “The assembly of characteristics and attitudes in 
organizations and individuals which establishes that, as an overriding priority, protection and safety issues 
receive the attention warranted by their significance.” The term has been in use for almost three decades 
now and has deeply penetrated minds and behaviour of the nuclear community. Implementation of safety 
culture in facilities is supported by general and dedicated procedures and involvement of all services and 
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departments. Consequently, safety culture has also influenced radiation protection implementation and 
practice and has become one of the important keystones of radiation safety in nuclear facilities.

Due to the positive influence on radiation safety, one would expect that safety culture tools and approaches 
would penetrate other radiation practices and facilities. However, this holds only partially. For example, 
safety culture is not mentioned in the new Council Directive 2013/59/EURATOM, which lays down basic 
safety standards for protection against the dangers arising from exposure to ionising radiation in EU. In the 
recent Slovenian Ionising Radiation Protection and Nuclear Safety Act (ZVISJV-1), there is the definition of 
safety culture and the term is used only in relation to nuclear and radiation facility management system. 
However, in the Rules on the obligations of the person carrying out a radiation practice and person 
possessing an ionizing radiation source (Rules SV-8), care for the safety culture (and good condition of 
radiation protection) has been specified as one of the key duties of a person responsible for radiation 
protection. The list of tasks is added for clarification, but it contains regular tasks related to fulfilling legal 
requirements imposed by licence and relevant rules. 

So what is safety culture in radiation protection? How can we introduce safety culture in a non-nuclear 
environment where radiation practice is not the major activity and requirements of radiation protection 
legislation are considered more like obstacles? What can a person responsible for radiation protection 
really do to ensure that safety culture is a part of a practice? What support does he need from facility 
management? And finally, what knowledge and training he needs to be able to perform as required by 
Rules SV-8? In our contribution, we will try to answer all these questions and illustrate answers with some 
practical examples.

104

Environmental benefits of nuclear cogeneration 
development in Hungary

Török Szabina, Endre Börcsök

Centre for Energy Research Hungarian Academy of Sciences, P.O.Box 49, H-1525 Budapest, Hungary

torok.szabina@energia.mta.hu

The replacement of uneconomical fossil plants and the lifetime extension of nuclear power plants pose a  
considerable challenge in Hungary for the nuclear energy sector. To secure the energy supply, installation 
of two new VVER 1200 units are planned. Start of the intended operation  is planned for  year 2026. 
The development of nuclear cogeneration and heat recovery utilization offers a convenient possibility for 
emission reduction and for replacement of fossil fuels in the heating sector as well. In previous study a 
methodology was developed to evaluate the economic and environmental benefit of nuclear cogeneration 
development in the vicinity of Paks Nuclear Power Plant. The present study is focused on long heat 
transport option to transport several PJ heat over more than 100 km.



N
uc
le

ar
 e

ne
rg
y

an
d 
So

ci
et
y

10 27th International Conference Nuclear Energy for New Europe

105

Development of Problem Oriented Computer Programs 
for Technical and Scientific Support of Regulatory Body 

in the Field of Safety Handling of Spent Nuclear Fuel and 
Emergency Response

Sergey Makovskiy, Anton Kuryndin, Andrey Kirkin, Dmitriy Sorokin

Scientific and Engineering Centre for Nuclear and Radiation Safety Gosatomnadzor of Russia, Malaja 
Krasnoselskaya, P.O.Box 2-8, Building 5, 107140 MOSCOW, Russian Federation

makovskiy@secnrs.ru

As a part of technical and scientific support of Federal Environmental, Technological and Nuclear 
Supervision Service (Rostechnadzor) in the field of safety regulation of nuclear energy use and according 
to recommendations of IAEA-TECDOC-1835, SEC NRS developed a number of computer programs which 
model various processes on nuclear facilities. For instance, computer programs «Calculator of Radiation 
and Thermal Characteristics of Spent Nuclear Fuel», which was developed in SEC NRS, allows to perform 
operative calculations of radiation and thermal parameters of spent nuclear fuel (SNF) of VVER and RBMK 
reactors, such as activity and decay heat. This program does not require from user to have special skills 
in nuclear safety research or nuclear transport calculations, but requests only the type of nuclear fuel, 
burnup value and initial enrichment to compile input data. The methodology, which is used in the program, 
is based on analytical equations which are recommended in Rostechnadzor safety guide «Radiation and 
Thermal Characteristics of Water-Water Power Reactors and High Power Channel-type Reactors Spent 
Nuclear Fuel» (RB-093-14). 

Besides, SEC NRS specialists have developed computer program «INES Classifier» that facilitates express 
evaluation of classification of emergency on nuclear facilities by International Nuclear Events Scale (INES) 
which is an inherent part of emergency preparedness. Implementation of such evaluation is required by 
IAEA safety standards and Russian federal regulations in the field of nuclear energy use. User-friendly 
interface of the program allows to define the level of event on the INES scale and to make correct decision 
on necessity of organizational and technical means of emergency response and mitigation of events 
consequences implementation.  

In this paper the description of programs «Calculator of Radiation and Thermal Characteristics of Spent 
Nuclear Fuel» and «INES Classifier» is presented. The brief report on programs methodologies and 
potential of their application for specific problems are demonstrated as well. 
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106

Radiation Sources used for Security Purposes
Helena Janžekovič

Slovenian Nuclear Safety Administration, Litostrojska ulica 54, 1000 Ljubljana, Slovenia

helena.janzekovic@gov.si

After 11/9 security related industry was a subject of large changes as detection methods were developed 
or improved and new equipment to identify hidden objects or people was developed. In addition, a large 
flux of security staff entering in the security forces required quick training to apply new technical methods 
and use of new equipment. The industry responded on such demand with equipment which does not 
require substantial training, i.e. in some cases it can be regarded as a so-called black box. As a rule, such 
equipment contains sophisticated algorithms helping a user to come to the required result without 
additional effect. In particular, designers of such equipment are very often focused on elimination of false 
alarms, e.g. due to natural radiation, as they can initiate unnecessary additional complex investigations. 

A substantial part of the equipment used for security or homeland purposes contains sources of using 
ionizing radiation. A use of radiation sources, either containing radioactive material such as Ni-63 in 
ion mobility spectroscopy (IMS) instruments or electrical equipment producing ionizing radiation such 
as accelerators specially designed for homeland security. As a use of ionizing radiation is regulated the 
regulator might be confronted with a first of its kind use of such equipment in the regulator’s state. The 
paper gives an overview of equipment specifically developed for security based on open literature. The 
paper focuses on challenges related to radiation protection when using such equipment, e.g. handling 
disuse source and radioactive waste. The overview can help regulators as well as users to better understand 
challenges related to deployment of radiation sources in such equipment.
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107

Human Reliability Assessment as a Part of Shutdown 
Probabilistic Safety Assessment

Marko Čepin

Faculty of Electrical Engineering, Tržaška cesta 25, 1000 Ljubljana, Slovenia

marko.cepin@fe.uni-lj.si

The difference between the full power probabilistic safety assessment and shutdown probabilistic 
safety assessment is in different plant conditions, different configurations of safety systems, different 
operator actions and different time parameters related with the operator actions. The human reliability 
depends significantly on the time window available for certain operator action and the time required for 
its conduction. The objective of the paper is to develop a method for assessment of the human error 
probability for the low power and shutdown states in a nuclear power plant with pressurized reactor and 
to use it for determining the human error probability for identified human actions. The results contain 
human error probabilities for human actions considering the time windows, the times required for 
conduction of actions, the recovery possibilities, the performance shaping factors and the dependence 
levels determined. The resulted human error probabilities give the input for low power and shutdown 
probabilistic safety assessment, which consequently evaluates the risk of low power and shutdown states.

108

Experiences and Good Practices by Using Quality 
Assurance System in Nuclear Training Centre

Tomaž Skobe

Jožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia

tomaz.skobe@ijs.si

The paper will present experiences and good practices by using quality assurance system in nuclear 
technology courses, radiation protection courses and all other activities at Nuclear Training Centre 
Ljubljana. Nuclear Training Centre has been certified according to ISO 9001 quality standard since 
December 2006. There are two types of important nuclear technology courses, which we conduct for 
Krško NPP staff and other organizations, dealing with nuclear technology. The first course is called NPP 
Technology (the acronym in Slovenian language is TJE) and is intended for future control room operators 
and the second course Basic of Nuclear Technology (in Slovenian OTJE) is suitable for other NPP technical 
personnel, for technical support organizations and regulatory bodies. Jožef Stefan Institute is also an 
authorized institution in the field of Radiation protection and Radiation protection training in Slovenia and 
a wide spectrum of courses for different users are regularly organized. 



N
uc
le

ar
 e

ne
rg
y

an
d 
So

ci
et
y

27th International Conference Nuclear Energy for New Europe  13

109

Public Opinion about Nuclear Energy – Year 2018 Poll
Radko Istenič1, Igor Jenčič2

1Retired from JSI, Jamova 39, 1000 Ljubljana, Slovenia
2Jožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia

radko.istenic@ijs.si

The Information Centre which is part of the Nuclear Training Centre at the Jožef Stefan Institute informs 
the visitors about nuclear power and nuclear technology, about radioactivity and about Krško Nuclear 
Power Plant.

We target mainly the schoolchildren from the 8th and 9th grade of elementary school with their teachers 
(in total close to 8000 per year). The visitors can choose between live lectures on nuclear technologies 
(fission and fusion), lecture on stable isotopes and energy workshops. The visit includes a demonstration 
of radioactivity and a guided tour of a permanent exhibition. 

We monitor the opinion trends since 1993 by polling about 1000 youngsters every year. To obtain their 
opinion based on the knowledge from everyday life we conduct the poll before the youngsters listen to 
the lecture or visit the exhibition. We will present, summarize and comment trends over the last 25 years.

110

The Jožef Stefan Institute TRIGA Research Reactor 
Activities in 2017/2018

Anže Jazbec1, Sebastjan Rupnik1, Vladimir Radulović2, Klemen Ambrožič2, Borut Smodiš1, 
Luka Snoj2

1Jožef Stefan Institute, Reactor Infrastructure Centre, Jamova cesta 39, 1000 Ljubljana, Slovenia
2Jožef Stefan Institute, Reactor Physics Department , Jamova cesta 39, 1000 Ljubljana, Slovenia

anze.jazbec@ijs.si

The Jožef Stefan Institute (JSI) has been operating a 250 kW TRIGA research reactor for over 52 years. In 
the last several years, we are monitoring safety performance indicators. Parameters like operating time, 
produced heat, number of irradiated samples, number of unplanned shutdowns etc. are analysed in 
order to ensure safe future operation. In the article, safety performance indicators for year 2017 will be 
presented and compared with previous years. Trends will be explained and analysed. 
Furthermore, all modifications and new research work conducted in 2017 will be presented. Modifications 
in beam port no. 6 were completed and now samples in diameter of up to 14 cm can be irradiated close 
to reactor core at relatively high neutron flux. Several experimental campaigns in collaboration with CEA 
and CERN were carried out. Last year, the reactor operated in pulse mode as well. 46 pulses were made in 
order to test neutron detector response to fast reactor power transients and to test radiation survivability 
of electronic components. 
In the field of training, several training courses took part at JSI TRIGA reactor, like education of students, 
from University of Ljubljana, Faculty of Mathematics and Physics and training for future NPP Krško 
operators.
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111

New Safety Requirements for Power Reactor Spent Fuel 
Storage 

Andreja Peršič, Tomaž Nemec, Tom Bajcar

Slovenian Nuclear Safety Administration, Litostrojska ulica 54, 1000 Ljubljana, Slovenia

andreja.persic@gov.si

Besides the three melted cores the Fukushima Daiichi accident affected also the spent fuel in the spent 
pools. This was one of the reasons that the safety of the storage facilities for power reactor spent fuel 
became (again) an important safety issue. After Fukushima the safety requirements for Design Extension 
Conditions (DEC) were mostly revised. Different definitions and approaches exist in Europe based on IAEA, 
WENRA or OECD NEA. In the USA the approach is different; the DEC is not defined and beyond design 
accidents are treated in different way than in most of the European countries. DEC are strongly related 
with the general nuclear safety principles like redundancy, independency, defence in depth, etc. 

The implementation of DEC is now required in most of the EU countries for new and existing NPP safety 
upgrades. To do this, the nuclear safety regulations, which define the nuclear safety approach and DEC 
requirements should be in place. In 2014 the WENRA revised its safety reference levels including the 
issue F, which deals with design extension of existing reactors. In Slovenia, the WENRA DEC concept was 
adopted in nuclear legislation in 2016. Additionally, the new SNSA practical guideline was developed in 
2018 to address the relationship of DEC with other plant states in more detail. 

Based on the SNSA post Fukushima decision and considering the new DEC requirements and Fukushima 
lessons learned, the Krško NPP decided to implement the so-called Safety Upgrade Project (SUP). The 
Krško NPP’s SUP envisages several large improvements to enhance the protection of the reactor and the 
containment, but also to enhance the protection of the spent fuel. For the latter the construction of a new 
dry spent fuel storage and safety upgrade of existing spent fuel pool systems is foreseen. Both projects 
shall fulfil DEC conditions in accordance with the new DEC regulations. Both projects are already in the 
implementation phase.

The paper will discuss and provide an outline of new safety requirements for power reactor spent fuel 
storage, along with some examples to articulate the Slovenian approach and new requirements and how 
these are applied to Krško NPP spent fuel storage.
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Integral Experiment Analyses in support to the OECD/
NEA benchmarks on Uncertainty Analysis in Modelling 

(UAM) for Design, Operation and Safety Analysis of SFRs 
(SFR-UAM)

Gerald Rimpault1, Ivo Aleksander Kodeli2, Virginie Huy1

1CEA, Member of SNETP Executive Committee, Gif sur Yvette 91191, France
2Jožef Stefan Institute, Reactor Physics Department , Jamova cesta 39, 1000 Ljubljana, Slovenia

gerald.rimpault@cea.fr

Sodium fast reactors can answer three major challenges:

• Using the whole uranium ore (U238 and not only U235),

• Burning radioactive waste (Plutonium or minor actinides) in order to reduce the size of the ultimate 
storage,

• An enhanced safety.

Designing reactors with improved safety performance while preserving a sustainable source of energy at a 
rather low cost requires to improve the performance of the modelling tools. It is the purpose of the OECD/
NEA sub-group on Uncertainty Analysis in Modelling (UAM) for Design, Operation and Safety Analysis of 
Sodium-cooled Fast Reactors (SFR-UAM). 

Two SFR cores are being studied: a large 3600 MWth oxide core and a medium 1000 MWth metallic core. 
For a reliable prediction of the characteristics of the core, it is necessary to use integral experiments of 
great confidence. It is the aim of the last component of the SFR-UAM task force to which this paper is 
contributing. 

In order to study in more details the relevance of OECD experimental benchmarks (committed in the ICSBEP 
and in the IRPhE experimental data bases) to the SFR-UAM cores, it is envisaged to provide sensitivities 
to the NEA Data Bank to be able to calculate representability factors as well as some means to possibly 
reduce the final SFR-UAM core characteristics uncertainty. 

Results of the analyses of the ZPR-6 Assembly 7 and the ZPPR-2 Assembly from the ICSBEP and IRPhE 
databases having high correlation factor with the MET1000 and MOX3600 fuel assemblies will be presented 
and discussed. The analyses covers the keff , the sodium void worth measured in the ZPR-6 Assembly 7 and 
the ZPPR-2 Assembly but also the Keff reactor parameters measured in the SNEAK7A & 7B Assemblies and 
BERENICE ZONA2 Assembly and the Doppler coefficient measured in the SEFOR reactor.
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202

Time-dependent modelling of the JSI-TRIGA with 
Serpent 2

Ville Valtavirta1, Mohammad Hessan2, Jaakko Leppänen3, Vid Merljak4, Dušan Čalič5, Žiga 
Štancar4, Luka Snoj4

1VTT, Tietotie 3, FI-02150 Espoo, Finland
2RWTH Aachen University Institute for Reaktor Safety and Reactor Technology,  , 52062 Aachen, Germany
3VTT PROCESSES Nuclear Energy, Tekniikantie 4 c, P.O.Box 1602, FIN 02044 VTT, Finland
4Jožef Stefan Institute, Reactor Physics Department , Jamova cesta 39, 1000 Ljubljana, Slovenia
5Jožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia

ville.valtavirta@vtt.fi

This paper will describe the application of Serpent 2 for time-dependent Monte Carlo neutron transport 
simulations of rod insertion experiments conducted for the TRIGA-reactor at the Jožef Stefan Institute 
(JSI). These simulations are a part of the process to validate the time-dependent calculation capabilities 
of Serpent 2. 

In recent years, the capabilities to model transients with control rod movement and feedback effects 
from material temperatures and densities have been added to Serpent. These capabilities allow Serpent 
to solve the time dependent neutron and delayed neutron precursor distribution in a system along with 
accompanying reaction rate distributions, e.g. power distribution.

The simulations in this paper use a Serpent model for the JSI-TRIGA created at the JSI combined with 
depleted compositions for the different fuel elements calculated at JSI using the known operating history 
of the reactor. The rod insertion experiments start from a low power (room temperature) critical core by 
inserting one of the control elements into the core at a constant speed. Experimentally measured data of 
the neutron flux signal is available from ex-core detectors.

We will describe the setup of the calculations, their execution and post-processing with emphasis on the 
comparison between experimental and calculated results. Simulations have thus far been conducted for 
two insertion experiments for the transient rod with further simulations underway.

The rod insertion experiments require kinetic capabilities from the code including the capability to model 
a moving geometry. The dynamic capabilities (kinetic+feedbacks) will be tested in the future by simulating 
pulse experiments conducted at the JSI TRIGA using Serpent. We will also include a description of the 
plans for the modelling of the pulse experiments using Serpent coupled with a simple adiabatic fuel 
temperature solver.



27th International Conference Nuclear Energy for New Europe  17

Re
ac

to
r P

hy
sic

s

203

Assembly Homogenization Technique for VVER-440 
Reactor Multi-group Calculations

Jakub Lüley, Branislav Vrban, Stefan Cerba, Filip Osuský, Vladimir Nečas

Slovak University of Technology, Faculty of Electrical Engineering and Information Technology, Institute of 
Nuclear and Physical Engineering, Ilkovičova 3, 812 19 Bratislava 1, Slovakia

jakub.luley@stuba.sk

In the recent times of a fast progress in the computational power (available also in a scale of personal 
computers) allows to solve complex problems in the nuclear industry by stochastic Monte Carlo neutron 
transport codes. Detailed geometry and directly applicable continuous energy cross section libraries 
are considered to be of major benefit against a longer computational time. Nevertheless, in the cases 
where the local parameters have to be followed in full scale reactor models Monte Carlo codes can be 
still insufficient or inapplicable. Alternative method, which is able to accurately provide global and local 
parameters, is the nodal diffusion method. Fundamental requirement to ensure the proposed precision is 
that the accurate homogenized parameters (macroscopic cross-sections) have to be determined. Pin cell 
calculation may not preserve the properties of the lattice physics solution and therefore assembly scale 
spectral calculation is needed. This paper is devoted to the proposed assembly homogenization technique 
and its implementation to the cross-section processing scheme. The developed routines involving in the 
proposed homogenization technique link the capabilities of the TRANSX code with 2D transport calculations 
carried out by the PARTISN solver. The performance of the homogenization technique is demonstrated by 
DIF3D full core calculation of Mochovce NPP start-up core, utilizing the in-house developed multi-group 
cross-section library. The obtained results are compared with continues energy SCALE calculation and 
multi-group MCNP calculation, carried out with the same multi-group cross-section library.

204

Coupling of the SUSD3D S/U Code with the Denovo 
Deterministic Transport Solver

Bor Kos1, Ivo Aleksander Kodeli1, Scott W. Mosher2

1Jožef Stefan Institute, Reactor Physics Department , Jamova cesta 39, 1000 Ljubljana, Slovenia
2Oak Ridge National Laboratory, P.O.Box 2008, Oak Ridge, Tennessee 37831-6162, USA-Tennessee

bor.kos@ijs.si

The SUSD3D [1] code developed by Ivan A. Kodeli is a seasoned and well validated nuclear data sensitivity 
and uncertainty (S/U) code based on the first order perturbation theory. The perturbation theory is used 
to calculate the relative cross-section sensitivity function. The code has been developed to use angular 
fluxes or angular flux moments from different discrete ordinates solvers such as PARTISN, DORT and TORT 
in order to calculate the sensitivity functions. This deterministic solvers are robust and fast but the time 
needed to prepare complex geometrical input files is a time bottle-neck in the S/U analysis procedure.

In recent years hybrid Monte Carlo/Deterministic transport codes have been developed including the 
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ADVANTG [2] code. One of the features of ADVANTG is the automatic preparation of input files needed 
for the Denovo [3] deterministic transport calculation based on a MCNP [4] input file. MCNP is a widely 
used Monte Carlo transport code which has the benefit of a long history of use and consequently a large 
number of developed and verified geometrical models.

In this conference paper the coupling of SUSD3D with the Denovo discrete ordinates solver will be 
presented. Computer routines have been written to automatically run the ADVANTG, Denovo and SUSD3D 
codes in sequence in order to produce S/U information. The angular fluxes calculated by the Denovo 
code based on a MCNP input file are used to calculate angular flux moments in the appropriate format 
for SUSD3D. The time needed to prepare the input files for a deterministic calculation have been reduced 
significantly when using these newly developed computer routines. The routines will be validate on a 
simple water shielding problem and a more realistic iron benchmark shielding experiment. 

[1] Kodeli, I., Slavic, S., “SUSD3D Computer Code as Part of the XSUN-2017Windows Interface Environ-
ment for Deterministic Radiation Transport and Cross Section Sensitivity-Uncertainty Analysis“,Science 
and Technology of Nuclear Installations, Volume 2017, Article ID 1264736, (2017), https://doi.
org/10.1155/2017/1264736.

[2] S.W. Mosher. (2015). ADVANTG-An Automated Variance Reduction Parameter Generator, ORNL/TM-
2013/416 Rev. 1, Oak Ridge National laboratory.

[3] T. M. Evans, A. S. Stafford, R. N. Slaybaugh, and K. T. Clarno, Denovo: A New Three-Dimensional Parallel 
Discrete Ordinates Code in SCALE. Nuclear Technology, 171, 171-200 (2010).

[4] Goorley, T., et al., “Initial MCNP 6 Release Overview”, LA-UR-11-07082, Los Alamos National Laboratory, 
also Nuclear Technology, 180, pp. 298-315 (Dec 2012).

205

A multi-physics modelling approach for the analysis of 
Lead Fast Reactors

Christian Castagna, Antonio Cammi, Stefano Lorenzi

Politecnico di Milano, Dipartimento di Energia, Via Ponzio 34/3 , 20133 Milano, Italy

christian.castagna@polimi.it

Lead Fast Reactor (LFR) is considered as one of the most promising future nuclear power plants in the 
context of the Generation IV International Forum, thanks to its great potential for plant simplification and 
high operating efficiency. For this type of nuclear systems, the development of multi-physics models is 
a key aspect of the assessment because it allows the evaluation of the operational constraints, as those 
related to velocity and density of the lead or temperature of the cladding surface. 

In this paper, we develop a multi-physics modelling approach for LFRs that couples neutronics and thermal-
hydraulics, and concurrently calculates the heat transfer between the fuel and the coolant. We implement 
the approach to a sub-assembly model of the Advanced Lead-cooled Fast Reactor European Demonstrator 
(ALFRED), simulating reactor parameters for design and safety assessment. 
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Doppler Broadening Effect on Reactivity Feedback in ITU 
TRIGA MARK II Research Reactor

Feride Kutbay, Mohammad  Allaf, Senem Senturk Lule, Uner Colak

Istanbul Technical University, Energy Institute, Ayazaga Campus, 34469, Istanbul, Turkey

kutbay17@itu.edu.tr

Doppler broadening phenomena of nuclear cross sections due to the temperature augmentation is a 
crucial concern in reactor design as well as nuclear safety. This study carries out to analyze and estimate 
numerically the Doppler coefficient of Istanbul Technical University (ITU) TRIGA MARK II research reactor 
which is a pool type reactor with 250 kW power, also fueled with UZrH1.8. Moreover, a comparison between 
the experimental data and the numerical results is conducted. The numerical analysis is performed using 
Monte Carlo method-based code MCNP5, where an accurate full reactor model is developed and Evaluated 
Nuclear Data File ENDF6.0 library is used throughout the study. Besides, cross-sections are generated for 
four different temperatures using NJOY code. In this regard, reactivity feedback due to fuel temperature 
increase (Doppler broadening) trend is investigated and compared with the experimental data. The output 
of this paper gives a valuable insight on whether the fuel temperature coefficient change would influence 
the safety of ITU TRIGA MARK II reactor. 

207

Neutronics modelling of Superphénix Benchmark with 
SERPENT and PARCS

Romain Henry, Armin Seubert, Kiril Velkov, Robert Kilger

Gesellschaft für Anlagen- und Reaktorsicherheit gGmbH, Boltzmannstr. 14, 85748 Garching bei München, 
Germany

romain.henry@grs.de

As most of the safety criteria are local core parameters, application of 3-D neutron kinetic and thermal 
hydraulic coupled codes including detailed modelling of core expansion effects [1] is mandatory for Sodium 
cooled Fast Reactors (SFR) best estimate evaluations of safety margins. A recently published new SFR 
benchmark related to the Superphénix [2] offers the opportunity of validation of codes and methods for SFR 
safety assessments. In the course of developing a deterministic PARCS model which may later be coupled 
with an ATHLET thermal hydraulic model, the benchmark core configuration was modelled with the Monte 
Carlo code SERPENT based on [2] taking into account temperature-dependent structural and material 
density changes. Effective multiplication factors were calculated for different material temperatures and 
control rod positions. Predictions of the model are compared with the reference calculation and with 
experimental data given in [2]. Fission reaction rate distributions are also investigated. Additionally, 
SERPENT is used to generate parameterized few-group homogenized cross-section libraries. Since 
production of homogenized cross section in such large core would be computationally costly, 3D models 
of each subassembly type have been developed for this purpose. These cross-sections are then used by 
PARCS. This paper describes the cross section generation approach along with first results obtained with 



20 27th International Conference Nuclear Energy for New Europe

Re
ac

to
r P

hy
sic

s

PARCS as a first step toward coupled PARCS/ATHLET calculations in order to predict accurately transient 
behaviour of the core.

[1] J. Bousquet, A. Seubert , P. Sarkadi, “3-D Coupled PARCS/ATHLET simulation of SFR using explicit radial 
expansion model”, Proceedings of PHYSOR 2018: Reactor Physics paving the way towards more efficient 
systems, Cancun, Mexico, April 22-26, 2018

[2] Ponomarev, A.; Bednarova, A.; Mikityuk, K. (2018): NEW SODIUM FAST REACTOR NEUTRONICS 
BENCHMARK. Proceedings of PHYSOR 2018: Reactor Physics paving the way towards more efficient 
systems, Cancun, Mexico, April 22-26, 2018.

208

Experience in Using the SINBAD Database for the 
Validation of Computer Codes and Nuclear Data

Gleb Lomakov1, Ivo Aleksander Kodeli2

1Joint Stock Company „State Scientific Centre of the Russian Federation – Institute for Physics and Power 
Engineering named after A.I. Leypunsky“, Bondarenko sq 1, 249033 Obninsk, Russian Federation
2Jožef Stefan Institute, Reactor Physics Department , Jamova cesta 39, 1000 Ljubljana, Slovenia

gleb.lomakov@gmail.com

Development of more sophisticated computer codes and accurate nuclear data (ND) requires the revision 
of old benchmark model assessments and development of new once for higher-level validations. This is 
important for sustainable development and safety of atomic energy in the world. The SINBAD database 
contains shielding experimental data for fission and fusion reactor and accelerator facility shielding. Many 
of these experiments were performed more when 20 years ago and information is often not complete and 
in some cases partially not consistent. This is the main reason why so few users of the SINBAD database, 
however retrievable information is a very interest and important for safety and economic of nuclear facility.

The SINBAD database contains various cases with different radiation sources, detectors, materials, 
geometries, flux distributions and flux particle attenuations. For the validation of computer code 
techniques and nuclear data improvement it is important that the description of the benchmark is as 
complete as possible with detailed information on the source, geometry, detectors and in particular on the 
uncertainties involved in the measurements and interpretations. 

The main objectives of this paper as the following:

- score of the quality of the available experimental information;

- compare the calculated results using various codes and ND from different SINBAD users;

- determine how useful are selected benchmarks for ND validation;

- recommend improvements and corrections of the SINBAD database;

- draw a list of well-established benchmarks to be used for ND validation.

Reactor shielding benchmarks such as ASPIS, FNG, were considered for the analysis of the objectives by 
using the MCNP and deterministic codes and JEFF-3.3 ND on one side and KASKAD/KATRIN code and 
ABBN-RF multigroup cross section library based on ROSFOND-2010 on the another side.
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Data assimilation methods to derive covariance 
matrices and improve nuclear data

Thibault Cordier1, Ivo Aleksander Kodeli2, Karl-Heinz Schmidt3, P. Dossantos-Uzarralde4

1Jožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia
2Jožef Stefan Institute, Reactor Physics Department , Jamova cesta 39, 1000 Ljubljana, Slovenia
3Centre Etudes Nucléaires de Bordeaux Gradignan, 19 Rue du Solarium, 33170 Gradignan, France
4CEA, DAM DIF,  , 91297 Arpajon Cedex, France

ivan.kodeli@ijs.si

Different data assimilation methods were studied to derive nuclear data covariance matrices of delayed 
fission yields of actinides. Both information from the theoretical nuclear model and measurements were 
considered in the covariance matrix evaluations. The GEF code was used for the theoretical calculations 
by randomly varying input model parameters of delayed fission yield data according to the assigned 
standard deviation levels, and the measurements were taken from the EXFOR experimental database. 
The calculated covariances derived using different data assimilation methods were compared with the 
matrices available in the JENDL-4.0 nuclear data evaluations. An important advantage of the proposed 
mathematical methods is to allow the estimation of the correlation coefficients among isotopes such as 
for U-235, U-238 and Pu-239. The data assimilation methods were also tested to improve nuclear data 
using integral benchmark experiments.
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Recent improvements in the isotopic composition 
library of the CORD-2 package

Marjan Kromar1, Bojan Kurinčič2

1Jožef Stefan Institute, Reactor Physics Department , Jamova cesta 39, 1000 Ljubljana, Slovenia
2Krško Nuclear Power Plant, Vrbina 12, 8270 Krško, Slovenia

marjan.kromar@ijs.si

The CORD-2 system has been developed by the Reactor Physics Department of the Jožef Stefan Institute 
and is intended for core design calculations of PWRs. It differs from most industrial nuclear codes in 
the library concept. It does not rely on a few-group macroscopic cross section library, but on the fuel 
isotopic composition library (ISOlib). For each particular case appropriate fuel macroscopic cross sections 
are generated on the fly from the isotopic vector retrieved from the ISOlib library. Isotopic compositions 
and multigroup cross sections are generated with the WIMS-D5 lattice code. In this paper a sensitivity 
study is performed to capture correctly mainly shorter lived nuclides by decreasing the timestep interval 
between two consecutive spectral calculations. In principle, the shorter the timestep interval the more 
accurate depletion one obtains. However, since the isotopic composition library should be reasonably 
small to enable its frequent use, data are saved for only selected timesteps. Beside comparisons on the 
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fuel assembly scale, full 3-D NPP Krško calculations for all 29 cycles of operations are performed and 
compared to the basic case. Most important parameters such as predicted critical boron concentration, 
control rod worth and some reactivity coefficients are considered. 

211

Progress in evaluated nuclear data for applications
Andrej Trkov, Roberto Capote

International Atomic Energy Agency, Wagramerstr. 5, P.O.Box 100, A-1400 Vienna, Austria

a.trkov@iaea.org

An international collaborative effort was undertaken through the CIELO project of the OECD/NEA Data 
Bank to evaluate the nuclear reaction data of the major nuclides 239Pu, 238U, 235U, 56Fe, 16O and 1H. The 
IAEA contributed to this work with the evaluations of 238U (in collaboration with IRMM, Belgium), 235U 
(in collaboration with ORNL, USA) and the iron isotopes (in collaboration with BNL, USA). The evaluated 
nuclear data files were adopted in the ENDF/B-VIII library, which was released in February 2018.

A project of evaluating nuclear reaction Standards was conducted through the IAEA over several years. 
The latest evaluation was released in summer 2017. It includes the fission cross sections of 235U and 238U 
in selected energy regions, capture cross section of 238U above the resonance range and the thermal 
constants. All of these form parts of the evaluations performed at the IAEA.

The prompt-fission neutron spectrum (PFNS) of 235U was evaluated with the Standards as a reference 
neutron field because of the abundance of available spectrum-averaged cross section measurements. It is 
also a component of the evaluated data file. For a long time there was reluctance to change the shape of 
the PFNS that would change the average neutron energy, which was fixed at 2.03 MeV, even though there 
was evidence from experimental data that the average energy should be lower. The analysis based purely 
on experimental data yielded the spectrum shape with the average neutron energy of 2.000+/-0.010 MeV.

Inclusion of the above-mentioned components into the evaluated data files disrupted the balance 
achieved with ENDF/B-VII.1 in criticality benchmark performance due to compensating errors. Rather 
than compromising the agreement with differential data, integral experiments were used to guide the 
evaluators in the preferential selection of discrepant data, or in determining the most likely shape of the 
cross section (and other) data in regions where no measurements were available. This was particularly 
important in the evaluation of the capture to fission ratio of 235U below 10 eV, which was crucial (in addition 
to nu-bar) for compensating the positive reactivity in the high-leakage solution systems resulting from the 
decrease of the PFNS average energy.

With the new CIELO evaluation contributed by the IAEA and partners it was demonstrated that good 
performance of the library can be maintained without compromising the consistency with Standards and 
with other differential data. We consider this a major achievement from our work. However, there still 
exist regions where improvement can be made and, the evaluation work continues.

A summary of criticality benchmark results and the analysis of some shielding benchmarks will be shown 
in more detail, indicating also a few items where more work is needed.
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Development of Multi-Group XS Library for VVER-440
Stefan Cerba, Branislav Vrban, Jakub Lüley, Filip Osuský, Vladimir Nečas

Slovak University of Technology, Faculty of Electrical Engineering and Information Technology, Institute of 
Nuclear and Physical Engineering, Ilkovičova 3, 812 19 Bratislava 1, Slovakia

stefan.cerba@stuba.sk

Currently, there are four VVER-440 reactor units in operation and two other units being built in Slovakia. 
The key issue in any criticality safety analyses of these reactors is to estimate and to predict the deviation of 
calculation from reality and therefore to enhance the safety of their operation. At the Institute of Nuclear 
and Physical Engineering FEI STU BA, which is involved in safety analyses of VVER-440 reactors, only Monte 
Carlo codes have been used so far. The main advantage of Monte Carlo codes lies in their ability to model 
complex and detail geometries without the need to accept simplifications and in the use of continuous 
energy cross-section libraries, however their results are characterised by statistical uncertainty. To be 
sure, that the range of achieved results is close to reality, these calculations must be confronted against 
deterministic calculations, which require multi-group XS libraries, optimized for the given application. 
The paper focuses on the development of optimized multi-group XS library for VVER-440 reactors. The 
presented procedure is based on the previously developed processing scheme for fast reactor calculations, 
but also takes into account the specifics of thermal neutron systems like thermal scattering treatment for 
moderator materials. This study covers the selection of appropriate energy structure, reactions, weighting 
functions, but also calculations of benchmarks selected based on their similarity with VVER-440 cores and 
the application for the real Mochovce NPP. 

213

The simulation using point kinetics compared with 
advanced reactor physics model

Áron Vécsi

Hungarian Academy of Sciences Centre for Energy Research, Budapest 114, P.O. Box 49, Hungary, 
H-1525, Hungary

vecsi.aron@energia.mta.hu

Nowadays when the performance of the computers is rising and the GPU programming is gain ground more 
complicated calculations are available. Thereby the reactor physics calculations can be more advanced. 
These advanced reactor physics are often included by simulators. Real runtime and the ability of speed 
up the runtime when it simulates longer time constant transient are required from the calculations which 
are applied in simulators for the training of the operators. The computers need to be very robust for these 
purposes and they are reasonably expensive too.

The point kinetics need the least resource so the question arises what constraints should be applied 
when using point kinetics for reactor physics calculations in simulators. I wrote this point kinetics model 
and connected to the RETINA thermohydralics model which was developed by Hungarian Academy of 
Sciences Centre for Energy Research. In my presentation I am investigating which are the situations when 
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the simpler model can be applied and what are the differences of the results of this model and the results 
of the model with advanced reactor physics.

214

Burnable Absorber Layer in HTR Coated Particles for 
OTTO Fuel Cycle

Martin Lovecky1, Jiří Závorka2, Jana Jirickova1, Radek Skoda2

1University of West Bohemia, Univerzitni 8, 306 14 Plzeň, Czech Republic
2Czech Technical University, Zikova 1903/4, 166 36 Prague 6, Czech Republic

lovecky@rice.zcu.cz

High temperature reactor is loaded by fuel pebbles that slowly flow through the reactor core. Reactor 
operation is described by a continuous on-power refuelling with two possible fuel cycles. Multi-pass scheme 
allows lower peak power density. Moreover, multiple passing through the core shifts power peak into 
central parts of the core. On the other hand, multi-pass scheme requires complicated refuelling machine. 
Single-passing scheme known as OTTO cycle (Once-Through-Then-Out) avoids refuelling machine with the 
disadvantage of high peak power density located at the top of the core. There are few paths for diminishing 
and shifting of the power peak - non-cylindrical core shapes, absorbing reflectors, thorium fuel, radial fuel 
zoning and burnable absorbers. From construction point of view, burnable absorbers are the first choice.

In contrast to LWR reactors, HTR reactor is randomly filled by hundred thousands fuel assemblies (pebbles), 
each fuel pebble contains thousands of coated particles stochastically embedded in the graphite matrix. 
Because of this double heterogeneity, fuel design studies should be based on both fuel assembly level as 
well as core level calculations. Standard LWR burnable absorber materials gadolinium, boron and erbium 
were analyzed for HTR, however, other materials are proposed for specific HTR conditions, mainly very 
high fuel discharge burnup. Coated layer created by burnable absorber is small, therefore, thermal and 
chemical compatibility with UO2 matrix is not needed and the choice of optimum material can be more 
focused on neutronics analysis. Monte Carlo approach with Serpent 2 code is used because of a specific 
random walk implementation that is distinctively faster than the standard ray tracing methods.

215

Fuel Pebble Optimization
Jiří Závorka1, Martin Lovecký2, Radek Škoda2

1Czech Technical University, Zikova 1903/4, 166 36 Prague 6, Czech Republic
2University of West Bohemia, Univerzitni 8, 306 14 Plzeň, Czech Republic

jiri.zavorka@centrum.cz

The pebble bed reactor is randomly filled with hundred thousands of spheres with fuel and moderator 
elements known as pebbles. Each fuel pebble contains thousands of coated TRISO particles stochastically 
embedded in the graphite matrix. Compared to PWR reactors with a regular lattice of fuel pellets 
(corresponds to fuel particles) in the regularly placed fuel assemblies (fuel pebble equivalent), the fuel 
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lattice is not easily modelled in the calculation codes.        

Arrangement of fuel pebbles in a regular lattice for fuel pebble depletion calculations was analyzed for 
all possible spherical crystals structure arrangements – simple cubic with maximum theoretical packing 
fraction 52.36%, body centered cubic (packing fraction limit 68.02%), face centered cubic (limit 74.05%, 
the largest one), hexagonal layered (60.46%) and hexagonal close packed (60.80%).    
This study describes the fuel pebble models and optimization from the neutronic point of view. 

KEYWORDS: AHTR, pebble fuel, TRISO, optimization
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Assessing the uncertainty of reactivity worth scale 
measurements

Ivo Aleksander Kodeli1, Gerald Rimpault2, Pierre Leconte2

1Jožef Stefan Institute, Reactor Physics Department , Jamova cesta 39, 1000 Ljubljana, Slovenia
2CEA, Member of SNETP Executive Committee, Gif sur Yvette 91191, France

ivan.kodeli@ijs.si

The characteristics of any nuclear power plant must be determined according to well-defined calculation 
conditions and accuracies. The neutronic tools should go through a series of verification, validation and 
uncertainty quantification processes. 

The proof of the best estimate values plus uncertainties of the neutronic tools should be achieved using 
measurements in critical facilities. 

For what concerns reactivity worths, measurements can take the usual form of successive substitutions of 
different materials (voided rodlets replacing Na rodlets for instance) and different sizes in order to vary the 
relative importance of central and leakage components.

The reactivity variation induced by these changes are compensated by a change in the position of the 
shim rod if the reactivity variation is smaller than half a Keff and if larger by the addition or the removal of 
peripheral sub-assemblies. 

The calibration of the shim rod is performed by measuring a fission chamber response when dropping 
a control rod and solving the Nordheim equation. This gives a S curve where the position of a control 
rod is associated to a reactivity expressed in $. The purpose of this study is to revisite the uncertainties 
associated to this calibration, not only the Keff value but also the decay time constants associated to each 
families, these being quite different from one nuclear data evaluation to another. 
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Nuclear Data Uncertainty Analyses of the OECD/NEA 
sub-exercise benchmarks on Uncertainty Analysis in 
Modelling (UAM) for Design, Operation and Safety 

Analysis of SFRs (SFR-UAM)
Ivo Aleksander Kodeli1, Gerald Rimpault2, Laurent Buiron2

1Jožef Stefan Institute, Reactor Physics Department , Jamova cesta 39, 1000 Ljubljana, Slovenia
2CEA, Member of SNETP Executive Committee, Gif sur Yvette 91191, France

ivan.kodeli@ijs.si

Designing reactors with improved safety performance while preserving a sustainable source of energy 
at an acceptable cost requires to improve the performance of the modelling tools. It is the purpose of 
the OECD/NEA sub-group on Uncertainty Analysis in Modelling (UAM) for Design, Operation and Safety 
Analysis of Sodium-cooled Fast Reactors (SFR-UAM). 

Two SFR cores are being studied: a large 3600 MWth oxide core and a medium 1000 MWth metallic core. 
In addition to the investigation of the influence of nuclear data uncertainties on full-core calculations 
within the UAM-SFR, the analysis of several sub-exercises is being done in order to systematically assess 
the influence of nuclear data in fast reactor simulations and thereby to contribute to the development 
and assessment of calculation methods and models for uncertainty analysis accompanying best-estimate 
reactor simulations. The objective is to compare computational results using different methods, models 
and nuclear data and identify the cause of the observed differences and their associated uncertainties. 

The input uncertainties arise from:

- Nuclear data uncertainties described in the form of covariance data

- Manufacturing uncertainties such as unit cell dimensions and nuclide densities

- Uncertainties associated with methods and modelling approximations utilized in lattice physics codes, 
including the selection of the multi-group structure and the self-shielding method.

The analysis is being done with various codes such as SERPENT, ERANOS, SCALE, SUSD3D/XSUN-2017 and 
libraries JEFF3.1, ENDF/B-VII.1 and their associated covariance matrices. 
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JSIR2S Code System for delayed radiation field 
calculations

Klemen Ambrožič, Luka Snoj

Jožef Stefan Institute, Reactor Physics Department , Jamova cesta 39, 1000 Ljubljana, Slovenia

klemen.ambrozic@ijs.si

JSIR2S is a mesh-based code system for delayed radiation field calculations, based on the Rigorous-Two-
Step methodology, coupling MCNP6 particle transport code, the Fispact-II inventory calculations code and 
the BetaShape code for Beta spectrum calculations by a series of Python scripts. In order to overcome the 
issues associated with the mesh-based averaging over different materials, especially neutron absorbers, a 
so-called voxel under geometry and delayed particle generation has been implemented by modifying the 
MCNP user supplied source and tallyx routines. This allows for more accurate neutron flux calculations, not 
only in mesh voxels but in each individual geometry cell inside the voxel, accurately accounting for neutron 
field gradients and strong neutron absorbers. The code system enables the calculations of radiation field 
caused by delayed alpha, beta, gamma radiations, as well as delayed neutron and proton radiation. Exact, 
discrete emission energies are used where applicable, and continuous energy distributions, calculated by 
the BetaShape code for determination of decay beta spectrum shapes.

For code verification, the delayed gamma field calculations on the ITER computational shutdown dose-
rate benchmark has been performed using the JSIR2S code and compared to dose-rates calculated by 
R2SUNED.

The code will later be applied to the JSI TRIGA reactor, where extensive gamma field measurements have 
been performed. Using the JSIR2S code, the sensitivity of the total gamma field dose-rates to other delayed 
radiation types can be studies.

The code system could be used for determination of decay heat in spent nuclear fuel, SPND response 
qualification and for qualification of nuclear reactor structural materials such as steel, graphite and 
concrete during decommissioning.
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Development of a new technique for burnup 
calculations

Christian Castagna, Antonio Cammi, Stefano Lorenzi

Politecnico di Milano, Dipartimento di Energia, Via Ponzio 34/3 , 20133 Milano, Italy
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In nuclear reactors, fuel burnup analysis investigates the time evolution of the fuel composition and 
the reactivity during the in-core reactor irradiation. Moreover, this analysis is fundamental for the fuel 
management and for determining the amount of long-lived radionuclides in spent nuclear fuel. To this 
aim, current simulation codes have the capability to carry out burnup calculations for the entire fuel cycle, 
taking into account the total inventory over a thousand of nuclides. Then the computational costs of 
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accurate burnup analysis is very high, particularly for cases with complex geometry and many burnup 
zones, such as pins of a fuel assembly or spatial discretization of the fuel in axial and radial regions. 

In this paper, we present a new technique for burnup analysis, based on the POD (Proper Orthogonal 
Decomposition) method. The procedure has the scope to obtain the total fuel composition through a 
reduced number of calculations, improving the computational efficiency. 
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A Dynamic Mode Decomposition Approach to the Study 
of PWR Free Dynamics

Carolina Introini, Antonio Cammi, Stefano Lorenzi

Politecnico di Milano, Dipartimento di Energia, Via Ponzio 34/3 , 20133 Milano, Italy

carolina.introini@mail.polimi.it

The analysis of non-linear dynamical systems is of paramount importance for the study of complex 
phenomena in a variety of scientific and industrial fields. Indeed, one of the challenging areas of nuclear 
reactor dynamics is the stability analysis of nuclear power plants, which are designed to remain very stable 
under normal operating conditions but might be prone to instabilities under non-nominal conditions, for 
example when power oscillations occur. These instabilities are governed by nonlinear dynamics, due to 
the strong nonlinear coupling between the neutronics and thermal-hydraulic components. A popular 
approach for the study of these problems is the decomposition of the dynamics into multiple, simpler 
components, to investigate complex phenomena by examining each decomposed component. Among 
the various methods that have been developed, dynamic mode decomposition (DMD) is a data-driven 
decomposition method which performs a reconstruction of a low-dimensional snapshot map from the 
available data, either numerically generated or, more interestingly, obtained through experimental 
campaigns. The result is an eigenvalue and eigenvector representation (referred to as dynamic modes) 
of the underlying behaviour of the system. These modes are used to infer the coherent and dominant 
structures within the data, without the need of knowing beforehand the dynamic model of the system. In 
this work, the potentiality of DMD for nuclear reactors is shown through its application to the study of a 
Pressurised Water Reactor (PWR) free dynamics under different operating conditions. A sensitivity analysis 
is also carried out, to identify the optimal parameters of the DMD. The results show the usefulness of 
such an approach to study the dynamics of industrial nuclear reactors in a reliable way, with a reasonable 
computational effort.
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Dynamic Mode Decomposition for the Control of 
Nuclear Power Plants
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The control of high-dimensional systems is a challenging task, mostly because many control approaches 
successfully implemented and used in small systems do not scale well as the domain dimension increase. 
Controllers for full, industrial systems may be computationally prohibitive, and thus cannot be used for 
real-time monitoring. For this reason, practical control strategies for dealing with high-dimensional data 
employs reduced order methods to design low-dimensional subspaces where computationally feasible 
controllers can be used in real-time applications. A new technique developed in this framework is dynamic 
mode decomposition with control (DMDc). Based upon the data-driven, equation-free DMD algorithm, 
which reconstructs the underlying dynamics of the system from snapshot measurements, DMDc is 
particularly suited for systems with nonlinear dynamics, such as nuclear power plants. In this work, the 
DMDc algorithm is tweaked and applied to the study of the stability of a Pressurised Water Reactor (PWR) 
and its response to known inputs, as well as to understand how control affects the system. The results 
show how the DMDc approach is able to provide accurate input-output models for complex systems with 
external forcing, without the need to know the underlying dynamics beforehand and with reasonable 
computational efforts, also suitable for real-time applications.
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Monte Carlo Analysis of Control Rod Worth for ITU 
TRIGA Mark II Research Reactor

Fadime Ozge Ozkan, Mohammad  Allaf, Senem Senturk Lule, Uner Colak

Istanbul Technical University, Energy Institute, Ayazaga Campus, 34469, Istanbul, Turkey

ozkan17@itu.edu.tr

This study aims to investigate the integral and differential control rod worth for ITU TRIGA MARK II research 
reactor. A 3D-model is developed for neutronics analysis of TRIGA MARK II research reactor of Istanbul 
Technical University, Turkey. Then, Monte Carlo code MCNP5 is used to estimate an accurate response of 
ITU TRIGA MARK II reactor. The control rod reactivity worth curves obtained numerically by using Monte 
Carlo model are compared with the experimental data. Whereas, all numerical and experimental analyses 
are conducted for the Beginning of Life (BOL) conditions.  Moreover, the influence of cross-section data 
is investigated by using three different libraries based on Evaluated Nuclear Data Files (ENDF6.0 and 
ENDF6.6a) and RMCCS. The differences between experimental and numerical results for reactivity worth 
trends are observed and discussed. By understanding the influence of cross section data, the numerical 
model is optimized to reduce uncertainties which is the main output of this study.

Keywords: Reactivity Worth, Monte Carlo, Neutronics Analysis, Cross Section, TRIGA MARK II, ENDF60, 
ENDF66a, RMCCS.
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as observed after control rod repositioning

Vid Merljak1, Marjan Kromar1, Andrej Trkov2

1Jožef Stefan Institute, Reactor Physics Department , Jamova cesta 39, 1000 Ljubljana, Slovenia
2International Atomic Energy Agency, Wagramerstr. 5, P.O.Box 100, A-1400 Vienna, Austria

vid.merljak@ijs.si

In kinetic calculations of neutron transport a differentiation between dynamic and static reactivity is 
essential. The latter is sufficient for describing slow transients and steady state operation, which are 
happening most of the time in nuclear power plants, while the dynamic reactivity is in effect when assessing 
short neutronic transients where delayed neutron effects are important. A good example where we deal 
with dynamic reactivity is the rod insertion method – a quick and effective method for determination of 
control rod reactivity worth. During execution of this method a control rod is continuously inserted into 
the reactor core, while the signal from an ex-core neutron detector is recorded. After the rod stops moving 
(i.e. a stable core configuration has been established), the reactivity is not exactly constant – as would 
incorrectly be assumed from a static analysis – but exhibits an overshoot. Its magnitude is decaying in 
an exponential manner. Therefore, to classify a specific overshoot, its magnitude and decay constant are 
needed.

In this paper we present results of dynamic numerical simulations of the rod insertion method from 
where the overshoot parameters are deduced. Several simulation parameters, namely the time interval, 
convergence criterion, and control rod insertion speed were varied to assess the (in)dependence of the 
overshoot shape. It is shown that theoretical predictions hold true, which strengthens our confidence that 
the reactivity overshoot, although relatively difficult to measure, can be properly accounted for.
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A comparison of neutron leakage models at assembly 
level 

Dušan Čalič

ZEL-EN razvojni center energetike, Hočevarjev trg 1, 8270 Krško, Slovenia

dusan.calic@zel-en.si

With the use of Monte Carlo codes it is a common practice in the determination of power distribution of 
nuclear reactors to use two stages of homogenization. In this paper the problem of homogenization of 
heterogeneous assemblies is presented. This work compares methods for deriving homogenized group 
cross sections and diffusion coefficients on fuel assembly model using Monte Carlo code Serpent and 
deterministic code Dragon. Traditional leakage correction methods rely on deterministic calculational 
models and cannot be directly used in a conventional Monte Carlo simulation. In this paper the overview 
of leakage models used in Serpent 2 will be presented and the results will be compared to determinist 
code Dragon. 
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Nuclear data uncertainties for BEAVRS benchmark core
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In this paper the impact of nuclear data uncertainties on reactivity for PWR is presented. Based on the 
current nuclear data library covariances in ENDF/B-VII.1 the uncertainties on kinf for the MIT BEAVRS 
benchmark at hot zero power state using full scale Monte Carlo code Serpent and random sampling code 
SANDY is presented. 

SANDY is used to retrieve the nuclear data best estimates and covariance information from nuclear data 
files in the ENDF-6 format. The specified cross-sections are then randomly sampled according to the 
covariance information. Uncertainties are calculated from the distribution of the kinf results from several 
hundred serial Serpent simulations with the randomly sampled SANDY cross-sections. Propagation of 
cross-section uncertainties through the kinf calculation for the MIT BEAVRS benchmark for the two major 
uranium isotopes are presented in the paper.
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Optimize fuel inserts shuffle time during refueling 
outage in Pressurized Water Reactor (PWR)

Sang-Il Ahn1, Jin-Hwan Cho2, Minjoong Gim2
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2National Institute for Mathematical Science, 70, Yuseong-daero 1689 beon-gil, Yuseong-gu, Daejeon, 
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During each refueling outage in PWR (especially Westinghouse supplied reactor), fuel inserts movement 
has been implemented (so called fuel inserts shuffle) for next fuel cycle from the current fuel configuration 
to the new fuel configuration on the nuclear reactor. Fuel inserts shuffle is implemented in Spent Fuel 
Pool (SFP) after unloading all fuel assemblies from the reactor. Fuel inserts is moved from one fuel 
assembly to another. In this perspective, to decide the sequence of movement of fuel inserts from one 
fuel assembly (which has a fuel insert) to another fuel assembly (which has none fuel insert) is important 
of time efficiency. This is a typical example of Travelling Salesman Problem (TSP) which is widely known in 
mathematics. To solve this TSP example, we developed a simple program with Python libraries including 
NetworkX and PySCIPOpt even working well at a personal computer with a reasonable running time (less 
than a minute). To demonstrate this methodology, a typical reactor unit is selected (Kori 1 & 2) which has 
reactor capacity of 121 fuel assemblies. The result with this methodology can reduce overall time for fuel 
insert movement during refueling outage by 20 to 30 percent.
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Multigroup Cross Section Libraries for MCNP
Branislav Vrban, Stefan Cerba, Jakub Lüley, Filip Osuský, Vladimir Nečas

Slovak University of Technology, Faculty of Electrical Engineering and Information Technology, Institute of 
Nuclear and Physical Engineering, Ilkovičova 3, 812 19 Bratislava 1, Slovakia

branislav.vrban@stuba.sk

Stochastic Monte Carlo neutron transport codes are widely used in various reactor physics applications, 
traditionally related to criticality safety analyses, radiation shielding and validation of deterministic 
transport codes. The main advantage of Monte Carlo codes lies in their ability to model complex and detail 
geometries without the need to accept simplifications. To achieve the best real world approximations, 
continuous cross section libraries (CE) are often used. These CE libraries take into account the rapid changes 
of XS in the resonance energy range; however, computing-intensive simulations must be performed to 
utilise this feature. Currently, one of the most accurate and developed stochastic MC code for particle 
transport simulation is MCNP, which is widely used at Institute of Nuclear and Physical Engineering FEI 
STU BA. To broaden our computation abilities and to allow the comparison with deterministic codes, the 
CE cross section library of the MCNP code is replaced by the multigroup cross section data generated by 
the modified versions of TRANSX and CRSRD codes. Following this approach, the same data may be used 
in deterministic and stochastic codes. Moreover, by the use of formerly developed and upgraded cross 
section processing scheme, new MG libraries may be tailored to the user specific applications. The paper 
represents the first benchmarking of the newly developed multigroup cross section processing for the 
MCNP code, the code abilities and the received discrepancies. Finally, some discussions on further needed 
development are also included.  

228

Comparison Between ORIGEN2.2 and ORIGEN-S 
Calculated Source Term

Davor Grgić, Radomir Ječmenica, Štefica Vlahović, Siniša Šadek

University of Zagreb, Faculty of Electrical Engineering and Computing , Unska 3, 10000 Zagreb, Croatia

davor.grgic@fer.hr

The prediction of the nuclear fuel inventory is important in all phases of nuclear fuel stay in reactor, spent 
fuel pool or dry storage. Typically, decay heat calculation is needed to ensure heat removal, the knowledge 
of activity is important to model transport of radioactive material in case of any accident leading to cladding 
damage, and prediction of neutron and gamma source is needed for shielding calculation. Most widely 
used code able to calculate change in nuclear fuel isotopic content is ORIGEN. Its old version, ORIGEN2.2, 
is simple to use executable with rather small set of libraries produced for different reactor types and with 
simple input able to simulate any kind of fuel depletion and decay. New version is ORIGEN-S and it is 
distributed as part of SCALE package. It has many detailed libraries generated for specific reactor types and 
it is together with its auxiliary modules (ARP, OPUS, ORIGAMI) accessible through SCALE driver sequence. 
It uses advanced, object oriented input scheme rather different from old one. It is possible to prepare 
customized neutron cross sections libraries used t-depl TRITON based sequence. The use of new code can 
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be complicated and code ORIGAMI is developed for computing assembly isotopics based on ORIGEN-S 
calculation. Still, the usage of new code version is more complicated than old one and it is more difficult 
to include it in user developed application.

We wanted to see what is difference in obtained results, in terms of isotopic inventory, decay heat, activity 
and neutron and gamma source, when old and new versions are used according to their respective 
recommended procedures. Both codes were applied to NPP Krsko spent fuel and focus was limited to 
the calculation needed in the case of dry spent fuel storage. Krsko specific 16x16 arplib libraries were 
generated for ORIGEN-S and generic PWRUE library was used for ORIGEN2.2. The real fuel assemblies 
having different enrichment, acquired burnup and cooling times were analyzed. The obtained differences 
in terms of decay heat and activity were within 10%, with new version being more conservative for high 
burnup and less conservative for low burnup fuel. The information available for neutron and gamma 
sources are not completely the same in both code versions, but where the values are available in the same 
format the differences are within 15%. 

Based on performed calculations and obtained results we can say that we will continue to use both 
versions, old code version where fast scoping calculation of large number of assemblies is needed and new 
one if we need more accuracy or in case of neutron and gamma source preparation for Monte Carlo codes. 

Keywords: PWR fuel, decay heat, activity, source term, dry storage
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Pretest Analyses of Table Top Experiments in Support 
to the Development of Double-Wall Innovative Heat 

Exchanger
Fabio Mirelli, Davide Rozzia, Katrien Van Tichelen, Rafael Fernandez

SCK.CEN, Av. Herrmann Debrouxlaan 40, 1160 Brussels, Belgium

davide.rozzia@sckcen.be

The Multi-purpose HYbrid Research ReActor (MYRRHA) is a 100 MWth pool-type fast-spectrum research 
reactor cooled by Lead-Bismuth Eutectic under development at SCK•CEN. Conceived as an ADS prototype, 
it is able to operate in sub-critical mode. Operating in critical mode, MYRRHA has been identified as the 
European Technology Pilot Plant for the Lead-cooled Fast Reactor (LFR). 

MYRRHA’s Primary Heat eXchangers (PHX) represent the most important interface between the nuclear 
island and the secondary water-steam system since they are located inside the reactor pool. Recent PHX 
design updates employ a double-wall bayonet tube bundle coupled with leak monitoring system for 
improved safety. This technology has been used in industry for many years and proposed for nuclear 
applications since the 1960s. Nevertheless, a thorough demonstration of its performances and reliability 
are not readily available.

SCK•CEN launched an experimental R&D programme to investigate the performance of this heat 
exchanger. Among the envisaged facilities, the TABLE-TOP facility is presently under construction and aims 
to retrieve a first estimation of the global heat transfer in a single reduced-length double-wall bayonet 
tube prototype representative of the MYRHHA PHX. The facility is based on natural circulation flow at the 
secondary side (at MYRRHA conditions) and is constituted by an hot source attached to the PHX outer wall 
that simulates the LBE and a cold sink which is located above the hot source and is constituted by stored 
water-steam mixture.

The current paper aims to present the TABLE-TOP facility and the analyses conducted in support to the 
design and the definition of the experimental test matrix. Two different models were developed to this 
purpose: a System Thermal Hydraulic code (RELAP-5 mod3.3) model and a steady state analytical model 
built and solved through a MATLAB routine. The first is used to assess the integral behavior of the facility 
while the second is a quick tool to assess the integral loop behavior and some specifically incorporated 
PHX parameters. Results obtained by means of the two tools will be presented and compared.



Th
er

m
al

 H
yd

ra
ul

ic
s

27th International Conference Nuclear Energy for New Europe  35

302

Towards the Direct Numerical Simulation of Thermal 
Mixing in a T-junction configuration

Dante De Santis, Afaque Shams

NRG  Westerduinweg 3, Postbus 25, 1755 ZG Petten, Netherlands

desantis@nrg.eu

Thermal fatigue is a degradation mechanism that can occurs in a wide range of industrial applications. One 
such application is the primary piping system of a nuclear power plant, where the mixing of flows with 
different temperature can lead to thermal fatigue. The consequences of thermal fatigue can be serious 
and can cause sufficient structural damage for a power plant to require a complete shut-down. Therefore, 
it is highly relevant in the context of aging and the life management of a nuclear power plant. In the 
last decade, an extensive amount of work has been performed in relation to the application of CFD for 
the assessment of thermal fatigue. The generic configuration that is mostly considered is the T-junction, 
where the mixing of two separate hot and cold streams occur immediately downstream of the T-junction. 
This (transient) turbulent mixing results in high temperature fluctuations next to and inside the pipe walls. 
The first step is, however, to be able to predict the temperature fluctuations close to the wall. 

The most widely used CFD methodology, i.e. Reynolds Averaged Navier Stokes (RANS), exhibits difficulties 
in accurately predicting the considered inherently unsteady mixing phenomena. Recent studies have 
moved to more advanced unsteady CFD approaches such as Large Eddy Simulation (LES) and Detached 
Eddy Simulation (DES). For a reliable thermal fatigue analysis, it is crucial that the thermal fluctuations on 
the walls of the mixing tee are accurately predicted, which requires a correctly predicted heat transfer 
from the fluid to the solid. 

In this regard, a couple of attempts in the form of CFD benchmarking exercises have taken place in the 
recent part years. The first one was OECD CFD Benchmark for the Vattenfall T-junction configuration, for 
which the considered configuration was based on adiabatic walls (i.e. without modelling the wall effects 
and the heat tansfer). A total of 29 different CFD simulations (including LES, Hybrid (RANS/LES) and (U)-
RANS) were compared with the benchmarking experimental measurements. It was concluded, that overall 
LES has demonstrated a good accuracy in predicting the near wall thermal fluctuations. All the lessons 
learned from the OECD benchmark have been useful to the nuclear community; however, it has also put 
forward the need for more insights into the heat transfer phenomenon from the fluid flow to the wall. 
Accordingly, the MOTHER project (Modelling T-junction HEat TransfeR) was started in order to validate 
various CFD approaches for thermal mixing in a T-junction configuration including the wall. One of the 
outcomes of the MOTHER project CFD benchmarking exercise was to improve the understanding and 
modelling of transient heat transfer in a T-junction with a wall; this requires a more in-depth knowledge of 
the occurring phenomena in the new wall region. 

In this regard, a high quality DNS can provide extensive information about the entire fluid field, however 
it requires an extremely high computational effort. Hence, it becomes crucial to design the DNS such 
that the simulations remain affordable, and at the same time, they retain the most important features of 
a realistic scenario. Moreover, the computation cost increases even further if a conjugate heat transfer 
problem has to be solved. It this work, the T-junction configuration is calibrated by means of several 
URANS simulations to optimize the geometrical and fluid parameters for the targeted DNS. In addition, 
the effect of using iso-thermal, iso-flux, and Robin boundary conditions at walls instead of solving an 
expensive conjugate heat transfer problem is also investigated. Finally, in preparation for the actual DNS 
of the T-junction configuration, these boundary conditions are tested for the DNS of a turbulent channel 
flow using the spectral solver NEK5000.
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303

Analysis of the AP1000® equipment and 
instrumentation qualification criteria for a large break 

LOCA with a 3D GOTHIC model
Samanta Estevez-Albuja1, Gonzalo Jimenez1, Kevin Fernández-Cosials1, César Queral2

1Universidad Politécnica de Madrid, Alenza 4, 28003, Madrid, Spain
2Universidad Politécnica de Madrid (UPM), Nuclear Engineering Department, José Gutiérrez Abascal 2, 
28006 Madrid, Spain

se.estevez@upm.es

In order to enhance Generation II reactors safety, Generation III+ reactors have adopted passive mechanisms 
for their safety systems that do not need AC supply to work correctly. In detail, the AP1000® reactor uses 
these mechanisms to evacuate heat from the containment by means of the Passive Containment Cooling 
System (PCS).  The PCS uses the external atmosphere as the ultimate heat sink with no need of AC power 
to work properly during normal or accidental conditions. Having such a system eliminates the need of any 
other cooling system such as spray or active cooling system.

Additionally to this system, the AP1000 design includes the Internal Refueling Water Storage Tank as 
heat sink (among others); this tank modifies temperature transport mechanisms, and, as a consequence, 
temperature heterogeneity is induced in the containment, with every room having its own temperature 
evolution during the transient. This fact contrasts with the usual criteria to set the containment equipment 
and instrumentation Environmental Qualification (EQ), as they are based on pressure and temperature 
profiles calculated with lumped parameters models, which are normally based in a single node or a few 
nodes models.

In this paper, the AP1000 equipment and instrumentation EQ criteria are assessed during a Large Break Loss 
of Coolant Accident with a 3D GOTHIC model. The 3D containment model allows to predict with enough 
accuracy the temperature distribution evolution in each containment room capturing the heterogeneity 
of this phenomenon, and allow to check if the EQ criteria are surpassed locally at any time during the 
transient.

304

A Multiphysics Model for Analysis of Inert Gas Bubbles 
in Molten Salt Fast Reactor – Part 1: Numerical 

Modelling
Parikshit Bajpai, Antonio Cammi, Stefano Lorenzi

Politecnico di Milano, Dipartimento di Energia, Via Ponzio 34/3 , 20133 Milano, Italy

parikshit.bajpai@mail.polimi.it

The Molten Salt Fast Reactor (MSFR) is the reference circulating fuel reactor under the framework of 
Generation IV reactors and is currently being developed under the HORIZON2020 SAMOFAR project. In 
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Molten Salt Reactors (MSRs), a molten fluoride or chloride salt acts as both the fuel and coolant. While 
this peculiar feature offers several advantages over solid fueled reactors, it also poses a challenge in 
reactor design and modelling. The delayed neutron precursors (DNPs) drift along with the fuel salt and as a 
consequence the fuel salt velocity has a significant impact on the distribution DNPs thus affecting the reactor 
kinetics and resulting in a tightly coupled multiphysics problem. Moreover, for on-line removal of fission 
products, a bubbling system has been proposed in the MSFR design. In addition to its primary objective, 
the bubble injection can also be seen as a reactivity control method by exploiting the highly negative 
void feedback coefficient of MSFR. However, such an application requires development of multiphysics 
model capable of evaluating the impact of bubbles on the thermal-hydraulics and neutronics of MSFR. At 
present, most of the models available in literature approximate the two-phase mixture of fuel salt and gas 
bubbles as a single phase flow by merging the void feedback effect with density feedback. However, as 
the spatial distribution of the bubbles is expected to impact the void feedback, such a modelling approach 
is not suitable for the case of evaluating the feasibility of bubbling as a method of reactivity control. 
Moreover, while the density feedback mechanism is an intrinsic property of fuel salt, essentially related 
to fuel expansion with change in temperature, void feedback is exogenously related to the decrease in 
localized fuel concentration by insertion of bubbles. Therefore, the bubbling system of MSFR requires 
careful modelling to accurately predict thermal-hydraulic and neutronic influence of gas bubbles.

In this paper, we present the model equations to describe the thermal-hydraulics and neutronics of MSFR 
and to predict the void reactivity feedback associated with the inert gas bubbles. The model equations 
are based on coupling two-phase computational fluid dynamics (CFD) models with neutronic equations 
for circulating fuel. In MSFR, the flow of fuel salt and gas bubbles mixture can be classified as a dispersed 
bubbly flow for which the thermal-hydraulics has been modelled using an Euler-Euler two-fluid approach. 
Furthermore, for small volume fraction of the dispersed phase, i.e. for small bubble fraction, the two-
fluid model has been further simplified by combining the momentum and continuity equation of the two 
phases and adding a gas-phase transport equation to track the void fraction. The prompt neutron flux has 
been modelled adopting the one-group diffusion approximation and the DNP transport equation has been 
implemented for delayed neutron precursor (DNP) concentration. Reactivity insertion for small changes in 
the void fraction has been computed through a first order perturbation theory approach.

305

The effect of interface compression on the simulated 
frequency of liquid waves in vertical churn flow

Matej Tekavčič, Boštjan Končar, Ivo Kljenak

Jožef Stefan Institute, Reactor Engineering Division , Jamova cesta 39, 1000 Ljubljana, Slovenia

matej.tekavcic@ijs.si

Periodic liquid waves of large amplitude are one of distinctive phenomena observed in the churn flow 
regime of gas and liquid in vertical pipe. The basic mechanisms of such flow that govern the formation 
and development of liquid waves can be related to the onset of the flooding phenomena (or the counter-
current flow limitation, CCFL) in vertical conduits, that can occur during a hypothetical loss-of-coolant 
(LOCA) accident in pressurized water reactors. Prediction of the onset of flooding in realistic geometries is 
still very uncertain, indicating the need for more thorough understanding of the triggering mechanisms. 
Computational fluid dynamics (CFD) modelling approach, supported by reliable experiments with local 
measured data, could help us to reveal the underlying dynamics of such flows.

The present paper deals with the three-dimensional transient simulation of isothermal churn flow of air 
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and water in a vertical pipe. The transient and turbulent flow was modelled using the unsteady Reynolds 
Averaged Navier-Stokes (RANS ) approach with the k-omega SST (Shear Stress Transport) model. Interface 
capturing with bounded compression was used to resolve the gas and liquid interface.

The interface capturing method considers the two phases as an effective fluid with variable properties 
(density, viscosity). The interface is captured on a (usually) fixed grid of computational cells and does not 
represent a sharp boundary, since the transition region can be smeared over one or more cells. Due to 
the steep gradient of the indicator function that represents the phase boundary, solving the associated 
transport equation introduces an artificial diffusion of the interface. In addition, the phase indicator 
function has to remain bounded between zero and one. The phase transport equation can be solved 
directly with high resolution discretisation schemes developed for this purpose. Among others these 
include the bounded compressive interface capturing scheme used in the present work. The amount of 
interface compression in the model is controlled by a global parameter value, which is usually set to one.

The formation and development of liquid waves can be considered as a separated flow phenomena, 
where keeping the interface sharp is required to properly resolve the wave shape. On the other hand, in 
the simulations of mixed flow phenomena, such as wave breakup and subsequent entrainment of liquid 
droplets in the gas flow, resolving all the interfaces of the dispersed flow can become computationally 
too expensive. In these cases, hybrid two-fluid models are usually employed, where the amount of 
interface compression can be locally controlled, given a predetermined local criterion, whether the flow is 
considered dispersed or separated.

In the present work, the amount of global interface compression was varied from zero (no compression) to 
two in order to quantify its effect on the frequency of large liquid waves. Simulations were performed on 
two representative meshes, the smallest with several hundred thousand cells, and the largest with several 
million computational cells. The amount of interface compression only has a significant effect on smaller 
mesh at values between zero and one, where without interface compression the periodic nature of liquid 
waves could not be reproduced.

306

Thermal-hydraulic analysis of GFR demonstrator - 
Allegro

Arkadiusz Siwiec

Narodowe Centrum Badań Jądrowych, Soltana 7, 05-400 Otwock, Poland

ap.siwiec@student.uw.edu.pl

In the paper the investigation of the behaviour of the experimental helium cooled reactor - Allegro 
modelled with the use of the dedicated thermal-hydraulic code is presented.

The Allegro reactor represents a gas cooled fast reactor (GFR) prototype, which belongs to the Generation 
IV, which will be the most efficient and the safest generation of nuclear plants. The demonstration of the 
safety of GFR is one of the most important issues. Especially, showing that decay heat removal system 
will receive residual heat and maintain temperatures below the limits is essential. It can be achieved by 
applying numerical modelling with validated, commercial codes. In the frame of VINCO project several 
participants- NCBJ (Poland), UJV Rez (Czech Republic), VUJE (Slovakia) and MTA EK (Hungary), work on 
Allegro thermal-hydraulic models in the different system codes (CATHARE, RELAP5, MELCOR). One of the 
benchmark results has shown the performance of Allegro in the chosen transient scenario.
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Direct Numerical Simulations of Thermal Fluctuations in 
a Flow Over a Backward Facing Step With Solid Walls

Jure Oder, Iztok Tiselj

Jožef Stefan Institute, Reactor Engineering Division , Jamova cesta 39, 1000 Ljubljana, Slovenia

jure.oder@ijs.si

In this paper we present the direct numerical simulations of thermal fluctuations in walls and in turbulent 
flow of liquid metal flowing past a backward-facing step (BFS) with finite dimensions and solid walls. The 
BFS geometry can be visualised as a channel where one of the walls has a shape of a step. The flow is 
flowing from the narrower part to the wider part. The simulations are performed in three dimensions.  

The temperature field is a passive scalar in our simulations. This means that the temperature differences in 
the flow do not influence the flow. With this approximation, natural convection cannot be simulated. The 
thermal fluctuations were investigated at two Prandtl numbers.  

For the inflow boundary condition over the BFS, a fully developed turbulent velocity field with constant 
temperature is used. To obtain this inflow, a recycling boundary condition is used. We take the values for 
velocity and temperature from a plane parallel and downstream from the inflow and we impose them as 
the inflow boundary condition. The strem wise component of velocity is scaled at this operation to ensure 
a constant mass flow rate.  

Simulations are performed with the NEK5000 code. The most notable feature of this code is the use of 
spectral elements to solve for velocity, temperature and any other passive scalar. It is an open source code 
developed by the Argonne National Laboratory.  

Spectral element method is a hybrid method between finite element method and a collocation spectral 
method. The method divides the computational domain into finite elements, within which a spectral 
method is used to solve for variables. This method allows for the use of spectral method in irregularly 
shaped geometries and to perform direct numerical simulations in such geometries.  This work is part 
of work that is performed within the SESAME project of Horizon2020 research programme and is a 
continuation of research at our department.
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Preliminary Measurements of Flow Boiling along the 
Fuel-Rod-Like Test Section

Boštjan Zajec1, Anil Kumar Basavaraj2, Marko Matkovič1
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Preliminary experiments on flow boiling have been performed on newly designed experimental test facility 
at Reactor Engineering Division of Jožef Stefan Institute. The apparatus has been built for heat transfer and 
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fluid flow studies in wide range of operating conditions, including flow boiling. In this context, dedicated 
fuel-rod-like test section has been built to study these complex heat transfer mechanisms. In fact, the 
test section and the adopted calculation procedure enable measurement of velocity field in the near wall 
region right where local heat transfer coefficient is being acquired at controlled wall temperature. For this 
purpose, a secondary fluid – water was used, while the primary fluid – synthetic refrigerant was boiling 
at the surface. The calculation procedure and the experimental setup are presented briefly in the present 
paper, while the results of the boiling flow within the specially designed fuel-rod-like test section have 
been here presented for the first time.

309

Simultaneous Measurements of Temperature and 
Velocity by Optical Methods: Application to the Upper 

Plenum of Sodium Cooled Nuclear Reactor ASTRID
Mira Chitt

CEA Cadarache, IPSN/DRS/SEMAR BAT. 700, 13108 St. Paul Lez Durance, France

mira.chitt@cea.fr

ASTRID, Advanced Sodium Technological Reactor for Industrial Demonstration is a  pool type nuclear reactor 
which intends to be an industrial demonstration. There are thermal-hydraulics issues of upper plenum of 
the sodium cooled reactor ASTRID which cannot be studied from past reactors feedback and numerical 
simulations since the calculation codes do not allow to model these problems with sufficient confidence. 
Thus in order to validate the numerical approaches and systems concept of ASTRID to fit the codes and 
simulations for validation and to better understand the complex thermal hydraulic phenomena in order 
to qualify the design options, we need to investigate temperature and velocity in this complex geometry. 
For these reasons, a prototype is needed to study the thermal hydraulic behavior of the ASTRID reactor. 
Sodium experiments are very complicated to perform since sodium is opaque and reacts violently with 
water, thus it was more useful to perform measurements on a water model since sodium and water have 
similar properties in terms of viscosity and density. The water model MICAS mock-up was constructed. 
One challenge is to implement non-intrusive optical techniques to simultaneously measure temperature 
and velocity on complex geometry featured by the MICAS Mock up.

Laser induced fluorescence and Particle Image Velocimetry are optical methods used to measure 
temperature and velocity respectively. In all forms of LIF, a laser is used to excite a fluorescent species 
within the flow. Typically, the tracer is an organic fluorescent dye such as Fluorescein or Rhodamine. The 
dye absorbs a portion of the excitation energy and spontaneously re-emits a portion of the absorbed 
energy as fluorescence. In our experiments, single dye and two dye two color LIF techniques are used to 
perform calibrations to study the fluorescence response the dyes as function of main parameters: dye 
concentration, laser power and temperature variation. Regarding Particle Image Velocimetry, the fluid 
is seeded with tracer particles then illuminated so that particles are visible. The motion of the seeding 
particles is used to calculate speed and direction of the flow being studied.

In parallel to this work, an experiment made up of two jets was designed to study the mixing flows in 
the MICAS mock up. The first jet is hot and the second cold such as the case in the MICAS mock-up and 
then optical methods for measuring temperature by LIF and velocity by Particle Image Velocimetry PIV 
simultaneously will be applied on the prototype. The prototype aims to study the interaction between 
two jets at different temperatures and these can be vertical or horizontal. In this study, three main 
dimensionless values will be studied, Reynold’s number, Richardson number and Froude number.
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Multiple Fuel Rods Modeling for LBLOCA Analysis of 
APR1400 under High Burnup Condition 
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Through the long term researches on fuel behavior at high burnup condition, a new Emergency Core 
Cooling System (ECCS) performance criteria has been developed in terms of a burnup-dependent Equivalent 
Cladding Reacted (ECR) and discussed for the revision of the existing rule. The proposed criteria requires 
an extensive large break loss-of-coolant accident (LBLOCA) analysis regarding the various configurations 
of the fuel related parameters including the mechanical and thermal properties of pellet and cladding 
and the power distributions over the whole fuel assemblies and within a high powered fuel assembly 
at each burnup condition. Such a full scope analysis may requires a coupled calculation between system 
thermal-hydraulic code and fuel performance code with the power input from the neutronic calculation 
considering the burnup condition. The present study aims at discussion of a modeling scheme persuant to 
the system thermal-hydraulic calculation to represent the various fuels of different burnup condition. The 
MARS-KS code was used. In this study, multiple fuel rods having different burnup state were assumed to 
be located in a hot fuel assembly of a certain average burnup condition. The power peaking, the thermal 
conductivities of fuel pellet and cladding, geometries of the rods at their burnup state were explicitly 
considered as input. All those parameters were obtained from the extensive FRAPCON calculation for a 
range of power and burnup, i. e, external coupling. From those calculation, the ECR at the various burnup 
conditions as well as PCT (Peak Cladding Temperature) weren reasonably evaluated. Also the present 
approach may contribute to provide a reference data for validation of the MARS-FRAPTRAN consolidated 
code which is being currently developed. 
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Numerical investigation of a single droplet impact onto 
hot surface by VOF method at high Weber numbers

Ahmet Gultekin, Mohammad  Allaf, Uner Colak

Istanbul Technical University, Energy Institute, 34469 Maslak, Istanbul, Turkey

allaf17@itu.edu.tr

Spray cooling technology for high temperature surfaces play an important role in many industrial areas 
such as emergency cooling systems of nuclear power plants, aerospace applications, supercomputers, 
and advanced lasers. The mechanisms by which heat is removed during spray cooling are very complex 
due to its dependence on many parameters (spray, surface, and fluid characteristics). Droplet-hot surface 
interactions dictated by highly complicated transport mechanisms, which occur in a very short time and in 
millimeter scales. Besides, surface temperature plays a vital role in the study of droplet impact on a heated 
surface, influencing both impact dynamics and heat transfer performance. Therefore, it is very important 
to understand the phenomenon of droplet impact on heated wall. In the literature, a number of studies on 
impact effect of liquid droplets to hot surface have been reported. However, most of these former studies 
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have been done for relatively low Weber numbers. Within this study, a numerical investigation is carried 
out the impact of a single droplet on heated surface using Volume of Fluid (VOF) method, solving Navier-
Stokes and energy equations in a 2D-geometry transient simulation. The investigation is taken place at 
high Weber numbers up to 1000 by changing the velocity (1 - 4.5 m/s) and size of the droplet (1 - 2 mm). 
Furthermore, parameters like surface temperature, heat flux, and impact area with respect to Weber 
number change are investigated and discussed. The output of this study will be essential to understand 
the physical mechanisms better and to develop novel models for effective spray cooling system designs. 

Keywords: Spray Cooling, Droplet, Weber Number, VOF, leidenfrost.
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PWR steam generator
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In many parts of nuclear reactors (as well as of other complex industrial systems), local flow conditions are 
not well known, resulting both from engineering tradition, and from lack of incentive to perform detailed 
experimental measurements of, say, velocity and temperature fields. This could be explained by opinion 
that cost and complexity of such experiments would not justify the small improvements in the design that 
could be made based on the measurements’ results. Question remains how to, within engineering tools, 
better address consequences of local phenomena.

The development of computational fluid dynamics (CFD) codes offers one of the possibilities to infer local 
flow conditions by performing simulations. Input models may be developed using actual geometrical data 
and prescribing actual boundary conditions. Although the simulation results should not be considered as a 
totally accurate replication of the actual flow conditions, they may be viewed as a sensible approximation 
of the real flow within a certain range of uncertainty.

In the proposed work, the flow conditions in the inlet plenum and in the initial part of the tube bundle in 
a pressurized water reactor steam generator were simulated. The task was carried out using the ANSYS 
CFX computational fluid dynamics software. For the needs of the simulation, some parameters had to 
be determined from empirical correlations. Due to the large number of steam generator tubes and the 
complexity of the numerical grid that a detailed modelling would entail, the tube plate was modelled 
as a porous medium. Different modelling possibilities were investigated, and the resulting flow and 
temperature fields are presented and analysed.
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Two-dimensional PIV measurements of water flow over 
a backward-facing step
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Particle Image Velocimetry (PIV) is an increasingly popular technique for measuring liquid velocity fields, 
based on cross-correlation of subsequent images of microscopic particles moving along a with the liquid. 
As such, we intend to use it for measurements of boiling phenomena. A simple flow experiment with the 
geometry of backward facing step flow was proposed herein. Transparent test section with the length of 
around one meter was built and turbulent flows with low Reynolds numbers were observed. Commercial 
system from LaVision with a single high speed camera and a pulse laser was used for two-dimensional 
measurements of the velocity field on different cross-sections. The experimental setup and the results are 
presented.
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Accurate Measurements of the Local Heat Transfer 
Coefficients along the Dedicated Test Section

Anil Kumar Basavaraj1, Boštjan Zajec2, Marko Matkovič2

1Jožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia
2Jožef Stefan Institute, Reactor Engineering Division , Jamova cesta 39, 1000 Ljubljana, Slovenia

marko.matkovic@ijs.si

With regard to new experimental test facility for heat transfer and fluid flow studies, which has recently 
been designed and built at Reactor Engineering Division of Jožef Stefan Institute, special calculation 
procedure has been adopted for accurate local heat transfer coefficient calculation (HTC). In this respect, 
knowing precise values of the local heat flux, saturation and wall surface temperature is of paramount 
importance. While the local heat flux distribution is obtained from the secondary fluid temperature 
gradient profile and the saturation temperature is calculated from the pressure, the wall temperature 
is measured directly. Therefore, error propagation analysis has been studied to identify and to work on 
key parameters that are affecting the accuracy of our measurements. In this context, CFD analysis has 
been carried out in wide range of test conditions to better account for the expected discrepancy between 
the actual and the measured wall surface temperature distribution. The calculation procedure and the 
experimental setup are presented in the present paper.



Th
er

m
al

 H
yd

ra
ul

ic
s

44 27th International Conference Nuclear Energy for New Europe

316

Simulation of L9-1/L3-3 experiment with multiple 
failures on LOFT facility

Andrej Prošek

Jožef Stefan Institute, Reactor Engineering Division , Jamova cesta 39, 1000 Ljubljana, Slovenia

andrej.prosek@ijs.si

Originally the transient and accident analysis of second generation reactors considered the effects of single 
active failures and operator errors. There are also accident sequences with multiple failures which have 
been analysed in the past to fully understand the capability of a design. After Fukushima Dai-ichi accidents 
requirements have been made to analyse design extension conditions to enhance the plant’s capability to 
withstand the conditions generated by accidents that are more severe than design basis accidents.

The objective of this study was to simulate LOFT experiment L9-1/L3-3, which is loss of feedwater with 
multiple failures and the sequentially-induced small break loss-of-coolant accident. The assessment has 
been done by latest RELAP5/MOD3.3 Patch 05 computer code. The input deck was obtained from the 
literature in ASCII form for RELAP5/MOD3.3 computer code and was adapted for the latest version of 
RELAP5/MOD3.3 Patch 05. The code has been assessed for four phases: initial heatup phase, spray and 
power operated relief valve cycling phase, blowdown phase and recovery phase. Comparison with the 
experimental data showed that the heat removal between the primary side and the secondary side and a 
system depressurization can be well-predicted. This means that the RELAP5/MOD3.3 Patch 05 computer 
code could be applied to the full-scale nuclear power plant for such design extension condition as total 
loss of feedwater with a reasonable accuracy.

The calculated data were used also for animation purposes. Several animation masks were created to 
display the obtained results. It can be concluded that developed masks promote greater understanding of 
the physical processes and events occurring in the reactor system during this design extension condition.
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On the capability of scale-adaptive simulation of 
multiple impinging jets

Martin Draksler, Boštjan Končar, Leon Cizelj

Jožef Stefan Institute, Reactor Engineering Division , Jamova cesta 39, 1000 Ljubljana, Slovenia

martin.draksler@ijs.si

Though the main features of the jet impingement flow can be reproduced by the time-averaged models, 
the transient phenomena play a decisive role at the heat transfer prediction on the impingement surface. 
These have been rather accurately simulated in our previous studies using the Large Eddy Simulation (LES). 
But this approach requires high amount of computational resources that are hardly affordable, especially 
in the case of multiple jets. The need for less expensive but still transient turbulence models is therefore 
obvious.      

First and second order flow statistics, turbulence budgets and mean heat transfer characteristics can 
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be obtained by computationally less demanding unsteady Reynolds averaged Navier-Stokes (URANS) 
approach, based on the eddy-viscosity models. However, URANS tends to suppress the flow instabilities 
in the shear layer of individual jet that govern the unsteady jet dynamics near the target surface and 
lead to the formation of large-scale flow structures. Rather than conventional eddy-viscosity models the 
Scale-Adaptive Simulation (SAS) or similar types of turbulence models that are able to retain the flow 
unsteadiness should be applied to URANS. 

The capability of SAS model for simulation of multiple impinging jets is studied in this work. The numerical 
model combines the open-source CFD code OpenFOAM and SST-SAS model, where SST stands for Shear 
Stress Transport. The transient simulation results are averaged and compared with the experimental data 
and time-averaged results of a well-resolved LES. The purpose of this study is to analyze and evaluate the 
potential of SAS approach in terms of accuracy and computational cost. The study focuses on evaluation 
of second order flow statistics and turbulence budgets.
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Best Estimate Anaysis for MSGTR Accidents in APR1400 
Considering Control Systems

Byung Soo Shin

Korea Institute of Nuclear Safety , 62 Gwahak-ro, Yuseong-gu, Daejeon, 34142, South Korea

bsshin@kins.re.kr

In the licensing review process of APR1400 nuclear power plant (NPP) which is being constructed and 
operated currently, Multiple Steam Generator Tube Rupture (MSGTR) has been one of the important issue 
since design requirements relevant to some requirements of SECY 93-087 to the evolutionary NPP design 
have been applied to APR1400 design. After the licensing review process, regulatory body have developed 
standard review guidance on MSGTR for licensing review of next NPP. In the present study, best estimate 
methodology has been applied to the evaluation of MSGTR accident of APR1400 NPP using MARS-KS code, 
one of thermal hydraulic analysis code. Especially, this analysis focused on the effectiveness of realistic 
control systems such as pressurizer pressure control system (PPCS), pressurizer level control system 
(PLCS), steam bypass control system (SBCS) and Feedwater control system (FWCS). Before the MSGTR 
analysis, the basic response characteristics of modelling of control systems have been validated and the 
adequacy on input data was checked to compare with preoperational test data. The MSGTR analysis 
have been performed to examine the influence of a number of tube rupture, time constants of control 
systems, operation mode of control systems. As an initial condition, the nominal values are applied to 
each operational variable, and the variation in operation and measurement of each variable was taken 
into account in conservative way. Some meaningful findings have been derived from analysis results. That 
is, the increase in a number of tube rupture may have a tendency to lead to decrease of MSSV open time. 
And the operational mode change of some control systems may cause abrupt variation in MSSV open 
time. In conclusion, it have been found that APR1400 NPP satisfies the limitations of opening time of 
MSSV, which is requirements described in developed standard review guidance for MSGTR accident.
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NPP Krsko IB Modelling with GOTHIC and MELCOR 
Codes

Davor Grgić, Štefica Vlahović, Tomislav Fancev, Siniša Šadek, Vesna Benčik

University of Zagreb, Faculty of Electrical Engineering and Computing , Unska 3, 10000 Zagreb, Croatia

davor.grgic@fer.hr

It is important to determine environmental conditions within nuclear power plant buildings in order 
to properly design and select electrical equipment that has to perform in such conditions. If the plant 
conditions are consequence of Design Basis Accidents (DBA), the Equipment Qualification (EQ) is necessary 
to ensure that safety-critical components and systems have met relevant quality standards. In case of 
Design Extension Conditions (DEC) similar requirements are covered under term equipment survivability. 
During NEK EQ program we mostly used GOTHIC code to calculate thermal hydraulic condition inputs 
for equipment qualification. The accident sequences covered under plant DEC program are calculated 
mostly using MAAP and MELCOR codes. MELCOR code has general nodalization capability and can be 
used to model thermal hydraulic conditions in rooms directly or indirectly affected by main accident 
sequence. In order to see capabilities of both codes, when they are applied to the situation which is 
within their application scope, we modeled NPP Krško (NEK) Intermediate Building (IB) rooms containing 
steam and feedwater lines with GOTHIC and MELCOR codes. The transient that was initially analyzed is 
the Main Steam Line Break (MSLB). The similar results were obtained with main reasons for differences 
being in break mass and energy release representation and in condensation model on heat structures. The 
developed IB model is then used to predict rooms atmosphere heatup and hydrogen concentration due 
to containment design leakage after unmitigated SBO sequence. Again, similar results were obtained, this 
time mostly influenced by different leakage flow model used in GOTHIC and MELCOR code. In the next 
phase transport of the radioactive material will be added to the containment leakage flow.

Keywords: thermal hydraulic conditions, equipment qualification, Intermediate Building, MELCOR, 
GOTHIC, MSLB
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A Multiphysics Model for Analysis of Inert Gas Bubbles 
in Molten Salt Fast Reactor – Part 2 : Application and 

Results
Parikshit Bajpai, Stefano Lorenzi, Antonio Cammi

Politecnico di Milano, Dipartimento di Energia, Via Ponzio 34/3 , 20133 Milano, Italy

parikshit.bajpai@mail.polimi.it

The Molten Salt Fast Reactor (MSFR), the reference circulating fuel reactor under the framework of 
Generation IV reactors being developed under the HORIZON2020 SAMOFAR project, features a molten 
fluoride salt that acts as both the fuel and coolant. This peculiar feature of MSFR poses a challenge in reactor 
design and modelling. The fuel salt velocity significantly influences the delayed neutron precursor (DNP) 
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distribution in the core and subsequently the reactor kinetics. Moreover, the bubbling system envisaged 
for the on-line removal of fission products results in an additional variable affecting the reactor dynamics 
of MSFR. An additional application of the bubbling system foreseen in the MSFR design is in reactivity 
control by exploiting the highly negative void feedback coefficient inherent to MSRs. For the objective of 
reactivity control, the impact of void distribution on neutronics must be computed and a void reactivity 
feedback coefficient must be defined. However, under the current state-of-the-art in  MSFR modelling, the 
impact of the voids has been defined mainly by adopting a homogeneous void distribution. This approach 
results in unrealistic assumptions and less accurate results and better results can be obtained by coupling 
CFD with neutronics to simulate the two-phase flow of salt/bubble mixture. 

This paper presents the implementation of two-phase flow model equations in COMSOL Multiphysics and 
its application to a simplified MSFR core geometry proposed under the EURATOM EVOL project. The model 
has been validated by comparison of thermal hydraulic and neutronic results for the case of single phase 
flow with a previous single-phase study available in literature. The two-phase studies highlight the impact 
of gas bubbles on the thermal hydraulics and neutronics of MSFR and the void feedback coefficient is 
evaluated based on the average void fraction in the core. The spatial dependence of the bubbling feedback 
coefficient is analysed based on comparison with Monte Carlo simulations performed using homogeneous 
bubble distribution in the core. The outcomes of the present analysis serve as a reference point for further 
investigation of bubbling system as a reactivity control method for MSFR.



Ra
di

at
io

n 
M

ea
su

re
m

en
ts

an
d 

Do
sim

et
ry

48 27th International Conference Nuclear Energy for New Europe

Radiation Measurements and Dosimetry
401

Review of 10 years of JSI – CEA collaboration on nuclear 
instrumentation development

Christophe Destouches1, Luka Snoj2, Jean-François Villard3

1Commissariat a l‘Energie Atomique - Centre d‘Etudes de Cadarache DRN/DER, Bat 238, 13108 St Paul 
Lez Durance Cédex, France
2Jožef Stefan Institute, Reactor Physics Department, Jamova cesta 39, 1000 Ljubljana, Slovenia
3CEA France, CEN Saclay ORE/SRO, France

christophe.destouches@cea.fr

The collaboration on nuclear instrumentation started in 2008 between the CEA Experimental Physics 
Service (Experimental physics, Safety experiment and Instrumentation Section since January 2018) and 
the Reactor Physics Division of the Jozef Stepan Institute (JSI) in the frame of bilateral agreement between 
the CEA and the Slovenian Ministry of Higher Education, Science and Technology.

Since the first two years’ collaboration focused on reactor dosimetry, more than 10 development projects 
have been successfully achieved on several subjects: miniature fission chambers, Self-Powered Neutron 
Detector and gamma (ionization chambers and thermoluminescent Detectors) measurement techniques 
as well as kinetic parameter measurement techniques (Keff), reactor dosimetry unfolding techniques and 
nuclear data improvements. The 2018 project is dedicated to improve the gamma heating measurement 
technique based on Calorimeter devices. 

These studies have contributed to the tests and validation of several CEA measurement devices and 
systems (MONACO, SPECTRON) and modelling codes (CALMAR, MATISSE). On the JSI side, measurement 
campaigns performed with this instrumentation allowed to improve the JSI unfolding code, to perform 
experimental validation of computational codes and models developed by the JSI, and to significantly 
improve the neutron field characterization of the TRIGA reactor. These activities resulted in publishing 
the evaluated fission rate experimental benchmark of the TRIGA reactor in the OECD/NEA International 
Handbook of Evaluated Reactor Physics Benchmark Experiments. It has also contributed to the labelling 
of the JSI facility as the reference facility for radiation hardness testing for CERN and lead to increased 
international visibility. Scientific results and findings produced within the collaboration were published in 
more than 15 common papers presented at international conferences and in scientific journals.

With the general diminution of European experimental irradiation facilities, and the future starting of the 
Jules Horowitz Reactor at the CEA, this collaboration should continue to play an important role in nuclear 
instrumentation development for CEA and JSI for at least the next 10 coming years.
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Expert System for Calculation of Doses due to Airborne 
Emission

Borut Breznik1, Primož Mlakar2, Marija Zlata Božnar2

1Krško Nuclear Power Plant, Vrbina 12, 8270 Krško, Slovenia
2MEIS storitve za okolje d.o.o., Mali Vrh pri Šmarju 78, 1293 Šmarje-Sap, Slovenia

borut.breznik@nek.si

The Expert System for Effluents Dose Calculation (ESDOS) is based on the gaseous effluent related 
monitoring features and meteorological information system data. It is a part of gaseous effluent dose 
calculation for nuclear power plant operation and included also in nuclear emergency projection 
procedures for the environment. The system uses input data from plant process information system and 
meteorological monitoring as well as from a fine resolution small scale meteorological forecast. There are 
additional functions related to a quick emergency assessment based on accidental radioactive source term 
pre-calculated scenarios.  

To determine the source term the system uses continuously the measurement of reactor power and pre-
calculated steady state activity of radiation important radionuclides foreseen for the release. For example, 
in case of an overheated core accident, the dose rate in the containment and core exit thermocouples 
temperatures could support a quick diagnostic of the release source term. Based on the probabilistic safety 
assessment of the accident scenarios, pre-calculated release source term could be taken into account.  In 
any case, the efficiencies of the filters of passive containment filtering system or charcoal and HEPA filters 
are available in the programme.  

Local meteorological parameters are used by Lagrangian particle dispersion modelling system routinely 
on a half-hourly basis for estimation of doses in the NPP surroundings.  The dose calculation software 
produced by paper authors is using advanced dispersion model SPRAY from Arianet. The modelling area of 
25 km x 25 km is set over complex terrain using validated modelling system. 

For the diagnostic reconstruction of the three dimensional meteorological state of the atmosphere 
advanced measurements are used. These measurements include SODAR remote measurements of vertical 
profile and RASS remote measurements of temperature vertical profile up to 500 m above the basin. In 
addition, there are 4 ground level standard meteorological stations in the NPP surroundings and a 70 m 
meteorological tower.

For the prognostic – forecast use of the system numerical weather prognosis is used that provides weather 
forecast in fine spatial resolution for 7 days in half hour steps.

The effluent release points from the plant are modelled either for normal operation emission or in case 
of the emergency. Relative concentrations (dilution coefficients) are pre-calculated in automatic mode for 
6 release points using their physical properties. Automatic pre-calculation is done routinely in diagnostic 
and in prognostic mode. Doses are calculated using ESDOS for a list of pre-selected radionuclides and 
for the following pathways for the initial dose projection: external dose due to radioactive cloud shine, 
inhalation and rough assessment of external dose for 2 or 7 days of exposure due to fall-out (dry and wet 
deposition).  In case of lack of measured meteorological data weather forecast can be used. 

System is used by NPP staff inside the premises as well as by NPP emergency mobile unit that performs 
measurements in the NPP surroundings. The ESDOS is foreseen as well for the support for normal release 
procedures or for off-line training.   Because of such approach it is easier for the users of radiation 
protection staff to be familiar with the system in case of emergency situation.
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Influence of the energy deposition on the out-of-pile 
calibration curve of a compact calorimetric cell.
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1Aix-Marseille Université, 58, bd Charles Livon, 13284 Marseille Cedex 07, France
2CEA-Cadarache DEN/DER/SPEX/LDCI, Bâtiment 238 - Piece 10, F13108 Saint-Paul-lez-Durance, France

adrien.volte@im2np.fr

Aix-Marseille University and CEA into the framework of a joint laboratory, called LIMMEX, conduct research 
works on instrumentation and measurement methods for online quantification of nuclear and thermal 
parameters in Material Testing Reactors (MTRs). Three research areas are realized: neutron and gamma 
detections, nuclear adsorbed dose rate measurements, interpretation and inter-comparison methods. 
The paper will focus on the second topic. The on-line measurement of nuclear dose rates with accuracy 
is essential both before the experiments have been launched to design irradiation devices containing 
experiments and while the experiments are being conducted for their interpretation. In this topic, studies 
are dedicated to differential calorimeters used for the measurement of the energy deposition rate induced 
by interactions between nuclear rays and matter by applying a complete approach coupling experiments 
(under laboratory and real conditions) and thermal numerical works (1D calculations and 3D simulations). 
One aim is to propose various sensors owning specific characteristics (sensitivity, range...). In particular, 
one major challenge is to quantify high nuclear dose rates (up to 20 kGy.s-1) by a sensor with at least the 
same performances of classic differential calorimeters used for lower dose rates (no sensor allowing such 
measurements exists). 

The paper will present experimental and numerical works of a recent compact calorimeter called CALORRE 
[1]. The paper will concern a new configuration designed to reach this purpose of high nuclear dose 
rates. To measure such nuclear dose rates with accuracy, the preliminary out-of-pile calibration step of 
the sensor, which needs the generation of the energy by the Joule effect, is necessary and crucial for a 
wider injected electrical power range. At present, the electrical power range tested for French differential 
calorimeters is smaller (up to 4W for CALMOS type Calorimeter, up to 6.5W for CARMEN type calorimeter 
and previous CALORRE configurations). Consequently, new heating elements were developed to lead 
to a higher power range (up to 12W and to 48 W). After a detailed description of the sensor, heaters 
and experimental set-up, the response of the calorimetric cell will be presented for different calibration 
conditions (fluid flow temperatures, electrical power values). From its response versus time, its response 
time, its steady mean temperatures and its calibration curve will be determined. Then the influence of the 
injected electrical power on the heat transfer contributions thanks to a 1D thermal model (conductive and 
radiative heat exchanges) and on the loss of linearity of the calibration curves will be discussed. Finally, 3D 
thermal simulation results will be considered for laboratory and irradiation conditions in order to predict 
the sensor response for a differential assembly (two superposed calorimetric cells: a measurement cell 
with a material sample and a reference cell without sample). The influence of several parameters will 
be discussed (distance between the two cells, nature of sensor-structure material, fluid flow boundary 
conditions). 

In the future, this kind of experimental and numerical studies will be applied on more sensitive 
configurations having often non-linear calibration curves.  

[1] A. Volte et al., Study of the Response of a New Compact Calorimetric Cell for Nuclear Heating Rate 
Measurements, IEEE TNS, https://doi.org/10.1109/TNS.2018.2827084.
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The proper quantification of the gamma emission spectrum of a neutron source is a corner stone 
in radiation shielding calculations. The results of the calculation can be used in future optimization of 
intake doses by operational personnel. The paper is focused on the estimation of gamma spectrum of 
the plutonium beryllium source used at the Institute of Nuclear and Physical Engineering FEI STU BA. The 
expected atomic enrichment of the neutron source is 95 % of 239Pu to the total Pu ratio. The 241Am activity 
is characteristic for these types of sources and is caused by initial content of 241Pu in the source and by 
two successive radiative captures of the neutron on 239Pu nuclei with following beta decay. Therefore, the 
activity of 241Am is considered in the estimation of intake doses by the personnel. Moreover, the neutron 
is emitted by the reaction of alpha particle with beryllium nuclei with characteristic gamma radiation at 
the energy 4439 keV. Therefore, the measurement of the source is performed in two steps. The first is 
the measurement by the semiconductor CdTe detector. This detector is chosen due to the high energy 
resolution at low energies of gamma spectrum, which correspond to decay of 239Pu. The second type of 
measurement is performed by NaI(Tl) scintillation detector, which is appropriate for measurement of high 
energy gamma spectrum resulting from the decay of alpha beryllium reaction products. In both cases, the 
detection efficiency calibration is carried out. Additionally, the measured detection efficiency of the NaI(Tl) 
detector is compared with the efficiency determined by the analytical tool LabSOCS from CANBERRA 
industries. Finally, the discussion about the measured gamma spectrum is included and the results are 
compared with previous studies in the field.

405

Flipped Classroom Approach in Teaching Analytical 
Radiochemistry

Marko Štrok, Borut Smodiš, Ljudmila Benedik, Leja Rovan, Mihajela Črnko, Adis Krečo

Jožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia
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The flipped classroom approach is sort of blended learning concept that reverses the traditional learning 
by delivering teaching content outside of the classroom. This enables more time to move activities, 
traditionally considered as homework into the classroom and provide more time for exploring topics in 
greater depth and facilitates discussion between teacher and learners. 

Within the framework of a Modular European Education and Training Concept in Nuclear and Radio 
Chemistry (MEET-CINCH), which is a research project funded under Horizon 2020 grant no. 754 972, we 
are developing Basic course on analytical radiochemistry in flipped classroom fashion. The objective of 
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the course is to provide basic knowledge and practice on the principles of analytical radiochemistry. Video 
materials and other teaching materials are being developed to be able utilize them in flipped classroom. 
More than 50 modular videos will be produced. It will be possible to arrange them in different fashion, 
providing teacher greater flexibility of delivering specific topic either with focus on the radionuclide or 
specific steps, such as sample preparation techniques, radionuclide separation techniques, preparation 
of counting sources, radionuclide measurements etc. The idea behind the flipped classroom is that the 
student could get familiar with the topics on analytical radiochemistry at home through videos and then 
have in-depth discussion in the presence phase in class and conduct independently analysis of different 
radionuclides in the lab. This could enable better learning experience and learning outcome for the 
students. In the follow up phase, students would have possibility to refresh their knowledge by watching 
the videos. They might be helpful also once they would like to perform the analyses in their laboratory in 
the future. The progress up to date will be presented, as well as lessons learned so far.
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Nuclear Reactions Suitable for Epithermal Neutron 
Dosimetry Using Boron-Based Filters: Preparation of an 

Experimental Campaign at the JSI TRIGA Reactor
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Carcreff2
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Activation measurements are the primary method of determination of the neutron fluence in neutron 
fields. Radiative capture reactions ((n,γ) reactions) are generally sensitive to neutrons of thermal and 
resonance energies (i.e. from meV to several 10 eV), while threshold reactions, e.g. inelastic scattering, 
or (n,n‘) reactions, (n,p) reactions, (n,α) reactions, etc., are generally sensitive to neutrons with energies 
above a certain energy threshold, above around 1 MeV. There are practically no nuclear reactions which 
are sensitive specifically to neutrons in the intermediate (epithermal) energy region, i.e. in the broad 
energy region from 1 keV to several 100 keV. In practice, the epithermal neutron fluence is determined 
mostly through the use of  computational methods.

In recent work, conducted in the framework of a research collaboration project between the French 
Atomic and Alternative Energy Commission (CEA) and the Jožef Stefan Institute (JSI), Slovenia, indications 
were obtained that boron-based neutron filter materials, due to the very large magnitude and almost pure 
1/v energy dependence of the 10B absorption cross-section, are able to shift significantly the sensitivity of 
neutron capture reactions towards the epithermal energy range. A new collaboration project between the 
CEA and the JSI was launched to determine which neutron capture reactions in combination with boron-
based neutron filters of different geometry, material and isotopic composition (10B enrichment level) 
could be suitable for measurements of the epithermal neutron flux, in terms of their energy sensitivity and 
in terms of the possibility of gamma spectrometry measurements of the reaction products. 
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This paper presents the preparation process of a dedicated experimental campaign in the JSI TRIGA 
reactor. Initially, a reaction selection process was performed using the Monte Carlo particle transport 
code MCNP6, subsequent calculations using evaluated capture cross-section data from the ENDF/B-VII.1 
nuclear data library and an investigation into the reaction product properties (half-lives and gamma ray 
intensities), which resulted in a neutron capture reaction shortlist. Following the selection process, Monte 
Carlo calculations were performed to determine the filter material geometry and composition to be used in 
the experimental campaign. Natural boron nitride, natural boron carbide and 10B enriched boron carbide 
neutron filters of the same geometry were chosen. Finally, neutron activation calculations for realistic 
target material compositions and masses taking into account the effect of different boron-based neutron 
filters were performed using the CEA DARWIN/PEPIN codes to obtain predictions of the induced activities 
of the reaction products of interest. The results show that the selected reactions are measurable with 
gamma spectrometry for bare irradiations and irradiations under the chosen boron-based neutron filters.
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Application of the Dynamic Mode Decomposition 
approach to the Dispersion of Radioactive Contaminants 

in Air
Andrea Di Ronco, Antonio Cammi, Francesca Celsa Giacobbo

Politecnico di Milano, Dipartimento di Energia, Via Ponzio 34/3 , 20133 Milano, Italy

andrea.dironco@mail.polimi.it

Advanced reduced order modelling seeks to exploit underlying low-dimensional patterns of physical 
phenomena which are typically described by infinite-dimensional PDEs, with the aim of extracting the 
dominant dynamic features of the system under analysis. This allows to achieve a significant computational 
speedup. In this regard, the recently developed Dynamic Mode Decomposition (DMD) approach describes 
the time evolution of a dynamic system by means of a superposition of a relatively small set of empirical 
modes computed from a sequence of “snapshots”, i.e. states of the system sampled at particular time 
instants either from simulated or experimental data. The peculiarity of this method is the capability to 
provide a linear map which best approximates the nonlinear dynamics that govern the system behaviour, 
thus extracting both spatial modes and the spectrum of frequencies governing the time evolution. In this 
work, the DMD approach is applied to a case study of dispersion of a radioactive contaminant in air from 
a localised source in a non-trivial geometry. The snapshots describing the evolution of the dispersion 
process are obtained from an unsteady finite volume CFD simulation. The results show the capability 
of DMD in retrieving the dominant dynamic features of the system, allowing an accurate description of 
the high-dimensional problem under consideration by using relatively few degrees of freedom, i.e. the 
number of modes retained in the model. Reduced models obtained by means of the proposed approach 
could find application in problems which are relevant to nuclear safety, including the fast propagation of 
the system state for short-term dispersion predictions or the coupling with common data assimilation 
techniques for radiation estimation and monitoring.
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408

Dose Rate Calculation for Different Configurations of ITU 
TRIGA-MARK II Spent Fuel Pit

Sefa Bektaş, Mohammad  Allaf, Senem Senturk Lule, Uner Colak

Istanbul Technical University, Energy Institute, Ayazaga Campus, 34469, Istanbul, Turkey

bektass17@itu.edu.tr

A simulation model to calculate the dose rate at the top surface for the spent fuel pit of Istanbul Technical 
University (ITU) TRIGA MARK II research reactor based on Monte Carlo method, using MCNP5 code. This 
spent fuel pit was already designed in order to store up to 19 spent fuel rods safely during maintenance 
operations and temporary storage purposes. This work includes two phases: Phase 1 includes the 
estimation of the spent fuel rods’ isotopic inventory by conducting burn-up calculations using a Monte 
Carlo-based burn-up depletion code MONTEBURNS with ORIGEN2, based on 50 effective full power days 
at 250 kW operation, using the developed 3D-geometry reactor model by MCNP5 code for ITU TRIGA 
MARK II. Phase 2 includes the calculation of dose rates at the top surface of the spent fuel pit, whereas a 
number of different configurations have been investigated. These configurations are defined according to 
three factors; the number and position of spent fuel rods in the pit, isotopic inventories, and the status of 
the shutter of the pit (close-open). This paper aims to analyze the influence of the released radiation dose 
during the utilization of the pit.

Keywords: Dose Rate, Spent Fuel Pit, Spent Fuel, Monte Carlo, TRIGA MARK II, MCNP, MONTEBURNS, 
ORIGEN2.  

409

Radon Monitoring for University Politehnica of 
Bucharest Passive house

Pavel Gabriel Lazaro, Andrei Razvan Budu

University Politehnica of Bucharest, 312, Splaiul Independentei, Bucharest, Romania

gabriel.pavel@upb.ro

Radon is recognized as an important forerunner in lung cancer, after smoking. Radon is present everywhere 
in nature due to its gaseous state. In closed spaces, accumulation of radon can be  reduced with simple 
actions such as ventilation. Closed spaces are important, with respect to radon accumulation, mainly due 
to inhabitants. These closed spaces can be represented by working places or even homes. In recent years 
a great importance was found in passive houses. In certain regions in Europe passive houses are aiming 
for a great development. A passive house is mainly aimed at ensuring high comfort for its inhabitants with 
minimum use of outbound energy (thermal and electrical) sources. University Politehnica of Bucharest built 
a passive house prototype. It is a two level townhouse duplex for residential use. The building consists of 
two houses, “East House” and “West House”, which are included in a common thermal envelope. One key 
factor in passive houses is the ventilation and acclimatization system(s). These systems are controlled by 
a central processing unit with predefined parameters. This unit can be accommodated according to every 
person‘s preference. More, the controlling of the whole house can be predefined or done via a regular 
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phone app or using an internet browser. The system is designed to react according to signals received by 
various sensors present throughout the house. If equipped with such radon detector, a central processing 
unit can also bring health benefits to inhabitants with respect to radon effects.

410

Optimization of an Am-Be Neutron Source Shielding by 
Advanced Materials Using MCNP Code

Naeem Hatefi, Mohsen Kheradmand Saadi

Islamic Azad University, Department of Nuclear Engineering, Science and Research Branch, Hesarek, 
1477893855 Tehran, Iran

mohsen.kheradmand@gmail.com

Today, neutron sources are used in many industrial applications. In these applications a portable neutron 
source with reasonable dimensions and weight is employed. Am-Be is one of the important neutron 
sources provides adequate neutron intensity for research and industrial applications. The optimization 
of an Am-Be neutron source shield have been performed using some advanced materials. Advanced 
neutron shielding materials are characterized by considerably higher hydrogen and absorber content than 
conventional materials. On the other hand, advanced gamma shielding materials usually are based on 
Tungsten alloys. The presence of these advanced materials can reduce the thickness and weight of shielding. 
Advanced and simple shielding materials are examined against neutron and gamma rays of Am-Be source. 
Minimum absorbed dose is considered as a criterion. Results showed that Mg(BH4)2 and Kennertium are 
the best advanced shielding materials for neutron and gamma, respectively. The combination of these two 
materials can reduce the total dose rate by more than 70%, in comparison to conventional B4C and Steel 
combination. Besides, in order to attain the reference dosage rate, use of advanced materials can reduce 
dimensions and weight of shielding by 30% and 10% respectively. 

411

Implementation of a WinMAACS 3.11.2 model for the 
evaluation of some off-site consequences due to a 

Krško NPP postulated severe accident for Emergency 
Preparedness and Response purposes

Antonio Guglielmelli, Federico Rocchi, Fulvio Mascari

Italian National Agency for New Technology, Energy and Substainable Economic Development, Via 
Martiri di Monte Sole, 4 - Bologna , 40129, Italy

antonio.guglielmelli@gmail.com

ENEA, with the aim to enlarge its set of available simulation tools in the field of Emergency Preparedness 
and Response (EP&R), has recently obtained within the U.S.NRC CSARP framework, the WinMAACS 
code, developed by the Sandia National Laboratories, to perform probabilistic risk assessment studies of 
potential off-site consequences of an accidental radioactive material atmospheric release due to severe 
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reactor accidents. The need to enhance the ENEA simulation tools inventory is due to the fact that Italy 
is surrounded, at less than 200 km from the borders, by several foreign NPPs for which it is necessary 
to improve the level of anticipated preparedness in order to have a preliminary idea of the degree of 
radiological impact over the Italian regions for a severe accident event. WinMAACS is a user-friendly 
interface to the MELCOR Accident Consequence Code System (MACCS) that provides, by means of a 
simplified selection of input parameters, the results of the post-processing of several MACCS calculations. 
MACCS, which was designed primarily as a probabilistic risk assessment tool (PRA – level 3), can sample 
hourly annual weather data and generate statistics that describe the effects of weather conditions at the 
time of a release. MACCS includes the entire dose-relevant pathways and evaluates land contamination 
areas, doses to individuals and populations, health effects and risks, and economic losses resulting from 
an accident. The aforementioned code has been therefore adopted to perform a preliminary statistical 
radiological impact study of a postulated severe accident at the Krško NPP, which is one of the closest NPPs 
to the Italian borders. In order to achieve a site-related calculation, some specific data, as Source Term 
(ST) and meteorological dataset, were defined. With the aim to get a preliminary and simplified calculation 
which will also allow a future easy comparison with other codes, typical ST values have been chosen for 
the simulation: 1E+16 Bq for Cs-137 and 1E+17 Bq for I-131 with a dynamics of 1 hour emission. The hourly 
meteorological data, including wind direction, velocity, and stability class, were collected from on-line 
information of Krško meteo data. The characteristics of land that surrounds Krško NPP were also taken into 
account defining the land fraction for each grid element of the MACCS spatial domain. The probability of 
exceeding a series of values of total ground depositions and time-integrated air concentrations over the 
simulation domain was evaluated. Consequences to the population were also investigated.

412

New refueling neutron monitoring and reactivity 
measurement systems for Paks NPP

Sándor Kiss1, Sándor Lipcsei1, Gábor Házi1, Tamás Parkó2, István Pós2, Zoltán Kálya2

1Centre for Energy Research, Hungarian Academy of Sciences  , Konkoly Thege M. út 29-33, H-1121, 
Hungary
2MVM Paks Nuclear Power Plant Ltd., P.O. Box 71, H-7031 Paks, Hungary

lipcsei.sandor@energia.mta.hu

Factory acceptance tests (FAT) of the new refueling neutron monitoring and reactivity measurement 
system (Hungarian acronym ANEREM) for Paks NPP were performed in April 2018. ANEREM is a combined 
system fulfilling both refueling neutron monitoring and startup measurements. In order to increase the 
reliability of the new system it contains six autonomous measurement chains covering the whole neutron 
flux range from 1 cps to 1010 cps and build from two redundant signal processing subsystems. The new 
system will be installed in two phases in order to guarantee the highest safety and availability. Phase 1 
will be achieved in February 2019 at Unit 4. Redundancy for refueling as well as validation of the new 
system will be provided by one of the subsystems of the old refueling neutron monitoring system. The old 
reactivity monitoring system will still be kept in operation during this phase in order to help in validation of 
the startup measurements. Finalization of the new system to its full 6-detector installation will be achieved 
in Phase 2 in May 2020.
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Severe Accidents
501

Main outcomes of the IRSN experimental ISTP-CHIP and 
CHIP+ program 

Anne-Cécile Grégoire1, Sandrine Morin2, Laurent Cantrel1

1Institut de Radioprotection et de Sureté Nucléaire, 31, avenue de la Divison Leclerc, 92260 Fontenay 
Aux Roses, France
2Institut de radioprotection et de surete nucleaire (IRSN), 60-68 Avenue de General Leclerc - BP17, 92262  
FONTENAY-AUX-ROSES CEDEX, France

anne-cecile.gregoire@irsn.fr

During a severe accident (SA) occurring on a nuclear power plant, resulting from core degradation, a strong 
release of fission products (FP) is expected. FPs such as Iodine, caesium and molybdenum are largely 
released inside the reactor cooling system (RCS) and can contribute to high radiological consequences in 
case of releases into the environment following early containment venting procedure or even containment 
failure. Few information are available in the literature concerning the chemical speciation inside the RCS. 
The phenomena occurring in the RCS during a SA are very complex involving drastic thermal hydraulic 
conditions, rapid atmosphere changes from reducing to oxidizing conditions, complex chemical systems 
involving volatile FPs and control rod materials. In order to better understand the main chemical formation/
decomposition/deposition processes in which FPs may be involved, the CHIP experimental line (CHemistry 
Iodine Primary Circuit) has been developed over the past decade at IRSN in the framework of the ISTP- 
CHIP (2005-2012) and the CHIP+ (2012-2018) programs with a special attention to understand possible 
presence of volatile iodine at the break. The line was designed as an open flow reactor in which the 
reagents are continuously injected at high temperature and then transported into a controlled thermal 
gradient reproducing the conditions of the RCS of a Light Water Reactor (LWR) in SA. The CHIP line allows 
studying complex chemical systems involving up to seven elements representative of the main FPs (I, Cs, 
Mo) and control rod materials (Cd, In, Ag, B) in a controlled atmosphere (steam/H2) and thermal profile. 
Deposited species, transported aerosols and gases are collected for off-line characterization with a focus 
on the detection of gaseous iodine species.

Based on the experimental information obtained, improvement and validation of the ASTEC (Accident 
Source Term Evaluation Code)/SOPHAEROS simulation software, developed by IRSN, concerning reactivity 
of FPs in the RCS will be conducted. 

The global objective is to predict the amount and chemical speciation of FPs reaching the containment. 

The main outcomes of 10 years of experiments performed in the CHIP line with increasing complexity of 
the chemical systems highlighted: 

i/the gas phase kinetic limitation of the IOH system; 

ii/ the central role of Mo for its capacity to form molybdate compounds with alkaline (Cs) or transition 
metal (Ag, Cd) or even earthy elements (In) and thus to influence the iodine chemistry during its transport 
in the RCS; 

iii/ the redox potential of the atmosphere which greatly influences the reactivity of molybdenum, 

iv/ the reactivity of boron with caesium which also may greatly contribute to gaseous iodine release into 
the containment.
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All these data should allow explaining the experimental data getting from PHEBUS FPT1 and FPT3 tests 
concerning transport of FPs in the RCS.

However, a full understanding of the main chemical path governing the iodine chemistry in the RCS in SA 
conditions still needs further knowledge. The study on the influence of a combination of several control 
rod elements (involving a least Cd or Ag and B) on Mo and Cs reactivity and thus on gaseous iodine 
persistence is under way. Further studies on the mid-term potential iodine releases due to revaporisation 
of RCS deposits (CsI, AgI, CdI2) have to be considered.

502

APR1400 Primary coolant system creep rupture analysis 
under high pressure natural circulation using MELCOR 

and CREC code  
Hyemin Kim, Kukhee Lim

Korea Institute of Nuclear Safety , 62 Gwahak-ro, Yuseong-gu, Daejeon, 34142, South Korea

k732khm@kins.re.kr

Under high pressure severe accident condition, creep rupture behavior of primary coolant system is of 
concern. One of the most vulnerable parts of primary coolant system under this condition can be either 
hot leg nozzle, pressurizer surge line or steam generator tube. In case steam generator tube rupture 
occurs, it can cause large release of fission products to the environment. Thus it is necessary to set up the 
evaluation methodology of steam generator tube rupture probability under high pressure severe accident. 

Natural circulation phenomena can be expected under high pressure severe accident. In case the loop 
seal of cold leg is blocked, hot steam flow from the reactor vessel flows along the hot leg, enters the 
steam generator inlet plenum. Then, it rises toward the steam generator tubes, and is cooled down at the 
steam generator outlet plenum, flows back to the steam generator tube as well as to the hot leg. In this 
phenomena, inlet plenum mixing of hot and cold flow is one of the key parameters governing the degree 
of thermal challenge. 

In this study, MELCOR 1.8.6 code is used to simulate the natural circulation phenomena under high-pressure 
Station Blackout(SBO) accident for APR1400 nuclear power plant. This model has been validated by MARS-
KS APR1400 SBO calculation. Simulation of natural circulation phenomena is realized by several model 
adjustment; splitting hot leg into two halves to permit counter current flow, setting the steam generator 
inlet plenum mixing ratio to be 65:35, setting hot and cold flow in the hot leg to be 50:50. In condition of 
total loss of feed water, primary pressure reaches up to 17Mpa, an approximate value of POSRV opening 
set point, within 2 hours after shutdown. Natural circulation is found to be stabilized around this time.   

In addition to MELCOR calculation, CREC code is used to evaluate creep rupture probability for three 
vulnerable parts of primary coolant system under the same accident scenario. CREC code shows creep 
rupture probability of hot leg nozzle, pressurizer surge line and steam generator tube by taking into 
account its pressure, temperature, dimension and existence of initial crack.  

Several sensitivity studies has also been done. Sensitivity studies include variation of number of steam 
generator tube, decay heat, accident scenario, steam generator tube’s initial crack length and depth, and 
steam generator tube material. Most of the results shows that hot leg nozzle creep rupture probability 
is the highest. Steam generator tube rupture is found to occurs rarely if its initial crack depth is less than 
30%. 
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CoreSOAR project on update of the Core Degradation 
State-of-the-Art Report: Research Needs and 

Conclusions
Tim Haste1, Florian Fichot1, Georges Repetto1, Thorsten Hollands2, Gabor Horvath3, Martin 
Steinbrück4, Alix Le Belguet5
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85748 Garching, Germany
3NUBIKI Nuclear Safety Research Institute, Konkoly-Thege Miklós út 29-33. building 6, 1121 Budapest, 
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In 1991 the CSNI published the first State-of-the-Art Report on In-Vessel Core Degradation, which was 
updated to 1995 under the EC 3rd Framework programme. These covered phenomena, experimental 
programmes, material data, main modelling codes, code assessments, identification of modelling needs, 
and conclusions including the needs for further research. This knowledge is relevant to such safety issues 
as in-vessel melt retention of the core, recovery of the core by water reflood, H2 generation and fission 
product release.

In the last 20 years, there has been much progress in understanding, with major experimental series 
finished, e.g. the integral Phébus FP tests, while others have many tests completed, e.g. the QUENCH 
series on reflooding degraded rod bundles, PRELUDE/PEARL on debris bed quench, and LIVE on melt 
pool behaviour in the lower head, similarly regarding integral codes, e.g. MELCOR and MAAP (USA) and 
ASTEC (Europe), which encapsulate current knowledge quantitatively. After two EC-funded projects on the 
SARNET network of excellence, now continuing in the NUGENIA association, it is timely to take stock of the 
knowledge gained in the experimental and modelling areas.

The CoreSOAR project, in NUGENIA/SARNET, draws together the experience of 11 European partners to 
update the state of the art in core degradation, to finish at the end of 2018.  The review of available 
integral experiments, separate-effects data, modelling codes and code validation is well advanced, so 
attention is now focussed on drawing overall conclusions and identifying needs for further research. This 
paper indicates the progress made in these final steps in the project. The final report will be a reference 
point for ongoing and future research programmes in NUGENIA, in other EC research projects such as in 
Horizon2020 (e.g. IVMR), and for projects in OECD/CSNI (e.g. PreADES and TCOFF)
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504

Hybrid lumped/distributed parameter model for 
treating the vessel lower head ablation by corium 

during a LWR severe accident
Mathieu Peybernes1, Romain Le Tellier1, Louis Viot1, Laurent Saas2

1CEA DTN/SMTA/LMAG, Cadarache, 13108, France
2CEA, Member of SNETP Executive Committee, Gif sur Yvette 91191, France

romain.le-tellier@cea.fr

The knowledge of in-vessel corium behavior and associated risk of vessel failure are matters of prime 
interest within the framework of Severe Accident studies for Light Water Reactors (LWRs). Core meltdown 
during a severe accident can result into formation of a corium pool (oxidic and metallic liquid materials) 
at the bottom of the reactor vessel. The volumetric heat generation associated with decay heat induces 
natural convection in the pool that, combined with phase segregation effects, determines the heat 
flux distribution at the pool interface. In particular, along the lateral boundary, this heat flux leads to 
the ablation of the steel vessel wall. The ablation kinetics of the vessel wall is of prime interest when 
considering the possible formation of a “thin” metal phase on the top of the pool and the potential vessel 
failure at that point due to heat flux concentration (the so-called “focusing effect”). As a consequence, 
when evaluating the chances of success of in-vessel retention (IVR), the transient ablation of the vessel 
wall has to be carefully modelled. On one hand, the axial conduction within the wall can only be neglected 
during the first stage of ablation transients and has to be taken into account when long-term retention 
of the corium is to be evaluated. On the other hand, when considering a stratified corium pool, the axial 
meshing of the wall should be fine enough to avoid any smearing of the heat flux associated with the top 
metal phase. In the general case, as the position of this layer changes with time, a fine mesh is required 
on a large part of the wall. Consequently, in the framework of so-called severe accident codes where 
fast-running models are used, standard models based on a 2D meshing of the wall (and, for instance a 
source-based enthalpy method for the Stefan problem) can become impractical. In this context, this paper 
will be focused on a simplified yet accurate modelling of the wall heating and ablation. First, the paper 
will present the hybrid lumped/distributed parameter modelling approach that has been used. It is based 
on a 1D axial meshing of the wall for which lumped parameter mass and energy conservation equations 
are written. In order to close the system of equations, for each wall mesh, radial heat fluxes at the wall 
internal and external boundaries are calculated following a lumped parameter modelling approach based 
on a radial quadratic temperature profile assumption while the axial heat fluxes are approximated by a 
firstorder finite difference formula, hence the hybrid modeling. Then, validation of this model against 2D 
solutions of the heat equation will be presented on pure conduction cases starting from a typical in-vessel 
configuration and constructed from nondimensionalization considerations. Finally, this model will be 
applied to in-vessel corium transient calculations under IVR conditions and the impact of axial conduction 
will be discussed. 
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Analytical and Numerical Approaches for High-
Temperature Oxidation Modelling for New Perspective 

Types of Accident Tolerant Fuel Cladding
Alexander D. Vasiliev
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Federation

vasil@ibrae.ac.ru

Currently, the comprehension among the specialists and functionaries is getting stronger that the nuclear 
industry can encounter serious difficulties in development in the case of insufficiently decisive measures 
to enhance the safety level of nuclear objects. The keen competition with renewable energy sources like 
wind, solar or geothermal energy takes place presently and is expected to continue in future decades. 
One of main measures of nuclear safety enhancement could be the drastic renovation of materials used 
in nuclear industry.

The new perspective materials for fuel claddings are determined on the basis of last investigations 
conducted throughout the world. They include zirconium-based cladding with protective chromium 
coating; austenitic steels including AISI 304, AISI 316, AISI 347; nickel-based alloys like 42XHM; corrosion-
resistant ferritic chromium steels, for example, AISI 430; composite claddings on the basis of SiC/SiC; MAX-
phases of carbide and nitride compounds; FeCrAl alloys etc..

The analytical models of high-temperature oxidation of those materials in the course of LOCA are developed 
and implemented to severe accident computer running code. The comparison with available experimental 
data is conducted. It is well to bear in mind that there is the lack of experimental information on oxidation 
rate especially for very high temperatures. 

The preliminary calculations of nuclear pressurized water reactor design-basis and beyond-design-basis 
accidents with new types of claddings demonstrate encouraging results for hydrogen generation rate and 
integral hydrogen production.
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Development Of A Computer Code Model For Nitriding 
And Re-Oxidation Of Cladding Materials Under Severe 

Accident Conditions
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Park3
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Full scale experiments conducted in 2011 and 2012 at the Sandia National Laboratories in the Sandia Fuel 
Project have shown that nitrogen plays an active role in the degradation process of spent fuel cladding 
materials and may lead to the loss of the only barrier for the fission product release in case of a spent fuel 
storage accident. To account for the effect of nitrogen in the cladding degradation, PSI has started together 
with KIT an experimental programme during the years 2014 and 2015. 

More than 70 separate effect tests were conducted at KIT, Germany. The results of the tests provide a 
data base sufficient for the development of a nitriding and re-oxidation model to describe the accelerated 
degradation of cladding materials under air ingress conditions during a severe nuclear accident. The 
samples were analysed not only for the mass gain during exposure to alternately oxygen, nitrogen, and 
again oxygen, but also for the composition after the tests using a combined metallographic and image 
analysis. In addition, detailed examination of the samples was carried out to determine possible existence 
of Zr-oxy-nitrides as a result of the nitriding reaction. The conceptual model for nitriding includes formation 
of Zr-oxide and oxygen stabilized α-Zirconium αZr(O) during pre-oxidation in oxygen, fast nitriding and 
slow nitriding during the exposure to nitrogen, and the effect of break-away oxidation.

A standalone computer code was developed to recalculate the separate effect tests conducted at KIT. 
In the present paper, the model concept and the first successful calculations of separate effect tests 
will be presented for all phases of pre-oxidation, nitriding and re-oxidation. The model includes the 
nitriding process under oxygen and steam starvation conditions and the strongly accelerated process of 
re-oxidation when oxygen or steam is recovered as observed in several separate effect tests and also 
integral experiments such as QUENCH-16, QUENCH-18, and the Sandia Fuel Project tests (SFP). The model 
distinguishes between two regimes, the break-away regime at temperatures below 1050°C and the non-
break-away regime above 1050°C. In the high temperature regime the acceleration of the oxidation is 
based on the morphology change due to the nitriding reaction (porous structure of ZrN).

This model is an extension of the PSI air oxidation and break-away model available in the severe accident 
codes SCDAP/Relap5 and MELCOR.
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Fukushima Daiichi Nuclear Power Plant Off-site Power 
System Analysis

Andrija Volkanovski, Leon Cizelj
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On March 11, 2011, the Tohoku-Taiheiyou-Oki Earthquake occurred near the east coast of Honshu, Japan. 
The earthquake and the subsequent tsunami caused significant damage to at least four of the six units of 
the Fukushima Daiichi nuclear power plant as the result of a sustained loss of both the offsite and on-site 
power systems. Units 1 through 3, which had been operating at the time of the earthquake, scrammed 
automatically. Following the loss of electric power to normal and emergency core cooling systems and 
the subsequent failure of back-up decay heat removal systems, water injection into the cores of all three 
reactors was compromised resulting in core damage. Efforts to restore power to emergency equipment 
have been hampered or impeded by damage to the surrounding areas due to the tsunami and earthquake. 
This included common-cause failure of the nuclear power plant on-site distribution system due to the 
flooding and ground motion.

The accident at the Fukushima Daiichi NPP emphasizes the importance of the availability of electrical 
power at the NPP for the nuclear safety. The main purpose of the nuclear safety is the prevention of the 
release of radioactive materials, ensuring that the operation of NPP does not contribute significantly to 
individual and societal health risk. The main specific issue of the nuclear safety is the need for removing 
the decay heat, necessary even for a reactor in shutdown.

In this paper the analysis of the on-site power system configuration with the interconnections to the 
offsite power system of the Fukushima Daiichi nuclear power plant before, during and after the accident 
are presented. The compilation of the relevant damage situations of electric facilities resulting from 
earthquake and consequential tsunami are given. The consequences of electrical power loss on the safety 
of the plant are evaluated. The main activities for restoration of the electrical power from on-site power 
sources and offsite power system to the Fukushima Daiichi nuclear power plant are presented.
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Investigation of a Severe Accident Late Phase Scenario 
in a PWR with ATHLET-CD
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ATHLET-CD is part of the German code system AC2 developed by GRS. The code is dedicated to simulate 
severe accident phenomena in the coolant circuit including core degradation, fission product release and 
transport as well as the late phase processes in the lower plenum. During a severe accident in a Pressurized 
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Water Reactor (PWR), the core heats up and starts to melt because of insufficient cooling. Molten fuel 
and core materials (corium) accumulate on the lower grid plate. After a while, the grid plate fails as a 
consequence of the thermal and mechanical load of corium and the corium relocates to the lower plenum.

Corium behaviour in the lower plenum is simulated with the module AIDA. This module also calculates 
the heat transfer through the vessel wall and from the top of the corium as well as the structural damage 
until failure of the vessel wall. During the last years, several new models and methods concerning melt 
stratification and wall ablation have been implemented to improve the capability of AIDA. In the present 
study this will be demonstrated with the simulation of a  severe accident scenario including corium 
relocation and vessel reflooding in a generic German PWR. These investigations with focus on the late 
phase modelling have been performed using the latest development version of ATHLET-CD. The presented 
study successfully demonstrate the enhanced AIDA capabilities.
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The production and release of hydrogen into the containment during a severe accident is an important 
safety issue for Light Water Reactors (LWRs). Combustion of hydrogen may cause structural damage to the 
containment and may compromise its function as final barrier for release of radioactive fission products 
to the environment. To reduce the hydrogen risk as far as possible, hydrogen mitigation systems such as 
Passive Auto-catalytic Recombiners (PARs) and igniters can be installed. The risk of hydrogen deflagration 
has received increased attention after the Three Mile Island accident in the USA back in 1979, and also 
most recently following the Fukushima accident in Japan in 2011, where hydrogen’s destructive power 
was displayed. Computational modeling is required to demonstrate the adequacy of the Nuclear Power 
Plant’s (NPP’s) hydrogen risk management systems as well as for their optimal design and the assessment 
of the accompanied residual risks of the presence of hydrogen.

This paper presents validation results of a CFD combustion model using a uniform hydrogen-air-steam 
mixture deflagration experiment performed in the large-scale HYKA A2 experimental facility at the 
Karlsruhe Institute of Technology in Germany. This experimental facility, with its volume of 220 m3, is 
considered to be one of the largest available facilities for hydrogen combustion experiments and as such 
offers a good midpoint validation benchmark towards the real scale containment.

A weighted laminar flame speed approach was developed to address the formerly observed overprediction 
of the Flame Speed Closure (FSC) combustion model in large-scale hydrogen deflagration simulations. The 
modeling approach was implemented via User Defined Functions (UDFs) into ANSYS Fluent CFD code. The 
preferential diffusion thermal instabilities (PDT) effects along with the complete heat transfer mechanism 
including the thermal radiation were also accounted for in the applied CFD model. Obtained results with 
the weighted laminar flame speed approach yielded significant improvement in the prediction of the 
flame propagation behavior as well as the ensuing combustion energy release and pressure dynamics.
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During a hypothetical severe accident in a nuclear power plant, the reactor fuel could melt and there 
is a possibility, that some of the radioactive material could be released as particles to the surrounding 
area. The highest risk of contamination comes from particles with diameter below 1 µm. The releases 
of the radioactive material can be reduced with the application of pool scrubbing, where the release of 
contaminated gases is filtered through a pool of liquid water. The interfacial particle transfer from gaseous 
bubbles to liquid water removes most of the particles from gases and greatly reduces the amount released 
to the environment. 

Some challenges and specifics of pool scrubbing modelling in nuclear power plants are their sheer size and 
the complexity of interactions. Because of the complexity of interactions between particles and fluids and 
their behavior in different flow regimes, knowledge in the field, both phenomenological and predictive, is 
still lacking despite decades of research. To understand what is happening during the pool scrubbing event, 
phenomena at the local scale have to be understood. Specifically, since the gases enter the scrubbing pool 
as a jet that disperses in bubbles, the behavior of the particle removal from the bubbles is crucial for the 
understanding pool scrubbing phenomena. The mass rates of particle removal from bubbles has to be 
studied for different parameters: particle density, bubble diameter and bubble rise velocity.

In the proposed work, the behavior of solid particles in the gas phase during the rising of single spherical 
bubbles was simulated, using two-phase modelling (both the gas and the solid phase are described in 
Eulerian frame). The particle densities and bubble diameters were prescribed, based on data from the 
literature. Due to bubble rising, the bubble surface moves and entrains the gas within the bubble. For 
bubble rise velocities, air bubbles rising in water at ambient temperature were assumed. Simulations were 
performed for spherical bubbles using the open-source Computational Fluid Dynamics code OpenFoam, 
with the solver reactingMultiphaseEulerFoam. Studies of the rate of particle mass removal with regard to 
particle density, bubble diameter and rise velocity are shown. In the end, the results of simulations are 
analyzed.
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The physical-chemistry of Ru-based fission products was experimentally studied to better understand their 
behavior inside the reactor coolant system (RCS) following a potential release from the fuel due to oxidizing 
conditions occurring during a severe accident (SA) of a pressurized water reactor (PWR). Ruthenium is of 
particular interest for two reasons: first its ability to form highly volatile oxide species and second, Ru is a 
very hazardous compound due to its chemical toxicity and its radiotoxicity. The Ru species which may be 
present inside the RCS are ruthenium oxides and in the containment it is only ruthenium tetroxide (RuO4) 
and ruthenium dioxide (RuO2) respectively under gaseous and aerosol forms.

Following the OECD/STEM-START project [1] on the study of the Ruthenium transport in the RCS, 
some complementary experiments are carried out by the French “Institut de Radioprotection et de 
Sureté Nucléaire” (IRSN) in the STEM2/START2 project. The tests consisted in vaporizing RuO2 at high 
temperature from a crucible and in analyzing the ruthenium oxide transport through a controlled thermal 
gradient tube made of quartz or pre-oxidized stainless steel (SS) in various carrier gas compositions. For 
each test a “vaporization” phase in which Ru was generated to the experimental tube, was followed by 
a “revaporization” phase dedicated to measuring potential delayed release from Ru deposited. Results 
show that the major part is deposited along the tube, the remaining part being transported to the tube 
outlet under gaseous form (attributed to RuO4) and aerosols. Impacts of carrier gas composition (steam/
air mixtures at various ratios), flow rate, temperature profile and nature of the tube are discussed. The 
comparison of the results obtained for the vaporization and revaporization phases, respectively, allows 
estimating the potential effect of each parameter studied. 

With a pre-oxidized SS tube, an abrupt profile and a furnace at 1200°C, the higher the air ratio in the 
gaseous flow is, the higher the total Ru amount transported at the outlet is. The gaseous Ru amount 
transported at the outlet is enhanced with a SS tube versus a quartz tube and the revaporization from 
the Ru deposits is the major contributor to gaseous ruthenium persistence at low temperature. When 
the furnace temperature decreases, the Ru vaporization rate from the crucible decreases too but the 
RuO4 amount transported at the outlet with a quartz tube increases in percentage. This is probably due 
to different RuO4/RuO3 ratio at the crucible level generated at different temperatures. With a furnace 
temperature below 900/1000°C, no Ru transport from revaporization can be measured.

In the START2 experimental conditions at 1200°C under a laminar flow, the maximum gaseous Ru amount 
measured was with a pre-oxidized SS tube and 100% dry air condition (6.6% of “crucible” vaporized Ru 
mass). With steam excess in the gaseous mixture, which corresponds to the most representative conditions 
of a hypothetical air-ingress accident, this value was about half (3.4 %). The major part of the Ru source 
term came from the revaporization process on the “long term”. With a higher flow rate, the Ru aerosol form 
transported to the outlet was enhanced. These experimental results will be used to develop/implement a 
modelling of the Ru transport in the RCS in the ASTEC code to simulate ruthenium source terms.

[1] M.N. Ohnet, O. Leroy, A.S. Mamede, J. Radioanal. Nucl. Chem., 2018 “Ruthenium behavior in the 
reactor cooling system in case of a PWR severe accident” DOI : 10.1007/s10967-018-5743-2
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The module ATHLET-CD (Analysis of THermal-hydraulics of LEaks and Transients with Core Degradation), 
which is part of the system code AC2 (ATHLET, ATHLET-CD, COCOSYS) is designed to simulate 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. The whole code system is constantly being developed 
by GRS.

One of the main goals for the further development of ATHLET-CD was to improve the code usability for 
strongly asymmetrical nuclear accidents. Currently, the released version of ATHLET-CD and other similar 
major severe accident codes are well applicable in case of accidents with symmetrical characteristics. For 
core nodalization these codes divide the core into concentric rings. Within each ring it is assumed that all 
the fuel rods behave identically, there are no differences in the parameters in azimuthal direction. There 
are, however, scenarios that do not have an azimuthally symmetrical characteristic.

A new nodalization scheme was developed for ATHLET-CD which allows the representation of azimuthal 
differences inside the core. The departure from the cylindrically symmetrical nodalization of the core 
required some model changes. These were successfully implemented into the developer version of 
ATHLET-CD.

To demonstrate the effects of the new nodalization and model changes two simulations of the same 
hypothetical severe accident with strongly asymmetrical characteristics are going to be presented. First, 
using the standard, ring-like core nodalization and then using the new nodalization method.
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When corium melt is moved to reactor lower head during severe accident, internal structure of reactor 
vessel may be severely damaged due to problems such as decay heat of the melt or debris and In-vessel 
phenomena. This situation may lead to reactor lower head failure and may ultimately threaten the 
containment integrity thus reactor lower head failure should be evaluated. Korea Nuclear Power Plant 
(NPP) is especially predicted to have high probability that the penetration failure mode is occurring among 
reactor vessel failure mode due to located several ICI nozzles which are penetrated on the reactor vessel 
through the reactor lower head. In this regard, it is necessary to consider the melt ejection through 
penetration tube and to evaluate the penetration failure on the reactor lower head.

Penetration failure mode is a key consideration in determining pressure boundary of lower head failure and 
also determining the ex-vessel discharging location and amount of release of molten corium. Penetration 
failure phenomena is mainly divided into direct penetration tube failure according to the temperature, 
pressure through flow of the melt and the penetration tube ejection due to the loss of strength of the 
weld.

In KOREA, Accident Management Program (AMP) including severe accidents will be submitted by KHNP 
next year. It is necessary to prepare AMP review against change of environment aspect of nuclear safety 
regulatory, and the lower head failure especially has to be evaluated with priority in order to evaluate the 
severe accident mitigation capability. Therefore preliminary study on evaluation of penetration tube failure 
which is expected to be the most probable with regard to characteristics of NPP in KOREA is performed. 
At present, penetration failure evaluation can be calculated using MAAP code developed by FAI or PENTAP 
Plus code developed by KAERI. While MAAP code deal with overall phenomena of severe accident, PENTAP 
Plus code only focuses on penetration tube failure mode. Therefore this research decided to study the 
penetration failure using PENTAP plus code.      

In this study, methodology comparison between the PENTAP Plus code and MAAP code was performed 
based on known theories and experimental results related to penetration failure mode. In addition, 
PENTAP Plus code Verification and Validation (V&V) was also conducted. The evaluation methodology 
of penetration failure using PENTAP plus V&V results was updated, and penetration failure evaluation 
code was reconfigured by MATLAB reflecting improvements. As a result, code results comparison between 
original methodology and reconfigured methodology was performed and a conclusion from the aspect 
of regulatory of nuclear safety was suggested. Therefore, these conclusions of this study are expected to 
be utilized when AMP review process. The final goal of this study is development of lower head failure 
evaluation program including all failure modes such as penetration failure mode and global/localized 
rupture.   
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Under severe accident conditions with the core melt scenario, one of the safety issues is the thin metallic 
layer behaviour, which is believed to be created on the top of the corium pool. The thin layer properties are 
impacting directly the focussing effect and the magnitude of the heat flux transferred to the vessel walls. 
The heat transfer in the thin metallic layer is still a question, that computational fluid dynamics software 
is trying to answer. Analysis presented are the studies on this topic, with the sensitivity calculations on 
the key uncertain parameters in the thin metallic layer case - boundary conditions. The qualification of 
the turbulence models and Computational Fluid Dynamics (CFD) software set up is generated, for the 
low Prandtl metallic layer configurations, with established Rayilegh-Benard convections cells. The results 
from the analysis became important input values for the parallel CFD computations on the temperature 
distribution in the core support plate under severe accident conditions, which is crucial for the future 
thermal -mechanical study of the structure. A detailed analysis allows to determine the list of events 
with particular emphasis on the temperature gradient in the axial and radial directions. Numerical 
representation of temperature fields and phase changes under severe damage conditions, showing the 
temperature distribution on the core carrier plate and the degree of damage.

All described above issues increase the further predictability of safety analyses and consequently will give 
a better estimation of the reactor pressure vessel rupture time and core support plate damage. 
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Following the lessons learned from the accident at the nuclear power plant Fukushima in Japan and 
according to the Slovenian Nuclear Safety Administration decree, the Krško NPP decided to take the 
necessary steps for upgrading the safety measures to prevent severe accidents and to improve the means 
for the successful mitigation of their consequences. One of the modifications that the Krško NPP will 
implement is the installation of an alternative safety injection pump and an alternative residual heat 
removal heat exchanger. This modification will, among the other already existing systems, serve for 
the purpose of reactor decay heat removal, either from the reactor coolant system (RCS) or from the 
containment, once the core and RCS are severely damaged.
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The purpose of the paper is to analyse the response of the Krško NPP containment following a severe 
accident taking into account mitigation measures for heat removal from the containment solely by the 
planned alternative safety systems. As the initiating event, a strong earthquake was considered, resulting 
in a simultaneous station black out and large break loss of coolant accident. Three scenarios were analysed: 
(1) no mitigation, (2) alternative safety systems available 24 h after initiating event with water injection 
through containment sprays, (3) alternative safety systems available 24 h after initiating event with water 
injection into RCS. The analyses were performed using the MELCOR 1.8.6 computer code with the Krško 
NPP MELCOR 1.8.6 standard input deck, which was upgraded with the planned alternative safety systems.

In the paper the simulation results will be presented and thoroughly discussed, also in comparison to 
a similar study performed with the MAAP 4.07 code. The results of the MELCOR 1.8.6 and MAAP 4.07 
calculations differ significantly qualitatively, and consequently also the conclusions regarding the most 
appropriate severe accident management are different. The differences in the modelling approach 
resulting in the observed qualitatively different behaviour of both codes will be explained.
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A hypothetical severe accident in a nuclear power plant has the potential for causing severe core damage, 
including core meltdown. If the hot melt comes in contact with the coolant water, the internal energy is 
rapidly transferred, which can result in a steam explosion. Considering the amount of thermal energy, 
initially stored in the liquid corium melt at about 3000 K, this phenomenon can jeopardize the integrity of 
the containment and can cause damage to the systems inside. Consequently, the possibility of a radioactive 
leakage presents danger for the environment and general public safety. Similar explosion phenomena can 
be a concern in some industrial processes, such as foundries and liquefied natural gas operations or in 
certain volcanic activity where water is present.

In severe accident analysis in nuclear power plants, when studying fuel-coolant interactions, a melt 
jet pouring into a coolant pool is the geometry most widely studied. In the complementary stratified 
configuration, a continuous layer of melt lies beneath water and both layers are separated by a steam 
film. This configuration was believed to be incapable of creating a significant premixed layer and producing 
strong explosions, based on some experimental and analytical work from the past. However, the results 
from recent experiments performed at the PULiMS and SES facilities (KTH, Sweden) with corium simulants 
materials contradict this hypothesis. A clearly visible premixing layer and strong spontaneous vapour 
explosions were observed in some of the tests.

In the paper, the premixed layer formation in the stratified melt-coolant configuration will be discussed. 
As of now, no validated models for the description of the premixed layer formation exist. A modelling 
approach of the premixed layer formation was developed and will be presented. Numerical tests, applying 
the developed model, will be performed and the results will be analysed and discussed.
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During a severe accident in a light water reactor (LWR) nuclear power plant (NPP), hydrogen may be 
generated in the reactor core and accumulate in the containment, causing the formation of regions where 
the local hydrogen concentration exceeds the flammability limit. For this reason, phenomena related to 
hydrogen distribution in a LWR containment are being investigated both experimentally and theoretically.

Within the OECD SETH-2 project (2007-2010), a series of experiments has been performed in the PANDA 
facility (located at the Paul Scherrer Institute in Switzerland), during which a horizontal layer of helium 
(which represents hydrogen), established in the upper part of a 90 m3 vessel, is eroded due a vertical 
steam or air injection below the layer. The experimental parameters that were varied in the series were 
essentially the helium concentration, the injected fluid mass flow rate and the location of the injection.

The basic purpose of the performed experiments was to establish a data base for validation of models 
and codes that are meant to be used in predictions of hydrogen distributions in actual NPPs. However, 
experimental results may also be used to infer expected phenomena in actual plants directly, without 
using the codes as an intermediary step.

The purpose of the proposed paper was to determine, which of the performed experiments in the PANDA 
facility could be applicable to the Krško (Slovenia) NPP, which is a Pressurized Water Reactor (PWR), with 
a 40·10m3 containment. First, the maximum hydrogen mass that could be generated in the reactor core 
was calculated. Then, the hypothetical hydrogen concentration in the upper part of the containment for 
various distributions was determined. Finally, the mass flow rate of steam through a cold-leg break at 
the time of the hydrogen accumulation in the containment was estimated from previously performed 
simulations. This set of conditions was then compared to the conditions in the experiments, performed in 
the PANDA facility.
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The assessment of severe accident mitigation strategies has been confirmed as one of the key topics 
of discussion in the International Scientific Community after the Fukushima accident. Considering the 
complexity and mutual different interacting phenomena along a severe accident progression and the 
possible source term release to the environment, the research on severe accident is fundamental in order 
to characterize the main phenomena determining the transient evolution of the plant, to estimate and 
eventually reduce the uncertainty still present and to support SAM assessment. Within this regard a key 
role is done by the State-of-Art severe accident integral codes (as ASTEC, MAAP, MELCOR, etc), that storing 
all the knowledge developed in the last decades from the experimental research activities, permit the 
prediction of the transient behaviour of a plant during a severe accident and support SAMG evaluation. 
Among the several accidents usually investigated, small and intermediate LOCAs in PWRs with failure in 
the Emergency Core Cooling Systems are currently investigated by the International Scientific Community 
for their highest risk significance. In the framework of severe accident research activity developed by 
ENEA both in national and international projects, a MELCOR nodalization of a generic Western PWR-900 
MWe reactor has been developed. The aim of this paper is to present the analysis of MELCOR 2.2 code 
calculations concerning a transient progression characterized by a 2-inch CL break LOCA initiator event and 
by the unavailability of all active means of coolant injection into the primary system in a PWR-like 900 MWe 
reactor. The analysis of the thermal-hydraulic and in-vessel core degradation/relocation phenomena, until 
RPV failure, are here investigated and discussed. Alongside this analysis, specific sensitivity simulations 
have also been performed to characterize the effect of the break discharge coefficient on the transient 
progression and its effect on the relevant thermal-hydraulic and severe accident aspects chosen as figures 
of merit for discussion.

Keywords: Severe Accident, Accident Management, MELCOR code, LOCA analysis, core degradation 
phenomena
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The precise nature of the pressurization process during a vapour explosion is an open issue. Two concepts 
are currently used in the analytical researches with water. The micro-interaction concept assumes local 
thermo-dynamical equilibrium mixing of the melt fragments and surrounding coolant. In the direct 
boiling concept the pressurization is due to the direct boiling at the interface of the melt fragments and 
coolant. The applicability of the proposed concepts for sodium must be investigated due to the important 
differences in sodium and water thermo-dynamical and transport properties.

The opaqueness of sodium causes difficulties for the experimental investigations of the pressurization 
process with the heat transfer and the vapour production around the melt. Additionally, the explosion 
phase occurs under conditions not allowing fine experimental support to heat and mass transfer researches. 
Thus, currently the investigation of the pressurization process must be supported using analytical research 
and precise numerical simulations.

In the present paper, we will present the results of the two-dimensional simulation of heat transfer 
around a circular melt fragment in water. The computational setup is a representation of the benchmark 
experiment, where a cylindrical heated wire was submerged into water at a constant velocity of descent, 
representing the falling melt fragment. Our model consists of a 2D rectangular computational domain 
around a cylinder with inlet at the bottom, outlet at the top and free slip sides along the direction of the 
bulk flow.

The two-fluid modelling approach implemented in the Neptune_CFD code (developed by EdF, CEA and 
IRSN, France) was used to simulate the flow. The Neptune_CFD code is a computational fluid dynamics 
program dedicated to the modelling of multiphase flows that occur in nuclear reactor systems. Steady 
state flow was assumed and Reynolds Averaged Navier-Stokes (RANS) was used to model the turbulent 
flow around the cylinder. Although the steady state RANS is not the most appropriate for this type of flow, 
at this stage it offers an acceptable trade-off in terms of computational costs.

The single-phase flow of water around a heated cylinder was initially examined, of which several 
benchmark data for velocity and temperature fields exist in the literature, which were used to validate the 
model. Subsequently, the two-phase flow of water and vapour was simulated using the boiling model for 
water in Neptune_CFD. The final purpose of our studies is to calculate the Nusselt number and compare 
it with (1) the correlations for single-phase flow of water (e.g. Melisari-Argyropoulos, Ranz-Marshall) and 
(2) the existing experiment and correlations for boiling flow of water (e.g. Epstein-Hauser). The examined 
correlations are typically used in computer codes dedicated to model the fuel coolant interaction.
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In the frame of safety studies for innovative sodium cooled fast reactors, it is important to estimate the 
risk for the environment in case of energetic fuel-sodium interaction. The comprehensive fuel-coolant 
interaction computer codes are considered to be the most appropriate tool for the safety studies related 
to the issues of fuel-sodium interaction. The applicability of the fuel-coolant interaction codes to cover the 
fuel-sodium interaction are currently under examination.

In the paper, the focus will be on the effect of coolant sub-cooling on initial conditions for energetic fuel-
sodium interaction. The first objective of the paper is to perform a sensitivity study on sodium sub-cooling 
on the premixture distribution during the fuel-sodium interaction. The simulations will be performed 
using the MC3D code (IRSN, France), which is a multi-dimensional Eulerian code devoted to study multi-
phase and multi-constituent flows in the field of nuclear safety. The simulation will be performed using the 
configuration of the recent KROTOS-SERENA (CEA, France) experiments with water. Those experiments, 
where the X-ray radioscopy system provided important insight into the complex premixing formation, were 
performed in the frame of the OECD-SERENA (Steam Explosion REsolution for Nuclear Application) phase 
2 program. The primary reason for the selection of the KROTOS-SERENA configuration is to be able to 
compare the fuel-sodium interaction with the fuel-water interaction in the same conditions. Additionally, 
the already performed comprehensive studies of the KROTOS-SERENA experiments with MC3D reduce the 
uncertainties on the fuel-water interaction simulation results. Finally, similar geometry might be interesting 
for the future fuel-sodium interaction experiments. The second objective of the paper will be to analyse 
the effect of sodium sub-cooling on the premixture potential for energetic fuel-sodium interaction.
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Deterministic safety analysis has always been of great importance in the assessment of existing and 
new nuclear power plants. Since the accident in Fukushima a particular interest has been paid to severe 
accident analyses and to design extension conditions in order to demonstrate the practical elimination of 
large or early releases. Key points of the analyses, among others, are the extent of core degradation, the 
release and transport of radioactive material first into the containment and possibly to the environment. 
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The code system AC2 is being developed by GRS (Gesellschaft für Anlagen- und Reaktorsicherheit gGmbH) 
for the comprehensive study of the whole spectrum of operational transients, design basis accidents as 
well as for beyond design basis accidents in nuclear power plants, including severe accidents up to the 
evaluation of the source term.

In this paper a severe accident scenario in a generic German PWR is analyzed using the code system AC2. 
The simulated scenario is a medium break cold leg LOCA during a station blackout without RPV failure. As 
part of the ongoing validation efforts for AC2, this study utilizes the new and enhanced transport module 
in the ATHLET-CD part of AC2 in order to evaluate its capabilities. The aim of the study is to assess the 
extent of core degradation and radioactive release into the containment. In particular the transport and 
retention of fission products and aerosols in the steam generators are of great interest due to the bends 
and temperature gradients found within. In the simulation important phenomena governing the deposition 
and transportation of the fission products and aerosols, such as gravitational settling, thermophoresis, 
deposition by Brownian or turbulent diffusion, etc., are taken into account.
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A new Deuterium-Tritium campaign (DTE2) is planned at JET in 2019/20, with a proposed 14 MeV neutron 
budget nearly an order of magnitude higher than any previous DT campaigns. With this proposed budget, 
the achievable neutron fluence on the first wall of JET will be up to about 1020 n/m2, comparable to that 
occurring in ITER at the end of life in the rear part of the port plug, where several diagnostic components 
are located. The DT operation of JET will be preceded by a campaign with a tritium plasma.

The purpose of the present work is to characterize the neutron and gamma ray field inside the JET device. 
An analysis of the neutron/gamma ray flux, energy spectrum and dose rate levels is performed at selected 
irradiation locations, such as the neutron activation irradiation ends, the long term irradiation stations 
located inside the vessel and inside a circular horizontal port, where samples would be exposed to the 
maximum neutron flux or fluence.

Calculations are performed with the use of the MCNP code in combination with the variance reduction code 
ADVANTG, enabling superior statistical results to previous calculations and allowing a good comparison of 
the spectra and fluence between individual locations.
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Tungsten and its alloys are promising candidate materials for plasma facing components (PFC) in future 
fusion reactors. Despite having many advantages (the highest melting point of all metals, high density, low 
vapor pressure), tungsten also possesses several drawbacks, such as poor machinability and weldability. 
One of the nowadays considered PFC production routes is plasma spraying. For this, the conventional 



Fu
sio

n

27th International Conference Nuclear Energy for New Europe  77

gas-stabilized atmospheric plasma torches have inherent critical limitations (insufficient plasma enthalpy 
to efficiently melt the tungsten particles, susceptibility to oxidation at elevated temperatures). The novel 
radio frequency inductively coupled plasma (RF-ICP) is a unique system capable of overcoming these 
limitations. Using RF-ICP, more efficient melting of tungsten particles and controlled atmosphere provide 
a unique possibility to produce dense, oxides-free deposits.

In our study, TekSpray 15 RF-ICP (Tekna, Canada) was used for the preparation of tungsten coatings from 
three different feedstock powders under varying system parameters (torch power, chamber pressure). 
Their influence was studied via SEM observations of the deposits microstructure as well as EDX/XRD 
analyses. For the most promising candidates, basic evaluation of mechanical (hardness) and thermal 
(conductivity) properties were determined.
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Tungsten and dense nano-structured tungsten (W) coatings are used as plasma-facing materials in 
current tokamaks and suggested to be used also for the future fusion devices, ITER and DEMO. In the 
fusion reactor, W will be exposed to energetic particles of hydrogen isotopes and helium (He), high heat 
flux, and neutrons. In this regard, a study of accumulation of deuterium (D) and He in W under normal 
operation conditions and transit events is necessary for assessment of safety of fusion reactor due to the 
radioactivity of tritium and material performance and for the plasma fuel balance. Therefore, W samples 
were exposed to low-temperature plasma to simulate normal operation regimes and pulsed heat loads 
using D plasma in quasi-stationary high-current plasma gun QSPA-T to simulate transit events. We found 
that D and He concentrations correlate with microstructure of W: both D and He concentrations increase 
with decreasing the grain size. Consequently, in the case of using of W coating as a protective layer of 
a structural material, a compromise in the development of nanostructured tungsten films is necessary 
to keep D and He concentrations at an acceptable level. The D retention was the highest for samples 
irradiated by plasma gun above the melting threshold. The D retention after 10 pulses of plasma gun 
exposure with pulse duration of 1 ms was higher than that after stationary low-energy plasma exposure at 
sample temperature of either 600 or 700 K to fluences of 5x10^25 D/m2 indicating the dominate influence 
of ELM’s-like events on the D retention compared to normal operation regime. The D retention in W 
samples with the presence of He-induced nanostructured W ‘fuzz’ was smaller than without W ‘fuzz’. The 
results obtained give possibility to assess the particle retention in divertor areas subjected to high thermal 
loads at different operation regimes and give recommendations for the development of tungsten-based 
materials with improved properties in relation to hydrogen embrittlement and helium swelling. 
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The presented work is carried out within the EUROfusion MST2 project devoted to the preparation and 
exploitation of the Medium-Size Tokamaks (MST). The presented study is a part of the smaller project 
WPMST2-14-1, whose main goal is to develop and manufacture a new universal MST probe head with 
respective adaptors for the three different MST devices; ASDEX in Germany, TCV in Switzerland and MAST 
in UK. The probe head design and later the prototype has to go through the number of tests (numerical 
and experimental) before it can be used in the real tokamak, where it has to withstand the repeatedly 
exposure to the high heat flux of the Scrape Of Layer (SOL) plasma. The probe exposure time to the SOL 
plasma varies from tokamak to tokamak, but it is expected to be in the range of 50 to 100 milliseconds. 
During one plasma discharge the probe head can be inserted into the plasma up to 5 times, with the delay 
between the insertions in the order of a second. During one experimental session usually around 10 to 20 
discharges can be expected.

The specific objective of this study is to realistically estimate the heat loads on the probe in the tokamak 
environment. The numerical simulations using the ANSYS CFX code are used to predict the thermal loads 
and temperature distributions on the probe head. The main heat transfer modes are thermal radiation 
and heat conduction. The workflow is as follows: development of geometric and computational model of 
the probe head for evaluation of thermal loads, simulation and interpretation of results, identification of 
critical hot spots on the probe head and finally proposal and re-evaluation of design improvements to avoid 
excessive probe overheating. Steady-state and corresponding transient analyses are being performed, the 
latter considering the maximum exposure of the probe head to the SOL plasma for 100 milliseconds. The 
accompanied sensitivity analyses take into account different types of heat load, improved design and 
different material properties of the probe supports.
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Neutrons represent one of the key mechanisms through which information about the plasma state is being 
conveyed from the inside of fusion devices to the detectors outside the vacuum vessel. By measuring the 
total neutron emission, line-of-sight neutron spectra and neutron emission profiles it is therefore possible 
to quantify some of the most important plasma parameters, such as its temperature, energy deposition 
of heating systems, fast ion distribution etc. Neutrons are crucial for fusion power measurements as well 
– namely the energy released in a DD or DT fusion reaction is proportional to the number of emitted 
neutrons. 

In the paper the analysis of neutron detector response in a simplified JET-like tokamak model is presented, 
based on advanced Monte Carlo neutron transport calculations performed with the MCNP code. Three 
different neutron plasma source models are used in the analysis – the first two were widely used by 
the fusion neutronics community in the last two decades, not only for studies at the JET tokamak but 
predictive simulations for the ITER and DEMO tokamaks as well. They represent simple descriptions of 
the plasma state and do not reflect the intricate differences in plasma and neutrons performance which 
can be observed between individual plasma discharges in a fusion device – strongly dependent on the 
type of plasma heating, experimental neutron and temperature profiles etc. The results are compared to 
preliminary studies of the neutron diagnostics response to the newly developed PLANET plasma neutron 
source subroutine, which includes results obtained with state-of-the-art plasma simulation software and 
enables the use of a more realistic plasma source.
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Tungsten is considered as a primary candidate for the divertor. In the new generation of fusion reactors 
(DEMO), the temperature on the surface of this component will most probably exceed 1000 °C, at which 
tungsten undergoes recrystallization and grain growth, losing good mechanical properties. Our proposal 
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is the substitution of W-based material with thermally more stable one – WC cemented carbides with 
alternative low-activation binder phase. WC cemented carbides with cobalt or nickel as a binder phase 
are known as one of the hardest materials with great thermal and chemical stability. But Co is considered 
as a highly activated element if bombarded with neutrons. Binderless WC and WC cemented carbides 
with different binder phases have already been investigated [1-4]. In this work, we were investigating WC-
based cemented carbides with FeNi alloy as a binder phase consolidated with a field assisted sintering 
technique (FAST). 

Consolidation of cemented carbides from powders is still mostly done using conventional sintering. Our 
approach is based on novel sintering technique (FAST) in which the heating of the sample is not exclusively 
external (conventional sintering), but it is enhanced with localized internal heat generation mechanisms, 
called Joule heating. With high amperage pulsed DC current and applied pressure, high-density samples 
are obtained in a short sintering time (i.e. 20 min). 

WC, Fe and Ni powders with weight ratio 90:5:5 were mixed in cyclohexane using low energy turbula mixer 
or high energy ball-milling technique. The suspension was later air-dried. FeNi alloy was also produced 
using arc melting of the powders, melt spinning and further milling of ribbons to form a powder. Mixing 
of WC and FeNi alloy was similar as mentioned before. A mixture of powders was put in a graphite 
die and sintered with FAST at different temperatures (1100 - 1300 °C) and holding times (5 – 15 min). 
Samples’ microstructures were analyzed using scanning electron microscopy (SEM) and the qualitative 
phase analysis was done using energy dispersive X-ray spectroscopy (EDS). Mechanical properties were 
evaluated by means of Vickers hardness and room temperature flexural strength was measured. 

Results revealed that mixing of the powders with turbula is not efficient. Ni and Fe particles form 
agglomerates among WC grains. Moreover, the FeNi alloy was not formed and the wetting of WC particles 
was not achieved. Agglomeration of the binder phase also affected composites’ mechanical properties. 
With ball-milling of the powders, we achieved well-dispersed binder phase in a form of FeNi alloy in 
the carbide matrix. The microstructure of samples sintered at a lower temperature (1100 °C) revealed 
elongated grains of binder phase non-homogenously dispersed in WC matrix. However, with increase of 
the sintering temperature (1300 °C), FeNi surrounds carbide particles more uniformly, which leads to an 
improvement in the mechanical properties (i.e. higher flexural strength).

1. Liu, C., Alternative binder phases for WC cemented carbides. 2014.

2. Cha, S.I. and S.H. Hong, Microstructures of binderless tungsten carbides sintered by spark plasma 
sintering process. Materials Science and Engineering: A, 2003. 356(1): p. 381-389.

3. Toller, L. and S. Norgren. Mechanisms of plastic deformation in WC-Co and WC-Ni-Fe turning inserts. in 
19th Plansee Seminar 2017. 2017.

4. Humphry-Baker, S., et al., Thermophysical properties of Co-free WC-FeCr hardmetals
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Plasma heat loads at plasma-facing materials of ITER for the type I Edge Localized Modes (ELMs) are 
foreseen to be about 0.2-2 MJ/m2 at duration of 0.1-0.5 ms; ELMs will occur with high frequency (few 
hundreds ELMs per each ITER pulse) what can damage the plasma-facing components of divertor. Quasi 
steady-state plasma accelerator (QSPA) Kh-50, characterized by essentially longer duration of plasma 
current generation in comparison with existing pulsed plasma guns, is used to investigate the plasma-
surface interaction simulating the ITER disruptions and ELMs. Importantly such plasma energy loads 
currently cannot be achieved in existing tokamaks.

In this work we studied the impact of ELM-like heat loads on microstructure and microhardness of ITER-
specification tungsten (W) grade. The base temperature of the samples was varied in a range of 200-600oC 
which covers the threshold of ductile-to-brittle transition temperature. And at the same time the results 
are compare with data obtained at the linear plasma generator Pilot-PSI, which simulates the high flux 
plasma exposure relevant for the ITER divertor loads. 

Nanoindentation (NI) data and Transmission Electron Microscopy (TEM) data are compared for the 
equivalent material exposed by two different facilities. QSPA Kh-50 represents transients whereas Pilot-
PSI used to simulate steady-state plasma discharge. The impact of surface temperature in two different 
loading modes is assessed. 
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Potential formation in front of electrodes that emit electrons has been a hot topic of investigations in 
plasma physics at least from first applications of emissive probes [1]. More recently this topic is becoming 
more and more important also in fusion research [2] since it is becoming clear that first wall in ITER made of 
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tungsten will very probably be strongly electron emitting at least in the divertor region [2]. It is well known 
that when electron emission from a floating electrode increases, its floating potential increases also – i. e. 
comes closer to the plasma potential. But at sufficiently low emission the potential is remains monotonic 
– electron emission is temperature limited. If electron emission increases at a certain point a potential 
dip (virtual cathode) is formed in front of the electrode, which prevents slow electrons to exit from the 
electrode. Emission becomes space charge limited. It is somehow natural to expect that further increase 
of electron emission from the electrode will lead to further increase of the floating potential until finally 
the electrode will become positive with respect to the plasma potential. Such “inverted sheaths” have 
been predicted theoretically only recently [3], but so far we are not aware of any positive experimental 
confirmation of such phenomenon. In such situation particle in cell computer simulations seem to be the 
best tool for the analysis of inverted sheaths, since the distribution function of the emitted electrons in a 
simulation can be prescribed. Some results of such simulations in plasma with temperature and density 
similar as in the scrape-off layer of a medium tokamak are reported. A very important parameter that 
determines the transition between space charge limited and inverted sheath configuration is the drift 
velocity of the emitted electrons.
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[1] J. P. Sheenan, N. Hershkowitz, “Emissive probes”, Plasma Sources Sci. Technol., 20, 2011, pp. 063001 
(22pp).
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A compact DT neutron generator based on the mixed-beam operation was used as an in-situ calibration 
neutron source in the latest calibration of neutron detectors at Joint European Torus (JET). In order to meet 
the requirement for the total uncertainty of the neutron detector calibration below ±10%, the neutron 
emission properties had to be experimentally characterised and reproduced with detailed modelling of the 
neutron source characteristics and geometry of the neutron generator. Additionally, the time dependence 
of the neutron emission was monitored during the calibration experiment to additionally increase the 
accuracy of the calibration factors.

The neutronics simulations were an essential part of both the neutron source characterisation and 
JET neutron detector calibration. The complex neutron emission properties of the neutron generator 
were reproduced through a combination of simulations and high-resolution neutron spectroscopy 
measurements. The detailed model of the neutron generator’s geometry was produced based on 
information from the supplier of the neutron generator and images from a computer tomography scan. 
The positioning of the neutron source inside the JET tokamak was reproduced based on the information 
from the remote handling system at JET and the system responsible for the positioning of the source 
during the calibration experiment. This extensive effort resulted in the total uncertainties of the calibration 
factors well within the target value of ±10%.
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The heat load on target plates of the divertor must be controlled to avoid damage. In existing tokamaks, this 
is achieved by measuring the thermo-current flowing to the target plate (indirectly measured as a voltage 
over a shunt) and using impurity gas puffing to reduce the heat load to the target. A thermoelectric voltage 
is generated by the sheath in the plasma-wall contact at the two target plates (inboard and outboard) of 
the divertor cassette. Since the sheath voltage is different between inboard and outboard side, a voltage 
difference or a current can be measured between the inboard and outboard target plate. The thermo-
current in DEMO is estimated to have a steady state current of approximately 140 A per divertor when 
plasma detachment begins.

The currently considered design option for thermo-current measurement in DEMO is an isolated target 
solution which involves mounting an isolated target plate so that the applied current flows partially 
through a tube of resistive material – a shunt, and partially through the water-cooling pipes that actively 
cool the target plates. The shunt resistance is chosen to be smaller than the water-cooling pipe resistance 
between the two target plates. In the event of a disruption, therefore only a fraction of the current will 
flow through the water-cooling pipes. However, when such currents interact with an external magnetic 
field of a tokamak, induced forces may jeopardize the mechanical integrity of the pipes.

This paper examines the mechanical integrity of clamped water-cooling pipes for currents generated 
during thermo-current measurement or by disruption. A finite-element analysis is performed in Abaqus 
to assess the impact of electromagnetic disruption forces on the water-cooling pipes of a DEMO standard 
divertor design using the recently proposed isolated-target design solution. A damage initiation current 
through the water-cooling pipes is estimated to approximately 2 kA.
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The transient heat loads on divertor targets by the Edge Localized Mode (ELM) represent one of the greatest 
threats for target lifetime, which can lead to serious unwanted consequences in the next generation fusion 
reactors such as ITER. Predicting the expected consequences through modelling is especially challenging. 
One problem for ELM modelling is that the boundary conditions at the target sheath interface are expected 
to vary strongly in time through the ELM transient, whilst fixed kinetic heat flux limiters are typically 
applied in the fluid codes. This contribution describes the first results of efforts to address this issue for 
ITER simulations under high performance conditions using the 1D3V electrostatic parallel Particle-in-Cell 
(PIC) code BIT1. As a first approximation plasma-surface interaction processes are not included in this 
model. The burning plasma conditions correspond to the ITER Q = 10, 15 MA baseline at q_{95} = 3, for 
which the poloidal length of the 1D SOL is 20 m from inner to outer target. Typical upstream separatrix 
parameters of n_{e}~3-5 * 10^{19} m^{-3}, T_{e}~100-150 eV and T_{i}~200-300 eV are assumed, guided 
by SOLPS-ITER code runs. Inclined magnetic fields at the targets of (~5) are included, as are the particle 
collisions, with a total of 3.4 *10^{5} poloidal grid cells giving shortening factors of 20.
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One of the most important aspects of using nuclear fusion as an energy source in future tokamak reactors 
like ITER and DEMO is controlling the amount of hydrogen isotopes (HI) retained in the walls of the reactor, 
namely the radioactive isotope tritium. The topic of HI retention in lattice defects like vacancies and 
dislocations is well researched. One of the less researched defects are grain boundaries. Because their HI 
de-trapping energies are small compared to other defects their contribution to overall retention is usually 
neglected. But theoretical research [1] shows that HI can segregate in grain boundaries, possibly leading 
to an increased rate of transport of HI into the bulk.

In our experiment the aspect of a possible increase in the rate of hydrogen isotope transport is tackled. 
We have studied samples with various grain sizes ranging from columnar nano-crystalline tungsten with 
grain sizes from 50 nm to 500 nm [2] and also samples with larger grain sizes ranging from a few microns 
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to a single crystal sample. Samples were first damaged by 20 MeV W ions [3], so-called self-damaging, 
to increase sensitivity of our measurements. They were then loaded with a low energy deuterium atom 
beam for 70 hours at an exposure temperature of 600 K until most of the defects created were populated 
by D. The retention of D in the samples was measured with Nuclear Reaction Analysis (NRA) in situ. The 
D(3He, p)α nuclear reaction was utilized. We could quantify the differences in the rate of D uptake for 
differently grain-sized samples. Also, a set of nano-crystalline samples was exposed to the D atom beam 
without self-damaging to deduce the possible effect of grain size, namely grain boundary density, on D 
retention. After the exposure a Thermal Desorption Spectroscopy (TDS) analysis was performed.

The resulting dependences of D retention on exposure time and the TDS spectra for all samples were 
simulated by a macroscopic rate equation model. By simulating the TDS spectra, we could determine 
the densities of active traps in the samples and also their respective de-trapping energies. Gaining the 
knowledge on the densities and energies of the traps present in the samples allowed us to simulate the 
dependence of D retention as a function of exposure time. To describe the different rate of D uptake 
between samples the effective potential barrier for D migration from the surface to the bulk was defined 
as the only free parameter of the simulation. D chemisorbed at surface grain boundary sites could possibly 
face a lower potential barrier for entering the bulk, which would effectively lower the potential barrier of 
the entire surface. This means that samples with larger grains, therefore smaller surface grain boundary 
densities, can be described by larger effective migration barriers, while samples with smaller grains and 
larger surface grain boundary densities, can be explained by a smaller effective migration barrier.

[1] G.-H. Lu, Nuclear Fusion 086001 (2014) 54.

[2] D. Dellasega, Journal of Applied Physics 084328 (2012) 112.

[3] T. Schwarz-Selinger, Nuclear Materials and Energy 1-6 (2017) 0.
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Tritium is an important radionuclide to know the quantity of in materials in fusion and fission activities 
since it can be released easily into the environment due to its high mobility. Moreover, the control of the 
retained fuel (deuterium and tritium) in fusion materials is an especially important issue, due to safety 
limitations, high tritium expense in future fusion devices (ITER and DEMO) and also due to its effect on 
material properties, namely material degradation and cracking. In order to predict the tritium inventory 
in the wall during the lifetime of future fusion devices one needs to know how the hydrogen isotopes 
are trapped and released from the materials.  Most hydrogen isotope retention, transport and recycling 
studies in the fusion community are performed by ion beam analysis (IBA) methods and thermodesorption 
spectroscopy (TDS) where both methods give complementary results on protonium (1H) and deuterium 
(D). TDS gives information on the total inventory of hydrogen isotopes (HIs) in the entire sample and 
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on the HIs trapping physical processes, IBA using the nuclear reaction analysis (NRA) is often used via 
the D(3He,p)α reaction [1]. It is able to measure the deuterium depth and lateral profiles, concentration 
up to a limited depth (in tungsten up to 7-10 µm) and to address the associated physical processes 
(adsorption, absorption, diffusion, etc.). Since studies on tritium are very scarce, deuterium is usually used 
in experiments and results are extrapolated to predict tritium retention.

Within the H2020 project TRANSAT (TRANSversal Actions for Tritium, www.transat-h2020.eu) we plan to 
develop a new method for tritium detection by NRA. One option of tritium detection is to use NRA via the 
T+3He reactions [2]. The presented reaction has three decay channels either producing fast protons or fast 
deuterons.  In literature the cross section data can be found in energy range from 0.1 up to 0.8 MeV. With 
this energy range we are only sensitive up to 1 µm of surface of tungsten samples. To extend the analytical 
range up to 5 µm the detailed measurement of cross section is required. For the first measurement, 
in order to test the sensitivity of the method, we prepared a tungsten sample pre-damaged by W ions 
and loaded by tritium gas at 750 K. With such a procedure of sample preparation the tritium is trapped 
homogeneously within the damaging zone 2 µm deep. In the presented work we will present the TRANSAT 
project, discuss the experimental set-up for measuring the cross section for tritium detection and will also 
present the first results of the measurements. Future plans will also be considered.

[1] Markelj et al. J. Nucl. Mater. 469 (2016) 133

[2] Moak. Phy. Rev. 92 (1953) 2
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The SMITER graphical user interface (GUI) is a simulation framework integrated into SALOME, an open-
source platform allowing the combination of numerical solvers from different physical domains. The SMITER 
GUI provides a user-friendly interface to the SMITER (SMARDDA for ITER) suite which contains modules 
that allow import of CAD objects, meshing, python scripting, fast and accurate shadowing calculations, 
and prediction of the power deposition by the plasma on first wall and divertor plasma-facing components 
(PFCs), together with data analysis and visualization. The SMITER GUI has been further developed and 
extended with additional features and additions. One significant improvement is the integration of the 
ITER Integrated Modelling and Analysis Suite (IMAS) with SMITER. IMAS is a framework that is being 
actively developed and used by the ITER organization and EUROfusion community.

The main goal of the integration of IMAS with SMITER was to set the foundations for interoperability 
between SMITER and the IMAS databases or Interface Data Structures (IDSs) that provide a uniform means 
of data archival and retrieval within the IMAS framework. This allows SMITER to use the IMAS IDSs to 
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store the meshed geometry needed as input by the SMITER GUI to run the case computations. Moreover, 
the mesh and output results can be saved directly to IDSs if needed. To provide these new capabilities 
additional interface SMITER GUI utilities have been developed which provide tools for data conversion and 
transformation between the IDSs and the mesh files.
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Injection of the so-called seeding gas in plasma is a method for controlling power load to the wall and 
stability of fusion plasmas of tokamaks. This is achieved by enhancing radiative cooling of the plasma in 
the divertor region, as well as by preventing disruptions and abrupt plasma discharge termination. One of 
typically used seeding gas for this purpose is nitrogen, which leads to the production of ammonia through 
various plasma ion-chemical reactions. The presence of ammonia as impurity in the edge plasma and 
in the exhaust gas from the plasma chamber is the main motivation of our present work. Our goal is to 
understand and quantify exchange of hydrogen isotopes from ammonia molecules adsorbed on W and 
those impinging from the surrounding low pressure gas. Our experimental system consists of a small UH 
vacuum chamber with mounted Hydrogen Atom Beam Source (HABS), residual gas analyser (RGA), (Prisma 
Plus quadrupole mass spectrometer, 1-100amu/e from Pfeiffer) and an ion gauge (IG). In previous studies 
we were using hot tungsten capillary of HABS as a test W surface. The composition of gas in the chamber was 
monitored by RGA as a function of the capillary temperature while mixture of NH3 and D2 was let through 
HABS. Some results of this study were published in [1]. For present measurements set-up is modified so 
that sample holder is mounted on the flange facing turbomolecular pump. Sample, 2cmx2cm W from 
Plansee, can be linearly heated to the temperature up to 900oC as measured by thermocouple. It is placed 
44 mm in front of the exit of HABS capillary at the angle of 45o with respect to the HABS axis. Ammonia is 
introduced through a side leak by small stainless steel tube directed to the centre of the sample. Various 
experimental scenarios are used. Sample can be first exposed simultaneously or sequentially to NH3 and D 
at low temperature and then desorption mass spectrum is recorded while temperature ramping (TDS) or, 
mass spectrum can be recorded during continuous exposure of the sample while temperature is ramped 
or varied stepwise. 

Most serious experimental problem in this work is separation of the RGA signal due to  isotopologues 
of ammonia (NH3, NH2D, NHD2, and ND3) from signal of background water (H2O, HDO and D2O) being 
between 17 and 20 amu/e (parent ions) in the mass spectrum. Obvious method to avoid this ambiguity 
of species identification is by keeping background water in the vacuum system at negligible level, working 
with low background pressure, <1x10-9 mbar. In order to check for the purity of mass spectrum and also 
direct identification of parent isotopologue of ammonia we use peaks of doubly ionized ammonia. These 
peaks appear in the range between 8.5 and 10 amu/e at zero background. 

TDS from stabilised (overnight) sample previously exposed to NH3 shows early H2 desorption peaked at 
about 160oC and then continuing steadily to higher temperatures. NH3 desorption peaks at about 260-
280oC and later having shoulder at about 350oC. The N2 peak is observed at about 540-550oC. Prompt TDS 
after new NH3 exposure leads to about 1.75 times larger NH3

+ and somehow modified H2, dehydrogenation, 
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temperature variation. TDS recorded after subsequent 600s exposure to NH3 immediately followed by D 
is different and ion current at M/q=16 and 17 amu/e are no more proportional as for the case of pure 
ammonia exposure. Furthermore, signal at M/q=18 amu/e gets increased and show similar desorption 
pattern to 17 indicating that it is partially due to NH2D ammonia isotopologue. No important increase 
of 19 and 20 is observed here. Our measurements indicate that deuteration of ammonia is relatively 
slow process depending on the surface temperature and does lead to appreciable increase of heavier 
isotopologues with time.

Reference:

[1] S. Markelj, A. Založnik and I. Čadež, J. Vac. Sci. Technol. A 35 (2017) 061602-1-10
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The postulated event foresees a failure of the magnets cryogenic cooling line inside the cryostat leading to 
the spillage of helium. During and after the ingress of helium into the cryostat, the heat is transferred from 
the cryostat to the cold magnet structures. Due to the high temperature difference between the helium 
and the cryostat, the natural convection occurs that causes a local cool-down of the cryostat walls, even by 
200K. In DEMO, the contraction of the cryostat structures is constrained by the supports to the bioshield. 
The distribution of the temperature and heat transfer coefficient on the cryostat walls is required to design 
the supports. The analysis of natural convection event in the cryostat following the helium ingress will be 
performed to determine the heat transfer and temperature on the cryostat walls.

The steady-state and transient simulations of the flow and conjugate heat transfer will be carried out 
using the finite volume code ANSYS CFX. The computational model will consist of a 20o sector of the 
DEMO tokamak and will contain the following components: vacuum vessel (VV) with port structures, 
superconducting magnet coils, vacuum vessel thermal shield (VVTS), cryostat thermal shield (CTS) and the 
cryostat. Three different compartments will be considered in the model, the interspace between the VV 
and VVTS, the interspace between the VVTS and CTS and the volume between the CTS and the cryostat. 
The pressure in the 3 compartments shall be the same assuming no leak tightness, but the exchange of gas 
amongst the 3 compartments shall be small. The initial gas pressure will be calculated from the pressure 
equation, based on the known initial helium inventory and temperature inside the cryostat. The discharge 
of all magnet coils is initiated at time 0 and has a duration of 60s. During this time the temperature of 
the magnet system is assumed to increase linearly from 4 to 59 K due to the joule heating. The cryostat, 
initially at a room temperature, is heated by the air convection on its external surface. The VV temperature 
is assumed constant at 180 oC.  In the analysis, two limiting cases will be considered: the first case assumes 
active cooling of both thermal shields during the event, while in the second case the thermal shields are 
not cooled, i.e. they are modelled as passive structures.  

The presented study will be carried out within the EUROfusion project WPPMI devoted to the physics and 
technology integration studies for the DEMO demonstration fusion power plant. 
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Small, micrometre sized, defects could be an indisputable indication of a development start of a larger 
damage in superheated steam systems. A descriptive example of such process is the creep damage in 
superheated steam pipelines – its early stage is manifested in very small, micrometre size, voids in the steel 
structure. Those defects are two orders of magnitude smaller than the defects that are usually the subject 
of classic ultrasound NDE tools during inspections and thus present a very difficult NDE task. On the other 
hand, if not monitored, the creep damage in its later stages is limiting the operational life of pressurized 
superheated components in thermal and nuclear power plants and other similar systems, and could even 
lead to catastrophic failures of such systems. To detect such early stage defects, which form below surface 
of the material, one has to go to subwavelength ultrasound NDE techniques that include high-frequency 
ultrasound transducers and advanced signal analysis. A highly sensitive ultrasound subwavelength NDE 
testing device for detection of micrometre size damage in stainless steel was developed. Both laboratory 
and field tests results of the device performance are shown and critical challenges met during the 
development of the system are presented and discussed.
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In 2016, the NATO Science for Peace and Security research collaboration project “Engineering Silicon 
Carbide for Border and Port Security” – E-SiCure was launched, with the main objective to combine 
theoretical, experimental and applied research towards the development of radiation-hard SiC-based 
detectors of special nuclear materials (SNM), in order to enhance border and port security barriers. In the 
development, material modification processes are employed firstly to study and secondly to manipulate 
the most severe electrically active defects (which trap or annihilate free charge carriers), by specific ion 
implantation and defect engineering. This paper presents the experimental activities performed at the JSI 
TRIGA reactor in the framework of the E-SiCure project. 

To study neutron induced defects in SiC, n-type silicon carbide Schottky barrier diodes (SBDs) were 
fabricated onto nitrogen-doped epitaxial grown 4H-SiC single crystal layers approximately 25 µm thick, 
their lateral dimensions being 1 mm by 1 mm. Samples of Schottky diodes were irradiated bare and inside 
Cd thermal neutron filters with a wall thickness of 1 mm in the pneumatic tube (F24) irradiation location in 
the 250kW JSI TRIGA reactor in Ljubljana, Slovenia, the neutron fluences ranging from 1E8 n cm-2 to 1E15 
n cm-2. Neutron induced defects in the samples were studied using Deep-Level Transient Spectroscopy 
(DLTS) measurements. 

Prototype detectors were created, based on hexagonal (4H) SiC Schottky diodes with several active layer 
thicknesses, ranging from 25 µm to 170 µm, their lateral dimensions being 1 mm by 1 mm. To increase 
the neutron detection efficiency through the conversion of neutrons into heavy charged particles through 
(n,α) and (n,t) reactions, the use of capping layers containing 10B and 6Li was investigated through Monte 
Carlo particle transport calculations and realized on several prototype detectors using 10B4C material. 
Additionally 10B and 6LiF powders, deposited onto plastic film and placed over of the prototype detectors 
were tested. An experimental test of the prototype detectors was performed at the JSI using a 241Am 
alpha source and thermal and fission neutrons in the Dry Cell irradiation facility of the JSI TRIGA reactor 
at different reactor power levels. The experimental test successfully demonstrated the detection of alpha 
particles and thermal neutrons through heavy charged particles from nuclear reactions.
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In this paper, the irradiation of glycerol and ethylene glycol by either mixed neutron-gamma or gamma-
only fields at the TRIGA reactor of the Jožef Stefan Institute is described. This is highly relevant to future 
applications of fission reactor systems to produce useful feedstock derivatives from organic waste, beyond 
the production of heat and power. 

Small volumes (4 ml) of oxygen-containing organic liquid samples were contained within crimp-sealed 20 
ml borosilicate headspace vials to act as irradiation vessels. Samples of glycerol and ethyl glycol have been 
exposed to neutron-gamma radiation with a fast neutron fluxes ranging from 7.7×1010 to 3×1012 cm-2s-1 

and gamma-only irradiation at maximum dose-rates of 492 and 10 kGy hr-1, respectively. A study of the 
dependence of product yield versus absorbed dose has been conducted, for total dose ranges of 0.25 to 
100 kGy. The products of these exposures have been identified through Headspace (HS-GCMS) and liquid 
sampling Gas Chromatography - Mass Spectrometry (GCMS) techniques.

Preliminary analysis of gamma-irradiated glycerol samples indicates that quantities of ethanol, 
glycolaldehyde and 2-propanone 1-hydroxyl (acetol) have been produced. Analysis of gamma-irradiated 
ethyl glycol samples indicates that quantities of numerous products, including light polar aldehydes, ethyl 
acetate and ether oligomers, are present. These results are consistent with earlier reports indicating that 
gamma radiation induces the oxidation of oxygen-containing compounds. Neutron Activation Analysis 
(NAA) is currently being conducted on the organic samples to determine the significance of the longer-
lived, radioactive isotopic yield.
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During the normal operation of nuclear reactors, the fuel–cladding gap may close, as a result of the net 
contribution of differential thermal expansion, creep and swelling of both the fuel and the cladding (pellet 
cladding interaction - PCI). In this equilibrium state, a significant increase of local power (i.e. a transient 



92 27th International Conference Nuclear Energy for New Europe

M
at

er
ia
ls

power ramp in the order of 100 kW/mh), induces tensile circumferential stresses in the cladding. In 
presence of corrosive fission products (e.g., Iodine), and above a stress threshold value, characteristic of 
the material, cracks typical of stress corrosion appear and grow-up (stress corrosion cracking - SCC). The 
cracks may propagate from the cladding internal surface, causing the fuel failure.

Recent trends in EU countries pursuit the objective to integrate nuclear and renewable energy markets by 
operating LWR as flexible as possible in terms of power. This operational mode has renewed the interest 
on the PCI issue. Development and validation of numerical tools that account for this phenomenon is 
thus of primary importance to reactor operation. In this context, OECD NEA has set up the “public domain 
database on nuclear fuel performance experiments – International Fuel Performance Experiments (IFPE) 
database”, with the aim of providing a comprehensive and well-qualified database on MOX-UO2 fuel and 
Zircaloy cladding for model development and code validation.

The present activity aims to assess the capabilities of the TRANSURANUS fuel performance code in 
predicting PCI/SCC and related mechanisms based on a selected database from the IFPE: the PWR Over-
Ramp Project. The database include thirty nine UO2 fueled Zy-4 cladded rods of two different origins 
and designs, forming nine different groups in terms of design and material parameters. They were base 
irradiated in a power reactor environment (the Kernkraftwerk Obrigheim and the Mol reactor BR-3) 
between 1975-1978 up to burn-ups in the range of 12 to 31 MWd/kg U and subsequently ramp-tested 
in the research reactor R2 at Studsvik, Sweden, to establish their failure limits. Experimental data of 
destructive and non-destructive tests are compared with the simulated trends to assess the capability of 
the code to predict the fuel failure and associated mechanisms.
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Literature has pointed out that a very important issue for the future of nuclear power is to ensure an 
adequate level of safeness in all the processes in which MOX fuel is considered (fabrication, operation, 
recycling). However, plutonium toxicity and high radiation levels make the experiments needed for a 
careful definition of its therophysical properties difficult, costly, and requiring long irradiation periods. In 
addition, stable conditions are sometimes difficult to be maintained in the course of the experiment (e.g., 
at high temperatures).

For all these reasons, numerical approaches have been recognized to be viable options to overcome these 
obstacles. Over the last decade, several atomistic approaches using molecular dynamics (MD) simulations 
have been carried out to study the thermophysical properties of MOX fuel (e.g., thermal conductivity).

The paper presents MD calculations regarding the thermophysical properties of the starting  compounds 
of MOX fuel: UO2 and PuO2.  Their interatomic potentials play a fundamental role in MOX simulations. 
The analysis aims at studying some key thermophysical properties such as: lattice parameter and thermal 
expansion, specific  heat, compressibility, thermal conductivity, and melting temperature. The objective of 
the paper is to give an updated review of the available experimental data and discuss the performance of 
the interatomic potentials applied in the analysis. LAMMPS  is the code used in this study.
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A primary coolant system of nuclear power plant after long-term operation has been deposited by 
radioisotopes which are responsible for the most of the radiation exposure of plant workers. The removal 
of radioactive isotopes from the primary coolant system takes place with the dissolution of corrosion 
metal oxide layers in which radioisotopes (e.g. Co-60) are deposited. The dissolution of the metal oxide 
(up to the boundary layer of the oxide and the base metal) is required to remove all radioactivities from 
the target surface. Chemical decontamination by oxidative and reductive dissolution is considered to be a 
most effective method. Several permanganate processes have been developed for oxidative dissolution of 
chromium oxides. The reductive decontamination processes such as CAN-DEREM, CITROX, LOMI, and CORD 
to dissolve the iron oxides have been widely used in the decontamination of the primary system. It was 
found that organic chelates and organic acids used in those processes gave detrimental effects for disposal 
safety due to stable and soluble complexes with radionuclides and had the risk of potential release of 
chemo-toxic substances in the case of accidents of the final repository. For the decontamination of primary 
coolant system, we have developed an alternative process without using any organic acids or organic 
chelating agents, which is named HyBRID (Hydrazine Based Reductive metal Ion Decontamination). The 
solution containing hydrazine, sulfuric acid and copper sulfate provided the acidic and reductive dissolution 
of transition metal ions from the corrosion oxides such as magnetite, nickel ferrite, and chromite. In this 
work we proposed the reaction mechanisms of the acidic and reductive dissolution involved in the HyBRID 
process. During the oxidation of cuprous ions to cupric ions in sulfuric acid solution, the released electron 
promoted the reduction of ferric ions to ferrous ions in the magnetite dissolution. Hydrazine is a good donor 
towards metals and form complexes (bridging and chelating bidentate ligands) with a transition metal 
like copper. Protonated hydrazine reacts both as a reducing agent and as a ligand. The hydrazine-copper 
complex promoted the reducing power to the ferric ions in magnetite. We have carried out the study on 
the chemical and electrochemical equilibrium of the dissolution reaction mechanisms proposed in this 
work. Complete sets of dissolution reactions were made for each metal oxide. Then the thermodynamic 
properties such as the enthalpy, entropy, and Gibbs free energy changes of reactions were calculated 
at various temperatures for individual reactions involved in the HyBRID acidic and reductive dissolution 
of metal oxides. The equilibrium constants were also determined as a function of temperature for the 
chemical and electrochemical reactions. The spontaneity of reactions was evaluated for each oxide. The 
data of thermodynamic properties for each species were obtained from the database of HSC Chemistry 
by Outotec. Finally, the E-pH (Pourbaix) diagrams were constructed at various operating conditions for our 
HyBRID decontamination system.

* This work has been carried out under the Nuclear R&D Program (NRF-2018M2A8A5024102) funded by 
Ministry of Science and ICT.



94 27th International Conference Nuclear Energy for New Europe

M
at

er
ia
ls

707

Mixed Neutron and Gamma Radiation-Induced Damage 
of EPDM Elastomeric O-rings for Different Dose Rates

Matteo Ferrari1, Antonietta Donzella1, Aldo Zenoni1, Fabio Bignotti1, Stefano Pandini1, 
Andrea Avanzini1, Davide Battini1, Giorgio Donzella1, Monika Hartl2, YongJoong Lee2, 
Alberto Andrighetto3, Michele Ballan3, Francesca Borgna3, Stefano Corradetti3, Fabio 
D‘Agostini3, Mattia Manzolaro3, Alberto Monetti3, Massimo Rossignoli3, Daniele Scarpa3, 
Andrea Salvini4, Fabio Zelaschi4

1Department of Mechanical and Industrial Engineering (DIMI) University of Brescia (UniBs), Italy, via 
Branze 38, 25123 Brescia, Italy
2European Spallation Source ERIC, Box 176, S-221 00 Lund, Sweden
3Legnaro National Laboratories of INFN, Viale dell‘Universita, 2, 35020 Legnaro (PD), Italy
4Laboratorio Energia Nucleare Applicata Universita degli Studi di Pavia, Via Aselli 41, 27100 - Pavia, Italy

matteo.ferrari@unibs.it

The development of new generation nuclear facilities requires an improved evaluation of the radiation 
resistance of the materials used for their construction. The radiation environments of high power nuclear 
facilities such as MW class spallation neutron sources and radioisotopes facilities are severe. Non-metallic 
materials and components exposed to intense neutron fields experience substantial modifications of 
their structural and mechanical properties. Protocols for irradiation and testing of several categories of 
non-metallic materials in neutron fields have been developed in the last years. Elastomeric O-rings made 
of different compounds for vacuum and sealing applications have been irradiated in the in-core Central 
Thimble facility of the TRIGA Mark II reactor of the University of Pavia. Post-irradiation measurements 
of the most relevant mechanical and structural quantities as a function of the absorbed dose have been 
performed.

In addition, for a chosen EPDM material, radiation damage as a function of the dose rate is evaluated. 
Samples are irradiated in the irradiation facility at different reactor operation power levels: 250 kW, 
corresponding to the full reactor power, 125 kW, 50 kW and 25 kW. A dose rate variation of one order 
of magnitude is explored. Irradiation times at different reactor power levels are chosen so that the same 
amount of total dose is delivered, at different dose rates. Total absorbed doses range from 0.3 MGy to 
about 0.7 MGy. Dosimetry calculations are assessed using an MCNP Monte Carlo model of the reactor. 
The elemental composition of the EPDM is measured to better estimate the neutron dose rate, which 
highly depends on the hydrogen content. To improve dosimetry results, experimental measurements of 
the neutron and gamma fluxes in the irradiation facility are being made. 

Both mechanical and structural tests are performed on irradiated and non-irradiated EPDM samples. 
O-rings slices are submitted to standard tensile tests. Elongation at break and elastic modulus feature 
important variations as a function of the dose, exhibiting a radiation-induced embrittlement of the 
material. The results of Differential Scanning Calorimetry (DSC), Dynamic Mechanical Thermal Analysis 
(DMTA) and swelling tests show a radiation-induced crosslinking at the structural level. The dependence 
of the radiation-damage on the dose rate is reported and discussed. 

The collected data on an EPDM material used for the construction of vacuum O-rings available on the market 
represent an original set of results. In fact, radiation damage data on polymeric materials using mixed 
neutron and gamma fields are very scarce in the literature. Apart from the scientific interest, the results 
represent useful inputs for the construction of the European Spallation Source ESS project, Lund, Sweden 
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and the Selective Production of Exotic Species SPES facility of Italian Istituto Nazionale di Fisica Nucleare 
INFN. Specific applications of EPDM materials in the mentioned facilities based on the present study are 
under evaluation. Test Irradiation conditions in the nuclear reactor facility are accelerated compared to 
the timescales expected in operation to cumulate comparable amount of doses. For this reason, dose 
rate investigations are particularly significant for the reliable design of elastomeric components that are 
exposed to intense neutron fields during operation.
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Nanocrystalline silicon carbide (3C-SiC) with the special surface area (SSA) of 120 m2/g, the particle size 
of 18 nm and density of 0.03g/cm3 (true density 3.216 g/cm3) taken as a research object. Samples have 
been irradiated by neutrons (2x1013n·cm-2s-1) in the TRIGA Mark II type reactor. Neutron irradiation and 
determination of characteristic neutron flux parameters were conducted according to the methods known 
in the literature [1,2]. Impedance spectra of nanocrystalline 3C-SiC particles have been comparatively 
analyzed before and after neutron irradiation as a function of temperature. Electrical impedance 
spectroscopy has been investigated at the temperature range of 100K-400K. Dangling bonds, defects, 
neutron transmutation or additional charge carriers, agglomeration and amorphous transformation 
effects on the physical properties of neutron-irradiated nanocrystalline silicon carbide (3C-SiC) have been 
studied at the various papers [3-5].

Metal-semiconductor transition and the conductivity type of nanocrystalline 3C-SiC particles has been 
studied from the complex impedance spectroscopy. In this way, it has been found out that, type of 
conductivity in the nanocrystalline 3C-SiC are mostly semiconducting. Simultaneously, metal-semiconductor 
transition observed in nanocrystalline 3C-SiC particles at the frequencies of 0.1MHz, 1MHz, 2.5MHz and 
respectively transition temperature of TMS = 250K, 325K, 370K. Generally, the metallic behavior observed 
in the samples at the f≥0.1MHz frequency and T<TMS temperature intervals. Moreover, TMS shifted to 
the decreasing direction as a result of dangling bonds, defects, neutron transmutation or additional charge 
carriers after neutron irradiation. In the abstract, the numeral value of the impedance of nanocrystalline 
3C-SiC particles decreases after neutron irradiation.
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To make nuclear more economic and attractive for investors leaded, among others, to an increase in 
discharge burn-up of used fuel. As a consequence, safety criteria should be carefully reconsidered to take 
into account these more demanding operating conditions. Fuel performance codes should be assessed 
and validated in this extended burn-up domain as well.

RIA  safety criteria were developed in the 70s, hence, in the following decades intense experimental 
campaigns were devoted to investigate the effects of RIA on high burn-up fuel. In this sense, the CABRI 
facility in France has been one of the most active centres. The experimental case herein discussed is the 
CIP0-1 test that was performed in the CABRI  facility. The rodlet tested in this experiment was re-fabricated 
from a PWR pin irradiated for five cycles in the Vandellos-2 plant (Spain). The average burn-up reached at 
the end of base irradiation was 75 GWd/tU  The CIP0-1 test is featured by a pulse half-width of 32 ms and 
an injected energy close to 100 cal/g. This paper presents a comparison of the results obtained by means 
of TRANSURANUS and FRAPTRAN. Codes predictions are discussed in the light of the experimental data 
available in the literature and the results obtained by means of different codes (e.g., FALCON, SCANAIR).
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Experiments with E110G and E110 cladding specimens were carried out in different kinds of nitrogen-
containing environment at high temperatures. The aim of these experiments is to obtain more detailed 
information on the zirconium fuel cladding behaviour under severe accident conditions and to provide 
adequate data for model developments. These tests are part of the Zirconium Material Science Studies 
(CAK) project.

The sponge base- and the traditional types of cladding rings were oxidised and/or nitrided in steam-
nitrogen mixtures containing 4, 10, 50 and 100 v/v% nitrogen. The tests were conducted under isothermal 
conditions between 800 °C and 1200 °C. The impact of nitrogen on the high temperature oxidation kinetics 
and the microstructure of the claddings was investigated.

Due to the formation of non-protective oxide layer the oxidation kinetics was much faster in steam-
nitrogen mixtures than in pure steam. The experimental results showed different oxidation behaviour of 
E110G and E110 alloys in many cases. However, the mass increase of both claddings was very low in pure 
nitrogen atmosphere.

The present work is supported by the National Research, Development and Innovation Fund of Hungary 
(contract number: NVKP_16-1-2016-0014).
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The Small Punch (SP) technique is a miniature test used for characterizing irradiated materials or when 
a testing material is available only in small quantities. In this work SP tests are used to estimate the 
ultimate tensile strength of P91 and 316L materials using the standard flat SP specimens and fuel cladding 
tube SP specimens. Linear correlations are used for relating the maximum force and displacement at 
maximum force, recorded during the SP test, to the ultimate tensile strength. Fitting coefficients used 
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in the correlations are calibrated on data from flat SP specimens. Finite Element (FE) models are used to 
support the analysis and evaluate the influence of the friction coefficient. The tube specimens result in 
slightly higher maximal force (Fm). However, Fm is attained at significantly lower displacements. This is 
attributed to the curvature of the specimen. The friction linearly increases the Fm and to a lesser extent 
the displacement at Fm. Significant specimen deformation can be expected at already small (0.1 mm) 
puncher deflection, which could limit the applicability of the small punch test to ductile materials. In all 
cases good agreement between the simulation and experimental results was obtained.  
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Local Failure of a Flange Connection – an OECD/NEA 
Benchmark
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This paper reports on the results of the flange connection benchmark performed within the Components 
and Structures under Severe Accident Loading (COSSAL) benchmark activities of the OECD/NEA. 
The benchmark was performed within the Committee on the Safety of Nuclear Installations (CSNI), 
Working Group on Integrity and Ageing of Components and Structures (WGIAGE) of the OECD/NEA. The 
COSSAL objective was to compare structural mechanics analysis methods for integrity assessment of 
metallic components of selected pressurized and boiling water reactors under severe accident loading, 
especially under high temperatures which may occur during core melt scenarios. In this context a flange 
connection was analysed concerning local failure due to a high pressure core-melt scenario. Thermo-
mechanical responses of the flange connection under the postulated load conditions were calculated by 
the participants. The calculated flange outer and inner temperatures matched quite well between the 
participants. Larger differences (although still acceptable) were obtained in the calculated outer and inner 
gap between the flange and the gasket and the time-to-failure, defined as a loss of seal between the flange 
and gasket. Most of the models predicted time-to-failure at about 1500 s after the initiation of the severe 
accident scenario.
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Radioactive Waste
801

Radioactive Waste Management in Austria
Eileen Langegger

Osterreichische Kerntechnische Gesellschaft (Austrian Nuclear Society) Atominstitut, Stadionallee 2, 
A-1020 Vienna, Austria

eileen.langegger@euronuclear.org

Although Austria has no Nuclear Power Plants, it is necessary to manage radioactive waste. Austria has 
had three research reactors in operation, one is still operated in Vienna (TRIGA Mark II). The radioactive 
waste arises from 45 years of research and development, industrial processes and the medical area. 

Nuclear Engineering Seibersdorf (NES) is the only radioactive waste management facility in Austria. NES is 
committed through long term contracts with the Republic of Austria and the municipality of Seibersdorf 
to collect and condition the Austrian radioactive waste. 

The main goal is, not only to treat and store waste safely, but also to optimize processes to further reduce 
the waste volume. To achieve this goal, the New Handling Facility was built. In this paper we will show 
how the waste is processed and managed. It will also show that waste volume can be easily reduced by 
optimizing the conditioning and waste stream processes. waste. 
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Exploring practical approaches to finance a 
multinational disposal service for spent fuel and high-

level waste
Tomaž Žagar1, Sean Tyson2
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2U.S. Department of Energy, 1000 Independence Ave., SW, DC 20585 Washington, USA-Washington D.C.

tomaz.zagar@gen-energija.si

Amounts of waste generated in nuclear power generation lifecycle are small, compared to other power 
generation options and normalised to power produced [1]. Because of the enormously higher energy 
density in nuclear fuels, nuclear power plants produce much smaller quantities of wastes than fossil plants 
do. 

However High-level Radioactive Waste (HLW) and Spent Fuel (SF) need technologically advanced 
treatment and management procedures from storage to final disposal. To prevent negative impacts 
on nature and human health HLW and SF must be appropriately isolated. Deep Geological Repository 
(DGR) is internationally recognised as technologically developed and safe repository solution providing 
appropriate protection and isolation of radioactive waste from environment and human. Development of 
DGR involves high fixed costs so there is an associated economy of scale. Cooperation between smaller 
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nuclear programs creating larger Multinational Repository (MNR) would open a possibility for a number of 
countries operating small nuclear fleets with small amounts of HLW and SF to benefit greatly from working 
together toward the development of a multinational repository option.

The MNR concept provides a shared solution to the challenges of SF disposal.  The concept involves a 
service provider country developing a geologic repository and accepting SF from several customer 
countries.  Although financing is an issue shared by all repository projects, a multinational repository 
presents unique issues related to financing associated with the sources of funds, timing, and risk allocations.  
Different international organisations are approaching this issue from several and diverse aspects. Recent 
development observed among different fora will be presented in the paper. These activities include actions 
of different organisations (i.e. IAEA, OECD, WNA, … [2]), however this paper will be focused on recent 
and near actions of the International Framework for Nuclear Energy Cooperation (IFNEC) and its Reliable 
Nuclear Fuel Supply Working Group [3] in this respect. 

REFERENCES

[1] C. McCombie, M. Jefferson, “Renewable and nuclear electricity: Comparison of environmental impacts”, 
Energy Policy, 96 (2016), pp.758–769
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In the case of the use of nuclear energy, considerable attention must be paid to the safe disposal of 
radioactive waste and spent nuclear fuel. The main aim of the highly radioactive waste or spent nuclear 
fuel disposal system is to isolate these types of waste from the population and the environment for the 
time necessary to ensure, that no potential release of radioactive material into the environment causes 
an unacceptable risk. The required long-term safety and the effective assurance of the waste isolation 
function offer deep geological repositories. Long-term safety assessed through comprehensive studies 
of any radioactive waste disposal system must be satisfactorily demonstrated before its implementation. 
For this purpose, an initial model of the disposal system, geosphere and reference biosphere have 
been developed, considering the scenario of the agricultural habitat (normal evolutionary scenario). 
The biosphere model considers agricultural production in the territory primarily concerned on animal 
breeding and plan growth (especially cereals, leaf and root vegetables), with the anticipated consumption 
of contaminated crops and livestock products. The proposed model also presupposes the use of water 
from a hypothetical well for the purpose of irrigating crops, feeding livestock, but also for the consumption 
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of the population living in the immediate vicinity. A critical group of population is exposed to radiological 
risk through three exposure pathways: ingestion, inhalation and external exposure.  Multiple scenarios 
have been developed for purpose of the safety analysis. The biosphere model was created using the 
GoldSim simulation tool and provides information on the annual effective dose of an individual from a 
critical exposure group.
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Lower Flammability and severity limits of hydrogen 
base fuel in conditions relevant to nuclear waste 
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The aim of the present work is to assess the risk of explosion in closed containments used for the 
transportation of nuclear materials or nuclear waste. Indeed, it is very well-known that hydrogen can 
be produced due to (i) the radiolysis of different materials within the containment, (ii) the thermal 
decomposition of mainly the organic part in the containment. Since hydrogen has very low ignition energy 
and a very wide flammability domain, it is important to determine the risk of ignition of the subsequent 
mixture produced by the aforementioned mechanisms. The quantity of the hydrogen that can be produced 
can vary depending on the containment type and on the state of the material/waste being transported. It 
is then mandatory to have a very good knowledge of lower flammability and severity limits of hydrogen 
based mixtures able to form in the containments used to transport the wastes from nuclear industries. 
These values (lower flammability and severity limits) are very important to design the packaging. To do 
so, an experimental work on the flammability domain of multiple ternary mixtures containing H2/Air/
H2ovap and H2/O2/N2 are being conducted at the CNRS-ICARE laboratory within collaboration with the 
Franch Commissariat for Atomic Energy and Alternative Energies (CEA). the flammability and severity 
of H2/AIR/H2OVAP and H2/O2/N2 will be determined in two spherical bombs equipped with a central 
ignition at different initial pressure (0.3, 1 and 2 bar) and for different initial temperatures between 23 
and 200°C. Two tungsten electrodes are located along a diameter of the spheres. They are linked to a 
controlled high voltage discharge device. The voltage and intensity discharge are measured via a high 
voltage and a current probes. The adjustable gap between the electrodes is usually fixed around 1mm and 
can be larger near the flammability limits. The combustion is monitored using a piezo-electric pressure 
transducer (kistler) and the recording of the flame. the visualization of the flame is obtained via a schlieren 
diagnostic previously described. A mixture will be considered as flammable when both the imaging and 
the pressure indicate a successful ignition followed by flame propagation. On the contrary, the mixture will 
be considered non-flammable when no flame propagation is observed and no increase of pressure inside 
the vessel is recordes. The severity limits are obtained by usind the maximum rate of pressure increase.
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Deep disposal facilities for liquid radioactive waste (DDF LRW) are operating in Russia since 1967.

The long-term safety assessment of the DDF LRW is carried out using a numerical forecast calculation of 
the radiation impact of components of buried waste on the population and the environment.

Geofiltration and geomigration models of radionuclide migration in the geosphere are being developed 
for this purpose.

The results of the forecast calculations are used to justify the safe operation of the DDF LRW and to 
develop design solutions for their closure.

For the long-term safety assessment of the DDF LRW, it is necessary to take into account the changes in 
the hydrological and hydrogeological regimes in the areas of DDF LRW location, which are based inter 
alia on the long-term forecast of climatic parameters (annual average long-term values of near-surface 
temperature and sediment layer in the areas of the DDF LRW).

There are scenarios developed for changing the main climatic parameters in the regions where the DDF 
LRW are located: the average annual long-term values of near surface temperature and precipitation at 
the boundaries of 1, 10 and 100 thousand years.

The results of the research will be used for the long-term safety assessment of radioactive waste disposal 
systems, for development of scenarios for evolution (normal and alternative), as well as to specify models 
of radionuclides migration in the geosphere.
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The Žirovski Vrh uranium mine was the only uranium mine in Slovenia. Its operation ceased in 1990 
and there remained two disposal sites with the waste from uranium ore exploitation. Environmental 
restoration of the disposal site for the mine waste at the Jazbec location was terminated in 2008, and the 
site was closed in 2015. The long-term surveillance and management of the site in the post-closure period 
is organised as a public service which is carried out by the Agency for Radioactive Waste Management 
(ARAO).

The performance of restoration at the Jazbec disposal site was regularly checked during a five-year 
period of extensive monitoring within a limited scope. It was established that the radioactive emissions 
were successfully reduced, the public exposure consequently decreased and the values of monitored 
parameters were kept below the authorized limits. These results justify the proposal to reduce the 
monitoring programme in the post-closure period, which is a part of the document Long Term Control and 
Maintenance of the mining waste disposal site Jazbec in post-operational period, elaborated in 2017 by 
the provider of the public service ARAO. 

The paper  describes the construction and the characteristics of the disposed material of the disposal site 
Jazbec. Additionally, the emissions from the mining and milling complex during operation are compared 
with those remaining in the post-closure period. The monitoring programme during the operation period 
provided records of all leading radionuclides of the U-Ra decay series at the disposal site and its natural 
environment for each element of the biosphere, and the evaluation of their impacts. The scope of this 
monitoring programme is compared with the proposed long-term monitoring programme, which are 
both clearly presented. The assessed public effective doses during the operation period and the predicted 
effective doses in the long-term post-closure period are also given, indicating beyond doubt that the 
expected exposure is below the authorised limit. The paper presents the evaluation of the set authorized 
limits for liquid discharges which were postulated in the past on poor argumentation, and the potential 
necessity for their revision. Finally, the authors also draw attention to the emergency response plan for 
the radiation emergency situations on the site. Even though the disposal site is administratively no longer 
declared as a radiation object, emergency situations and their radiological implications are considered in 
the paper.
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Projektiranje, inženiring in svetovanje v 
energetiki, jedrski in procesni industriji 

 
Podjetje SIPRO ima poleg splošnih projektantskih znanj tudi 
posebna znanja in izkušnje na področju energetike, jedrskih 
tehnologij, poznavanje domačih in mednarodnih predpisov ter 
standardov s  tega področja. Podjetju je zaupano sodelovanje pri 
večini najzahtevnejših in največjih projektov v NE Krško. Nekateri 
člani projektantske ekipe podjetja SIPRO imajo več kot trideset let 
izkušenj na nuklearnem področju in so podprti z mladim visoko 
strokovnim inženirskim kadrom, ki pri svojem delu uporablja 
najsodobnejše projektantske tehnologije in programsko opremo.  

 
Glavna programska orodja, ki jih 
uporabljamo ob našem delu: 
 AutoCAD – osnovno orodje za računalniško načrtovanje 
 ACAD Electrical – orodje za projektiranje električnih   

inštalacij in naprav 
 AutoPLANT 3D – dodatek AutoCAD-a za 3D projektiranje 

cevovodov 
 Bentley AutoPIPE Nuclear – izdelava analiz cevovodov 

na jedrskem področju in ostali industriji 
 Bentley Staad.Pro Nuclear – orodje za analize struktur in 

podpor cevovodov 
 AutoPIPE – samostojen program za preračunavanje sil v 

cevovodih in podporah 
 ProStahl 3D (ProSteel 3D) – dodatek AutoCAD-a za 

načrtovanje kovinskih konstrukcij 
 RSTAB – program za izračun statike konstrukcij 
 ETAP – programska oprema za preračun 

elektroenergetskih omrežij in prenapetostne zaščite   
 
 

Sipro Inženiring d.o.o., CKŽ 135c, 8270 Krško, tel.: +386 7 488 15 92, faks: +386 7 488 16 46, info@sipro-inzeniring.si 
www.sipro-inzeniring.si  

 

           Politika kakovosti: 
 
        US 10CFR50 Appendix B 
 

        

  
 

Če želite odličen projekt,  
je to ravno pravšnji izziv za nas! 
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E N E R G I J O  N A R A V E  P R E V A J A M O  V  E L E K T R I K O .

Valovanje je izmenjava energije med delci snovi. Gibanje vode, 
svetloba, toplota so valovanja, trajnostni viri energije, ki omogoËajo 
življenje. V skupini GEN ta valovanja zanesljivo, varno in okolju prijazno 
spreminjamo v elektriËno energijo, s katero oskrbujemo porabnike.  
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